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Preface
With better appreciation of the health benefi ts of seafood, there has been an 
increase in the harvesting of wild fi sh, fi sh aquaculture, and seaweed harvesting 
and cultivation. Increased harvesting leads to a greater abundance of by- products. 
Thus, fi nfi sh heads, gut, and backbone as well as shellfi sh and crustacean shell/
exoskeleton are often discarded. Because seaweeds are often harvested for the 
production of specifi c components, such as carrageenan, alginate, and agar, a 
large amount of waste is also generated. Many hundreds of tons of various marine 
by-products are annually available for developing value-added products, and thus 
a more effi cient utilization of our natural resources is possible. This has led to 
the development of several marine nutraceuticals with potential health benefi ts. 
Although there are many defi nitions of nutraceutical, for the purposes of this 
book we defi ne marine nutraceutical as “a marine-derived substance that can be 
used as a dietary supplement or a food ingredient that provides a medicinal or 
health benefi t beyond basic nutrition.”

This book discusses a variety of marine nutraceuticals, including both 
 commercialized products and those in development. Chapter 1 provides an  overview 
of current marine nutraceutical products. Chapters 2 through 5 deal with omega-3 
oils, describing their origin, and their health benefi ts, especially with regard to 
brain health, and how they can be stabilized and delivered into  functional foods. 
Most commercial omega-3 oils derived from fi sh come from South  American 
fi sh meal processing, where the oil was originally a waste  product. Several years 
ago this fi sh oil was hydrogenated and sold as an  inexpensive hydrogenated fat, 
but with the recognition of the health benefi t of highly polyunsaturated fatty 
acids, and those derived from fi sh in particular, this waste product from fi sh meal 
manufacturing is now one of the most widely consumed nutritional supplements 
and its use is growing rapidly as a functional food ingredient. Chapters 6 and 7 
discuss chitin, chitosan, and partially hydrolyzed chitosan. These polymers are 
derived from shrimp and crab shell and have been sold for several years as dietary 
supplements, mostly for their fat- and cholesterol-absorbing properties. Chapter 8 
discusses the health benefi ts and methods for the production of glucosamine. 
 Glucosamine is fully hydrolyzed chitosan and is also derived mainly from shrimp 
and crab shell. Glucosamine and fi sh oil are the two most commercially suc-
cessful marine nutraceuticals. Glucosamine is widely consumed as a nutritional 
supplement for joint health.

Chapters 9 and 10 provide an overview of the bioactive properties of  hydrolyzed 
marine protein, in particular ACE-inhibitory and blood pressure– lowering 
properties of fi nfi sh protein hydrolyzate. Chapters 11 through 14 discuss the 
bioactive constituents of marine algae, including fucoxanthin, astaxanthin, and 
marine polysaccharides. Seaweeds are widely consumed as food products in Asia 
and highly regarded as healthy foods. However, their consumption is limited in 
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viii Preface

most Western countries. The isolation of specifi c components from seaweeds and 
proof of specifi c health benefi ts through human clinical studies are important 
and growing areas of marine nutraceuticals. Chapter 15 provides an overview of 
nutraceutical development from marine microorganisms. This includes methods 
for controlled production of established products, like omega-3 oils, as well as 
the production of novel marine compounds via a renewable resource. Chapter 16 
describes the potential of shark cartilage for the prevention of cancer. Chapter 17 
discusses potential marine sources of calcium, one of the most widely consumed 
nutritional supplements and functional food ingredients, normally derived from 
terrestrial sources. Finally, Chapter 18 describes the discovery and development 
of a novel immunoenhancing polysaccharide complex derived from the microal-
gae, Chlorella.

The discovery and development of marine nutraceuticals is a relatively new 
area compared to that of nutraceuticals derived from terrestrial sources. However, 
the commercial success of glucosamine and omega-3 marine oils, in particular, 
together with the overall interest in novel healthy food ingredients and nutritional 
supplements is driving both research and commercialization of marine nutraceu-
ticals. The next few decades will see continued growth and should be an exciting 
and challenging time for researchers in this fi eld.

The book may be used as a text or reference for students in food science, 
nutrition, biochemistry, and health sciences at the senior undergraduate and  graduate 
levels. Scientists in the academia, government laboratories, and industry will also 
fi nd it of interest. The extensive bibliography provided would allow readers to 
further consult the source materials for further information.

We are indebted to the renowned contributors whose efforts led to this state-
of-the-art publication on marine nutraceuticals. We are also grateful to Peggy-
Ann Parsons for her efforts in formatting the manuscripts.

Fereidoon Shahidi 
Colin J. Barrow
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1 Marine Fisheries 
By-Products as Potential 
Nutraceuticals: 
An Overview

Se-Kwon Kim, Eresha Mendis, 
and Fereidoon Shahidi

CONTENTS

1.1 Introduction .................................................................................................. 2
1.2 Development of Marine Bioactive Materials ............................................... 3
1.3 Fish Skin  ...................................................................................................... 3

1.3.1 Collagen ............................................................................................. 3
1.3.2 Gelatin ............................................................................................... 4

1.3.2.1 ACE-Inhibitory Activity ...................................................... 5
1.3.2.2 Antioxidant Activity ............................................................ 6

1.4 Fish Frame Protein ....................................................................................... 7
1.4.1 ACE-Inhibitory Activity and Antioxidative Activity ........................ 8
1.4.2 Calcium Absorption Acceleration Effect .......................................... 9

1.5 Fish Bone .................................................................................................... 10
1.6 Fish Internal Organs ................................................................................... 13
1.7 Shellfi sh ...................................................................................................... 14
1.8 Crustacean Exoskeletons ............................................................................ 18
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Maintenance of good health and sense of well-being are top priorities for many 
people. Dietary components play a vital role in accomplishing these needs. With 
the increasing knowledge of biofunctional properties associated with marine 
foods, utilization of these materials has accelerated. As a result, during the 
past decade, development of new technologies to identify and isolate bioactive 
materials has progressed. Proteins, peptides, and carbohydrates are the major 
contributors of the bioactivities in different marine food sources. A three-step 
recycle membrane reactor has been used for production of bioactive peptides and 
for exploration of new bioactivities. In addition, it is expected that the  knowledge 
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2 Marine Nutraceuticals and Functional Foods

on isolation methods as well as specifi c properties of fi sh skin collagen and gelatin 
will provide a solution for the present or concern associated with the use of these 
materials from a variety of sources. Also chitin, chitosan, and their derivatives 
obtained from crustacean shell wastes have long been of interest as biomateri-
als in a variety of applications. The continuous enzymatic production of desir-
able molecular weight chitosan oligosaccharides has increased the possibilities of 
 utilizing these materials for human use. The bioactivities such as antihyperten-
sive, antioxidative, antitumor, and calcium absorption acceleration observed in 
different marine by-products could be utilized for the development of potential 
nutraceuticals that enhance and promote human health.

1.1 INTRODUCTION

There has been a growing interest in the health-promoting role of certain foods 
above their nutritional value. Thus, research efforts to identify functional and bio-
active components from many natural sources including plants, animals, micro-
organisms, and marine organisms have intensifi ed. As a result, two new groups 
of products, “functional foods” and “nutraceuticals” have been introduced to 
the market and currently some are produced in large scale. Functional foods are 
foods that enrich with functional components to offer medical and physiological 
benefi ts or to reduce the risk of chronic diseases, beyond their basic nutritional 
functions [1]. In contrast, nutraceuticals are bioactive materials isolated or puri-
fi ed from foods to be utilized in the medicinal form. As a whole, both physi-
ological functional foods and nutraceuticals demonstrate many physiological and 
health benefi ts [2]. 

According to the Food and Agriculture Organization, the world marine fi sh-
eries production increases annually [3]. The increasing demand for seafood may 
be due to its health benefi ts and willingness to include marine foods into the daily 
diet. Specially, fi sh and shellfi sh are important dietary components in health-
conscious  ethnic groups. Southeast Asian countries including Korea have a well-
known background in processing fi sh into various value-added products. In the 
year 2001, 59% of the total marine fi sh catch in Korea was utilized for production 
of processed foods [3]. In marine fi sh–processing industry, the main concern is 
food and nutritional value of the products. However, in addition to this main pro-
duction stream, there is a potential to identify and develop new industries related 
to marine fi sheries. As a result, identifi cation of biological properties and develop-
ment of nutraceuticals from these bioresources have yielded a considerable num-
ber of drug candidates in recent years. However, most of these compounds are 
still at the developmental stages. Fish protein hydrolysates and fi sh bone–derived 
functional materials have attracted the main focus among functional bioactive 
materials identifi ed from marine fi sheries by-products. Some bioactive peptides 
isolated from fi sh protein hydrolysates have shown to act as antioxidants [4,5] and 
angiotensin I converting enzyme (ACE)-inhibitors [6] that work toward lowering 
the blood pressure by inhibiting ACE. In addition to the health benefi ts of these 
materials, they do not exert any harmful infl uences on the human body even at 
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Marine Fisheries By-Products as Potential Nutraceuticals: An Overview 3

higher doses. The safe nature of these biomaterials for use as nutraceuticals or 
physiological functional foods further increases their demand compared to other 
synthetic bioactive materials. In addition to the above bioactive materials, chi-
tosan and their oligomers derived from chitin of crustacean exoskeletons have 
attracted much interest due to their wide range of applications in numerous fi elds 
including pharmacy and medicine.

For many years, identifi cation of bioactive materials from marine sources 
including fi sh and shellfi sh has been a major effort in many research groups. To 
identify and isolate bioactive materials, a new continuous production method has 
been developed and the isolated compounds have shown promising bioactivities. 
However, to develop these bioactive materials as nutraceuticals, further research 
work is needed. This chapter focuses on current isolation efforts of bioactive 
materials from marine fi sheries sources and their potential as nutraceuticals.

1.2 DEVELOPMENT OF MARINE BIOACTIVE MATERIALS

Initial identifi cation of bioactive materials from marine sources paved the way 
for utilization of huge amounts of fi sh-processing waste, which had a consider-
able impact on environmental pollution. Following identifi cation of the potential 
to isolate new functional biomaterials from fi sh and shellfi sh, fi sheries processing 
waste acquired a commercial value as industrial raw material. In addition, various 
fi sh and shellfi sh source materials such as skin, muscle, frame, bone, and internal 
organs are presently utilized to isolate a number of bioactive materials. Fish bone is 
a good source of calcium. Skin and protein remaining on fi sh frame could be used 
as cheap materials for identifi cation and isolation of bioactive peptides. In addition, 
attempts were successful in isolating crude enzymes from fi sh intestine. Further, 
they were utilized to develop some bioactive peptides from fi sh protein sources. 

1.3 FISH SKIN 

1.3.1 COLLAGEN

Fish processing by-products contain a considerable amount of skin, which has 
been identifi ed as a potential source to isolate collagen and gelatin. Collagen is 
the major structural protein found in the skin and bones of all animals. Based on 
structural roles and better compatibility within human body, collagen is  commonly 
used in medical and pharmaceutical industries especially as drug carriers [7]. In 
addition, it is commonly used in the cosmetics industry for the production of 
some skin lotions as it forms a superior protective fi lm to soothe and hydrate the 
skin [8]. This is because it is chemically bound to water and so provides long-
lasting moisturizing effects. Currently, there is increased interest to use collagen 
as a nutraceutical, especially in Southeast Asian countries such as Japan, China, 
and Korea. It is used in the production of skin rejuvenating lotions and taken 
orally as well. This use is the latest breakthrough in skin-care technology. Even 
though by-products from fi sh processing are a potential source for collagen, fewer 
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4 Marine Nutraceuticals and Functional Foods

studies have been performed to identify the potential uses of fi sh skin collagen 
than that derived from mammalian origin. The main sources of industrial 
collagen are limited to bovine and pig skins and bones. Owing to some reli-
gious reasons pig skin collagen has become comparatively unpopular. The use 
of bovine-derived collagen is in active discussion due to the mad cow disease 
and the risk it poses to humans. This disease has affected a number of countries, 
including England, Canada, and the United States. Mad cow disease, technically 
known as bovine spongiform encephalopathy, is a chronic degenerative disease 
affecting the central nervous system of cattle. While it is important to pay atten-
tion to the issue of mad cow disease in relation to eating beef products, the pos-
sibility of ingredients used in cosmetics that harbor the disease and cause health 
risks are issues of interest to women. In this context, the knowledge on fi sh skin 
collagen is expected to attract the interest of the industry. 

Attempts have been made to examine some properties of fi sh skin and scale 
collagens [9–11]. Thus, collagens isolated from fi lefi sh (Novoden modestus) and 
cod (Gadus macrocephalus) were tested for their physicochemical properties [9]. 
The solubility of both collagens was lowest at pH 7 and increased with decreasing 
pH. The observed viscosities of fi lefi sh skin collagen and cod skin collagen were 
highest at pH 4.0 and 2.0, respectively. It was observed that cod skin collagen 
had a higher hydration capacity than that of fi lefi sh skin collagen. Further, acid-
soluble collagen from fi lefi sh was modifi ed by papain-catalyzed incorporation of 
l-leucine alkyl ester (Leu-Ocn) [10]. The functional properties of enzymatically 
modifi ed collagen showed a better emulsifying ability and foamability and an 
ideal material as a low-fat proteinaceous surfactant.

1.3.2 GELATIN

Gelatin, a heterogeneous mixture of high-molecular-weight water-soluble pro-
teins, is derived from collagen. Owing to its unique physical properties, gelatin is 
widely used in the pharmaceutical and food industries for encapsulation of drugs 
and as a food additive to enhance texture, water-holding capacity, and stability 
of several food products. Gelatin has a unique amino acid arrangement in its 
sequence and contains relatively high amounts of glycine, proline, and alanine. 
Despite their uses considering unique physical and structural properties, possible 
biological activities of gelatin and collagen have not been adequately discussed. 
However, preliminary reports on gelatin suggest that consumption of gelatin can 
help to improve the structure and health of hair and nails [12,13]. 

Fish skin gelatin and fi sh bone gelatin can be easily extracted by a simple 
hot-water treatment, and optimum extraction conditions vary only slightly with 
species [14–16]. The concentration of alkaline treatment, water to fi sh skin ratio, 
pH, temperature, and time of extraction are the main considerations in fi sh skin 
gelatin extraction. The intact form of the gelatin is invaluable with regard to the 
bioactivity. Many of the bioactivities of proteins are attributable to the presence of 
biologically active peptide sequences in their primary structure. Therefore, a num-
ber of methods are used to release bioactive peptide fractions from native proteins 
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Marine Fisheries By-Products as Potential Nutraceuticals: An Overview 5

and proteolytic digestion has become the most common method. A sequential 
digestion method utilizing three enzymes and different molecular weight cut-
off (MWCO) ultrafi ltration (UF) membranes was developed to obtain bioactive 
peptides [17–19]. A three-step recycling membrane reactor, as shown in Figure 1.1 
was designed to ensure the continuous production of gelatin peptides [20,21]. In 
this system, UF was combined with three different enzyme reactors to separate 
hydrolyzed peptide products based on their molecular weights. In the fi rst step of 
the membrane reactor, 1% (w�v) gelatin was digested with Alcalase® (pH 8, 50°C) 
and fractionated through a membrane with a 10,000 Da MWCO. After hydrolysis 
with Pronase-E (pH 8, 50°C), the resultant hydrolysate is fractionated through 
a membrane with a 5000 Da MWCO, and fi nally hydrolyzed with collagenase 
(pH 7.5, 37°C). The fraction that passes through the 5000 Da MWCO is further 
fractionated through a membrane with a 1000 Da MWCO and the fraction hav-
ing molecular weights less than 1000 Da is obtained. Separated fractions clearly 
demonstrate different molecular distribution profi les and these peptide fractions 
were screened to identify different bioactivities. Interestingly, separated peptides 
could act as ACE inhibitors and antioxidants in lipid peroxidation systems.

1.3.2.1 ACE-Inhibitory Activity

Two peptides having high ACE-inhibitory potencies were purifi ed from Alaska 
pollack skin gelatin extract using the above method, and their sequences were 
determined as Gly-Pro-Leu (IC50 = 2.65 µM) and Gly-Pro-Met (IC50 = 17.13 μM). 
Many peptides derived from different protein sources have been reported to act as 
ACE inhibitors [6,7]. These activities were comparable to those of potent peptides 
reported from other protein sources. Further, these peptide sequences acted as 
competitive inhibitors of ACE. Generally, ACE inhibitors lower blood pressure by 
inhibiting ACE, the key component of the renin angiotensin system, whose main 
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FIGURE 1.1 Schematic diagram of the three-step recycling membrane reactor for the 
production and separation of enzymic hydrolysates of Alaska pollack skin gelatin. TI, 
temperature indicator; PI, pressure indicator; FI, fl ow indicator; pHIC, pH indicator con-
troller; FH, fi rst hydrolysates; SH, second hydrolysates; TH, third hydrolysate. (From 
Byun, H.G. and Kim, S.K., Process Biochem., 36, 1155–1162, 2001.)
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6 Marine Nutraceuticals and Functional Foods

function is to convert angiotensin I (Ang I) to angiotensin II (Ang II). Inhibition 
of Ang II synthesis with ACE inhibitors has been demonstrated to be benefi cial in 
modifying human disease progression including hypertension. Binding of inhibi-
tor to the enzyme takes place predominantly via carboxyl terminal tripeptide resi-
dues. These purifi ed peptides had favorable amino acids in their sequences, which 
positively contributed to their strong activities.

1.3.2.2 Antioxidant Activity

Oxidation causes many unfavorable impacts on food and biological systems. In 
aerobic organisms, oxidation is associated with the occurrence of several disease 
conditions including atherosclerosis, infl ammation, and cancer. Antioxidant com-
pounds are generally utilized to overcome oxidation-mediated problems. Three 
fi sh skin gelatin peptide fractions (F1, F2, and F3) prepared in the three-step recy-
cling membrane reactor (Figure 1.1), respectively from fi rst, second, and third 
enzymatic hydrolysates exhibited different potencies in inhibiting lipid peroxida-
tion over time (Figure 1.2) [21]. Antioxidative activity was measured in linoleic 
acid–oxidizing system and the activity was measured as the amount of malon-
dialdehyde (MDA) produced. Relatively low-molecular-weight peptides derived 
after hydrolysis of two enzymes (P2 and P3) could strongly inhibit lipid peroxida-
tion and these activities were higher than that of α-tocopherol and lower than that 
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FIGURE 1.2 Antioxidative activity of fi sh-gelatin peptide fractions (F1, F2, and F3) 
obtained from the three-step recycling membrane reactor. Oxidation was performed in a 
linoleic acid system and antioxidative activity was measured by malondialdehyde (MDA) 
concentrations. Lower the MDA concentration, higher the antioxidative activity. BHT, 
butylated hydroxytoluene. (From Kim, S.K., Kim, Y.T., Byun, H.G., Nam, K.S., Joo, D.S. 
and Shahidi, F., J. Agric. Food Chem., 49, 1984–1989, 2001.)
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of butylated hydroxytoluene (BHT). In addition, purifi ed peptides could enhance 
cell viability in oxidation-induced cultured human hepatocytes (Figure 1.3). To 
identify whether these antioxidative effects of fi sh skin gelatin were compara-
ble to gelatin derived from other sources, a similar study was conducted using 
bovine skin gelatin and antioxidative activities were compared [22]. The activi-
ties observed with regard to lipid peroxidation inhibition as well as increment of 
oxidative stress–induced cell viability were stronger in fi sh skin gelatin than those 
of bovine-skin gelatin. These results suggest that the antioxidative activities of 
Alaskan pollack skin gelatin were superior to that of bovine. A number of natural 
substances including peptides have been reported to exhibit strong antioxidative 
properties in different oxidative systems [23,24]. Based on these activities it can 
be expected that fi sh gelatin–derived peptides have the potential to use as safe and 
potent natural antioxidants.

1.4 FISH FRAME PROTEIN

Utilization of fi sh protein extracts as sauce or fl avor compounds has a long his-
tory in different cultures, and in the present world there is a renewed interest to 
incorporate some fi sh and shellfi sh protein hydrolysates in food formulations as 
additional supplements. Fish frames resulting from fi lleting operations contain 
considerable amount of muscle protein. Therefore, frame proteins can be utilized 

FIGURE 1.3 Comparison of cell viability in oxidation-induced cultured human hep-
atoma cells after treatment with antioxidative peptides derived from fi sh skin gelatin. 
(From Kim, S.K., Kim, Y.T., Byun, H.G., Nam, K.S., Joo, D.S. and Shahidi, F., J. Agric. 
Food Chem., 49, 1984–1989, 2001.)
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8 Marine Nutraceuticals and Functional Foods

as an ideal protein source to obtain functional hydrolysates. Frames of several 
fi sh species have been utilized to obtain functional hydrolysates and to identify 
fi sh mussel–derived bioactive peptides. In a research dealt with cod frame, enzy-
matic hydrolysis was applied to effi ciently recover the protein remaining on the 
fi sh frame [25]. The enzyme used for the hydrolysis process was a fi sh-derived 
crude proteinase, extracted in a previous research from tuna pyloric caeca [26]. 
The functional properties of peptide fractions were dependent on their molecular 
weights. To improve the functional properties, the resultant hydrolysate was sepa-
rated based on the molecular weight of peptides and tested for several bioactivities. 
For this purpose the hydrolysate was passed through a series of UF membranes 
with MWCO of 30, 10, 5, and 3 kDa; four separate fractions were obtained.

1.4.1 ACE-INHIBITORY ACTIVITY AND ANTIOXIDATIVE ACTIVITY

Among the four isolated fractions, higher ACE-inhibitory activity was observed 
in the fraction passed through 3 kDa membrane and the IC50 values of all frac-
tions are shown in Figure 1.4. Antioxidative activities of the four fractions were 
determined by 2-thiobarbituric acid (TBA) assay. Results were expressed as oxi-
dation inhibition ratio compared to the control and α-tocopherol was used as the 
positive control. Among the four fractions obtained, fraction 5–10 kDa exhib-
ited the highest antioxidative activity (Figure 1.5). To isolate and characterize 
anti oxidative peptides from enzymatic hydrolysate of yellowfi n sole (Limanda 
aspera) frame protein, it was fractionated using an UF membrane system into 
four fractions employing 30, 10, 5, 3, and 1 kDa MWCO [27]. Hydrolysis was 

FIGURE 1.4 ACE-inhibitory activity of different molecular weight peptides obtained 
from cod frame protein hydrolysate. 30–10, 10–5, 5–3, and <3 kDa were different molec-
ular weights of peptide fractions and original represents unfractionated peptide mixture. 
(From Jeon, Y.J., Byun, H.G. and Kim, S.K., Process Biochem., 35, 471–478, 2000.)
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carried out using enzyme combination of pepsin and mackerel intestine crude 
enzyme (MICE) [28]. Antioxidative activities of the fractions were compared and 
a 13 kDa peptide was isolated from the highest active fraction. This activity was 
higher than that of α-tocopherol. 

1.4.2 CALCIUM ABSORPTION ACCELERATION EFFECT

Frame protein hydrolysate from hoki (Johnius belengeri) was utilized to recover 
phosphorylated and nonphosphorylated peptides and these were named as phos-
phorylated hoki frame protein (PHFP) and nonphosphorylated hoki frame  protein 
(HFP). These two isolated peptides were tested for their calcium absorption 
accelerating effects compared to a positive control, casein phosphopeptide (CPP) 
[29]. In an in vitro experiment, HFP and PHFP inhibited calcium phosphate pre-
cipitation and this was dependent on the concentration of the peptides present. 
The effects of HFP, PHFP, and CPP on calcium absorption as a function of con-
centration are shown in Figure 1.6. In an in vivo experiment carried out using 
Sprague-Dawley (SD) rats, in groups fed with HFP and PHFP calcium content 
in the femur was signifi cantly increased (Table 1.1). Under certain conditions, 
dietary calcium becomes unavailable for absorption due to the formation of insol-
uble forms. Developing methods to increase solubility can contribute signifi cantly 
to calcium availability in biological systems. These results suggest that the use of 
protein hydrolysates for improvement of bioactivities in functional foods might be 
benefi cial with regard to health promotion. 

FIGURE 1.5 Antioxidative activity of different molecular weight peptides obtained 
from cod frame protein hydrolysate. 30–10, 10–5, 5–3, and <3 kDa were different molec-
ular weights of peptide fractions and original represents unfractionated peptide mixture. 
(From Jeon, Y.J., Byun, H.G. and Kim, S.K., Process Biochem., 35, 471–478, 2000.)
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10 Marine Nutraceuticals and Functional Foods

1.5 FISH BONE

Generally, bone substitution materials such as autografts, allografts, and xenografts 
are used to solve problems related to bone fracture and damage.  However, none of 
these materials provide a perfect bone healing due to mechanical instability and 
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FIGURE 1.6 Effect of nonphosphorylated hoki frame protein (HFP), phosphorylated 
hoki frame protein (PHFP), and casein phosphopeptide (CPP) on calcium absorption 
tested in Sprague-Dawley rat models. (From Kim, S.K., Jeon, Y.J., Byun, H.G., Park, P.J., 
Kim, G.H., Choi, Y.R. and Lee, Y.S., Korean Fish. Soc., 32, 713–717, 1999.)

TABLE 1.1
Changes in Weight, Length, and Ash and Calcium Content in the Femur 
of Rats Fed with HFP and PHFP

Wet Weighta 
(g)

Lengthhb 
(mm)

Ash 
(mg�g)

Ca 
(mg�g)

Ca, % 
(Ca�Ash ×100)

Control 1.09 ± 0.04 28.2 ± 0.4 160.4 ± 7.5 64.2 ± 2.3 40.1 ± 0.7
HFP  c 1.23 ± 0.09 27.9 ± 0.2 164.5 ± 2.7 70.8 ± 1.6 43.1 ± 0.7
PHFP  d 1.24 ± 0.02 28.3 ± 0.2 166.0 ± 3.2 73.2 ± 3.1 44.0 ± 0.7

a Total weight of left and right femur.
b Mean length of left and right femur.
c Nonphosphorylated hoki frame protein.
d Phosphorylated hoki frame protein.
Source:  Kim, S.K., Jeon, Y.J., Byun, H.G., Park, P.J., Kim, G.H., Choi, Y.R. and Lee, Y.S., Korean 

Fish. Soc., 32, 713–717, 1999.
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incompatibility. Currently, calcium phosphate bioceramics such as tetracalcium 
phosphate, amorphous calcium phosphate, tricalcium phosphate, and hydroxy-
apatite are identifi ed as most suitable bone substitution materials to serve the 
demand. Therefore, a potential exists to identify alternates from different sources 
and hence fi sh bone recovered from fi sh frame was used as a potential source to 
isolate hydroxyapatite. Approximately 65–70% of the fi sh bone is composed of 
inorganic substances. Almost all of these inorganic substances are hydroxyapatite, 
composed of calcium, phosphorus, oxygen, and hydrogen. A wet milling process 
was used to isolate hydroxyapatite compounds and their physical properties were 
tested [30]. Temperature effect for sintering was tested using various tempera-
tures and 1300°C was found to be favored for a better sintering. The change of 
mean particle size distribution was changed as a function of temperature, and was 
clearly observed using x-ray measurements. The major phases were identifi ed as 
hydroxyapatite at below 1300°C, but the whitlockite [Ca3(PO4)2] phases appeared 
due to the decomposition of hydroxyapatite with the increment in  temperature. 
The major phases for the glass-ceramic prepared by using hydroxyapatite were 
identifi ed as pseudowollastonite and tricalcium phosphate, respectively. The mea-
sured maximum strength of the glass-ceramics (G-C) prepared at 900°C for 4 h 
in the air was 90 MPa and this value was in the strength range of cortical bone 
(Figure 1.7) [31]. 

Investigated materials

B
en

di
ng

 s
tr

en
gt

h 
(M

P
a)

50

60

70

80

90

100

110

120

130

140

150

160

G-C

Cortical bone (maximum strength)

Cortical bone (minimum strength)

FIGURE 1.7 Comparison of bending strength between glass-ceramics (G-C) and corti-
cal bone. (From Kim, S.K. and Park, P.J., Korean J. Life Sci., 10, 605–609, 2000.)
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Chemical bonding was also investigated in simulated body fl uid for several 
selected hydroxyapatite-containing composites such as 5:1, 6:1, and 7:1 weight 
ratio of hydroxyapatite:wollastonite [32]. The hydroxyapatite-containing compos-
ites were chemically bonded to each other after 4 weeks. Their composite bod-
ies were bonded by heterogeneous nucleation and a clear growth of the interface 
in the simulated body fl uid was observed. Scanning electron microscopy (SEM) 
photographs of an interface of mutually bonded 5:1 composite specimen are 
shown in Figure 1.8. Bioglass bonding was strong in the simulated body fl uid but 
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FIGURE 1.8 SEM photographs of an interface of mutually bonded 5:1,hydroxyapatite:
wollastonite composite specimen. (A) Interface (4 weeks); (B) inner (4 weeks); (C) after 
4 weeks; (D) after 6 months; (E) the ridge inner (6 months); (F) the central portion of the 
interface after 6 months. (From Kim, S.K., Choi, J.S., Lee, C.K., Byun, H.G., Jeon, Y.J. 
and Lee, E.H.J., J. Korean Ind. Eng. Chem., 9, 322–329, 1998.)
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bonding strength was not dependent on the composition. Unlike other calcium 
phosphates, hydroxyapatite did not break down under physiological conditions. 
In fact, it is thermodynamically stable at physiological pH and actively takes part 
in bone bonding, forming strong chemical bonds with the surrounding bone. This 
property has been exploited for rapid bone repair after major trauma or surgery. To 
evaluate the safety of hydroxyapatite sinter produced from tuna bone, oral mucous 
membrane irritation test was carried out in Syrian hamsters [33]. The study was 
carried out by injecting the hamsters a dose of 5 g�kg body weight hydroxyapatite 
sinter under pentobarbital sodium anesthesia. Abnormal clinical signs were not 
observed both in the  control and treated groups of hamster cheeks observed for 
14 days. No difference was observed between histopathological lesions of oral 
mucosa of treated and controlled groups. In addition, acute toxicity of hydroxy-
apatite was evaluated in SD rats [34]. Hydroxyapatite sinter was subcutaneously 
administered at different doses and rats were observed for 14 days. The hydroxy-
apatite sinter did not induce any toxic signs in mortalities, clinical fi ndings, body 
weights, and gross fi ndings of rats. Therefore, it was concluded that hydro xyapatite 
from tuna bone has no effect on acute toxicity and side effects in rats.

1.6 FISH INTERNAL ORGANS

Fish internal organs may also offer a potential source for bioactive materials, which 
could enhance the value of fi sh-processing waste. Two ACE-inhibitory peptides 
were isolated and characterized from enzymatic hydrolysate of cod-liver after 
fractionation through UF membrane reactor system. The amino acid sequences 
of the two purifi ed peptides were Met-Ile-Pro-Pro-Tyr-Tyr (IC50 = 10.9 μM) and 
Gly-Leu-Arg-Asn-Gly-Ile (IC50 = 35.0 μM) [35]. In another study, it was observed 
that the crude hydrolysates of cod-liver and head exert high ACE-inhibitory activi-
ties and these activities were dependent on the proteolytic enzyme used for the 
hydrolysis process. Hydrolysates showed a similar potency as antioxidants in in 
vitro systems [36]. Further, a strong antioxidative peptide with the amino acid 
sequence of Ser-Asn-Pro-Glu-Trp-Ser-Trp-Asn was isolated from the cod teiset 
protein hydrolysate following consecutive chromatographic separations. The 
antioxidative activity observed was higher than that of α-tocopherol [37]. These 
results suggested that protein components of the internal organs may also be used 
to isolate bioactive peptides.

Fish proteinases in fi sh tissues have been reported to possess some  distinctive 
properties such as higher catalytic effi ciency at low temperatures, and effective 
catalytic activity and stability at neutral to alkaline pH [38]. However, the enzymes 
derived from marine sources have not been extensively utilized. Very few  studies 
have been carried out to identify and characterize enzymes from marine fi sh 
sources, and hence limited information is available on their potential use. As a 
result, potential exists to isolate and characterize enzymes especially from fi sh 
internal organs. Thus, marine fi sh–processing waste also offers a better poten-
tial to isolate fi sh-derived enzymes that can be used to hydrolyze fi sh-derived 
materials and in developing methods to utilize fi sh products. Thus, several crude 
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enzymes were isolated and subsequently used to recover fi sh materials from pro-
cessing waste [26,28]. To effi ciently recover cod proteins that remained on the 
frame after fi lleting in fi sh processing, a crude proteinase was partially purifi ed 
from tuna Thunnus thynnus pyloric caeca [26]. Under optimum reaction condi-
tions, the protein recovery was similar to that of α-chymotrypsin, Pronase-E, 
and papain. Another crude enzyme isolated from MICE was utilized to recover 
the fi sh bone from Johnius belengeri frame [39]. Under optimum conditions, the 
bone recovery using MICE was approximately 90% and this was comparatively 
higher than that of Alcalase, trypsin, α-chymotrypsin, and Neutrase® (Figure 1.9). 
In addition, serine collagenolytic proteases were isolated from internal organs of 
fi lefi sh (Novoden modestrus), mackerel (Scomber japonicus), and tuna (Thunnus 
thynnus) [40–42]. Serine collagenases are thought to be involved in the produc-
tion of hormones and pharmacologically active peptides as well as other cellular 
functions [40]. The serine collagenase isolated from mackerel internal organs was 
further tested for its ability to cleave native collagen types I, II, III, and V; a 
higher cleavage was exerted on type I collagen (Figure 1.10).

1.7 SHELLFISH

The amount of fat and the proportions of saturated, monounsaturated, and poly-
unsaturated fat in shellfi sh contribute to a healthful diet. Shellfi sh also provide 
high-quality protein with all the dietary essential amino acids for maintenance 
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FIGURE 1.9 Comparison of the fi sh bone recovery rates of MICE and other commercial 
proteinases under optimal conditions. (A) MICE (pH 9.0, 40°C); (B) Pronase-E (pH 8.0, 
40°C); (C) papain (pH 6.0, 40°C); (D) Alcalase (pH 7, 50°C); (E) trypsin (pH 8.0, 40°C); 
(F) α-chymotrypsin (pH 8.0, 40°C); (G) Neutrase (pH 8.0, 50°C). (From Kim, S.K., Park, 
P.J., Byun, H.G., Je, J.Y. and Moon, S.H., J. Food Biochem., 27, 255–266, 2003.)
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and growth of the human body. With increasing knowledge about the nutrition 
of shellfi sh, it is becoming popular among the nutrition-conscious population. 
Recently, there is a growing interest in searching for biological activities of shell-
fi sh to be used them as functional foods. However, use of shellfi sh is mainly 
common among Asians and remains underutilized in the Western world. There-
fore, alternate methods can be developed to improve the use of this underuti-
lized valuable source. Several bioactivities associated with some shellfi sh species 
were investigated. The bioavailability of calcium compounds obtained from oys-
ter shell was determined [43]. For that, calcium oxide was prepared by burning 
oyster shell at 1200°C. Its purity was approximately 98.5% and by means of 
chemical reactions calcium compounds CaCl2 and CaHPO4 were prepared for 
further testing. The effect of gelatin peptides on oyster shell–derived Ca absorp-
tion was tested in vitro as well as in vivo using calcium-defi cient rats. For this pur-
pose, fi sh skin gelatin peptides were prepared using enzymatic hydrolysis of skin 
gelatin for 4 h with tuna pyloric caeca crude enzyme (TPCCE). In vitro experi-
ments revealed that calcium absorption was approximately 70% higher in fi sh 
gelatin–derived peptide treated group than that of the control. In the in vivo test 
conducted in calcium-defi cient rats, the group fed with 3% peptides and CaHPO4 
signifi cantly improved the amount of calcium and ash in femur and its strength. 
These results suggest that peptides derived from fi sh sources have a potential to 
increase calcium bioavailability. Moreover, calcium compounds obtained from 
Oyster shell and fi sh gelatin–derived peptides combination could be used as an 
effective dietary calcium source (Table 1.2).
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FIGURE 1.10 Substrate specifi city of the purifi ed collagenase on various collagens. The 
collagens were incubated with the purifi ed enzyme:substrate ratio (1:200) for 1 h at 55°C. 
Type I, II, III, and V represent different native collagen types. (From Kim, S.K., Park, P.J., 
Kim, J.B. and Shahidi, F., J. Biochem. Mol. Biol., 35, 165–171, 2002.)
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In another research, the edible portion of blood ark shell, Scapharca broughtonii, 
was used to isolate an anticoagulant protein. This protein prolonged the activated 
partial thromboplastin time and acted as an inhibitor of activated blood coagula-
tion factor IXa (FIXa) in the intrinsic pathway of coagulation (Figure 1.11) [44]. In 
addition, many anticoagulant proteins have been isolated from different sources, 

TABLE 1.2
Effect of the Addition of Fish Skin Gelatin Peptides on Body Weight, Food 
Intake, and Food Effi ciency Ratio in Calcium Defi ciency–Induced Rats

Final Body Weight 
(g)

Daily Food 
Intake (g)

Daily Weight 
Gain (g) FERa

Ca defi cient 195.0 ± 6.25 15.78 ± 0.25 3.79 ± 0.20 0.24 ± 0.15
Control 333.1 ± 7.55 18.14 ± 0.65 7.05 ± 0.35 0.39 ± 0.02
CaCl2 323.6 ± 4.84 19.34 ± 0.52 6.30 ± 0.27 0.33 ± 0.01
CaHPO4 336.1 ± 8.68 18.79 ± 0.30 6.85 ± 0.35 0.36 ± 0.02
CaCl2+FGH(1%) 292.9 ± 9.92 17.83 ± 0.41 4.93 ± 0.43 0.28 ± 0.02
CaHPO4+FGH(1%) 287.5 ± 12.59 16.56 ± 0.45 4.64 ± 0.69 0.28 ± 0.03
CaCl2+FGH(3%) 323.4 ± 8.19 18.69 ± 0.54 6.34 ± 0.43 0.34 ± 0.02
CaHPO4+FGH(3%) 348 ± 18.47 20.40 ± 0.23 7.47 ± 0.67 0.37 ± 0.03

a Food effi ciency ratio (FER): weight gain (g)�food intake (g).
Source:  Kim, G.H., Jeon, Y.J., Byun, H.G., Lee, Y.S., Lee, E.H. and Kim, S.K., J. Korean Fish. Soc., 

31, 149–159, 1998.
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FIGURE 1.11 Inhibition of activated blood coagulation factors by the purifi ed antico-
agulant obtained from Scapharca broughtonii. (From Jung, W.K., Je, J.Y., Kim, H.J. and 
Kim, S.K., J. Biochem. Mol. Biol., 35, 199–205, 2002.)
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and anticoagulants from marine organisms other than marine algae have rarely 
been discussed. These protein sequences can be used as safe anticoagulants in 
anticoagulant therapy to solve blood coagulation–related abnormalities. 

Further, bioactive peptides from shellfi sh were isolated following microbial 
digestion. Oyster (Crassostrea gigas) was fermented with 25% NaCl (w�w) for 
6 months [45]. Fermentation is one of the oldest food preservation techniques 
specifi cally practiced for long storage of fi sh, shrimp, croakers, and shellfi sh in 
Southeast Asian countries such as China, Japan, and Korea, upon which food is 
biochemically altered due to microorganism-led proteolysis. Fermentation of pro-
tein is expected to break down the substrate into a variety of peptides possessing 
different bioactivities. Recently, interest has been expressed in searching for bio-
logical activities of fermented fi sh and shellfi sh for use as potential nutraceuticals. 
An ACE-inhibitory peptide sequence was identifi ed from the fermented shellfi sh 
sauce following purifi cation using consecutive chromatographic techniques. The 
purifi ed peptide was further evaluated for its antihypertensive effects in spontane-
ously hypertensive rats (SHR), following oral administration. The blood pressure 
was signifi cantly decreased in the treated group of rats compared to the control 
group (Figure 1.12), suggesting strong antihypertensive activity of the fermented 
oyster-derived peptides.

FIGURE 1.12 Changes in systolic blood pressure (SBP) of spontaneously hypertensive 
rats after administration of oyster-derived ACE-inhibitory peptide. Single oral adminis-
tration was performed with the dose of 10 mg�kg body weight, and SBP was measured 0, 
1, 2, 3, 6, and 9 h after the administration. Signifi cance of the difference compared to the 
control at *P < 0.05, *P < 0.01. (From Je, J.Y., Park, J.Y., Jung, W.K., Park, P.J. and Kim, 
S.K., Food Chem., in press.)
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1.8 CRUSTACEAN EXOSKELETONS

Exoskeletons of crustaceans such as crabs, lobsters, and shrimps are used to obtain 
chitin and chitosan, well-known bioactive materials used in several industries. 
Chitin is a complex polymer of N-acetylglucosamine (β-1,4 linked 2- acetamido-
d-glucose), whereas chitosan is the deacetylated form of chitin. Recently, low-
molecular-weight chitin oligosaccharides and chitosan oligosaccharides (COSs) 
have received considerable attention as physiologically functional materials with 
the fi ndings that they are responsible for biological activities such as antitumor 
activity [46], immunoenhancing activity [47], and antibacterial activity [48]. 
Annually, over 80,000 tons of chitin is produced from industrial waste [49]. Pro-
duction of COSs from the hydrolysis of chitosan can be achieved either by chemi-
cal or enzymatic methods. The chemical method needs high energy and produces 
considerable amounts of harmful industrial chemicals. Therefore, the enzymatic 
method is preferred due to desirable and less harmful properties. However, the 
enzymatic method is comparatively expensive because of the cost associated 
with the enzyme. Therefore, we developed a new continuous low-cost production 
method to produce desired molecular size COSs [50]. 

Chitin, chitosan, and their oligomers are also shown to be responsible for vary-
ing bioactivities both in vitro and in vivo. However, high viscosity and insoluble 
nature at neutral pH restrict the use of chitin and chitosan in many instances. There-
fore, compared to chitin and chitosan, their hydrolyzed low molecular forms are 
suitable materials for many biological applications. The activities of these materi-
als are related to their structural properties. Especially, the degree of deacetylation 
and molecular weights were shown to be benefi cial for their observed biological 

TABLE 1.3
Some Biological Activities of Chitosan and Their Oligomers

Derivative
Molecular Weight 

Range (kDa) Activity Reference

COSsa 1.5–5.5 Antitumor 46
HMWCOSsb 5–10 Antibacterial 48

Heterochitosanc/Hetero-COSsd 1–5 Antibacterial 51
Hetero-COSs 1–5 Free radical scavenging 52
COSs 1–3 Free radical scavenging 53
Hetero-COSs <10 ACE inhibitory 54
Sulfated hetero-COSse <10 Anticoagulant activity 55

a chitosan oligosaccharides prepared by enzymatic hydrolysis of chitosan.
b High-molecular-weight chitosan oligosaccharides prepared by enzymatic hydrolysis of chitosan.
c Differentially deacetylated chitosan.
d Differentially deacetylated chitosan oligosaccharides.
e Sulfated form of differentially deacetylated chitosan oligosaccharides.
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activities. Generally, low-molecular-weight COSs are potential biomaterials to fi ght 
against bacterial infection and control growth of some bacteria [48,51].  Interestingly, 
for many biological activities, 75–90% deacetylation was found to be more 
 effective than lower degrees of deacetylation. Heterochitosan oligosaccharides, 
those derived from partially deacetylated chitosans, can also be considered as 
promising biomaterials to positively affect some adverse biological events such as  
cancer [46], free radical generation [52,53] hypertension [54], and blood coagu-
lation [55]. The activity differences observed in these structures could be due 
to their molecular weights, which facilitate their solubility and higher reaction 
rates. In addition, free amino groups may also contribute substantial effects on 
biological activities. Some observed bioactivities of chitosan and their oligomers 
are listed in Table 1.3.
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2.1 INTRODUCTION

Marine oils serve as a rich source of long-chain omega-3 polyunsaturated fatty 
acids (PUFA), which have attracted much attention in recent years. They origi-
nate primarily from the body of fatty fi sh such as mackerel and herring, the liver 
of white lean fi sh, and the blubber of marine mammals such as seals and whales. 
They are also present in high amounts in certain algal and fungal oils. The main 
sources of fi sh oils are pelagic species caught in large quantities, particularly 
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those with oily fl esh, such as salmon, tuna, mackerel, and herring or small fi sh 
such as anchovy and capelin. The oily fl esh is often used for the purpose of fi sh 
meal and oil production, but fi sh oil can also be produced from fi sh processing 
by-products. The latter may include those from aquaculture industries.

Table 2.1 summarizes the content of omega-3 fatty acids, namely eicosapen-
taenoic acid (EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3) in rep-
resentative fi sh of commercial signifi cance. Both omega-3 and omega-6 fatty acids 
are essential PUFA that cannot be made in the human body [1]. The Western diet is 
abundant in omega-6 fatty acids, mainly from vegetable oils rich in linoleic acid (LA, 
C18:2n-6). However, humans lack the necessary enzymes to convert omega-6 fatty 
acids into their omega-3 counterparts, and the latter must be obtained from appropri-
ate dietary sources [2]. The n-6 PUFA include LA and its long-chain product ara-
chidonic acid (AA, C20:4n-6) and intermediate γ-linolenic acid (GLA, C18:3n-6). 
The n-3 PUFA include the essential fatty acid γ-linolenic acid (ALA, C18:3n-3) and 
its long-chain metabolites, EPA, docosapentaenoic acid (DPA, C22:5n-3), and DHA. 
ALA is available from certain plants such as the seeds and oils of fl ax or linseed, 
and to a lesser extent perilla, soybean, and canola as well as walnuts [3,4]. EPA and 
DHA, however, are derived from marine resources (i.e., fi sh, shellfi sh and algal spe-
cies) [3,5–11], but DPA is less abundant and found in 0–2% in most fi sh oils. Humans 
can synthesize up to approximately 5% EPA and DHA through desatura tion and 
elongation from dietary ALA [12]. This pathway is an important source of these 
long-chain n-3 PUFA in strict vegetarians, who do not consume fi sh. Non vegetarians 
can also obtain PUFA from a variety of food products [13].

Table 2.2 summarizes fatty acid composition of lipids from several marine
species. Marine lipids contain mainly monounsaturated fatty acids along with 
PUFA and some saturated fatty acids in different proportions [5–11]. Among 
these, the ratio of DHA to EPA and possible presence of DPA in modest amounts 
are most important [14]. Although EPA and DHA are found abundantly in differ-
ent marine oils, DPA is present in signifi cant amounts only in marine mammal 
oils such as seal blubber oil [15–18].

TABLE 2.1
The Content of Omega-3 Polyunsaturated Fatty Acids
(% of Total Fatty Acids) in Various Fish

Fish
Eicosapentaenoic Acid

(20:5 n-3) (%)
Docosahexaenoic Acid

(22:6 n-3) (%)

Sardine       3 9–13
Pacifi c anchovy     18      11
Mackerel       8       8
Capelin       9       3
Herring   3–5   2–3
Freshwater fi sh 5–13   1–5

Source: Newton, I. and Snyder, D., Cereal Foods World, 42, 126–131, 1997.
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The distribution of fatty acids in triacylglycerols (TAG) in fi sh and marine 
mammal oils differ; while fi sh oils contain long-chain PUFA mainly in the sn-2 
position of TAG, in marine mammal lipids they are predominantly in the sn-1 and 
sn-3 positions. These factors greatly infl uence the metabolism, deposition, and 
potential health benefi ts of marine lipids [19].

2.1.1 OIL FROM BY-PRODUCTS

There is a considerable amount of bycatch in targeted fi shery and there are
several fi sh species that are primarily harvested for fi sh meal production such as 
menhaden. Menhaden (Brevoortin tyrannus) oil, which contains 18% EPA and 
nearly 10% DHA is a by-product of menhaden meal production. The major fatty 
acids of menhaden oil are given in Table 2.3. Meanwhile, capelin (Mytilus edulis) 
is a small marine fi sh that is also used for fi sh meal and oil production. It is a 
major prey species that is often used as a bait in some fi sheries. Capelin contains 
7–10% oil, mainly TAG, and about 20% PUFA as shown in Table 2.3. The oil from 
 capelin is used in aquaculture feed formulation as well as other applications. 

By-products from gutting, fi lleting, and other processing operations are also 
good raw materials for fi sh meal and oil production. One can obtain oil from
different parts of fi sh with diverse nutritional composition. Composition, lipid 
 content, and fatty acid profi le of individual by-products are of increasing impor-
tance, as different by-products are being segregated and used for different  
end products.

Shark liver is the principal site of lipid storage. The oil content and fatty 
acid composition in shark liver are infl uenced by the gender, season, and spe-
cies of shark. Table 2.4 presents the fatty acid profi le of liver oil from male 
and female blue shark. In addition to fatty acids, shark liver oil contains high 
amounts of squalene (90–92.8%), low-density lipids (diacylglyceryl ethers), and 
vitamin A [18,23]. In recent years, scientifi c evidence has emerged in support 
of therapeutic value of shark products, particularly shark fi ns, cartilage, and 
liver oil as a good source of n-3 PUFA. At present, cod-liver oil is dominant in 
the market and  contains high levels of vitamins A and D [24]. Here it should 
be noted that cod- as well as halibut-liver oils, although rich in n-3 PUFA, are 
used primarily as a source of vitamins A and D and hence may be diluted with 
vegetable oils.

Salmon deposits lipid mainly in its head, at approximately 15–18%, as 
well as its fl esh. However, salmon oil is generally produced from viscera, 
whole fi sh (down-graded), and fi lleting by-products (heads, trimmings such 
as belly-fl aps as well as skin, and frame bones). The lipid and fatty acid con-
tent and composition of salmon by-products were found to be quite different. 
Pink salmon heads had the highest lipid content and viscera the lowest. The
n-3∕n-6 ratios for pink salmon samples ranged from 7.7 to 10.5 and only values for 
viscera were statistically different [15–18]. The fatty acid composition of salmon 
oil also depends on the composition of the raw material used. The average content 
of n-3 PUFA in salmon oil is in the medium range compared with other fi sh oils. 
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Even though the by-products from most other fi sh processing industries tend to 
vary with season, both in quality and quantity, salmon slaughterhouses generate 
high-quality offal at a relatively constant rate [25,26]. 

The by-products of catfi sh processing consist of heads, frames, skin, and 
 viscera, which often end up in landfi lls or rendering plants. Producing edible oil 
from viscera may add value to catfi sh viscera. The total unsaturated fatty acids in 
the purifi ed oil from catfi sh viscera was 67.7%. The combined n-3 fatty acids of 
the purifi ed catfi sh viscera oil was only 4.6 mg ∕ g of oil [17]. 

Herring oil is produced from three different types of by-products; only 
heads, mixed, and headless by-products are of interest [17]. Even though by-
 products from heads and their oil have the highest oxidation levels and the lowest 
α-tocopherol content, heads contain the lowest PUFA and the highest amount of 

TABLE 2.3
Major Fatty Acids of Menhaden and Capelin Oil 

Fatty Acid Menhaden (%) Capelin (%)

14:0 7.30 5.9
15:0 0.65
16:0 19.45 8.7
16:1 9.05 10.5
16:2 n-7 0.50
16:2 n-4 1.55
16:3 n-4 1.70
16:4 n-1 2.60
17:0 1.05
18:0 4.45 0.6
18:1 10.40 6.0
18:2 n-6 1.30 0.5
18:2 n-4 0.50
18:3 n-3 0.65 0.2
18:4 n-3 2.65 1.2
20:1 1.45 17.6
20:2 n-6 0.30
20:3 n-3 1.00
20:4 n-3 0.80
20:5 n-3 18.30 9.3
21:5 n-3 0.90
22:1 1.55 27.8
22:4 n-3 0.60
22:5 n-3 1.80 0.7
22:6 n-3 9.60 4.1

Source: Kalogeropoulos, N., Andrikopoulos, N.K. and Hassapi-
dou, M., J. Sci. Food Agric., 84, 1750–1758, 2004; 
Copeman, L. and Parrish, C.C., J. Agric. Food Chem., 
52, 4872–4881, 2004.
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saturated fatty acids. No signifi cant differences were found between the fatty acid 
composition of the mixed and the headless by-products or their oil [16]. 

2.1.2 OIL FROM BLUBBERS OF MARINE MAMMALS

Marine mammals are unique in that they are protected from cold by a layer of insu-
lating fat under their skin, known as blubber, which also helps in their movement 
and buoyancy [27]. Blubber may vary in thickness, depending on a number of vari-
ables, but is on average about 5 cm thick for seals. Seal blubber oil is a by-product of 
seal meat and seal skin industries. The oils from marine mammals contain various 
lipid classes, including TAG, diacylglycerols, monoacylglycerols, free fatty acids, 
wax esters, cholesterol, cholesterol esters, hydrocarbons, vitamins, and ether lipids. 
TAG of seal blubber oils are the main component of neutral lipids, which contain 
a variety of lipid classes. Neutral lipids account for 98.9% of blubber in contrast to 
intramuscular lipids (78.8% neutral and 21.1% polar lipids) [28].

In addition to TAG, wax esters (long-chain alcohols esterifi ed to fatty acids) 
are another important group of neutral lipids found in marine mammals. Most 
species of marine mammals have C32, C34, C36, and C38 (total of alcohol plus 
acid) as major components [29]. Whale oils are especially interesting because 

TABLE 2.4
Fatty Acid Composition in Total Lipids from Blue 
Shark (P. glauca) Liver (w/w%)

Fatty Acid Male Female

14:0 2.3 2.8
16:0 22.0 16.8
18:0 4.9 3.9
Total SFA 36.0 30.3
16:1 3.9 5.3
18:1 16 27.6
20:1 3.0 4.9
22:1 0.0 0.0
24:1 0.8 0.9
Total MUFA 23.6 38.7
18:2n-6 0.8 0.7
18:3 0.2 0.2
18:4n-3 0.4 0.4
20:5n-3 4.5 2.7
22:5n-3 2.1 2.5
22:6n-3 23.2 18.4
Total PUFA 39.2 30.2

Source: Jayasinghe, C., Gotoh, N., Tokairin, S., Ehara, H. and 
Wada, S., Fish. Sci., 69, 644–653, 2003.

CRC_DK3287_ch002.indd   28CRC_DK3287_ch002.indd   28 6/19/2007   1:42:37 PM6/19/2007   1:42:37 PM



Omega-3 Oils: Sources, Applications, and Health Effects 29

some contain fatty acids that are largely in the form of wax esters [30]. The oils 
from the blubber of the Physeteridae may consist mainly of wax esters. Sperm 
whale blubber oil consists of a mixture of about 79% wax esters and 21% TAG 
[31]. Dwarf sperm whale (K. simus) blubber oil consists of 42% wax esters and 
58% TAG [32]. The blubber fat of beaked whales (Berardius, Hyperoodon, and 
Ziphius) is composed almost entirely of wax esters (94–99%) along with low lev-
els of TAG (2–6%) [33]. A number of possible functions for wax esters in marine 
mammals has been proposed; these include their role as a reserve energy store, 
buoyancy, metabolic water, thermal insulation, and biosonar [34–36].

Among unsaponifi able matters, hydrocarbons, especially long-chain hydro-
carbons, are found in detectable amounts in marine mammal oils. Some marine 
oils contain less than 0.1% hydrocarbons, while others contain as much as about 
90% [23]. In the liver of the seal, Arctocephalus (Pinnipedia), squalene was pres-
ent at 0.50% of the oil [37]. High squalene contents (90, 91, and 92.8%) occur 
in shark liver oils [23,37]. Total hydrocarbons were present at 0.3% of dry mat-
ter weight of the blubber, 1.6% in liver, and 1.3% in the muscle [38]. Among 
 cetaceans, limited data for two dolphins have been published: in Delphinus 
 longirostris liver, very long-chain hydrocarbons (C44) were detected and zamene 
was present in Langenorynchus acutus [39].

The fatty acid composition of marine lipids varies signifi cantly, but all con-
tain a large proportion of long-chain highly unsaturated fatty acids, similar to fi sh 
oils. However, the proportion of fatty acids in fi sh and marine mammals varies 
considerably [19]. A marine oil typically contains some 40 different fatty acids 
with carbon numbers varying from 10 to 24, resulting in a large number of differ-
ent TAG with the same carbon number, but with different levels of unsaturation 
[28,40]. Even-numbered carbon fatty acids make up about 97% of the total fatty 
acids, with a few notable exceptions [31]. Some fatty acids with odd-numbered 
carbon chain such as C15:0 and C17:0, along with traces of C13:0 and C19:0 have 
also been found in marine oils [41]. Besides, monomethyl branched fatty acids 
have been isolated from marine oils, such as 3-methyldodecanoic acid from blub-
ber of the sperm whale Physeter catodon [41].

In contrast to relatively small amounts of saturated fatty acids, marine mam-
mal oils have been characterized by high amounts of monounsaturated fatty acids 
(MUFA) and n-3 PUFA [42,43]. For instance, the contents of MUFA in neutral 
and polar lipids in seal blubber are more than 60 and 46%, respectively [44]. Most 
of these fatty acids are long-chain with 20–22 carbon atoms and are of the n-3 
(omega-3) type. Ackman et al. [45] have pointed out that the total C20 and C22 
MUFA and PUFA in each layer of whale blubber is nearly constant, but the ratios 
of the MUFA to PUFA change very signifi cantly. The most common long-chain 
PUFA in marine lipids are EPA and DHA as well as a smaller amount of DPA, 
all of which belong to the omega-3 family [46]. The high content of omega-3 fatty 
acids in marine lipids is suggested to be a consequence of cold temperature adap-
tation, because at lower habitat temperatures, omega-3 PUFA remain liquid and 
resist to crystallization [41]. Most of the long-chain PUFA are formed in unicel-
lular phytoplankton and multicellular sea algae and eventually pass through the 
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food web and become incorporated into the body of fi sh and other higher marine 
species, including marine mammals which often eat fi sh [47]. The fatty acid com-
position of oils from most species of marine mammals has been summarized [48]. 
Seal oils, owing to the increasing interest in seal fi shery and product development, 
have been in focus and frequently studied by researchers. The fatty acid composi-
tion of oils from different species of seal has been reviewed [19]. Table 2.5 shows 
the fatty acids profi les of blubber lipid from the main species of seals. 

The fatty acid composition of blubber in marine mammals such as seals is regu-
lated by their diet [51], location [52,53], season, as well as physiological conditions 
such as age [24] and sex [52,53] of the animal. In some marine mammals, the depot 
fats are largely dietary fatty acids laid down with a minimum change, but the fatty 
acids of the lipids of the essential organs have terrestrial characteristics [48]. Fatty 
acid composition also depends on tissue and species of the animal. However, dif-
ferences are most apparent among tissues. Seal blubber, for example, had a high 
content of MUFA but was low in arachidonic acid, dimethyl acetals, and DHA. 
Lung tissue lipids were high in palmitic acid and heart tissue lipids had a higher 
content of linoleic acid. The proportions and fatty acid constituents in different 
tissues are different, most probably due to their varying functional requirements 
[49,50]. The lipids of vital organs of seals and whales contain high proportions of 
fatty acids of the ω6 family, similar to those of terrestrial animals. The distinction 
between the fatty acids of functional organs such as liver, heart, and other organs 
with depot fat has been discussed in the literature [49,54].

As explained earlier, the fatty acid distribution in the TAG molecules in blubber 
oil are different from fi sh oil and the omega-3 fatty acids are located primarily in 
the sn-1 and sn-3 positions of TAG (Table 2.6), while in fi sh oils they are located 
abundantly in the sn-2 position of TAG [55]. Mag [56] has reported that the differ-
ent distribution of fatty acids may infl uence the metabolism and potential health 
benefi ts of marine lipids, and moreover, may account for the better oxidative 
stability of marine mammal oils compared to fi sh oils. 

2.1.3 ALGAL OILS

Algal oils, in contrast to other marine oils, have a dominance of one particular 
fatty acid, for example, EPA or DHA. Table 2.7 summarizes the fatty acid profi le 
of selected algal oils [57]. As can be seen, dominance of EPA or DHA is clearly 
noticeable in the oils tested and assembled in Table 2.7.

2.2  NUTRACEUTICAL AND FOOD APPLICATIONS 
OF OMEGA-3 FATTY ACIDS

Omega-3 fatty acids may be used as dietary supplements in the liquid or capsule 
form. Salmon oil, cod-liver oil, halibut-liver oil, omega-3 concentrated oils, fl ax oil, 
and omega 3, 6, 9 combination oils are readily available in the drug and supplement 
stores. The liver oils are often consumed for not only their omega-3 components, 
but perhaps primarily as a source of fat-soluble vitamins, primarily vitamin A. 
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Food application of marine oils is also popular and recent advances in the 
microencapsulation and refi ning technologies have allowed production of oils that 
do not render any off-fl avor to foods. Foods in which omega-3 oils are included 
are bakery products, pastas, dairy products such as milk, yogurt, and juice, as 
well as nutrition bars and a myriad of other products. A novel microencapsulated 
oil prepared by Ocean Nutrition Canada, known as MEG 3, remains protected 
from the environment until it reaches the gastrointestinal tract. The availability of 
this technology has opened the way for inclusion of marine oils in different foods 
without concerns about their fl avor reversion.

2.2.1  HEALTH EFFECTS OF MARINE OILS AND 
POLYUNSATURATED FATTY ACIDS 

Recognition of the health benefi ts associated with consumption of seafoods
(n-3 fatty acids) is one of the most promising developments in human nutrition 
and disease prevention research in the past three decades. According to the 
current knowledge, long-chain n-3 PUFA play an important role in the prevention 
and treatment of coronary artery disease [58], hypertension [59], diabetes [60], 
arthritis and other infl ammatory [61], and autoimmune disorders [62], as well as 
cancer [63,64] and are essential for normal growth and development, especially 
for the brain and retina [65]. The most direct and complete source of n-3 oils is 
found in fi sh oils and the blubber of certain marine mammals, especially harp 
seal. Among its advantages is that the body’s absorption of n-3 fatty acids from 
marine mammal blubber may be faster and more thorough than is the case with 
fl axseed and fi sh oils [56]. Since marine mammal oils contain a high concentra-
tion of MUFA, it is possible that some of their benefi cial effects may be ascribed to 
their MUFA or to the combined effect of MUFA and n-3 PUFA [66]. A pilot study 

TABLE 2.6
Fatty Acid Distribution (%) in Different Positions of 
Triacylglycerols of Harp Seal Blubber Oil and Menhaden Oil

Fatty Acid sn-1 sn-2 sn-3

Seal Blubber Oil
EPA 8.36 1.60 11.2
DPA 3.99 0.79 8.21
DHA 10.5 2.27 17.9

Menhaden Oil
EPA 3.12 17.5 16.3
DPA 1.21 3.11 2.31
DHA 4.11 17.2 6.12

Source:  Shahidi, F. in Seal Fishery and Product Development, ScienceTech, NL,
Canada, 1998, 99–146; Ackman, R.G., Hooper, S.N. and Hingley, J., Can.
J. Biochem., 50, 833–838, 1972.
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indicated that a low dose of seal oil supplementation can reduce atherogenic risk 
indices in young healthy individuals, and the effects are strongly dependent on 
the integrated n-3 fatty acids dose [67,68]. The essential fatty acids found in seal 
oil include a high level of DPA (up to 10 times that of fi sh oils). There is growing 
evidence that DPA is the most important fatty acid that keeps artery walls soft 
and plaque-free [56]. Marine oils are also attractive from a nutritional point of 
view because they are thought to provide specifi c physiological functions against 
thrombosis, cholesterol build-up, and allergies [69]. Oils from the blubbers of 
seal and whale have benefi cial effects on selected parameters that play a role in 
cardiovascular disease; it has been hypothesized that the effect of whale oil is not 
mediated by its n-3 fatty acids alone [70]. The difference in the benefi cial effects 
of whale and seal oils on cardiovascular disease may argue against the distribu-
tion of n-3 fatty acids in TAG as being relevant to the superiority of whale oil, 
since the n-3 fatty acids are mainly in the sn-1 and sn-3 positions of both of these 
oils. The effect of whale oil is probably not mediated by n-3 fatty acids alone as 
the content of these fatty acids is relatively low in whale oil. Thus, in addition 
to n-3 fatty acids, other dietary factors may play a role in the protective effects 
against atherosclerosis and thrombosis in Greenland Eskimos [70].

The following sections of this chapter provide a cursory account of the  specifi c 
health benefi ts of n-3 fatty acids in cardiovascular disease, cancer, autoimmune 
diseases, and mental health. Effects on gene expression are also discussed.

2.2.2 OMEGA-3 FATTY ACIDS AND CARDIOVASCULAR DISEASE

Cardiovascular disease is the common term for all diseases that affect the heart 
and the circulatory system including ischemic heart disease, nonischemic myo-
cardial heart disease, hypertensive heart disease, and valvular heart disease. It is 
the leading cause of death in the Western societies [71] and has been linked to the 
high fat intake, particularly saturated fat, common in Western diets [72]. Besides 
high saturated and trans fat intake, other risk factors for cardiovascular disease 
include diabetes mellitus, smoking, stress, physical inactivity, high sodium intake, 
and genetic predisposition. The hallmark of cardiovascular disease is cardiac dys-
function, which in most cases is caused by hypertension due to the narrowing of 
large arteries with atheromatous plaques, or the total occlusion of coronary arter-
ies (thrombus) caused by atheromatous blockages leading to myocardial tissue 
necrosis. Both conditions reduce the heart’s ability to pump blood and can result 
in either chronic or sudden heart failure. 

It is becoming apparent that regular consumption of fatty fi sh or fi sh oils 
containing n-3 long-chain PUFA lowers the rate of incidence and death from car-
diovascular heart disease [73,74]. The cardioprotective effects of marine oils were 
fi rst postulated in the 1950s based on cross-cultural studies done on Greenland 
Inuits and Danish settlers of Greenland [75]. These studies revealed that the 
Greenland Inuits had a signifi cantly lower incidence of heart disease compared to 
the Danish settlers, despite comparable fat intakes (40% of caloric intake) and a 
higher intake of dietary cholesterol. This anomaly was referred to as the “Eskimo 
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Paradox” [76]. Epidemiological studies done in the 1970s suggested a strong 
correlation between the low incidence of coronary heart disease in Greenland 
 Inuits and their high consumption of fi sh and marine mammals, both being rich 
in long-chain n-3 fatty acids [77]. Other cross-cultural epidemiological studies 
among coastal Japanese and Alaskan populations have resulted in similar fi nd-
ings, showing inverse relationships between long-chain n-3 PUFA intake and 
cardiovascular disease [78,79]. 

The biochemical basis for cardioprotective effects of n-3 fatty acids are 
unknown but are probably multifactorial and may collectively result in increased 
heart rate variability (antiarrhythmic), reduced atheroma development (antiath-
erogenic), and decreased platelet reactivity∕aggregation (antithrombotic). Inves-
tigations on the link between fi sh oils and cardiovascular disease in both animal 
and human models have concluded that this effect may be mediated by substrate 
competition between n-3 fatty acids and arachidonic acid (AA, 20:4n-6) for cyclo-
oxygenase (COX) enzymes that produce prostaglandins and thromboxanes. Com-
petition between n-3 fatty acids and AA could result in positive health benefi ts 
because (a) n-3 fatty acids inhibit the production of AA through substrate com-
petition for the ∆6 desaturase; (b) long-chain n-3 fatty acids compete with AA for 
incorporation into the sn-2 position of membrane phospholipids thereby reducing 
membrane AA levels [80]; and (c) eicosanoids produced from EPA have anti-
infl ammatory and antiaggregatory effects, for example, increasing the membrane 
EPA∕AA ratio shifts eicosanoid production from the proaggregatory eicosanoids 
PGI2 and TXA2 toward the antiaggregatory TXA3 in platelets [81] and PGI3 in 
endothelial cells [77]. These actions would result in vasodilation and decreased 
platelet aggregation, both having antithrombotic effects.

The potential antiarrhythmic properties of n-3 fatty acids (ALA, EPA, and DHA) 
have been examined in animal models. In one such experiment, intravenous infusion 
of either fi sh oil or pure n-3 fatty acids in exercising dogs before an experimentally 
induced coronary artery obstruction reduced sudden cardiac death by preventing 
ventricular fi brillation [82]. The mechanisms of the antiarrhythmic effects of n-3 
fatty acids have been further explored using spontaneously contracting cultured 
cardiac myocytes isolated from rats [83]. The cultured rat myocytes were induced 
to fi brillation using various toxic agents such as ouabain, β-adrenergic agonists 
and high Ca2+ concentrations added to the bathing medium. These researchers 
[84] have shown that EPA and DHA added at low doses of 5–15 μmol∕L in the 
bathing medium inhibited the expected fi brillation when the toxic agents were 
added to the media. Interestingly, when the added EPA and DPA were removed 
from the culture media using delipidated bovine serum albumin, the cultured 
myocytes returned to fi brillation. Thus, n-3 fatty acids at low concentrations are 
able to modulate the activity of specifi c ion channels in myocardial sarcolemma.

One of the most effective ways to protect the myocardium from ischemic∕ 
reperfusion injury is by inhibition of the transmembrane Na+∕H+ antiport 
exchanger. This transmembrane antiport system maintains the myocardial cell’s 
pH, but during ischemia this system paradoxically participates in cell necrosis. 
The importance of transmembrane Na+∕H+ antiport exchanger in ischemic heart 

CRC_DK3287_ch002.indd   35CRC_DK3287_ch002.indd   35 6/19/2007   1:42:38 PM6/19/2007   1:42:38 PM



36 Marine Nutraceuticals and Functional Foods

disease was shown in a clinical trial using a specifi c Na+∕H+ exchange inhibitor 
caporide [85]. The inhibitor showed a potential benefi t in reducing the risk of car-
diac death as long as it was taken prior to the ischemic event [86]. It has recently 
been shown that EPA and DHA at concentrations of 25–100 µM inhibited the 
Na+∕H+antiport exchanger in isolated cardiomyocytes and thus could protect the 
myocardium from arrhythmias and cell death during ischemic events. This effect 
was limited to long-chain n-3 fatty acids, as LA and ALA showed no signifi cant 
effects on the Na+∕H+ exchanger [87]. 

The role of ALA in the prevention of arrhythmia caused by ischemia or during 
reperfusion remains unclear. The metabolic conversion of ALA to EPA is thought 
to mediate any of the cardioprotective effects of ALA acid, but at least one study 
using a canine model revealed cardioprotective effects with ALA [88]. More basic 
studies with α-linolenic acid are needed to explore the cardioprotective effects of 
this fatty acid, but fi rst a better understanding of the conversion processes of ALA 
to EPA and DHA is needed.

The effect of dietary interventions, carried out by the Diet and Reinfarc-
tion Trial (DART), of 2033 Welsh men who had recovered from a previous heart 
attack, was the earliest controlled trial to examine the effects of dietary interven-
tion in the secondary prevention of myocardial infarction [89]. The results of this 
study strongly suggest that marine n-3 fatty acids have a specifi c antiarrhythmic 
effect rather than antiatherogenic or antithombotic effects [90].

The Gruppo Italiano per lo Studio della Sopravvienenza nell’Infarto 
 Miocardio (GISSI)-Prevenzione study was initiated in 1993, and was carried out 
for 3.5 years [91]. It was a multicentered trial conducted in Italy (172 centers) 
and included 11,324 patients who had suffered a heart attack less than 3 months 
prior to recruitment. Just as in the DART study [90], the GISSI-Prevenzione study 
revealed that marine n-3 fatty acid intake conferred early and progressive risk 
reductions for cardiovascular disease.

The Lyon Diet Heart Study [84] conducted in France was one of the earliest 
intervention trials (with 204 control subjects and 219 experimental subjects), mak-
ing the hypothesis that a Mediterranean diet high in ALA could reduce the relative 
risk of cardiovascular events and death in previous heart attack victims. After 1 year 
of study, the total cardiovascular events were 24.5% in the fi sh oil group, 28% in the 
mustard oil group, and 34.7% in the control group ( p < 0.01), suggesting that dietary 
modifi cations can improve the 1-year risk of recurrent cardiovascular events [92].

2.2.3 OMEGA-3 FATTY ACIDS AND CANCER

Cancer is a general term for the more than 100 diseases that are characterized 
by uncontrolled and abnormal growth of cells (neoplasia) that are derived from 
normal tissues. The fi rst description of these symptoms was in relation to breast 
carcinoma. Experimental and epidemiological studies have demonstrated that the 
composition of dietary fat affects the incidence and progression of some cancers; 
n-3 fatty acids have been shown to have anticarcinogenic effects while saturated 
and n-6 fatty acids may promote cancer development [93]. Several cancerous cell 
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lines have been developed from animal and human tumors; these are established 
cell lines (e.g., Hep-G2 cells, caco-2 cells, LNCaP cells, PC-3 cells) derived from 
malignant tumors that proliferate indefi nitely in culture under the appropriate 
conditions. Cell lines serve as excellent in vitro models for cancer studies because 
the biochemical processes that occur within these cells are remarkably similar to 
those within their parent tumors.

Early evidence from epidemiological studies indicated that n-3 fatty acids 
might be protective against prostate cancer. Cross-cultural studies among the 
Inuit and non-Inuit people of Canada, Alaska, and Greenland from 1969 to 1988 
showed that the incidence rate of prostate cancer among the Inuit populations was 
70–80% less than the non-Inuit populations [94]. This observation was attributed 
to dietary differences between the two populations, in particular the traditional 
seafood diet of the Inuit people that are exceptionally rich in n-3 fatty acids were 
speculated as having anticarcinogenic effects [94]. Terry et al. [95] studied the 
association between fatty fi sh consumption and prostate cancer in a long-term 
prospective cohort of 6272 Swedish men. An inverse association between fatty 
fi sh consumption and prostate cancer was observed. After adjustment for other 
dietary and lifestyle habits (multivariate analysis), signifi cant inverse associa-
tions were observed between fatty fi sh consumption and prostate cancer inci-
dence as well as prostate cancer death ( p = 0.05 and p = 0.01, respectively, 
using COX proportional hazard models). Mamalakis et al. [96] examined adi-
pose tissue and prostate tissue fatty acid composition in 71 prostate cancer and 
benign hyperplasia patients from the island of Crete. Relative to benign hyper-
plasia patients, cancer patients had elevated adipose tissue levels of saturated 
fatty acids and reduced adipose tissue levels of MUFA ( p <  0.05, t-tests). Com-
pared to hyperplasia patients, cancer patients had reduced prostate tissue stearic 
acid to oleic acid ratios and total stearic acid levels ( p < 0.0005). Relative to 
benign hyperplasia patients, cancer patients had reduced prostate tissue levels 
of AA, DHA ( p  <  0.0005), EPA ( p <  0.05), total n-3 fatty acids ( p <  0.0005), 
and n-3�n-6 fatty acid ratios. The pronounced elevation in adipose tissue satu-
rated fatty acid levels in cancer patients highlights a possible role of dietary 
saturated fats in neoplastic processes, since adipose tissue fatty acid composi-
tion mimics the composition of dietary fats ingested [86]. The decreased pros-
tate tissue level of C20 and C22 PUFA in cancer patients possibly stems from 
enhanced metabolism of these fatty acids via lipoxygenase and COX pathways. 
Augustsson et al. [97] analyzed data from the 12-year Health Professionals 
Follow-Up Study to investigate whether high dietary intake of fi sh and long-chain 
n-3 fatty acids reduced the risk of prostate cancer in 47,882 male American par-
ticipants. Consumption of three or more fi sh meals per week was associated with a 
reduced risk of prostate cancer compared to infrequent fi sh consumption (less than 
two fi sh meals per month), and the strongest association was for metastatic cancer 
(RR = 0.56, 95% CI: 0.37–0.86). Intake of n-3 fatty acids from foods other than 
fi sh showed a similar but weaker association. Each additional daily n-3 fatty acid 
intake of 0.5 g from food was associated with a 24% decreased risk of metastatic 
prostate cancer. The results of this study show dietary n-3 fatty acids from fi sh 

CRC_DK3287_ch002.indd   37CRC_DK3287_ch002.indd   37 6/19/2007   1:42:38 PM6/19/2007   1:42:38 PM



38 Marine Nutraceuticals and Functional Foods

and other sources reduce the risk of prostate cancer, especially advanced forms of 
prostatic carcinomas. These results imply that long-term consumption of fi sh meat 
and n-3 fatty acids may slow the progression of prostate cancer toward metasta-
sis, as evidenced by the signifi cantly lowered relative risk for metastatic prostate 
cancer among the participants of this study [98].

Experimental and epidemiological studies suggest that n-3 fatty acids have 
antitumor effects during the initiation and postinitiation stages of colon carcinoma 
[99]. Western populations exhibit signifi cantly higher colon cancer incidence and 
mortality rates compared to Asian populations, which experts have long associated 
with high dietary fat and animal fat consumption by Western populations [100]. 
Caygill et al. [101] examined colon cancer mortality data from 24 European coun-
tries, showing a signifi cant inverse correlation between colon cancer mortality and 
fi sh meat or fi sh oil consumption. This inverse correlation was signifi cant for both 
men and women who consumed fi sh or fi sh oil for 1, 10, or 23 years before cancer 
mortality. This study strongly suggests that fi sh oil consumption can signifi cantly 
reduce colorectal cancer mortality. Unfortunately, dietary amounts of fi sh or fi sh 
fatty acids were not adequately assessed in this study, making it impossible to criti-
cally assess these fi ndings. Anti et al. [102] studied the effects of n-3 fatty acids on 
colonic cell proliferation in subjects at high risk for colon cancer. The results of this 
short-term study show that n-3 fatty acids reduce the proliferation of early-stage 
colonic cancers, which may reduce the progression colorectal polyps to colorectal 
carcinoma and may protect high-risk individuals from colon cancer.

The vast majority of research on n-3 fatty acids and colorectal cancer has 
been carried out using animal models and in vitro studies. Takahashi et al. [103] 
studied the effects of DHA supplementation on colon cancer using a rat model. 
The results of this study do not strongly support the premise that n-3 fatty acids 
(DHA) protect against colon carcinoma, but the aberrant results may be due to 
the low amount of DHA supplement. It is also possible that the protocol used 
to supplement DHA, specifi cally intragastric injection rather than dietary sup-
plementation, may have caused additional stress in the animals and compro-
mised their immune system, which could have enhanced the tumor-promoting 
effects of AOM regardless of DHA supplementation. Dwivedi et al. [104] used a 
similar protocol to Takahashi et al. [103] to study the effects of dietary n-3 and 
n-6 fatty acid supplementation on colon cancer development in male Wistar rats. 
This study also shows that oils rich in EPA and DHA are not as chemoprotective 
against colon carcinogenesis when compared to oils rich in ALA. The corn oil 
supplementation had the least chemoprotective effects against colon carcinogen-
esis. Since no control group or saturated fatty acid group were employed in this 
study, it is impossible to assess the promotional or inhibitory effects of corn oil 
and n-6 fatty acids on colon cancer development, except to say that n-6 fatty acids 
are less inhibitory than their n-3 counterparts. 

Several studies have investigated the effects of n-3 and n-6 fatty acids on 
colon carcinoma cell line development and COX expression or activity. In one 
such study [105], the effects of n-3 and n-6 fatty acids on the proliferation of 
two COX overexpressing colon cancer cell lines in culture (Caco-2 cell line and 
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HT-29 cell line) were investigated; this group also assessed COX activity by 
measuring PGE2 production in response to fatty acid treatments. Narayanan 
et al. [106] studied the effects of DHA on Caco-2 cell growth, proliferation, and 
transcription rates of 3800 genes belonging to 156 functional categories using 
DNA microarrays. Functional gene groups examined included several tumor 
suppressors, apoptosis factors, growth factors, chemokines, lipooxygenases, 
cyclooxygenases, transcription factors, cellular receptors, and nuclear receptors. 
Compared to control cultures, the DHA treatment resulted in a 30% decrease in 
Caco-2 cell proliferation after 48 h. Hybridization occurred in only 13% of the 
genes present on the microarray, implying that the array used in this study was 
improperly designed. To confi rm the microarray results of several representative 
genes, Narayanan et al. [106] amplifi ed RNA extracts using RT–PCR followed by 
separation using a denaturing polyacrylamide gel and Northern blotting. Their 
results showed that DHA down-regulated the expression rate of several genes 
encoding transcription factors, transcriptional enhancers, RNA polymerases, 
lipooxygenases, COX-2, and the inducible nitric oxide synthase. DHA treatments 
enhanced the expression of peroxisome proliferator activated receptors α and γ 
by over twofold. These changes seem to indicate that DHA promotes Caco-2 cell 
apoptosis through modulation of several biological activities, and suggests that 
DHA is an effective chemopreventive agent against colon carcinogenesis [106]. 
A recent study using the same protocol and cells showed that DHA enhances the 
expression of several cell cycle inhibitors, which further illustrates the antitumor 
effects of DHA in colon carcinogenesis [107]. 

Very few epidemiological studies have assessed the effect of dietary n-3 fatty 
acids and breast cancer. Holmes et al. [108] analyzed data from 1982 breast can-
cer patients (mean age 54 years) registered in the 18-year Nurses Health Study. The 
results of this assessment showed that n-3 fatty acid intake signifi cantly reduced 
breast cancer mortality by 48% (RR = 0.52; 95% CI:0.30–0.93). Recently, Holmes 
et al. [109] re-examined the data of the 121,700 female nurses registered in the Nurses 
Health Study to fi nd associations between breast cancer and dietary intake of meat, 
fi sh, and eggs. After the 18-year follow-up period, 4107 cases of breast cancer were 
diagnosed. Women in the highest quintile for meat, egg, and fi sh intake showed no 
difference in breast cancer risk; secondary analyses did not affect these results. Simi-
lar results have been observed in the 8-cohort international pooling project involv-
ing 350,000 women who were followed up for 15 years [110]. Maillard et al. [111] 
evaluated the fatty acid composition of adipose tissue from 241 women patients from 
central France with nonmetastatic breast cancer and 88 patients with benign breast 
tumors to assess the protective effects of dietary n-3 fatty acid intake against breast 
cancer, using adipose fatty acid composition as a biomarker of past dietary fatty acid 
composition. This study showed that adipose n-3 fatty acid levels and breast cancer 
risk were inversely associated. Women with the highest adipose levels of ALA were 
6% less likely to develop breast cancer compared to women with the lowest adipose 
ALA levels (RR = 0.39; 95% CI:0.19–0.78). Similarly, adipose DHA level and n-3 
fatty acid to n-6 fatty acid ratio were inversely associated with breast cancer risk 
(RR = 0.31 and 0.33, respectively; 95% CI:0.13–0.75 and 0.17–0.66, respectively). 

CRC_DK3287_ch002.indd   39CRC_DK3287_ch002.indd   39 6/19/2007   1:42:39 PM6/19/2007   1:42:39 PM



40 Marine Nutraceuticals and Functional Foods

These results suggest that n-3 fatty acids have protective effects against breast cancer 
risk, and also show that n-3 and n-6 fatty acids affect breast cancer risk.

The proposed antitumorigenic effects of n-3 fatty acids in breast cancer have 
been studied using in vitro and animal models of this disease; several studies show 
that n-3 fatty acids are able to modulate second messenger systems and cell signaling 
cascades in cancerous breast cells. The ability of n-3 fatty acids to inhibit breast tumor 
development has been shown in several tumor transplant studies [112]. Kort et al. 
[113] showed that female rats with transplanted mammary carcinoma tumors (BN472 
cells) who were fed with 25% fi sh oil after tumor transplantation for 6 weeks exhib-
ited signifi cantly less tumor development compared to rats fed 25% cacao butter. 
Rose et al. [114] showed a similar suppressive effect of n-3 fatty acids on transplanted 
human mammary tumors (MDA-MB-435 cells). Nude mice given 20% fi sh oil diets 
after tumor transplantation showed less metastatic growth of the implanted tumors 
into the lungs and overall suppression of tumor development. Recently,  Robinson 
et al. [115] showed that dietary fi sh oil supplementation (50 mg�g chow) for 21 days 
after tumor transplantation did not signifi cantly affect tumor development.

Several nonhuman studies support the premise that n-3 fatty acids inhibit 
breast carcinoma development by infl uencing the biochemical events that follow 
tumor initiation. Unfortunately, these fi ndings do not correlate well with human 
breast cancer studies. This may imply that n-3 fatty acids at attainable human 
dietary levels (1–3% of total calories) do not affect breast cancer development.

2.2.4 OMEGA-3 FATTY ACIDS AND INFLAMMATORY DISEASES

Arachidonic acid–derived cytokines have proinfl ammatory actions in vivo, 
whereas those derived from EPA are signifi cantly less proinfl ammatory [116,117]. 
Studies investigating the effects of n-3 fatty acids on ex vivo cytokine production 
by leukocytes have produced inconsistent results. Mantzioris et al. [118] showed 
a 20% decrease in ex vivo IL-1β production in healthy men after 4 weeks of 
supplementation with 1.8 g of fi sh oil per day, demonstrating that n-3 fatty acids 
affect cytokine production by leukocytes, but this study was not a controlled 
trial. Results of a recent placebo-based, double-blind, parallel study involving 
150 healthy men and women aged 25–72 years, who were supplemented with 
ALA or fi sh oil, revealed no signifi cant differences in ex vivo cytokine production 
(TNF-α, IL-6, IL-1β, and IL10) between the placebo and intervention groups after 
6 months of supplementation [119]. However, they did show that monocytes 
had signifi cantly increased levels of ALA in participants supplemented with 
α-linolenic acid, and increased monocyte EPA and DHA levels in those given fi sh 
oil. Both n-3 groups also had lowered monocyte AA levels compared to the con-
trol group, which might lead to decreased synthesis of the proinfl ammatory LTB4 
in vivo [120]. Although the mechanisms by which n-3 fatty acids suppress the pro-
duction of infl ammatory cytokines are unknown, the suppression of infl ammatory 
eicosanoid production by EPA is likely to be involved. 

Infl ammatory bowel disease (IBD) is a general term for chronic infl ammatory 
diseases of the gastrointestinal tract and mainly includes ulcerative colitis and 
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Crohn disease. The incidence of ulcerative colitis and Crohn disease is higher and 
rising in Western countries than in Asian countries, and epidemiological studies 
have attributed this trend to high intakes of saturated and n-6 PUFA in typical 
Western diets [121].

Many animal models have been used to study the effects of n-3 fatty acid 
supplementation in IBD. Shoda et al. [122] studied the effects of perilla oil (n-3, 
α-linolenic acid rich), fi sh oil (n-3 long-chain fatty acid rich), and saffl ower oil 
(n-6 fatty acid rich) supplementation on ulcer formation and proinfl ammatory 
cytokine production in rats. These results suggest that ALA may be superior to 
EPA and DHA for controlling intestinal infl ammation in experimentally induced 
Crohn disease, but the authors could not rule out the possibility of synergistic 
effects between n-3 fatty acids and other bioactives in perilla oil. Nieto et al. 
[123] recently used the trinitrobenzenesulfonic acid model to study the effects of 
n-3 fatty acid supplementation on ultrastructural and histological changes during 
experimentally induced ulcerative colitis in rats and the production of biological 
infl ammatory markers. The histological results of this study revealed that experi-
mental rats given an n-3 fatty acid–rich diet had signifi cantly less macroscopic 
and microscopic colonic damage when compared to both the n-6 group and the 
n-6 + n-3 group; also, the n-3 group had signifi cantly lower infl ammatory marker 
levels when compared to both other groups, both of which strongly suggest that 
n-3 fatty acids are therapeutic, whereas n-6 fatty acids exacerbate experimentally 
induced ulcerative colitis. Another model used to study IBD is the acetic acid 
protocol in which rats are fed 4% acetic acid to induce IBD. Using this model, 
Empey et al. [124] showed that rats given a fi sh oil (EPA)–enriched diet for 
6 weeks after treatment had improved intestinal function and considerably less 
histologic injury compared to rats given low n-3 fatty acid diets after treatment, 
demonstrating that n-3 fatty acids, especially EPA, have protective effects against 
acetic acid–induced colitis. 

Although studies using animal models provide strong evidence for the protective 
effects of n-3 fatty acids against induced IBD, animal models may not accurately 
portray the human etiology of this disease since it is induced using noxious chemi-
cals. Several epidemiological studies have shown an inverse relationship between 
n-3 fatty acid intake and the risk of IBD. In addition, some intervention studies have 
shown that n-3 fatty acid supplementation is an effective therapeutic approach for 
management of these diseases [125]. A 24-year study showed that the Greenlandic 
people exhibited a signifi cantly lower incidence of IBD when compared to Western 
populations, which was attributed to a diet rich in marine-derived n-3 fatty acids. 
Later, Shoda et al. [121] examined the incidence of Crohn disease and dietary habits 
among Japanese men and women over a 19-year period. This study showed that indi-
viduals with lower dietary n-6∕n-3 ratios were 21% less likely to suffer from Crohn 
disease (RR 0.79). IBD sometimes exhibits alternating relapses and remissions, and 
some clinical studies have investigated the potential of n-3 fatty acids to prolong 
periods of remission. Belluzzi et al. [126] carried out a double-blind, placebo-based 
study to investigate the effects of 2.7 g∕day of fi sh oil supplements in 78 patients 
with Crohn disease who were at high risk for relapse as assessed by the Crohn
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Disease Activity Index. After 1 year, 59% of patients in the fi sh oil group remained in
remission (23 out of 39) compared to 26% in the placebo group (10 out of 39).
Further analysis revealed the difference in relapse rate between the two groups to 
be due to fi sh oil supplementation only; cigarette smoking, gender, previous surgery, 
age, and duration of the disease did not affect the likelihood of relapse. Also, exami-
nation of blood for indicators of infl ammation (serum α1-acid glycoprotein, serum 
α2-globulin) revealed that the fi sh oil group had signifi cant decreases in all infl am-
matory markers assayed compared to the control group after 1 year.

Not all studies have supported the therapeutic effects of n-3 fatty acids in 
IBD sufferers. For example, Lorenz-Meyer et al. [127] performed a double-blind, 
placebo-based trial on 204 patients with Crohn disease in remission to study the 
effects of highly concentrated n-3 PUFA on the maintenance of remission over a 
12-month period. At the end of this trial there was no difference between the n-3 
and control groups; specifi cally, 30% of patients in both groups remained in remis-
sion. However, at the end of this study it was noticed that the n-3 group required 
less drug therapy (prednisolone) to manage the disease compared to the control 
group. This result implies that n-3 fatty acid supplementation may be somewhat 
helpful in the treatment of Crohn disease. A recent clinical trial by Middleton
 et al. [128] of 63 ulcerative colitis patients studied the effects of a combination of 
fi sh- and plant-derived n-3 fatty acids on disease remission. After 12 months, the 
duration of remission was not signifi cantly different ( p > 0.05) between groups 
(n-3 group: 55% remained in remission, control group: 38% remained in remis-
sion). Based on these results, Middleton et al. [128] were not able to support the 
postulated therapeutic benefi ts of n-3 fatty acid supplementation, although there 
was a 17% increase in disease remission in the n-3 group. The insignifi cant effects 
of n-3 fatty acids may be due to the relatively low doses of n-3 fatty acids used in 
the study (1.9 g total).

There is a wealth of evidence both supporting and refuting the therapeutic 
potential of n-3 fatty acids for IFD. The confl icting results are most likely due to 
differences in study size, duration, source of n-3 fatty acids, and the amount of n-3 
fatty acids provided. More animal studies are needed to develop a comprehensive 
biochemical basis for the theorized effects of n-3 fatty acid supplementation in 
the treatment of IBD.

The effects of n-3 fatty acid supplementation in patients with arthritis, partic-
ularly rheumatoid arthritis have been investigated. Kremer et al. [129] examined 
the effects of manipulating dietary fat intake on clinical outcomes in patients with 
rheumatoid arthritis. The n-3 group reported noticeable improvement (reduced 
morning stiffness and number of tender joints). The benefi cial results were attrib-
uted to the intervention regimen conducted on the n-3 supplemented group by 
this group. Volker et al. [130] performed a randomized, placebo-based, double-
blind clinical study to determine the effects of fi sh oil supplementation on clinical 
variables. After 15 weeks of supplementation, there was a signifi cant improve-
ment (p < 0.02) in the clinical status of patients in the n-3 group compared to the 
placebo group. Although trials by Kremer et al. [129] and Volker et al. [130] do 
provide evidence about therapeutic benefi ts for n-3 fatty acid supplementation in 
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rheumatoid arthritis, neither of these clinical trials were long-term studies lasting 
12 and 15 weeks, respectively. Geusens et al. [131] studied the long-term effects 
of n-3 fatty acid supplementation in patients with active rheumatoid arthritis in 
a 12-month double-blind, randomized study that included 90 subjects who were 
supplemented daily with either 2.6 g of fi sh oil, or 1.3 g of fi sh oil and 3 g of olive 
oil, or 6 g of olive oil. No dietary interventions were made. After a 12-month sup-
plementation period only the fi sh oil group exhibited signifi cant clinical improve-
ments. Specifi cally, signifi cant improvements in both the patient’s evaluation 
of pain and the physician’s assessment of pain occurred in the group receiving 
2.6 g∕day of fi sh oil. In addition, a signifi cant number of patients in this group had 
reduced antirheumatic medication use throughout the 12-month trial. No signifi -
cant improvements occurred in the combined fi sh and olive oil group or in the 
olive oil only group, implying that the observed therapeutic benefi ts of fi sh oil 
supplementation in patients with rheumatoid arthritis were dose dependent, with 
doses less than 2.6 g∕day being ineffective. 

Considerable evidence from in vitro and human studies suggest that n-3 fatty 
acids serve as effective therapeutic agents for the management of infl amma-
tory arthritic diseases, but the biochemical basis for these observations are not 
well understood. However, it is likely that n-3 fatty acids exert their antiarthritic 
affects through modulation of infl ammatory cytokine production. More in-depth 
knowledge of the roles of cytokines in infl ammatory arthritic diseases is needed 
to understand how n-3 fatty acids infl uence this disease. Also, longer-term and 
large-scale intervention studies investigating the effects of n-3 fatty acid supple-
mentation on arthritis symptoms are needed to strengthen the proposed inverse 
relationship between n-3 fatty acids and infl ammatory arthritic diseases.

Several human studies have investigated the immunosuppressive effects of 
n-3 fatty acids in transplant patients. Homan van der Heide et al. [132] studied 
the effects of fi sh oil supplementation on kidney transplant acceptance and renal 
function. After 1 year there was an overall improvement of renal function in the 
fi sh oil supplemented group. The total number of rejection episodes was lower in 
the fi sh oil group compared to the control, as was mean arterial blood pressure. 
The authors of this study speculated that the observed hemodynamic and immu-
nomodulatory effects of fi sh oil were due to a shift away from the vasoactive and 
proinfl ammatory AA eicosanoids to EPA-derived eicosanoids. However, a similar 
but more sophisticated study by Hernández et al. [133] investigated the effects of 
fi sh oil supplementation (6 g∕day) on kidney function and kidney rejection rate as 
well as on proinfl ammatory cytokine production in 86 kidney transplant patients, 
and after 12 months no differences existed in the above parameters between the 
n-3 group (fi sh oil, experimental group) and control group (6 g∕day of soybean 
oil). However, this study may have been complicated by the choice of soybean oil 
as the placebo fatty acid source. Soybean oil contains approximately 8% ALA, 
which may have benefi ted the soybean oil group and reduced the signifi cance of 
differences between the experimental and control groups.

Studies on animals and humans investigating the potential immunosuppres-
sive effects of postoperative n-3 fatty acid supplementation in organ transplant 
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patients have been inconsistent. While some studies report signifi cant therapeutic 
benefi ts, others do not. These confl icting results may be due to differences in 
study design such as amounts and sources of fatty acid supplements, the duration 
of study, and the type of organ transplant surgery studied. More clinical trials are 
needed to clearly support the benefi cial effects of n-3 fatty acid immunonutrition 
in organ transplant patients.

The frequency of infl ammatory lung diseases is increasing in Western soci-
eties [134]. Some have speculated that this trend may be due to high n-6 to n-3 
fatty acid ratios in typical Western diets, which may cause increased proinfl am-
matory cytokine production and lead to bronchial infl ammation in those prone 
to infl ammatory lung diseases. Case control studies indicate that children who 
do not consume fi sh early in life are three times more likely to have asthma 
than those who do [135]. Fish fatty acids, EPA and DHA, tend to reduce the 
incorporation of arachidonic acid into membrane phospholipids, and have been 
shown to decrease the production of proinfl ammatory arachidonic acid–derived 
eicosanoids. Thus, fi sh oil may have therapeutic effects on infl ammatory lung 
disease symptoms. 

Koch et al. [136] studied the effects of short-term infusions with PUFA 
emulsions on the pulmonary response to infl ammatory stimulation (increased 
vascular resistance and permeability) in perfused rabbit lungs. Results for pul-
monary artery pressure and lung weight gain (indicating edema formation) were 
signifi cantly lower in the n-3 fatty acid group than in the control and n-6 fatty
acid groups. 

Several clinical and prospective studies have investigated the therapeutic poten-
tial of n-3 fatty acids on bronchial infl ammation in asthmatics, most studied asth-
matic children, or children at high risk of developing asthma. Hodge et al. [137] 
investigated the association between consumption of oily fi sh and recurrence of 
pulmonary wheeze in 584 previously diagnosed asthmatic children (8–11 years old) 
living in Sydney, Australia. There was a small but signifi cantly decreased ( P < 0.05) 
risk for current wheeze in children who consumed any amount of fresh fi sh or fatty 
fi sh (one or more fresh or fatty fi sh meals per week). These results remained signifi -
cant after adjustment for other possible risk factors such as parental asthma, paren-
tal smoking, ethnicity, early respiratory illness, and sex. Although Hodge et al. 
[137] reported that oily fi sh consumption reduced the risk of asthma, this study only 
assessed asthma risk when questionnaires were distributed, it did not assess the 
prevalence or extent of asthma symptoms in subjects throughout the 5-month study 
period. Troisi et al. [138] examined the association between several dietary factors 
and adult onset of asthma in the 10-year Nurses Health Study (77,866 women). 
Their results revealed no association between n-3 or n-6 fatty acids and asthma, but 
positive associations were observed between asthma and antioxidant vitamin intake 
(vitamins C and E, β-carotene). These data suggest that n-3 fatty acid intake during 
adulthood is not an important determinant of asthma.

The symptoms of asthma are quite variable; questionnaires cannot adequately 
assess the prevalence and severity of asthma. Therefore, epidemiological studies 
are less reliable than clinical trials. Nagakura et al. [139] performed a 10-month 
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placebo-based, randomized trial to evaluate the effects of fi sh oil capsules in 
29 young patients (4–17 years old) with asthma who were receiving long-term 
treatment at the Department of Pediatrics, Higashi-Saitama Hospital, Japan. The 
results indicate that EPA reduces the bronchoconstrictive effects of acetylcholine 
but not the frequency or severity of asthma attacks. The authors of this study 
speculate that their results may be due to the ability of n-3 fatty acids to reduce 
the production and release of proinfl ammatory eicosanoids but not of histamine, 
which may explain the decreased response to inhaled allergens but unchanged 
overall asthma symptoms. Emelyanov et al. [140] performed an 8-week, placebo-
based, randomized clinical trial to examine the effects of a lipid extract from 
New Zealand green-lipped mussel (rich in EPA and DHA) on the symptoms and 
biochemical markers of asthma in adults (18–56 years old). There were no signifi -
cant differences in forced expiratory volume between the n-3 and placebo groups 
after 8 weeks of supplementation, but signifi cant decreases in mean expired H2O2 
( p = 0.0001) and mean daytime wheeze ( p = 0.026) were observed after 8 weeks 
in the Lyprinol® group compared to placebo. Based on these results, Emelyanov et al. 
[140] concluded that Lyprinol supplementation (100 mg of n-3 fatty acids daily) 
improved symptom management in adult asthma sufferers. It was also noted that 
throughout this study no signifi cant changes in blood pressure, serum creatinine, 
bilirubin, liver transaminase, or alkaline phosphatase occurred in either group, 
which indicates no ill effects of Lyprinol supplementation.

Thus, there is a considerable body of evidence that both support and refute
the potential therapeutic benefi ts of n-3 fatty acid supplementation in asthma. 
To date, only one large-scale intervention study investigating n-3 fatty acid sup-
plementation in asthmatics has been initiated; the results of this 5-year study 
are highly anticipated because most previous trials investigating n-3 fatty acid 
 supplementation in asthmatics have been on a small scale. Table 2.8 provides a 
summary of some research fi ndings on the effects of n-3 fatty acids on infl amma-
tory immune responses.

TABLE 2.8
Research Findings on the Effects of n-3 Fatty Acids on Infl ammatory 
Immune Responses

Condition/Disease Studied Reference Overall Findings

Cytokine production 1–5 The n-3 fatty acids may reduce proinfl ammatory 
cytokine production

Infl ammatory bowel disease 7–15 Current fi ndings show little consensus. More large-
scale trials are needed

Arthritis 16–22 In vitro studies are promising, however, few large-
scale studies have been conducted

Organ transplantation 23–26 Animal and human fi ndings do not always agree
Bronchial infl ammation 27 Results from some human studies are promising
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2.2.5 OMEGA-3 FATTY ACIDS IN MENTAL HEALTH AND NEURAL FUNCTION

Excluding adipose tissue, the human nervous system has the highest lipid content 
compared to all other tissues; 50–60% of the total dry weight of the adult human 
brain is lipid [141] and approximately one-third of these lipids are n-3 fatty acids, 
mostly DHA [142]. DHA is especially important during prenatal human brain devel-
opment; incorporation of DHA into growing neurons is a prerequisite for synap-
togenesis (formation of synapses) [143]. The period of greatest brain development 
occurs from the third trimester of pregnancy until 18 months after birth; this period 
correlates well with the accumulation of DHA in this organ [144]. The importance of 
n-3 fatty acids during prenatal development is best indicated by the observation that 
defi ciency of these fatty acids during development greatly increases the likelihood of 
diminished visual acuity, cerebellar dysfunction and several cognitive impairments 
and neurological disorders [145]. The importance of n-3 fatty acids during human 
development is also evident by the fact that both the placenta and mammary tissues 
supply large amounts of DHA to the developing fetus and infants [146].

The effects of n-3 fatty acids on the clinical symptoms of depression and schizo-
phrenia have received considerable attention. Depression is the most prevalent 
psychiatric disorder in North America; in the United States 1 in 20 people 
suffer from unipolar depression and 1 in 100 experience bipolar or manic depres-
sion [147]. Omega-3 fatty acid supplementation is receiving much attention as 
a possible adjunct therapy for depression; epidemiological and clinical studies 
suggest inverse association between n-3 fatty acid consumption and depression. 
Recent studies among Inuit populations show an overall decline in mental health 
characterized by increased rates of depression as well as other mental illnesses, 
which may be linked to the rapid changes to a westernized culture including a 
shift from traditional seafoods to processed foods [148]. Tanskanen et al. [149] 
performed a large survey to assess depression symptoms and frequency of fi sh 
intake among a cohort of 3204 Finnish adults aged 25–64 years. The results of this 
survey showed that mild to severe depression symptoms were 31% more prevalent 
among infrequent fi sh consumers ( < 3 fi sh meals per month); gender-based assess-
ments reached signifi cance among female participants but not in men ( p < 0.01, 
chi-square tests). Thus, results from this large cohort of adults report strong corre-
lations between infrequent fi sh consumption and depression, but unfortunately this 
study could not investigate the effects of n-3 fatty acids since information of the 
type of fi sh consumed was not obtained. Recently, Marangell et al. [150] evaluated 
the effectiveness of DHA supplementation for the treatment of depression. The 
difference between groups did not reach statistical signifi cance (two-way t-tests), 
however, these results may be due to the relatively low level of n-3 fatty acids sup-
plemented. A similar but smaller clinical trial by Su et al. [151] showed that daily 
supplementation with 9.6 g fi sh oil for 8 weeks signifi cantly reduced depressive 
symptoms compared to a placebo group ( p <  0.05, Wilcoxon signed rank test). 

Although the etiology of depression is not completely understood, several 
pathophysiological features of this disease have been identifi ed, including over-
production of infl ammatory cytokines [152]. The benefi cial effects of n-3 fatty 
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acids in depression may be due to modulation of eicosanoid production. The fact 
that EPA-derived eicosanoids are the least proinfl ammatory ones provides a pos-
sible explanation for the benefi cial effects of n-3 fatty acid supplementation in 
depression, since depression has been linked to proinfl ammatory cytokine pro-
duction. Because the eicosanoid products of n-3 fatty acids do not activate macro-
phages to any extent compared to those derived from n-6 fatty acids, replacement 
of membrane n-6 fatty acids with n-3 fatty acids would reduce proinfl ammatory 
cytokine production, especially if cyclooxygenase activity is enhanced in depres-
sive patients. Several lines of evidence support benefi cial effects of n-3 fatty 
acids on depressive disorders, but this evidence is far from conclusive and it is
premature to recommend n-3 fatty acid supplementation for the treatment of 
depressive symptoms. 

Many research groups have evaluated the effects of n-3 fatty acid supplemen-
tation in schizophrenia. Schizophrenia is a mental disorder that affects 1% of all 
people regardless of race or nationality. Previous family history of schizophrenia 
is the major risk factor for this disease; however, oxidative injury to neuronal cells 
and abnormal neuronal membrane phospholipid composition have been observed 
in schizophrenic patients postmortem. Reduced DHA levels have been observed 
in neurons of schizophrenic patients that may be the result of phospholipase 
A2 overexpression [153]. Many schizophrenic patients show signs of excessive 
in vivo lipid peroxidation; these include increased plasma thiobarbituric acid 
reactive substances (TBARS) [154] and breath pentane [155], which suggests that 
reduced DHA in schizophrenics may be due to increased oxidative stress. The 
potential role of dietary n-3 fatty acids on antioxidant enzymes and parameters 
of oxidative stress was recently studied in rat neurons [156]. Results showed that 
n-3 fatty acid–treated rats had signifi cantly lower TBARS in corpus striatum 
neurons ( p < 0.001, ANOVA) and signifi cantly less corpus striatum nitric oxide 
levels compared to controls ( p < 0.002, ANOVA). Omega-3 fatty acid–treated 
rats had signifi cantly lower corpus striatum xanthine oxidase activity ( p < 0.005, 
ANOVA). These results indicate that n-3 fatty acids can improve oxidant param-
eters in normal neural tissue, and thus may reduce the prooxidative symptoms 
observed in schizophrenia. Hibbeln et al. [157] quantifi ed the erythrocyte fatty 
acid compositions of 76 medicated schizophrenic patients before and after 
16 weeks of EPA (3 g∕day) or placebo supplementation. Several schizophrenic indi-
ces were performed on each patient before and after the supplementation period. 
Although plasma EPA levels were increased in the n-3 fatty acid group ( p < 0.05, 
Mann–Whitney tests), these differences did not correlate with reduced schizo-
phrenia symptoms. Table 2.9 provides a summary of some research fi ndings on 
the effects of n-3 fatty acids on mental health and neural development∕function.

2.2.6 OMEGA-3 FATTY ACIDS AND GENE EXPRESSION

Several reports indicate that the genomic effects of long-chain PUFA are medi-
ated through specifi c interactions with hydrophobic binding sites on transcription 
factors; the earliest of such studies began with the discovery that peroxisome 
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proliferator activated receptors (PPARs) are regulated by long-chain PUFA [158]. 
Several other fatty acid–regulated transcription factors have since been identifi ed, 
including the hepatic nuclear factor 4α (HNF4α) [159], retinoid X receptor (RXR) 
[160], and liver X receptors (LXR) [161]. Experimental studies show that the level 
of sterol regulatory element binding protein-1 (SREBP1) synthesis and activation 
is modulated by fatty acids.

2.2.6.1  Omega-3 Fatty Acids and Peroxisome 
Proliferator Activated Receptors

The peroxisome proliferator activated receptors (PPARs isoforms: α, β, γ1, γ2, δ) 
are the best understood fatty acid–specifi c transcription factors; currently they are 
regarded as intracellular monitors of nonesterifi ed fatty acid levels [162]. The PPARs 
regulate genes involved in fatty acid and glucose oxidation, fatty acid uptake, fatty 
acid activation, triacylglycerol biosynthesis, and lipoprotein metabolism; recent 
studies suggest that PPARs may be involved in other cellular functions includ-
ing growth, differentiation, and proliferation [163]. The PPAR family are nuclear 
receptors whose DNA-binding affi nities are enhanced when in complex with n-3 
long-chain PUFA. Activated PPARs bind with peroxisome proliferator response 
elements (PPREs), which are promoter proximal regulatory elements located near 
initiator sequences of many eukaryotic genes. Activated PPARs bind to DNA as 
heterodimers with retinoic X receptors (RXRs); n-3 fatty acids have been shown to 
promote the dimerization of PPARs and RXRs [164]. 

All PPAR isoforms possess a fatty acid–binding activity; C18 and C20 fatty 
acids bind with greatest affi nity [165]. Xu et al. [165] examined the three-dimen-
sional structure of activated PPARγ and showed that fatty acids occupy a 1300 
cubic Angstrom hydrophobic binding site. The binding of EPA changes the three-
dimensional conformation of PPARγ and enhances its DNA binding affi nity. 
The cellular alterations mediated by EPA would lead to decreased expression of 
genes involved in fatty acid and triacylglycerol biosynthesis while inducing genes 
involved in fatty acid oxidation. Ren et al. [166] used an animal model to examine 

TABLE 2.9
Summary of Research Findings on the Effects of n-3 Fatty Acids on 
Mental/Neural Health

Condition/Disease Studied Reference Overall Findings

Visual development 69–76 The n-3 fatty acids may improve visual function
scores in some indices of visual development

Depression 79–88 The n-3 fatty acids exert benefi cial actions on some 
depressive symptoms

Schizophrenia 89–93 Some evidence exists showing therapeutic effects 
of n-3 fatty acids on symptoms of schizophrenia 
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the role of PPARα on fatty acid regulation of hepatic lipid metabolism by assess-
ing hepatic mRNA transcript levels for fatty acid synthase, acyl-CoA oxidase, 
and CYP4A2 (CYP4A2 is one enzyme in the biosynthetic pathway of bile acids 
from cholesterol). Results indicated that PPARα is required for the n-3 fatty acid 
mediated upregulation of the hepatic CYP4A2 gene and the acyl-CoA oxidase 
gene, and that fi sh oil-mediated suppression of lipogenic genes do not involve 
PPARα. To further assess the effects of fatty acids on hepatic PPARα activity, 
Ren et al. [166] isolated primary hepatocytes from rat liver samples by digesting 
the livers with collagenase. Ren et al. [166] then treated the hepatocytes with pure 
fatty acids for 48 h and assessed the acyl-CoA oxidase mRNA levels. After the 
incubation period, cultures treated with oleic acid, LA, ALA, GLA (18:3, n-6), 
and AA showed no signifi cant changes in acyl-CoA oxidase mRNA levels when 
compared to control cultures. Primary hepatocytes treated with EPA showed a 
twofold increase in acyl-CoA oxidase mRNA levels compared to control cultures, 
implying that only long-chain PUFA are able to induce acyl-CoA oxidase gene 
transcription. The results of Ren et al. [166] collectively imply that long-chain 
n-3 PUFA in fi sh oils promote hepatic fatty acid oxidation and bile acid synthe-
sis through activation of PPARα transcription factor. Over time, these genomic 
effects of n-3 fatty acids may lead to reduced blood lipid levels and could affect 
the symptoms of hyperlipidemia and hypercholesterolemia. 

Although several studies show that EPA enhances the transcriptional activity 
of the PPAR family of transcription factors, most of these studies are performed 
using in vitro models. Very few studies examine the genomic effects of dietary 
n-3 fatty acids, thus more live animal studies are needed to lend further support to 
the existing studies that show n-3 fatty acids, particularly EPA, activate PPARs. It 
still remains to be clarifi ed whether the upregulation of PPARs by n-3 fatty acids 
operate via transcriptional or posttranscriptional mechanisms.

2.2.6.2 Omega-3 Fatty Acids and Sterol Regulatory Element Binding Proteins

Sterol regulatory elements binding proteins (SREBPs) are transcription factors 
that regulate the transcription of several genes involved in lipid, cholesterol, bile 
acid, and lipoprotein biosynthesis. Evidence from animal and cell culture stud-
ies indicate that SREBP1 isoforms regulate fatty acid and triacylglycerol biosyn-
thesis while SREBP2 regulates cholesterol biosynthesis. Animal studies show 
that transgenic mice overexpressing SREBP1a or SREBP1b have higher tran-
scription rates of hepatic genes involved in lipogenesis, triacylglycerol biosyn-
thesis, and very low density lipoprotein secretion, and develop fatty liver [167]. 
Unlike PPARs, unsaturated fatty acids have not been shown to directly bind with 
SREBPs, but unsaturated fatty acids do modulate the activity and abundance of 
SREBP1, which in turn affects lipogenic gene expression.

Several animal studies show that dietary n-3 fatty acids suppress hepatic 
lipogenesis by inhibiting SREBP1 gene transcription and proteolytic activation, 
as well as increasing SREBP1mRNA decay [168]. In one study comparing hepatic 
levels of mature SREBP1 (nuclear SREBP or nSREBP) and precursor SREBP1 
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(pSREBP1, inactive membrane bound form) in mice fed either normal diets or 
diets rich in fi sh oils, it was shown that mice in the fi sh oil group had 90% lower 
hepatic levels of nSREBP1 (active transcription factor) and 75% lower hepatic 
levels of pSREBP1. The changes in the fi sh oil group were accompanied by a 
decrease in hepatic fatty acid synthase mRNA [169]. Unlike mice in the fi sh oil 
group, mice on diets rich in saturated and MUFA had normal hepatic SREBP1 
levels and activity. Other animal studies have shown that n-3 fatty acids inhibit 
the transcription of several hepatic genes involved in glucose metabolism and 
lipogenesis, including glucokinase, acetyl-CoA carboxylase, and the ∆5 and ∆6 
desaturases, which may be explained by n-3 fatty acid–mediated reductions in 
hepatic SREPB1 levels [170]. In vitro studies show that n-3 fatty acids reduce the 
nuclear content of activated SREBP1 in two separate ways. The fi rst response 
is an inhibition of the proteolytic cleavage of pSREBP, which occurs within the 
fi rst hour of n-3 fatty acid treatment. The second response to n-3 fatty acids is 
a reduction in SREBP1 gene transcription, which is accompanied by decreased 
nuclear or endoplasmic reticulum membrane levels of pSREBP1. The underlying 
molecular mechanisms by which n-3 fatty acids reduce cellular SREBP1 levels 
are not understood but it is believed that n-3 fatty acids somehow enhance the 
rate of SREBP1mRNA decay; studies using cultured liver cells have shown that n-3 
fatty acids reduce the half-life of SREBP1cmRNA from 11 h to less than 6 h [171]. 
Omega-3 fatty acids have also been shown to inhibit lipogenic gene expression in 
cultured adipocytes; however this inhibition is SREBP1 independent [172].

2.2.6.3 Omega-3 Fatty Acids and Liver X Receptors

Liver X receptors (LXRα and LXRβ) are members of the nuclear hormone recep-
tor superfamily; LXRα was recently identifi ed as fatty acid–regulated transcrip-
tion factor. LXRs are important regulators of cholesterol, bile acid, fatty acid, and 
triacylglycerol biosynthesis in tissues such as the liver, brain, and gonads [173]. 
Studies using human embryonic kidney (HEK), 293 cells have shown that unsatu-
rated fatty acids bind to LXRα, antagonizing oxysterol activation of LXRα. How-
ever, a similar study by Pawar and Jump [162] showed that EPA had no effect 
on LXRα activity in two different cell lines or in rat primary hepatocytes. Ani-
mal model studies have not shown any change in LXRα activity or abundance in 
response to changes in dietary fatty acid composition. 

Evidently, there is no consensus among the existing literature assessing unsat-
urated fatty acid regulation of LXRs; only a few research groups have investi-
gated this recent observation. More studies are needed to assess the effects of 
several fatty acid types to clarify the possible regulatory actions of n-3 and n-6 
fatty acids on LXRs.

2.2.6.4 Omega-3 Fatty Acids and Hepatic Nuclear Factor 4α (HNF4α)

Hepatic nuclear factor 4α (HNF4α) is a member of the steroid receptor superfam-
ily; other members include the glucocorticoid receptor and the androgen recep-
tor. HNF 4α is a transcription factor that enhances expression of several hepatic 
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genes including CYP4A2, transferrin, apolipoprotein-CII, -CIII, -AII, -AIV, and 
 pyruvate kinase [174]. Hertz et al. [174] were the fi rst to report fatty acid regulation 
of HNF4α. Using cultured hepatocytes, Hertz et al. [174] showed that long-chain 
acyl-CoAs (C14 and up) at in vivo concentrations (approximately 2.6 µm) were 
ligands for HNF4α. Binding of saturated fatty acids enhanced the transcriptional 
activity of HNF4α, as evidenced by increased transferrin and apolipoprotein CIII 
expression. However, ALA, EPA, and DHA as their CoA thioesters inhibited 
HNF4α activity. Long-chain n-3 PUFA exert antilipogenic effects and promote 
lipid oxidation in hepatocytes.

Clearly, n-3 fatty acids modulate the activity and abundance of at least three 
transcription factor families (PPARs, SREBP, and HNF4α), which play important 
roles in hepatic fatty acid, cholesterol, apolipoprotein, and carbohydrate metabo-
lism. Omega-3 fatty acid regulation of PPARs and SREBP1 isoforms has been well 
established through a number of animal and cell culture studies. The signifi cance 
of fatty acid regulation of HNF4α in vivo is debatable, but the evidence that highly 
unsaturated acyl-CoAs may indeed infl uence HNF4α activity and is a topic that 
deserves further investigation. Based on the current literature, the genomic effects 
of n-3 fatty acids on hepatic metabolism involve a shift from TAG synthesis, 
storage, and apolipoprotein secretion toward hepatic oxidation of lipids. In turn, 
this response may reduce blood levels of TAG, cholesterol, and lipoproteins such 
as LDL, all of which are important risk factors for several chronic diseases. 
Further in vivo studies are needed to understand the mechanisms by which n-3 fatty 
acids enhance hepatic lipid oxidation while concurrently decreasing hepatic lipid 
storage. Elucidation of these pathways may provide evidence for novel therapeutic 
strategies for blood lipid and cholesterol disorders.
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3.1 INTRODUCTION

In the past decade, interest has surged in the area of omega-3 fatty acids and their 
role in normal brain functioning and neurological disease prevention. This  chapter 
will summarize the evidence pointing to a role of omega-3 fatty acids in brain 
health. Although omega-3 fatty acids are present in plant-based sources such as 
alpha-linolenic acid (ALA; 18:3n-3), this chapter will focus mainly on the animal-
derived long-chain (eicosapentaenoic acid; EPA; 20:5n-3 and  docosahexaenoic 
acid; DHA; 22:6n-3) omega-3 fatty acids. Chemical structures and biosyn-
thetic pathway for the formation of long-chain omega-3 fatty acids are given in 
Figures 3.1 and 3.2, respectively.
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(CH3)-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH2-CH2-CH2-CH2-CH2-CH2-(HO-C=O) 

Alpha-linolenic acid (ALA; 18:3n-3) 

(CH3)-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH2-CH2-(HO-C=O) 

Eicosapentaenoic acid (EPA; 20:5n-3) 

(CH3)-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH2-(HO-C=O)

Docosahexaenoic acid (DHA; 22:6n-3) 

FIGURE 3.1 Molecular formulas for the n-3 polyunsaturated fatty acids ALA, EPA, 
and DHA.
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FIGURE 3.2 Pathway by which unsaturated omega-3 fatty acids are converted to long-
chain polyunsaturated fatty acids in animals.
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3.2 DIETARY CONSUMPTION OF n-3 FATTY ACIDS

Historical evidence suggests that human beings evolved consuming a diet that 
contained n-6 and n-3 fatty acids in the ratio of 1–2:1 respectively [1]. However, 
the current Western diet contains a ratio of up to 20–30:1, which means that the 
present diet is defi cient in n-3 fatty acids compared to that on which our genetic 
patterns were established [2]. The evolution of change in dietary fat intake is 
illustrated in Figure 3.3. Today’s intake of n-3 fatty acids is lower because of 
the decrease in consumption of fi sh and wild game, and because modern 
 agriculture emphasizes consumption of cereal grains by animals destined for 
meat  production [1]. The predominant sources of n-3 fatty acids in the modern 
diet are vegetable oils and fi sh, with fi sh being the major source of EPA and DHA, 
while vegetable oils are the major sources of ALA [3]. 

An analysis of the consumption of n-3 fatty acids in various populations 
shows that modern societies consume low levels of these dietary lipids, and 
has led to the establishment of guidelines concerning their recommended daily 
intake. In the United States, it has been recommended that EPA and DHA be 
consumed at an intake of 0.65 g∕day, which is a fourfold increase from the cur-
rent level of consumption of 0.1–0.2 g∕day [3]. The adequate intake (AI) for LNA 
has been set at 1.6 and 1.1 g∕day (adult men∕women), and the target intake for 
EPA and DHA has been set at 160 or 110 mg∕day (adult men∕women) [4]. In 
Britain, the  British Nutrition Foundation Task Force on Unsaturated Fatty Acids 
recommends a daily intake of 0.5–1.0 g of long-chain polyunsaturated n-3 fatty 
acids, which they  suggest can be achieved through the consumption of an intake 
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FIGURE 3.3 A hypothetical proposal of the percentage of energy from fat and fatty 
acids in human nutrition across time. (Reproduced from Simopoulos, A.P., Am. J. Clin. 
Nutro., 70, 560S–569S, 1999  ©  American Journal of Clinical Nutrition. American Society 
for Clinical Nutrition. With permission) 
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equivalent to 1–2 portions of oily fi sh per week [5]. Even in Japan, where seafood 
has  traditionally been consumed at very high levels, the ratio of n-6 to n-3 fatty 
acids is  increasing as diets become more westernized, leading some authors to 
suggest that fi sh  consumption be increased, particularly among young people [6]. 
There are several new products available in North America that have been supple-
mented with n-3 fatty acids (both short and long chain) including eggs, milk, and 
bread. Tables 3.1 and 3.2 show the fatty acid content of a number of n-3-contain-
ing food sources [7–10]. 

TABLE 3.1
The Omega-3 Fatty Acid Content, in Grams per 100 g Food Serving, of a 
Representative Sample of Commonly Consumed Fish, Shellfi sh, Fish Oils, 
Nuts and Seeds, and Plant Oils That Contain at Least 5 g of Omega-3 Fatty 
Acids per 100 g

Food Item EPA DHA ALA

Fish (raw)

Anchovy, European 0.6 0.9 –
Cod, Atlantic and Pacifi c Trace 0.1 Trace
Haddock Trace 0.1 Trace
Halibut, Atlantic and Pacifi c Trace 0.3 Trace
Mackerel, Pacifi c and Jack 0.6 0.9 Trace
Ocean Perch, Atlantic Trace 0.2 Trace
Pike, Walleye Trace 0.2 Trace
Roughy, Orange Trace – Trace
Salmon, Atlantic, farmed 0.6 1.3 Trace
Salmon, Atlantic, wild 0.3 1.1 0.3
Seabass, mixed species 0.2 0.4 –
Swordfi sh 0.1 0.5 0.2
Trout, Rainbow, armed 0.3 0.7 Trace
Trout, Rainbow, wild 0.2 0.4 0.1
Tuna, Bluefi n, fresh 0.3 0.9 –
Tuna, Yellowfi n, fresh Trace 0.2 Trace
Whitefi sh, mixed species 0.3 0.9 0.2
Wolffi sh, Atlantic 0.4 0.3 trace

Shellfi sh (raw)
Clam, mixed species Trace Trace Trace
Crab, Blue 0.2 0.2 –
Lobster, Northern – – –
Mussel, Blue 0.2 0.3 Trace
Oyster, Pacifi c 0.4 0.3 Trace
Scallop, mixed species Trace 0.1 –
Shrimp, mixed species 0.3 0.2 Trace

(Continued)

CRC_DK3287_ch003.indd   66CRC_DK3287_ch003.indd   66 5/24/2007   11:15:01 AM5/24/2007   11:15:01 AM



Omega-3s and Their Impact on Brain Health 67

TABLE 3.1
(Continued)

Food Item EPA DHA ALA

Fish oils
Cod-liver oil 6.9 11.0 0.9
Herring oil 6.3 4.2 0.8
Menhaden oil 13.2 8.6 1.5
Salmon oil 13.0 18.2 1.1
Sardine oil 10.1 10.7 1.3

Nuts and seeds
Butternuts, dried – – 8.7
Flaxseed – – 18.1
Walnuts, English – – 9.1

Plant oils
Canola (rapeseed) – – 9.3
Flaxseed – –
Soybean – – 6.8
Walnut – – 10.4
Wheatgerm – – 6.9

Note: Trace = <0.1.
Source: Adapted from http: ∕∕www.ahrq.gov∕downloads∕pub∕evidence∕pdf∕o3asthma∕tbls.pdf (accessed 

13 September 2004).

TABLE 3.2
Omega-3 Fatty Acid Content of Commercially Available Omega-3 
Enriched Foods

Product Total Omega-3 Content DHA Content

Omega-3 enriched eggs
Gray Ridge® egg farms [8]

0.4 g∕egg 0.085 g∕egg

Omega-3 enriched milk 0.02 mg∕cup (homogenized) 0.02 mg∕cup (homogenized)
Neilson Dairy® Oh! [9] 0.01 mg∕cup (2%) 0.01 mg∕cup (2%)

Omega-3-enriched bread 0.27 g∕2 slices 0.27 g∕2 slices
Tip Top® UP [10]
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3.3 OMEGA-3 FATTY ACIDS AND THE BRAIN

In the human body, EPA is found primarily in cholesterol esters (CE), triacyl-
glycerols (TG), and phospholipids (PL); and DHA is found primarily in PL, and 
is highly concentrated in the cerebral cortex, retina, testes, and sperm [2]. In fact, 
DHA makes up a large proportion of the brain’s lipids, and is the  predominant n-3 
fatty acid found in this organ [11]. The structural predominance of DHA in the 
brain suggests functional signifi cance, and as will be demonstrated, both DHA 
and its long-chain counterpart EPA can be linked with several aspects of neural 
function, including, but not limited to, phospholipase A2 (PLA2) activity, infl am-
mation, neurotransmission, membrane fl uidity, oxidation, ion channel and enzyme 
regulation, and gene expression. Each of these functions will be  considered in 
terms of their relationship with the n-3 polyunsaturated fatty acids (PUFA), and 
when available, evidence linking them with various neuropsychiatric disorders 
will be presented.

3.3.1 PHOSPHOLIPASE A2

PLA2 is an enzyme that acts on the sn-2 position of phospholipids, thereby 
 generating a free fatty acid and a lysophospholipid [12]. DHA, along with the n-6 
PUFA arachidonic acid (AA; 20:4n-6), predominates at this position in cerebral 
phospholipids [13]. Several classes of PLA2 exist in the brain [14], and PLA2 is 
expressed in many brain regions with the highest expression in the  hippocampus 
[15]. While the function of PLA2 in the human nervous system has not been fully 
elucidated, it has been implicated in the processes of phospholipid turnover, 
 neurotransmitter release, detoxifi cation, exocytosis, and membrane  remodeling 
[16], and the free fatty acid and lysophospholipid produced by its action are known 
to be highly active cell-signaling molecules [17]. It has been suggested that under 
pathological conditions, seen in neuropsychiatric disorders such as schizophrenia, 
an increase in the activity of PLA2 can result in a decrease in neuronal membrane 
phospholipid biosynthesis and an increase in phospholipid breakdown [18]. Owing 
to the frequent occupation of the sn-2 position by DHA in the brain, an increase in 
the activity of PLA2 could potentially cause a decrease in levels of this fatty acid 
with functionally signifi cant consequences. Figure 3.4  illustrates the phospholipid 
structure and the site of action of the main  phospholipase enzymes.

EPA has been shown to inhibit PLA2 activity [19], and administration of EPA 
has shown considerable success in the treatment of schizophrenia and bipolar 
 disorder. Furthermore, nutritional analysis has revealed that a lower intake of EPA 
is associated with more severe psychopathology and tardive dyskinesia [20]. 

3.3.2 INFLAMMATION

Many mood and neurodevelopmental disorders appear to be linked to immune 
system activation, as evidenced by overactivity of the infl ammatory response 
[21–24]. Omega-3 fatty acids, when consumed in adequate amounts, can exert 
anti- infl ammatory actions in vivo. This is primarily accomplished through 
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Phospholipase A1 and B  
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sn-3 Phospholipid head group 

Phospholipase C Phospholipase D 

FIGURE 3.4 Phospholipid structure and sites of action of the phospholipase enzymes.

 modifi cation of the production of cytokines and eicosanoids. IL-1 has been shown 
to decrease [25], while tumor necrosis factor (TNF) has been shown to increase as 
a consequence of fi sh oil feeding [26], thereby reducing infl ammation. Similarly, 
increasing the consumption of n-3 fatty acids, particularly the long-chain poly-
unsaturated n-3s, tends to shift the balance of eicosanoid production from pro- to 
anti-infl ammatory mediators [27]. Figure 3.5 illustrates the effect of dietary n-3 
fatty acids on the immune system via modulation of eicosanoids, such as the pros-
taglandins and thromboxanes. For example, increasing the amount of EPA in the 
diet causes a shift in the production of the infl ammatory eicosanoid  leukotriene B4 
(LTB4) to the production of the anti-infl ammatory leukotriene B5 (LTB5), thereby 
attenuating the infl ammatory response [28,29]. Because of the relationship between 
infl ammation and the pathology of many neuropsychiatric diseases, the infl uence 
of n-3 fatty acids on this physiological process is important to consider.

3.3.3 NEUROTRANSMITTERS

Neurotransmitters are molecules that mediate intercellular communication, and 
include dopamine and serotonin. Levels of neurotransmitters have been shown to 
be affected by diet, which is not surprising considering that many, including sero-
tonin and dopamine, are derived from nutrient precursors. Serotonin is derived 
from the amino acid tryptophan while dopamine is derived from the amino acid 
tyrosine [30]. Modulation of neurotransmitter levels has long been viewed as a 
causative factor in both unipolar and bipolar depression [31–35]. 

Although they do not serve directly as substrates for the formation of  serotonin 
and dopamine, n-3 PUFA have been shown to infl uence levels of these molecules 
in the brain. When piglets are fed a diet defi cient in AA and DHA, there is a 
decrease in both dopamine and serotonin concentration in the frontal cortex [36]. 
Conversely, when their diet was supplemented with AA and DHA, piglets showed 
an increase in the frontal cortex concentration of serotonin, possibly due to a 
decrease in degradation [37]. A similar situation has been found in rats, who 
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when fed a diet defi cient in n-3 fatty acids, displayed inadequate storage of newly 
synthesized dopamine [38], as well as an overall reduction in the dopaminergic 
vesicle pool [39]. Alternatively, when rats are fed fi sh oil, there is a 40% increase 
in frontal cortex dopamine concentrations as well as a greater binding to dopa-
mine D2 receptors [40]. Thus, n-3 fatty acids may modulate concentrations of 
these neurotransmitters through an effect on storage and availability.

3.3.4 MEMBRANE FLUIDITY

Membrane fl uidity is believed to be greatly infl uenced by the fatty acid composi-
tion of the membrane PL [41]. In the brain, membrane lipids comprise 50–60% of 
the solid matter [42], the majority of which are found within PL. The presence 
of double bonds in these fatty acids has a signifi cant effect on the physical 
pro perties of the membrane [43]. Furthermore, it is generally assumed that as 

DHA7S,16,17S Resolvin

ALA Fish oil

10,17S Docosatriene

EPA

PGF3

TXA3
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FIGURE 3.5 Interactions between the n-3 fatty acids DHA EPA, and the n-6 fatty acid AA, 
in the immune system. DHA antagonizes (-) the effects of prostaglandins and thromboxanes 
and increases the production of the less potent series-3 prostaglandins. AA increases the 
production of the more potent series-2 prostaglandins. Linoleic acid (LA; 18:2n-6); (1) throm-
boxane synthase; (2) prostaglandin I synthase; and (3) cyclooxygenase-1 and -2. (Reprinted 
from Horrocks, L.A. Docosahexaenoic Acid in the Diet: Its Importance in Maintenance and 
Restoration of Neural Membrance Function, Elsevier, Amsterdam, 2004. With permission.)
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the unsaturation of the fatty acid is increased, there is an increase in membrane 
fl uidity as refl ected in properties such as molecular area and phase transition tem-
perature. In terms of molecular area, it is believed that more highly unsaturated 
fatty acyl chains will occupy more space. However, this assumption only holds 
true for the addition of the fi rst and second double bonds; addition of a third, 
fourth, and sixth double bond does not cause a signifi cant further increase [44], 
and DHA, while more expanded than the monounsaturated oleic acid at low lateral 
pressures, occupies approximately the same space at the higher pressures that 
are characteristic of lipid bilayers [45]. Similarly, phase transition temperature 
has been found to decrease upon addition of a fi rst and second double bond but 
then increases upon addition of further double bonds [46]. Membrane fl uidity 
has also been quite thoroughly investigated using fl uorescent probes, and there 
are several negative reports in the literature of DHA-associated changes in mem-
brane fl uidity using such techniques [47–49]. However, there are also reports of 
DHA-induced increases in fl uidity [50], leading Youdim et al. [28] to suggest that 
the relationship between the number of double bonds and fl uidity is not a simple 
linear one. 

3.3.5 OXIDATIVE STRESS

Free radicals are generated under normal physiological conditions, and play 
 important roles in a variety of biological processes. However, when these  molecules 
are generated in excess, they can initiate spontaneous chain reactions that may 
have negative consequences, such as abnormal neurodevelopment and neuronal 
function [51]. Free radicals are considered unstable because they carry one or more 
unpaired electrons, which make them highly reactive. Examples of free radicals 
are peroxyl radical (LOO.), alkoxyl radical (LO.), and hydroxyl  radical (≅OH), 
all of which are oxygen-containing species and are therefore referred to as oxy-
radicals. These oxyradicals can react with PUFA, and cell  membranes of tissues 
exposed to high concentrations of oxygen, such as the brain, are  susceptible to 
oxidation because of the presence of unsaturated fatty acids in their  phospholipids 
[52]. Oxyradicals are eliminated by enzymes such as superoxide dismutase, glu-
tathione peroxidase, and catalase; nonenzymatic mechanisms such as glutathione 
and uric acid; and dietary antioxidants such as vitamins A, E, and C [53]. Free 
radical reactions involving the peroxyl, alkoxyl, and hydroxyl  radicals are illus-
trated in Figure 3.6.

FIGURE 3.6 An example of free radical oxidation by the Cu2+ ion. This ion has been 
shown to react with any LOOH (lipid hydroperoxide) present to produce Cu+ and a per-
oxyl radical (a). The Cu+ product can go on to react with HOOH (hydrogen peroxide) to 
form a hydroxyl radical (b), or with LOOH forming an alkoxyl radical (c).

(a) Cu2+ + LOOH  Cu+ + LOO
.
 + H+ + Cu+

(b) Cu+ + HOOH  Cu2+ + OH
.
 + OH−

(c) Cu+ + LOOH  Cu+ + LO
.
 + H+ + OH−
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The infl uence of n-3 fatty acids on oxidative pathology is likely via  replacement 
of lost membrane phospholipid PUFA following attack by  oxyradicals [52]. In 
 animals, consumption of dietary n-3 fatty acids has been shown to modulate  levels 
of these in the brain [54], and human serum and erythrocyte phospholipids are 
very responsive to dietary n-3 modulation [55–57]. Because of the  vulnerability 
of lipids to attack by oxyradicals, supplementation with n-3 PUFA should be 
 accompanied by cotreatment with an antioxidant [51].

3.3.6 ION CHANNEL AND ENZYME REGULATION

Proper physiological function requires coordinated integration of a number of 
 different cellular components, including ion channels and enzymes. Sodium 
 channels, which are glycoproteins that form pores in the cell membrane, open and 
close in response to changes in membrane potential thereby regulating the  generation 
of action potentials. A similar process occurs with potassium channels, which are 
also found in the cell membrane. Enzymes such as the Na + K + ATPase and 
Ca-ATPase perform the functions of ion transport, allowing for  maintenance of 
proper intracellular ion concentration and cellular  homeostasis, and the  regulation 
of ion channels and enzymes is accomplished by molecules such as neurotrans-
mitters and G proteins. Therefore, there is a multitude of levels at which neuronal 
functioning might be compromised, potentially resulting in pathology that could 
give rise to neuropsychiatric disorders.

Ion channel, enzyme, and regulatory molecule function may be infl uenced 
by polyunsaturated n-3 fatty acids. EPA has been found to inhibit voltage-
 activated Na+ currents [58,59], as has DHA [59,60]. It appears that these n-3 
PUFA  modify the function of the Na+ channel by binding directly to channel 
proteins [59]. DHA [61,62] and EPA [61] have also been shown to inhibit volt-
age-activated K+ current, and DHA has been observed to do this via binding to 
an external site on the  channel structure [63]. Importantly, the opening of the 
K+ channel TREK-1 by DHA appears to exert a neuroprotective effect against 
ischemia and  epileptic  damage in the brain [64,65]. DHA [60,66] and EPA [66] 
have  further been shown to inhibit voltage-activated Ca2+ currents. The ion-
 regulating enzyme Na + K + ATPase appears to be strongly infl uenced by the 
presence of DHA in the surrounding cell membrane, in that high concentrations 
of DHA have been associated with high Na + K + ATPase activity [67], and both 
Ca-ATPase and Na + K + ATPase activity have been shown to be inhibited by 
both EPA and DHA [68]. Other cellular functions, such as the rate of glutamate 
uptake [69], the responsiveness of the NMDA receptor [70], and the activation of 
protein kinase C [71,72] have also been shown to be affected by polyunsaturated 
n-3 fatty acids. 

3.3.7 GENE EXPRESSION

The regulation of genetic expression dictates the rate at which genes are tran-
scribed to effect changes in the production of various gene products. Genes can 
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either be up- or down-regulated, resulting either in an increase or decrease in 
transcription. Up-regulation of a gene may lead to an increase in the synthesis 
of a particular protein, while down-regulation may have the opposite effect. 
Modulation of gene expression at the transcription level can be mediated by 
n-3 PUFA, and Wahle et al. [73] recently summarized the generally accepted 
mechanisms of this regulation. The fi rst reported mechanism is activation of 
cell signal cascades that results in covalent modifi cation of specifi c transcrip-
tion factors, which can in turn then bind to promoter regions of a gene causing 
an up- or down-regulation of transcription. The second reported mechanism 
is by direct binding of the fatty acid (or its derivative) to specifi c transcription 
factors, which consequently has a positive or negative effect on its promoter-
binding capacity. The third reported mechanism is modifi cation of transcrip-
tion factor mRNA, or alteration of the stability of such mRNA and possibly 
its DNA-binding capacity. There are also likely indirect mechanisms of regu-
lation of gene expression, such as modulation of the redox state of the cell. 
Among the transcription factors that are known to be activated by n-3 PUFA 
are peroxisome proliferated activated receptors (PPARs), liver X receptors α 
and β, hepatic nuclear factor-4, and sterol regulatory element binding proteins 
(SREBPs) [29].

3.4  OMEGA-3 FATTY ACID STATUS OF BLOOD 
AND CELLS OF INDIVIDUALS WITH VARIOUS 
NEUROPSYCHIATRIC DISORDERS

Omega-3 fatty acid defi ciencies are associated with a wide range of  neuropsychiatric 
disorders, including, but not limited to, attention defi cit hyperactivity disorder 
(ADHD), neurodevelopmental disorders such as dyslexia and autism, depression, 
aggression, and dementia. This chapter will present available  information on blood 
levels of omega-3 fatty acids in individuals with these, and other  neuropsychiatric 
disorders, as compared with healthy controls. We will also discuss available 
 evidence as to the effi cacy of omega-3 fatty acid supplementation in alleviating 
the symptoms of these conditions.

3.4.1 ATTENTION DEFICIT DISORDER AND HYPERACTIVITY

ADHD, also known as attention defi cit disorder (ADD), is a condition character-
ized by disabling levels of inattention, impulsivity, or hyperactivity, which are 
inappropriate for the individual’s level of development [74]. Although previously 
thought to be a condition of childhood, it is now recognized that in up to 60% of 
sufferers, ADHD persists into adulthood [75].

Both n-3 and n-6 long-chain polyunsaturated fatty acids (LCPUFAs) have 
been suspected of being associated with ADHD, since the 1980s. Stevens et al. 
[76] found that plasma and red blood cell (RBC) levels of AA, EPA, and DHA 
were signifi cantly lower in ADHD patients as compared to controls, and that a 
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subgroup of ADHD patients exhibiting symptoms of LCPUFA defi ciency had 
even lower plasma concentrations of AA and DHA than did ADHD subjects with 
few LCPUFA-defi ciency symptoms. Recently, Young et al. [77] demonstrated 
that adults with ADHD also have an altered phospholipid fatty acid status, spe-
cifi cally having lower levels of omega-6 fatty acids and DHA in serum and lower 
levels of omega-3 fatty acids, including DHA in RBC. 

Very few clinical trials have been conducted in terms of omega-3 fatty acid 
supplementation and ADHD. In 2001, Voigt et al. [78] supplemented 63 children 
with ADHD with either placebo or 345 mg∕day DHA for 4 months. DHA levels 
in blood increased but there were no signifi cant improvements in any measure of 
ADHD symptoms. However, Richardson and Puri [79] showed that supplementa-
tion with a mixture of EPA, DHA, γ-linolenic acid (GLA, 18:3n-6), vitamin E, 
AA, LA (linoleic acid), and thyme oil for 12 weeks in children with specifi c 
 learning disabilities, improved symptoms in 7 out of 14 symptoms of ADHD 
(although only 3 were signifi cant) compared to none for placebo. Recently, 
 Stevens et al. [80] supplemented children with ADHD with (per day) 480 mg 
DHA, 80 mg EPA, 40 mg AA, and 96 mg GLA for 4 months. There was an 
increase in both EPA and DHA in plasma as well as improvement in parent-rated 
conduct, teacher-rated attention, and oppositional defi ant behavior. Furthermore, 
there was a signifi cant correlation between increased RBC EPA and DHA and a 
decrease in disruptive behavior. Finally, Hirayama et al. [81] examined the effect 
of DHA supplementation in food sources for 2 months on symptoms of ADHD. 
On average, children received 0.5 g DHA∕day versus control foods. There was no 
improvement of ADHD symptoms in this study. These fi ndings seem to suggest 
that a combination of LCPUFAs is more likely to exert a positive effect on ADHD 
symptoms than omega-3 fatty acids alone. 

3.4.2 ALZHEIMER’S DISEASE AND DEMENTIA

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder character-
ized by memory loss, intellectual decline, and eventual global cognitive impair-
ment. It has long been suggested that AD is associated with brain lipid defects 
[82–87]. More recently, epidemiological studies [88–93] have suggested that high 
fi sh and omega-3 fatty acid consumption is inversely associated with cognitive 
impairment, cognitive decline, and development of dementia or AD. Further-
more, at least one study suggests an inverse association between cognitive decline 
and ratio of n-3∕n-6 fatty acids in RBC membranes [94]. Furthermore, serum 
 cholesteryl ester (CE) EPA and DHA levels have been shown to be lower in AD 
patients [95]. This study also suggested that CE-DHA is an important determinant 
of mini-mental state examination (MMSE) score across the population. Another 
study by ourselves [96] suggests that phospholipid (PL) and phosphatidylcholine 
(PC) EPA, DHA, and total omega-3 fatty acid levels are decreased in cognitively 
impaired and demented (including AD) individuals. Only one study [97] found 
no signifi cant difference in plasma PL omega-3 fatty acid levels between controls 
and cognitively impaired or demented individuals.
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There are only two known studies in which individuals with AD or  dementia 
have been supplemented with long-chain omega-3 fatty acids. In the fi rst, by 
 Terano et al. [98], individuals with dementia were supplemented with 0.72 g 
DHA∕day for 1 year. Blood levels of omega-3 fatty acids increased and scores on 
dementia rating scales improved. In the second study, by Otsuka [99],  individuals 
with AD were supplemented with 900 mg EPA∕day for 6 months. MMSE scores 
increased maximally by 3 months and remained higher for 6 months.

3.4.3 SCHIZOPHRENIA

Schizophrenia is a severe mental illness characterized by positive (hallucina-
tions and delusions) and negative (lack of emotional responsiveness and drive) 
symptoms. Schizophrenic outcome has been suggested to be inversely related 
to the consumption of saturated fats and directly related to consumption of 
omega-3 fatty acids [100,101]. Furthermore, blood omega-3 fatty acid levels have 
been shown to be correlated with positive schizotypal trait measures [102] and 
this suggests that these fatty acids may offer protection against psychotic break-
down. Decreased RBC omega-3 fatty acids levels have been shown in fi rst-episode 
 psychotic patients (medication-free) [103–105], as well as in medicated schizo-
phrenic patients [106–109], as compared with control subjects. Furthermore,  levels 
of total omega-3 fatty acids and DHA are decreased in cultured skin fi broblasts 
from schizophrenic patients as compared with controls [110]. Some studies also 
suggest decreased levels of certain omega-6 fatty acids, mainly AA, accompanies 
the modifi cation of omega-3 fatty acid levels in these individuals [107]. Medica-
tion itself may infl uence the levels of omega-3 fatty acids in RBC of schizophrenic 
patients in either a positive [104,106] or negative [111] manner. Interestingly, 
 Hibbeln et al. [112], suggest that schizophrenic smokers have decreased blood 
levels of DHA and EPA as compared with schizophrenic nonsmokers. 

The fi ndings involving supplementation of schizophrenic individuals with 
omega-3 fatty acids have been reviewed by various authors [113–115]. There is 
evidence to suggest positive benefi ts for omega-3 fatty acid supplementation in 
schizophrenic individuals but more well-designed studies are still needed before 
defi nite conclusions can be reached. Most studies have investigated the ability 
of ethyl-EPA (E-EPA) to modify positive and negative schizophrenic symptoms 
in individuals with residual symptoms despite medication. Most of these studies 
have shown improvements in Positive and Negative Syndrome Scale (PANSS) 
scores after at least 12 weeks of supplementation [111,115–117]. Levels of E-EPA 
used range from 1 to 4 g∕day with 2–3 g∕day being the most common, and this 
level appears to have the most benefi t. Benefi ts have also been noted in dyskinesia 
scores after 12 weeks of supplementation [116]. One study in the United States 
[118] found no difference in symptoms, mood, or cognition after supplementation 
with 3 g E-EPA for 16 weeks.

At least two studies have been conducted with EPA and DHA  combinations in 
fi sh oil, investigating changes in omega-3 fatty acid levels of RBC, and  improvement 
in symptoms. One of these studies investigated the combined  supplementation of 
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omega-3 fatty acids (EPA plus DHA) and antioxidant vitamins (E and C) [119], 
and the other [116], investigated the effect of 10 g∕day MaxEPA (EPA plus DHA) 
in an open study. Both studies had positive results. 

At least two authors have presented results of fi ndings in individual patients. 
In one, a 30-year-old woman with exacerbation of symptoms during pregnancy, 
was supplemented with omega-3 fatty acids [120]. This resulted in an increase 
in omega-3 levels of RBC and improvement in positive and negative symptoms. 
In a second study, a drug-naïve patient was supplemented with 2 g∕day EPA for 
6 months [121–123]. Improvements were noted in PANSS scores, RBC omega-3 
levels, cerebral atrophy, and hemispheric imbalance. 

3.4.4 DEPRESSION AND POSTPARTUM DEPRESSION

Major depression is defi ned as ≥ 2 weeks of predominantly low mood or 
 diminished interests in one’s usual activities in combination with four or more 
of the  following: increased or decreased sleep patterns, inappropriate guilt or 
loss of self-esteem, increased or decreased appetite, low energy, diffi culty in 
 concentrating, agitation or retardation, and suicidal thoughts [124]. Several obser-
vational studies have  provided evidence that supports the theory that decreased 
fi sh or omega-3 fatty acid consumption may be involved with increased incidence 
of depression and this has been reviewed by various authors [125,126]. Societies 
consuming large amounts of fi sh and n-3 fatty acids appear to have lower rates 
of major  depression and bipolar disorders [127,128] and the likelihood of  having 
depressive  symptoms increases among infrequent fi sh consumers versus frequent 
fi sh consumers [129]. Studies have also suggested that depression associated with 
disease  diagnosis is also associated with decreased dietary intake of total omega-3 
fatty acids [130,131]. Seasonal variation of serum LCPUFA, including EPA and 
DHA,  correlates negatively with the number of violent suicidal deaths in  Belgium 
[132]. However, one study found no associations between dietary intakes of omega-
3 fatty acids and depressed mood or major depressive episodes [133]. 

Total n-3s, EPA, and DHA are depleted in RBC membranes of depressive 
patients or individuals at risk for the recurrent form of the major depressive  disorder 
[134–136], and there is a negative correlation between levels of blood and adipose 
tissue n-3 PUFA and depressive symptoms [135,137–139]. n-3 Fatty acids are also 
depleted in the serum PL and CE of depressed and bipolar patients [140–142], and 
an increase in the AA to EPA ratio has repeatedly been positively correlated with 
depression [140,141,143]. 

Postpartum depression (PPD) also appears to be associated with  omega-3 fatty 
acid levels. Higher concentrations of DHA in breast milk and higher  seafood con-
sumption predicts lower prevalence of PPD in society [144]. Higher plasma DHA 
of the mother is associated with a reduction in depressive symptom  reporting in 
the immediate postpartum period [145]. Plasma DHA was infl uenced by  maternal 
 education and smoking, so these results should be interpreted with caution. 
Another study suggested that the postpartum decrease of DHA status was greater 
in individuals who were “possibly depressed” versus the nondepressed group 
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[146]. In mothers who developed PPD, DHA and total omega-3 fatty acids (PL and 
CE) were decreased and the omega-6:omega-3 ratio was increased as compared to 
mothers who did not develop PPD [147].

As with the other neurological disorders mentioned in this review, there 
are a few studies investigating the effect of omega-3 fatty acid supplementation 
on  symptoms of depression. At least four studies have investigated the poten-
tial effi cacy of omega-3 fatty acid supplementation in depressive individuals. 
Most of these studies involved individuals who were on standard medications. 
Two of these  studies investigated the effects of E-EPA and found improvements 
in scores on depressive rating scales as well as suicidal thoughts and social 
 phobia [148,149], with maximum benefi ts observed with the 1 g∕day dose [148]. 
In another study, individuals were supplemented with 6.6 g of omega-3 fatty acids 
or placebo for 8 weeks [150]. A decreased score in the Hamilton rating scale was 
noted in the omega-3 supplemented group. One study investigated the effect of 
 supplementation with DHA alone (2 g∕day) versus placebo for 6 weeks and found 
no difference in rating scale scores between the groups [151]. In bipolar patients 
on medication, Stoll et al. [152] determined that 9.6 g∕day omega-3 fatty acids for 
4 months, as compared with placebo, resulted in improved outcome and longer 
remission.

At least two studies have been conducted on individuals with PPD. In the fi rst 
study, individuals with a history of PPD were supplemented with approximately 
3 g fi sh oil from the 34–36 week of pregnancy to 12 weeks postpartum [153]. 
There were no dropouts, but there was also no evidence of benefi t based on the 
number of individuals who had depressive episodes during the study. In the sec-
ond study, individuals were supplemented with 200 mg∕day DHA or placebo for 
4 months following delivery [154]. Increased plasma DHA was noted in the sup-
plemented group, whereas there was a decrease in the placebo group. There was 
no difference in self-rating or diagnostic measures of depression. It is still unclear 
whether there are potential benefi ts of omega-3 fatty acid supplementation from 
earlier on in pregnancy or prior to conception. 

3.4.5 OTHER NEUROLOGICAL DISORDERS

The role of omega-3 fatty acids has also been investigated in other neurologi-
cal disorders although the information is scarce. These include dyslexia, autistic 
spectrum disorders, dyspraxia, borderline personality disorder (BPD) and obses-
sive compulsive disorder (OCD), as well as aggression and hostility.

In adults and children with dyslexia, supplementation with HUFA (186 mg 
EPA, 480 mg DHA, 96 mg GLA, 864 mg LA, and 42 mg AA per day) improved 
ADHD symptoms in children with learning disabilities (mainly dyslexia) [79] 
and supplementation with DHA for 1 month improved dark adaptation in dyslexic 
young adults [155].

Decreased DHA and total omega-3 fatty acids have been shown in blood of 
autistic children versus mentally retarded children [156]. Furthermore, there is 
also decreased HUFA in RBC membranes of autistic children, which has been 
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shown to break down faster than control samples when stored at –20ºC versus 
–80ºC [157]. There do not appear to be any published trials in which individuals 
with autistic spectrum disorder are supplemented with omega-3 fatty acids.

Two supplementation trials have been conducted in children with dyspraxia. 
These trials suggest improvement in movement skills with high DHA fi sh oil 
plus EPO for 4 months [155], and improvement in reading and spelling, with a 
decrease in ADHD symptoms after supplementation with fi sh oil and EPO for 12 
weeks [158].

Supplementation with 1 g of E-EPA per day for 8 weeks was investigated 
in individuals with BPD. Improvement was noted in aggression and severity of 
symptoms [159].

Omega-3 fatty acid supplementation has also been investigated in individuals 
with OCD on traditional selective serotonin reuptake inhibitors (SSRIs). Indi-
viduals were supplemented with 2 g EPA or placebo for 6 weeks. Scores on the 
Yale Brown Obsessive Compulsive Scale decreased in both groups [160].

Cross-nationally, it has been observed that rates of death from homicide are 
lower in countries with high n-3 consumption [161]. In a 5-year prospective inter-
ventional study, an increase in dietary n-3 fatty acids caused a signifi cant decrease 
in hostility [162]. 

Omega-3 supplementation has been investigated in terms of aggression and 
hostility. Supplementation with 1.5 g DHA versus placebo for 2 months resulted in 
decreased aggression in educated university workers but not uneducated  villagers 
after a videotape stressor [163]. When aggression was measured during exam time, 
after 3 months of supplementation with 1.5 g DHA∕day, there was an increase in 
aggression in the control group, but no change in the DHA group [164]. This same 
dose appeared to decrease the level of norepinephrine (NE), but not other cat-
echolamines, in medical students during exams [165]. Interestingly, when aggres-
sion was determined during a nonstressful time, there was no change in aggression 
in the DHA group and a slight decrease in the control group [166]. It is possible 
that DHA supplementation is offering protection during stressful conditions.

In cocaine addicts admitted to hospital, aggressive patients were shown 
to have decreased levels of total omega-3 fatty acids and DHA as well as an 
increased n-6:n-3 ratio in blood [167].

3.5 CONCLUSIONS

It is obvious that there is a limited amount of work in the fi eld of omega-3 fatty 
acids and brain health, and thus there are exciting opportunities for researchers. 
Evidence suggests decreased blood levels of omega-3 fatty acids in individuals 
with various psychiatric conditions. The reasons for this are not clear; decreased 
synthesis or increased breakdown are the only two possibilities. Both would 
increase dietary requirements in this population. Epidemiological evidence sug-
gests that decreased plasma or RBC omega-3 fatty acids are a risk factor for 
the development of at least some of these conditions. This suggests that they 
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may play a role in the actual development of the disorder as opposed to being a 
consequence of the disorder. So far, the benefi ts of supplementation, in terms of 
decreasing disease risk or aiding in symptom management are not clear and more 
research is needed. The timing of dietary changes and supplementation use as 
well as levels and specifi c types of omega-3 fatty acids are still in the process of 
being investigated.
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4.1 INTRODUCTION

In the past decade, several epidemiologic investigations have reported that the 
consumption of fi sh (rich in unsaturated omega-3 fatty acids) is associated with 
the lower onset of neurodegenerative diseases, such as Alzheimer’s disease (AD), 
depression, and Parkinson’s disease (PD). For example, intake of fatty fi sh more 
than twice per week has been associated with a reduction in the risk of dementia 
by 28% and AD by 41% in comparison to those who ate fi sh less than once per 
month [1]. A recent longitudinal investigation has shown that high omega (n)-3 
fatty acid intake is associated with a lower risk of PD [2]. In addition, signifi cant 
decreases in n-3 fatty acids have been found in the blood of AD patients. These 
fi ndings suggest that high intake of n-3 fatty acids may protect against AD or PD 
[3,4]. Indeed, clinical and experimental studies have demonstrated that n-3 fatty 
acids benefi t psychiatric and neurodegenerative diseases. For example, unsaturated 
fatty acids and pure ethyl eicosapentaenoate (EPA) successfully treated depression 
and Huntington’s disease [5–7], and docosahexaenoic acid (DHA) or EPA can sig-
nifi cantly improve memory [8,9]. Recently, many studies have been carried out 
on animal models of neurodegeneration or on animal tissues or cells. These stud-
ies from behavioral, neuroendocrine, neurochemical, and immune aspects have 
revealed important mechanisms by which n-3 fatty acids in the treatments of neu-
rodegenerative diseases, which provide information for further developments of 
n-3 fatty acids as a new generation of drugs. This chapter provides a review of the 
therapeutic mechanisms and recent research progress in this fi eld.

4.2  THE FUNCTION OF n-3 FATTY ACIDS IN THE 
CENTRAL NERVOUS AND IMMUNE SYSTEMS

Long-chain polyunsaturated fatty acids (PUFA) are synthesized from dietary 
 precursors such as α-linolenic (n-3) and linoleic (n-6) fatty acids. The n-3 fatty acids 
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include EPA and DHA, while the n-6 fatty acids include dihomo-γ-linolenic acid 
(DGLA) and arachidonic acid (AA). These fatty acids are important components 
of membrane phospholipids in neurons, glial, and immune cells, and are involved 
in many functions of the immune and central nervous system (CNS) for the 
 following reasons [10]. First, changes in membrane fatty acid components may 
change the function of receptors, enzymes, and peptides in the CNS and immune 
system. It is known that the quaternary structures of proteins and the fi nal model-
ing and folding often depend on the precise nature of the lipid environment of the 
proteins because a high proportion of proteins in the cell is actually embedded in 
the membrane. Second, fatty acids can infl uence signal transduction. Neurotrans-
mitters, hormones, and cytokines hit a target and induce functional changes by 
activating phospholipases that then generate a wide range of cell signaling or 
signal transduction. Third, fatty acids and other lipids can switch on and off many 
different genes. In particular, by binding to peroxisome proliferator activated 
receptors, fatty acids can switch on and off the whole genetic programs. Perox-
somal enzymes are essential for the synthesis of plasmalogen, which is used for 
myelin formation [11]. Lipids or carbohydrates also modulate heat shock proteins 
that aid the expression of mRNA and the synthesis of proteins. Fourth, fatty acids 
infl uence ongoing metabolic regulation. Several studies have revealed that phos-
pholipids undergo constant remodeling, with key fatty acid components having 
half-lives of a few minutes. Therefore, changes in membrane fatty acid structure 
and concentration may directly affect neuronal and immune cell functions.

In the immune system, the onset of autoimmune and infl ammatory diseases 
has been related to an imbalanced intake of n-3 and n-6 fatty acids [12]. Infl am-
mation is an important component of the early immunological responses, while 
inappropriate or dysfunctional immune responses underlie chronic infl ammatory 
and autoimmune diseases. AA, an n-6 fatty acid, is the precursor of eicosanoids 
that produce prostaglandins (PG) E2, leukotrienes, thromboxanes (TXs), and 
related compounds that activate macrophages, produce proinfl ammatory cyto-
kines, and shift the response of T helper type (Th) 1 and Th2. Th1 cells trigger 
proinfl ammatory responses, while Th2 cells suppress Th1 responses. In contrast 
to AA, high intake of long-chain n-3 fatty acids, such as EPA (in fi sh oils) inhibit 
certain immune functions, for example, antigen presentation, adhesion molecule 
expression, Th1 responses, and the production of eicosanoids and proinfl amma-
tory cytokines. Clinical studies have also reported that oral fi sh oil supplementa-
tion has benefi cial effects on rheumatoid arthritis and asthma [12], supporting the 
idea that the n-3 fatty acids are anti-infl ammatory.

It is known that 60% of the brain’s weight is made up of lipids in which essen-
tial fatty acids (n-3 and n-6) are important membrane components. Free fatty 
acids that are released into the blood, and then across the blood–brain barrier, can 
act at specifi c binding sites in the brain. Changes in the phospholipid content of 
neuronal membranes directly affect membrane viscosity and fl uidity (unsaturated 
fatty acids reduce cholesterols and increase fl uidity), which may cause abnor-
malities in basic physiological functions such as neuronal function, neurotrans-
mitter binding and reuptake, membrane enzyme binding, receptor  density and 
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 affi nity, ion channels, and hormone secretion. In the CNS, n-3 and n-6 fatty acids 
have been shown to fulfi ll different roles. AA enhances the release of glutamate 
 neurotransmitter, inhibits neurotransmitter uptake, stimulates stress hormone 
secretion, and enhances synaptic transmission [10,13]. In the brain, AA may trig-
ger microglia activity and induce infl ammatory responses. As a consequence of 
glial activation and infl ammatory responses, oxidants will be produced, which are 
a major cause for neurodegeneration. Therefore, AA may contribute to infl amma-
tory and oxidative toxicity in neurodegenerative diseases. In contrast, n-3 fatty 
acids have been found to compete with n-6 fatty acids. Both EPA and DHA have 
been found to protect neurons from infl ammation and oxidants. However, n-3 and 
n-6 fatty acids also interact with and synergize each other. For example, it has 
been reported that combinations of n-3 and n-6 fatty acids at a ratio of 1:1 or 1:4 
yield stronger anti-infl ammatory or antistress effects [14,15].

4.3 INFLAMMATION, CYTOKINES, AND NEURODEGENERATION

Recent evidence shows that infl ammatory abnormalities are involved in the onset 
and progression of a number of neurodegenerative disease, including AD, amy-
otrophic lateral sclerosis (ALS), and PD [16,17]. In the blood of AD patients, 
increased autoimmune and infl ammatory responses have been found, which 
include increased lymphocyte function, and production of proinfl ammatory cyto-
kines and its complement [17,18]. Proinfl ammatory cytokines, such as interleukin 
(IL)-1β, can activate glial cells in the brain. Glial cells (microglia and astrocytes) 
play a major role in the neuroinfl ammation [19,20] because (1) the activation of 
glial cells leads to enhancements in the production of infl ammatory mediators, 
such as tumor necrosis factor-α (TNF-α), IL-1β, and prostaglandin (PG)E2 [117]; 
(2) these cytokines stimulate the hypothalamic–pituitary– adrenal (HPA) axis 
to release glucocorticoids (GCs). Blunted HPA axis function has been associ-
ated with autoimmune�infl ammatory diseases and neurodegeneration [21,22]. 
 Excessive production of GCs may result in hippocampal atrophy, suppress long-
term potentiation (LTP, for memory), and suppress acetylcholine release [23–25]; 
(3) microglia- and proinfl ammatory cytokines-induced infl ammation also rapidly 
release toxic reactive oxygen species (ROS) and turn on inducible nitric oxide 
(iNOS) to produce NO, which is mediated by phospholipases (PL)A2 enzymes 
[26]. These oxidants are highly toxic to cells and cause apoptosis; and (4) IL-1β 
can induce the expression of amyloid precursor proteins (APP). Indeed, in the 
brains of patients with AD, activated microglia, increased expression of PLA2 
and production of proinfl ammatory cytokines, and increased production of NO 
and other oxidants have been consistently reported [27,28].

In the brain of PD patients, proinfl ammatory cytokines and oxidants are also 
regulated by microglia and astrocytes. The substantia nigra (SN) is the brain 
region with the highest density of microglial cells [29]. Robust microglial acti-
vation and reduced antioxidant capacity of dopamine (DA) neurons have been 
reported in the brain of PD patients [30]. This implies that dopamine neurons 
are particularly susceptible to microglia-mediated infl ammation and oxidative 
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 toxicity in PD because both infl ammation and oxidation can directly damage DA 
neurons. Recent evidence shows that GC issue may also be associated with PD 
neuropathology [31]. Glucocorticoid receptors (GRs) are widely distributed in the 
striatum, frontal cortex, and subtantia nigra. Owing to stimulation by infl amma-
tion, the overproduction of GCs may downregulate GRs. It has been reported 
that the GR defi ciency in transgenic (Tg) mice expressing GR antisense RNA 
from early embryonic life has a dramatic impact on “programming” the vulner-
ability of DA neurons to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 
a model of PD [32]. Dexamethasone protects against DA neuron damage in a 
mouse model of PD [33].

Brain infl ammation might be an essential cofactor in HD. A microarray 
investigation has revealed that TH1-mediated cytokines may be important regu-
lators of affected genes. It is known that infl ammation increases indoleamine 
dioxygenase activity, which may cause abnormalities in the kynurenine pathway 
in HD. Increased production of oxidants such as NO and NOS have been also 
reported in HD [34,35].

It is well known that ALS is also a neuroinfl ammatory disease. Large 
accumulations of microglia and macrophages have been found in the motor 
cortex and spinal cord of patients with ALS [16]. An increase in the mRNA 
expression and synthesis of cyclooxygenase 2 (COX2) mRNA, a trigger for 
infl ammation, in the spinal cord has been reported [16]. Tumor necrosis factor 
(TNF)-α and other proinfl ammatory cytokines may also play important roles 
in ALS [36].

Except for infl ammatory disorders, the other common change in neurode-
generative disease is the dysfunction of the neurotrophic system. In contrast with 
the neurotoxic effects, a neuroprotective effect of astrocytes in the process of 
neurodegeneration has been observed [37]. Some investigations also support that 
both microglia and astrocytes, while responding to proinfl ammatory agents, such 
as lipopolysaccharides (LPS) and IL-1β, can protect neuronal cells by secreting 
neurotrophic factors (NTFs) [38,39]. NTFs, such as nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), and glial cell line–derived neuro-
trophic factor (GDNF), act as growth factors for the phenotypic development and 
maintenance of specifi c neuronal populations in developing and adult vertebrate 
nervous system [40]. These diffusible proteins that act via retrograde signaling 
from target neurons and by paracrine and autocrine mechanisms regulate many 
aspects of neuronal and glial structure and function [41]. When neurons fail to 
obtain a suffi cient quantity of NTFs, programmed cell-death is triggered [42]. 
NTF signals are processed via specifi c multicomponent receptor complexes. 
Among them, the NGF-super family receptors consist of p75NTR and the recep-
tor protein tyrosine kinases (Trk), including TrkA, TrkB, and TrkC. The p75NTR 
receptor has been found to induce apoptosis [43], whereas the Trk family, after 
binding to specifi c NTFs, is able to promote neuron survival and function [44]. 
Changes in NTF levels have been suggested to contribute to the pathogenesis of 
AD [45,46]. Alzheimer’s-like neurodegeneration was demonstrated in anti-NGF 
transgenic mice [47].
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Upon the activation of astrocytes (maybe microglia as well), phospholipase 
A2 (PLA2) activity and expression will be triggered [28]. Many PLA2 enzymes 
are expressed in both immune and brain cells [48]. Accumulating evidence has 
shown that these PLA2s are involved in the pathology of neurodegenerative dis-
eases. More recently, beta-amyloid (Aβ) stimulated ROS production through an 
extracellular signal-regulated kinase-PLA2-dependent pathway has been reported, 
strongly indicating that PLA2 activation is positively associated with Aβ-induced 
neurotoxicity [49]. Among three major PLA2s, cPLA2 is the key enzyme releas-
ing n-6 fatty acid AA from membrane phospholipids. As explained earlier, AA is 
the precursor of eicosanoids that produce PGE2 and proinfl ammatory cytokines. 
Overintake of n-6 fatty acids has been correlated with a high risk of infl ammatory 
or autoimmune disorders and neurodegenerative diseases [50,51]. The  possible 
pathway and interrelationship among glial activation, PLA2, infl ammation, oxi-
dants, and neurodegeneration, and the possible target of n-3 fatty acids are sum-
marized in Figure 4.1.

4.4  ANIMAL MODELS OF ALZHEIMER’S DISEASE 
AND n-3 FATTY ACID TREATMENTS

To explore the mechanisms involved in different neurodenegerative diseases, many 
rodent models have been popularly used. Since infl ammation is characteristic of a 
broad spectrum of neurodegenerative diseases, several major animal models related 
to neurodegeneration and neuroinfl ammation are reviewed and reported here.

4.4.1 Aβ-INDUCED MODELS

4.4.1.1 In Vivo Model

Studies in animal models have revealed that the formation of Aβ and other deriva-
tives of the APP are key factors in cellular changes in the AD brain, including the 
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FIGURE 4.1 Interrelationship among glial activation, PLA2, infl ammation, oxidants, 
and neurodegeneration, and the possible target of n-3 fatty acids.
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generation of infl ammation and oxidative damage. Intracerebraventricular (i.c.v.) 
administration of Aβ 25–35 causes the loss of axons, dendrites, and synapses in 
the brain [52]. Aβ peptide 1–40 can suppress LTP in ageing rats, and induce mem-
ory defi ciency [53]. Aβ 25–35 can also induce memory impairment in mice or 
rats [54,55]. After chronic Aβ administration, in the CA1 and the dentate gynus 
of the hippocampus, increases in PLA2 expressions and infl ammatory responses, 
increased immunostainings of NK-κB, OX6 (a marker for microglial activation), 
PGE2 and COX2, have been reported [26,56].

4.4.1.2 In Vitro Models

To understand the cellular and molecular abnormalities in AD, neurons or neu-
ronlike cell lines and glial cells have been cocultured with Aβ peptides. With rat 
astrocyte cultures, oligomeric and fi brillar Aβ induced IL-1β release. In addi-
tion, oligomeric Aβ increased the production of iNOS, NO, and TNF-α [57]. In a 
similar in vitro model, Aβ also activated microglial activity, which produced pro-
infl ammatory cytokines, and triggered infl ammatory response by releasing leu-
kotriene B4 and producing oxidants [58]. On differentiated PC12 cells, a reliable 
model of neuronal cells, Aβ (1–42) was incubated for 72 h. A markedly reduced 
cell viability was found by measuring MTT conversion [59], which indicates Aβ 
causing cell apoptosis or death. With regards to the GC function, an interesting 
experiment studied whether the GCs altered Aβ uptake in glialike N9 cell line 
in vitro. GCs dose-dependently enhanced these cells to accumulate Aβ. GCs also 
dose-dependently potentiated Aβ-induction of nitric oxide [60]. These data fur-
ther provide evidence that GC release in response to infl ammation or stress can 
induce neurodegeneration.

4.4.2 TRANSGENIC MODELS

4.4.2.1 The Tg2576 Transgenic Mouse Model

Since Aβ plaque deposition is the major pathological hallmark of AD, Tg2576 
mice, which overexpress the human APP, are widely used as an AD model [61]. 
In these animals, amyloid plaques are distributed in cortical and hippocam-
pal regions after 10 months of aging in a pattern similar to that observed in 
humans [62]. Levels of Aβ 1–40 and 1–42 also increase prior to plaque deposition, 
with measurable levels apparent by 6–8 months of age [62]. In aged Tg2576 mice, 
memory impairment in attentional set-shifting test, spatial memory, and working 
memory in different testing apparatuses have been reported [26]. In this model, 
increased infl ammatory responses, such as the microglia activity, brain concen-
trations of IL-1, TNF-α and PGE2, and oxidative production have been reported 
[63,64]. Furthermore, Th1-produced proinfl ammatory cytokine interferon (IFN)-γ 
is increased, while anti-infl ammatory cytokine IL-4 is decreased in aged Tg2576 
mice [65]. The imbalance between Th1- and Th2-produced cytokines may also 
contribute to neuroinfl ammation and the formation of the amyloid plaque.
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4.4.2.2 Other Transgenic Models

Other Aβ-related transgenic models include amyloid APP23 transgenic mice, 
transgenic APPswe�PS1dE9, TgCRND8 and BACE�APPV717F single- or double-
transgenic mice. The common character of these models is the deposition of Aβ or 

expressed human APP in the brain [66–68]. In these models, activated microglia 
and astrocytes, and increased production of proinfl ammatory cytokines and oxi-
dants, have also been found [67,69]. Animals also show a defi ciency in spatial mem-
ory. In addition, impaired acetylcholine receptors and a defi ciency in noradrenaline 
neurotransmission (which occurs in early stages of AD) have been reported in 
APPswe�PS1dE9 mice and APP23 transgenic mice, respectively [68,70,71].

4.4.3 INFLAMMATION-INDUCED MODEL

4.4.3.1 IL-1-Induced Model

Experimental and clinical data have suggested IL-1β as being the most important 
mediator of neurodegenerative diseases. First, a genetic study has shown that the 
inheritance of a specifi c IL-1 gene polymorphism is associated with an earlier age 
of AD onset and increases the risk for AD development by as much as sixfolds 
[72]. Second, IL-1 cocultured with purifi ed cortical neurons has been found to 
dose-dependently increase the mRNA expression and the concentration of APP 
[19,72]. Third, IL-1 can activate and mediate glial functions. When cocultured with 
 microglia, IL-1β-induced APP expression was exacerbated [72], and IL-1 receptor 
antagonist (RA) can block microglia-induced elevation of α-synuclein, total tau and 
p-tau, synaptophysin, and MAPK-p38 expression [72]. Fourth, IL-1β injected into the 
nucleus basalis of rats activates microglia and astrocytes, induces nitric oxide (NO) 
production, and increases glutamate release from the cortex [73]. In the past decade, 
we have demonstrated that IL-1-induced changes in memory, some neurotransmit-
ter functions, and GC concentrations are similar to those observed in patients with 
AD. These could be summarized as (1) subchronic and i.c.v. administration of 
IL-1β signifi cantly impairs animal spatial and working memory in the Morris 
water maze and the 8-arms radial maze. The memory defi ciency can be blocked by 
IL-1RA [74,75]; (2) IL-1β administration induces an imbalance between prostaglan-
din (PG)E2 and IL-10 in the limbic system [75]; (3) IL-1β administration reduces 
noradrenalin but increases the turnover of serotonergic and dopaminergic systems 
in the limbic areas [42,74,75], and reduces ACh release from the hippocampus [25]; 
(4) IL-1β stimulates the HPA axis to secret GCs, and induces stress and anxietylike 
behavior [8,42]. Moreover, we have reported that IL-1-induced defi ciency in work-
ing memory can be attenuated by an antagonist of GCs [8]; and (5) IL-1β reduces 
the expression of NGF in the hippocampus [76].

4.4.3.2 Infl ammation-Induced in Vitro Models

In an in vitro model, an infl ammatory reaction in the brain was studied by 
 coculturing microglial and neuronal cell lines. Upon stimulation with IFN-γ 
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and lipopolysaccharide (LPS, an endotoxin from bacterial walls), the microglial 
cells were activated and secreted TNF-α, PGE2, and nitric oxide (NO). Neuronal 
degeneration was quantifi ed by measuring the concentrations of the microtubule-
associated protein, tau, and neuron-specifi c enolase, which are also used as diag-
nostic tools in AD, in supernatants. In activated contact cocultures, the levels of 
these neuronal markers were signifi cantly raised compared to nonactivated cocul-
tures. NO-synthase inhibitors signifi cantly diminished the rise of tau in activated 
cocultures, while indomethacin, superoxide dismutase, or a neutralizing TNF-α 
antibody did not. When a chemical NO-donor or TNF-α was added to pure neu-
ronal cultures, cell viability was signifi cantly reduced. TNF-α increased neuronal 
sensitivity toward NO, and a part of the cells died by apoptosis [77]. These fi nd-
ings further support that infl ammation is a major contributor to AD.

4.4.4 EFFECTS OF n-3 FATTY ACID TREATMENTS 

Recently, the effect of n-3 fatty acids on Aβ-induced changes have been reported. 
For example, the effect of DHA on the levels of Aβ peptide (1–40) and cholesterol 
in membrane fractions of the cerebral cortex were studied. Animal learning-related 
memory in the eight-arm radial-maze (for both spatial and working memory) was 
tested after chronically infusing Aβ (1–40) into the cerebral ventricle [78]. The 
infusion increased the levels of Aβ peptide and cholesterol, and increased refer-
ence memory errors (measured by tasks) compared with those of vehicle rats. 
After DHA feeding for 7 weeks to AD model rats, a decrease in the level of 
Aβ peptides and cholesterol in the membrane fraction were observed. Regression 
analysis revealed a signifi cant and positive correlation between Aβ peptide and 
cholesterol, and between the number of reference memory errors and cholesterol. 
Moreover, a signifi cant negative correlation was found between the number of 
reference memory errors and the mole ratio of DHA to cholesterol. These results 
suggest that the DHA-induced protection against memory defi cits in AD model 
rats is related to the modulation of the interaction between cholesterol and Aβ 
peptides [78]. In another experiment, Aβ central administration also impaired rat-
conditioned memory in a passive avoidant apparatus. Pre administration of DHA 
had a profound benefi cial effect on the decline in avoidance learning ability in the 
AD model rats, associated with an increase in the cortico-hippocampal DHA�AA 
mole ratio, and a decrease in neuronal apoptotic products. Furthermore, DHA 
preadministration increased cortico-hippocampal glutathione levels and glutathi-
one reductase activity (both are antioxidants), and suppressed the increase in lipid 
peroxide and reactive oxygen species levels in the cerebral cortex and hippocam-
pus of the AD model rats, suggesting an increase in antioxidative defence [9]. In 
addition, in the aging rats, the defi cit in LTP was accompanied by an increased 
expression of cell surface markers of activated microglia (major histocompatibil-
ity complex II and CD40) and increased IL-1β production. Treatment of aged rats 
with EPA attenuated these changes, and EPA up-regulated IL-4 production in the 
brain, indicating that EPA increased the antiinfl ammatory system. After cerebral 
administration of Aβ peptide 1–40, the LTP was decreased in aged, but not in 
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young, rats. EPA treatment protects the aged brain against Aβ-induced infl am-
mation and decreased LTP [53].

Only in the last 2–3 years, n-3 fatty acids have been used to treat some gene 
transgenic models. For example, APPsw (Tg2576) transgenic mouse model was 
fed with dietary DHA, and APP processing and amyloid burden were studied. 
Inclusion of 0.6% DHA in the diet signifi cantly reduced cortical total Aβ by 70% 
when compared with control diets; DHA also decreased Aβ 42 levels. Image anal-
ysis of brain sections with an antibody against Aβ (amino acids 1–13) revealed 
that the overall plaque burden was reduced by 40% in the hippocampus and 
the parietal cortex. DHA modulated APP processing by decreasing both α- and
β-APP C-terminal fragment products and full-length APP. BACE1 (beta- secretase 
activity of the beta-site APP-cleaving enzyme), ApoE (apolipoprotein E), and 
transthyretin gene expression were unchanged in the high-DHA diet. Together, 
these results suggest that dietary DHA could be protective against Aβ production, 
accumulation, and potential downstream toxicity [79].

To further understand the functions of different fatty acids, seven experimen-
tal diets with varying n-6�n-3 ratios, saturated and PUFA and cholesterol con-
tents were fed to transgenic APPswe�PS1dE9 mice for 3–4 months beginning at a 
young adult age (6 months). A typical Western diet with 40% saturated fatty acids 
and 1% of cholesterol increased, while diets supplemented with DHA decreased, 
Aβ levels in the hippocampus compared to the regular (soy oil–based) diet. DHA 
diet also decreased the number of activated microglia and increased exploratory 
activity in these transgenic mice, but did not improve their spatial learning in the 
water maze [80]. Furthermore, a diet low in DHA depleted postsynaptic proteins 
and exacerbated behavioral alterations in the Tg 2576 transgenic mouse model of 
AD [81]. However, DHA was found to have no signifi cant effects on neuroinfl am-
mation in AD [82]. Therefore, other fatty acids and combinations of fatty acids 
need to be further studied in the future.

Because EPA has been found to have anti-infl ammatory effects in IL-1-induced 
model, the mechanism by which it improves stress or anxiety-like  behaviors and 
memory impairment have been studied. Chronic treatment with EPA for 7 weeks 
balanced pre- and anti-infl ammatory mediators, reducing blood and brain PGE2 
concentrations and increasing anti-infl ammatory cytokine IL-10 lever. EPA also 
increased NA synthesis, and increased ACh release during maze training and 
learning in rats that received central IL-1 administration for 7 days [25,75]. EPA 
also blocked IL-1-induced elevation in the glucocorticoids, and reversed the 
IL-1-induced decrease in the expression of NGF [8]. In in vitro experiments, the 
anti-infl ammatory effect of n-3 fatty acids has been demonstrated by coculturing 
cortical neurons with different doses of LPS. At doses of 20–200 nM, LPS caused 
a signifi cant decrease in cell viability. After incubating EPA with cortical neurons 
for 72 h, the LPS-induced decrease in cell viability was largely reversed [83].

The mechanism by which EPA protects neurons may result from its  interaction 
with NTFs and receptors. We have previously reported that EPA feeding for 7 weeks 
markedly increases nerve growth factor expressions in the hippocampus [76]. 

CRC_DK3287_ch004.indd   100CRC_DK3287_ch004.indd   100 5/26/2007   10:06:12 AM5/26/2007   10:06:12 AM



Omega-3 Fatty Acids in the Treatment of Neurodegenerative Diseases 101

In an in vitro model, we reported that EPA signifi cantly increased the cell viabil-
ity of fully differentiated SH-SY5Y cells in a dose-dependent manner, but only 
in the presence of brain-derived neurotrophic factor (BDNF). Neurotrophic 
 receptor TrkB expression (which indicates promoting cell survival) was increased 
in cells treated with different concentrations of EPA (0.1, 1.0, 10.0 μM), while 
the receptor P75NTF (indicates cell apoptosis) was decreased by EPA treatment 
(at 10 µM) [84].

Studies on DHA effects have shown that DHA pretreatment signifi cantly 
increases neuronal survival upon Aβ treatment by preventing cytoskeleton 
 perturbations, caspase activation and apoptosis, as well as by promoting extracel-
lular signal-related kinase (ERK). These data suggest that DHA enrichment prob-
ably induces changes in neuronal membrane properties with functional outcomes, 
thereby increasing protection from Aβ [85].

4.5 PARKINSON’S DISEASE MODELS

4.5.1 IN VIVO MODEL

4.5.1.1 MPTP-Induced Model

The most popular PD model is MPTP intoxication in the mouse. MPTP is metabo-
lized to MPP+ that is selectively taken by the DA transporter (DAT) in DA neurons 
into the mitochondria and therein selectively inhibits complex-1 of the mitochon-
drial respiratory chain. Inhibition of complex-1 has also been observed in PD [86]. 
Interestingly, MPP+ toxic effects are present exclusively in dopaminergic neurons 
in the SN pars compacta (pc) and not in other catecholamine and noncatechol-
amine neurons [87]. Neuropathology induced by MPTP is strikingly similar to 
those observed in PD, with loss of DA neurons in the SNpc [88] and neurodegen-
eration in the putamen [89]. Animals may show some behavioral abnormalities, 
such as rigidity, slowness, or absence of voluntary movement (bradykinesia and 
akinesia, respectively), reduction of movement amplitude (hypokinesia), postural 
instability, and the inability to initiate a voluntary movement (freezing). Growing 
evidence suggests a pivotal role of infl ammation in this model. MPTP injection 
can lead to the activation of microglia and astrocytes, and increase IL-1β and IL-6 
in both the striatum and SN [37]. Genetic deletion or pharmacological inhibition 
of COX-2 was found to attenuate MPTP toxicity to DA neurons [90,91], indicating 
that infl ammation plays a role in MPTP toxicity. Furthermore, it was found that 
cPLA2 knockout mice were resistant to MPTP toxicity, suggesting a role of cPLA2 
in MPTP-mediated infl ammation [92]. Moreover, MPP+ was found to enhance the 
release of AA following activation of cPLA2 [93], which may be responsible for the 
increased infl ammation in this model, since AA is a precursor of several infl am-
matory mediators. The consequence of infl ammation and mitochondrial toxicity is 
that free radicals and oxidants are overproduced, which further cause DA neuron 
apoptosis and degeneration. The other oxidative effect of MPP+ is produced by 
its interaction with synaptic vesicles through its  binding to vesicular monoamine 
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transporter-2, and so MPP+ translocates into synaptic vesicles, where it stimulates 
the extrusion of synaptic DA. This causes the excess of cytosolic DA to undergo 
autooxidation, thus generating a huge burst of aggressive ROS [94].

4.5.1.2 6-OHDA-Induced Model

The compound 6-hydroxydopamine (6-OHDA) is another neurotoxin, which has 
been used to develop PD models for many years. However, 6-OHDA deletes DA 
in a wide range of areas of the brain with effects on other catecholamine systems. 
Recent evidence has shown that nigrostriatal degeneration induced by 6-OHDA 
is accompanied by early microglial and astroglial activation, which precedes the 
onset of dopaminergic cell loss, in the SNc, without signifi cant changes in cyto-
kine levels. However, another investigation demonstrated that IL-1β and TNF-α 
were increased in the brain of this model [95]. The COX inhibitor ibuprofen pro-
tected dopaminergic neurons against 6-OHDA [96], suggesting that infl amma-
tion is also involved in this model.

4.5.2 IN VITRO MODEL

The SH-SY5Y neuroblastoma cell line has been suggested to be a good in 
vitro model of the dopaminergic cell and model of PD after MPP+ treatment 
[97], expressing cell death markers and other physiological changes similar to 
PD [98]. Although free radical formation in MPP+ treatment has indeed been 
observed in vitro, it occurs usually at concentrations higher than the physiological 
concentrations of MPP+ in animals after MPTP treatment. In vitro MPTP-induced 
dopaminergic toxicity could be suppressed by an inhibitor of NADPH, but only 
in the presence of microglia [99]. We have reported that MPP+ markedly reduces 
SH-SY5Y cell viability, and increases PLA2 and Bax expression (a proapoptosis 
marker) [100]. These in vitro studies further demonstrate the role of infl ammation 
and oxidants in PD.

4.5.3 INFLAMMATION-INDUCED MODEL

Intranigral injection of LPS can activate microglia and cause a dose-dependent 
selective loss of DA neurons. RNase protection assays revealed that mRNA for Bax, 
Fas, and the proinfl ammatory cytokines IL-1, IL-6, and TNF-α were increased 
in the LPS-injected side of SN, while expression of the antiapoptotic gene Bcl-2 
was decreased. IL-10 injection protected against LPS-induced cell death of DA 
 neurons, with a corresponding decrease in the number of activated microglia, sug-
gesting that the reduction in microglia-mediated release of infl ammatory media-
tors may contribute to the anti-infl ammatory effect of IL-10 [101]. LPS exposure 
also largely increased production of NO in a time- and dose-dependent manner as 
well as increased subsequent generation of other reactive nitrogen species such as 
peroxynitrite anions in both in vivo and in vitro models [102]. However, chronic 
LPS treatment for 30 days did not further result in dopamine neuron death and 
oxidant production, but adaptation to this endotoxin was found [103].
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4.5.4 EICOSAPENTAENOATE TREATMENT IN PARKINSON’S DISEASE MODELS

Even though less fi sh intake has been associated with increased risk of PD onset, 
n-3 fatty acids have not been tried in PD models except in some fi ndings from 
our laboratory. We found that 1 week after subchronic MPTP injection, mice 
locomotor activity in “open fi eld” was decreased, which was attenuated by EPA 
pretreatment for 7 weeks [100]. In an in vitro model, MPP+ reduced SH-SY5Y 
cell viability in dose- and time-dependent manners, which could be partially or 
fully reversed by EPA treatment. cPLA2 mRNA expression was downregulated 
signifi cantly by EPA treatment as well in SH-SY5Y cell model.

Our previous study may indirectly support the fi nding that EPA has  benefi cial 
effects in treatment of PD. Using an in vivo microdialysis method, systemic
IL-1 administration signifi cantly increased extracellular levels of DA, its metabo-
lites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) in 
the shell of the nucleus accumbens (NAc), an important part of the mesolimbic 
system that is involved in the MPTP-induced model [104]. IL-1 also increased 
the blood concentration of corticosterone, increased accumbal PGE2 level,
and the activities of cytosolic and sectory PLA2. These IL-1-induced changes 
were signifi cantly attenuated by EPA treatment. Furthermore, glucocoticoid 
receptor antagonist mifepristone (RU486) pretreatment signifi cantly blocked 
IL-1-induced changes in DA and metabolites. Quinacrine, a PLA2 antagonist, 
signifi cantly blocked IL-1-induced increases in PGE2 and corticosterone concen-
trations [83]. These results demonstrated that EPA-attenuated IL-1 effects may 
be through the suppression of PLA2 expression that reduced PGE2 and corticos-
terone secretion.

4.6  ANIMAL MODELS OF HUNTINGTON’S DISEASE AND 
EFFECTS OF UNSATURATED FATTY ACID TREATMENTS

4.6.1 HUNTINGTON’S DISEASE MODELS

HD is a progressive neurodegenerative disorder caused by CAG repeat expan-
sion in the gene that codes for the protein huntingtin. The neuronal loss selec-
tively occurs in the striatum. The main symptoms are choreiform, involuntary 
movement, and dementia. In the brain of HD patients or transgenic models of 
HD, the level of quinolinic acid (QA) was increased, and striatal injection of QA 
can induce most symptoms and neuropathological changes. QA administration 
also resulted in similar behavioral symptoms [105], and infl ammation charac-
terized by microgliosis, astrogliosis, and enhanced expressions of proinfl amma-
tory enzymes inducible nitric oxide synthase COX2 [106]. Seven days after QA 
injections, extensive oxidative stress evident as lipid peroxidation, oxidative DNA 
damage, and reactive oxygen species formation was observed. These changes can 
be attenuated by antibiotic treatments [106].

Mice transgenic for a human genomic fragment containing promoter elements 
exon 1 and a portion of intron 2 of the Huntingtin gene responsible for HD have 
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also been developed. These mice display a progressive neurological phenotype 
and carry the following approximate CAG repeat expansions: R6�1, 115; R6�2, 
150; R6�5, 128–156 [107]. In R6�2 mice, striatal gene expressions were analyzed 
by DNA microarray. Results revealed that neuroinfl ammation is associated with 
HD [108]. In addition, abnormal expression of a number of genes involved in cho-
lesterol and fatty acid metabolism have been found in clonal striata-derived cells 
expressing huntingtin fragments (a cellular model of early HD), suggesting that 
these metabolic pathways may play a role in HD pathogenesis [109].

In R6�1 and normal mice, a mixture of essential fatty acids containing 54% 
of n-6 and 5% n-3 fatty acids fed throughout life has been reported to reverse or 
attenuate progressive reductions in locomotion, elements of rearing, sniffi ng, sift-
ing and chewing, and an increase in grooming. However, the diet did not improve 
the reductions in body weight, and in brain dopamine D1-like and D2-like quan-
titative receptors [110]. These fi ndings suggest that essential fatty acids may have 
therapeutic potential in HD. Therefore, higher doses of n-3 fatty acids or pure n-3 
fatty acids should be used.

4.7 AMYOTROPHIC LATERAL SCLEROSIS 

The most used model for studying ALS is G93A SOD1 transgenic mice that 
develop progressive loss of spinal cord motor neurons. Activated NADPH 
 oxidase, the main reactive oxygen species–producing enzyme during infl amma-
tion, was reported in both the spinal cords of ALS patients and in the spinal cords 
of these genetic animals [111]. In this ALS model, proinfl ammatory cytokines 
IL-1β, IL-6, IFN-γ and TNF-α, and Th 3, which produced cytokine TGF-β, were 
all increased [112]. An abnormal kynurenine pathway and increased QA have 
also been found in ASL patients or animal models, which indicate an interaction 
between infl ammation and tryptophan catabolism in these neurodegenerative dis-
eases [113]. However, COX2 inhibitor rofecoxib treatment only delayed the onset 
of locomotor impairment in ALS mice, but did not affect animal survival [114].

The high intake of PUFA and vitamin E have only very recently been associ-
ated with a reduced risk of developing ALS [115]. However, no evidence shows 
whether n-3 fatty acids can signifi cantly delay the onset of the disease, or prolong 
survival. In our pilot experiment, we found that EPA treatment for 7 weeks did 
not delay the onset of ALS symptoms in G93A SOD1 transgenic mice, but about 
50% of the animals lived longer with better cognitive performance (unpublished 
results).

4.8  A SUMMARY OF MECHANISMS BY WHICH n-3 FATTY 
ACIDS BENEFIT NEURODEGENERATIVE DISEASES

As described above, these neurodegenerative diseases seem to have similar 
infl ammatory changes; activated microglia and astrocytes, which overproduce 
proinfl ammatory cytokines and oxidants. Both infl ammation and oxidants can 
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cause dysfunctions in neuroendocrine and neurotransmitter systems, and induce 
neuron apoptosis and neurodegeneration. The mechanisms by which n-3 fatty 
acids improve neurodegenerative diseases and protect neurons may result from 
several aspects. First, ageing, Aβ, infl ammation and oxidants can reduce mem-
brane fl uidity, while n-3 fatty acids increase membrane fl uidity [13,116]. As 
mentioned in the introduction, changes in membrane fl uidity and structure can 
change the function of receptors, neurotransmitters, and ion channels. Second, 
n-3 fatty acids can modulate and compete with n-6 fatty acid concentrations and 
functions. As n-6 fatty acids are precursors of infl ammatory mediators, replac-
ing n-6 fatty acids with n-3 fatty acids should reduce infl ammatory effects. 
Third, because infl ammatory cytokines and PGE2 can stimulate the HPA axis to 
release GCs that may damage hippocampal neurons, the suppression of infl am-
mation should reduce the HPA axis activity. Fourth, upon the activation of glial 
cells, the activity of PLA2 enzymes is increased, which induces infl ammation 
from membrane AA and increases oxidants from mitochondria. The effects of 
n-3 fatty acids on PLA2 and oxidants may occur through modulating membrane 
functions of glial cells and mitochondria. Fifth, n-3 fatty acids can reduce cho-
lesterol. Cholesterol can reduce membrane fl uidity, and derived glucocorticoids. 
Even though both n-3 and n-6 fatty acids can reduce blood cholesterol, n-6 fatty 
acids redistribute, while n-3 fatty acid reduce cholesterol in the brain [13] and 
thereby protect neurons.

4.9 LIMITATION AND FUTURE RESEARCH DIRECTIONS

From the information provided above, several limitations in n-3 fatty acid treat-
ments should be emphasized: (1) it is unclear whether different fatty acids have 
different benefi ts. For example, EPA may have more anti-infl ammatory effects 
than DHA. However, DHA has been studied to treat AD but not EPA; (2) previ-
ously, some research groups, including our team, have reported that n-3 and n-6 
combination may produce stronger anti-infl ammatory effects. However, almost 
no efforts have been put into neurodegeneration studies yet; (3) even though neu-
rodegenerative diseases show many similar changes in infl ammation and oxida-
tive productions, the causes and affected areas are still different. For example, 
the hippocampus is the most vulnerable and affected region in the brain in AD, 
and striatum and SN are the degenerative areas in PD. How diets enriched with 
n-3 fatty acids can specifi cally improve the affected brain area, and produce 
specifi c effects, are unknown. At this stage, we can only assume that n-3 fatty 
acids can produce general anti-infl ammatory and neuroprotective effects; (4) the 
relationship between membrane structure and function in neurodegeneration 
and effects of n-3 fatty acid treatments have not been understood enough; and 
(5) ALS, HD, MS, and other neurodegenerative diseases have not been studied 
with n-3 fatty acid treatments. These limitations could be addressed in future 
research. 
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5.1 INTRODUCTION

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are long-chain 
polyunsaturated fatty acids (PUFAs) of the omega-3 class that are normally 
obtained in the diet from fi sh. The health benefi ts attributed to consuming EPA 
and DHA from fi sh or fi sh oils are well established and include protection against 
coronary heart disease and various infl ammatory-mediated diseases [1]. Govern-
ments from many countries have encouraged their citizens to consume omega-3 
fatty acids and particularly EPA and DHA [2]. For instance, the Canadian govern-
ment has recommended that each person between the ages of 25 and 49 should 
consume a total of 1.5 g of omega-3 PUFA daily. Similarly, in May 2003, the U.S. 
Offi ce of Management and Budget urged the departments of Health and Human 
Services (HHS) and Agriculture (USDA) to include the benefi ts of omega-3 fatty 
acids when revising the Dietary Guidelines for Americans [3]. Organizations 
such as the American Heart Association (AHA) and the International Society 
for the Study of Fatty Acids and Lipids (ISSFAL) have specifi c recommenda-
tions for EPA and DHA consumption; the most recent being a recommendation of 
500 mg�day from ISSFAL.

Humans can acquire marine lipids by eating oily fi sh, omega-3 fortifi ed foods, 
or by taking fi sh oil supplements. Those who dislike either the taste of fi sh or the 
idea of taking a daily supplement often have a low daily intake of EPA and DHA. 
This is the case for many North Americans with the average intake of EPA and 
DHA being estimated as less than 200 mg�day [4,5]. Therefore the average North 
American is defi cient in these long-chain fatty acids (LCFAs) and would benefi t 
from increased consumption. This provides an impetus for food companies to 
produce healthy foods fortifi ed with EPA and DHA to address this defi ciency and 
positively impact consumer health. Omega-3 fortifi ed foods also offer food com-
panies a way of growing relatively stagnant food categories and increasing mar-
gins [6]. One challenge facing food and nutraceutical companies is to determine 
how much EPA and DHA is to be added to have a signifi cant health benefi t for 
consumers. While the recommended dietary allowance (RDA) for omega-3 fatty 
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acids has not been established in the United States, clinical studies do  indicate 
that health benefi t positively correlates with amount consumed and blood phos-
pholipid levels of EPA and DHA.

The major technical hurdle for the incorporation of effi cacious quantities of 
EPA and DHA into foods is to prevent lipid oxidation and the related off-fi shy 
smell and fl avors associated with lipid degradation [7]. A variety of strategies 
have been attempted to prevent lipid oxidation in omega-3 fortifi ed foods, with 
encapsulation (such as dry powder and liquid emulsion products) being the most 
established and successful approach [8]. To avoid mouth detection and altered 
food texture, encapsulated oil particles must be smaller than 100 μm [9]. Conse-
quently, microencapsulation is the term generally used for encapsulating marine 
lipids for foods and the resulting product can be referred to as encapsulated oil, 
microcapsule, powder, or particle.

Achieving microencapsulation success for a particular food application 
depends on three factors: materials, technologies, and properties of the micro-
capsules. Materials include fi sh oil and shell constituents. Technologies are the 
microencapsulation “know how” or process. The number of properties to be 
evaluated in microcapsules can vary depending on the food application. Particle 
size, sensory, and oxygen barrier at a given temperature and moisture level are 
some examples of the microcapsule’s properties. These three factors will be dis-
cussed later in the chapter in detail. The following section will describe the cur-
rent status of microencapsulation of marine lipids based on the work of various 
research institutions and companies producing encapsulated marine lipids and 
marine lipid–fortifi ed foods. 

5.2 MICROENCAPSULATION MATERIALS

Microencapsulation is the process by which fi ne particles, droplets, or bubbles are 
coated. Microencapsulating marine lipids is advantageous in that the coating cre-
ates a free-fl owing powder and a barrier to oxidation, thereby masking off-fl avor. 
The shelf life of the active ingredients, in this case marine lipids containing EPA 
and DHA, is also increased within the food matrix as the coating decreases the 
susceptibility of these oils to oxidative degradation. The resulting microcapsules 
are core-shell particles with an equivalent diameter approximately from 0.1 to 
100 µm, while those less than 0.1 µm are called nanocapsules according to the 
International Union of Pure and Applied Chemistry (IUPAC)[10]. In industry, 
the defi nition of core-shell particles for microcapsules and nanocapsules is in the 
range of 1–1000 µm and less than 1 µm, respectively [11].

While the particle size varies, microcapsules also differ in structural design. 
Depending on the technology used, different core-shell assemblies can be achieved 
[12]. One core of active material with one shell around it forms the simple core-
shell structure (Figure 5.1a). A shell may contain more than one material to meet 
the requirement of a microencapsulation technology and the desired properties of 
the microcapsules. Rather than a single core, many smaller cores may form the 
core, as in the case of multicore having a simple shell (Figure 5.1b). Multiple-layer 
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shells are also possible to render a specifi c functionality to the microcapsules. 
Shell can also be designed as a continuous matrix in which droplets of the active 
material are dispersed throughout. For the development of a microencapsulated 
technology targeted at a specifi c food application multicomponent shell materials 
can be mixed and matched to meet the required performance criteria. The tech-
nology mostly used in the industry and research is spray-drying emulsions base 
on various food materials. These products readily “dissolve” (indeed disperse) in 
water (Figures 5.1c and 5.1d) to restore the emulsion form, without true core-shell 
structures.

Marine lipids must be dispersed (i.e., emulsifi ed) in the shell materials, form-
ing droplets of single-core or multicore structure. Although both synthetics and 
biopolymers can be used as shell materials, only those that are food-grade bio-
materials can be utilized in marine lipid microencapsulation for use in healthy 
foods. These shell materials include carbohydrates (e.g., starches and modifi ed 
starches, cellulose and its derivatives, maltodextrins, cyclodextrins, alginate, gum 
arabic [gum Acacia], pectins, and carrageenans), proteins (e.g., gelatins, albumin, 

(a)

(b)

100 µm

(c) 

(d)

100 µm

100 µm

100 µm

FIGURE 5.1 Examples of the core-shell structures. (a) Simple core-shell structure. (b) 
Multicore with inner and outer shells. (c) Spray-dried emulsion (dry state) (bar = 100 μm) 
(d) Spray-dried emulsion (rehydrated) (bar = 100 μm).
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soy proteins, and whey proteins), and lipids (e.g., beeswax, carnauba wax, and 
phospholipids). Since both the oil core and shell materials contribute to the suc-
cess of microencapsulation process and fi nal powder forms for a particular food 
application, their most critical properties will be discussed in this section. A few 
selected categories of shell materials that are currently being used in the micro-
encapsulation of marine lipids will also be discussed. 

5.2.1 QUALITY OF LIPIDS FOR MICROENCAPSULATION

Marine lipids are highly susceptible to oxidation (i.e., autoxidation initiated by 
metal ions and photoinduced oxidation), which leads to the formation of off- fl avor 
as well as the loss of nutritional value. It is important to attain high-quality oil 
with no rancidity or fi shy off-fl avor before microencapsulation because the sen-
sory quality of fi sh oil normally correlates with sensory quality of the fi nished 
microcapsules. The color and contaminant levels of fi sh oils containing EPA 
and DHA can be improved through fi ltering, deodorizing, and winterizing the 
unrefi ned oil. To improve the shelf life of the oil antioxidants such as rosemary 
extract or tocopherols are normally added. A fi nal deodorization step, such as 
steam deodorization, is required to produce an oil of good sensory quality. This 
fi nal deodorization step removes oil degradation components such as aldehydes 
that are responsible for most of the off-fl avor associated with partially degraded 
fi sh oils. Great care should also be taken during packaging (e.g., fl ushing with 
nitrogen) and storing (e.g., using containers that block light and heat) marine
lipids prior to microencapsulation to ensure a good sensory quality of the oil after 
microencapsulation. 

The Council for Responsible Nutrition (CRN) in Washington, DC (now the 
Global Organization for EPA and DHA omega 3, GOED omega 3) suggests that 
the quality of marine lipids for the supplement market should be based on four 
standards: free fatty acid (FFA) (acid value or AV), primary oxidation products 
(peroxide value or PV), secondary oxidation products (anisidine value or AnV), 
and total oxidation (Totox). FFAs are released from the acylglycerols or ethyl 
esters due to hydrolysis. The upper limit for FFAs in fresh oil is typically 0.05%. 
High levels of FFAs in marine lipids refl ect a quality loss of the product [13]. 
Indeed, FFAs exert a prooxidative effect on marine lipids [14]. PV is a direct mea-
surement of the hydroperoxides and is expressed as the milliequivalent (meq) of 
peroxide-oxygen combined per kilogram of lipid. PV values of ≤ 1.0 meq�kg are 
typical for deodorized fresh oil. AnV is another measurement of the extent of oxi-
dative deterioration. The AnV value is determined by spectrophotometric assay 
(at a wavelength of 350 nm) of aldehydes and ketones in the lipid by reaction with 
p-anisidine solution. An AnV value approaching 10 indicates that considerable 
oxidation has occurred and the accumulation of rancid compounds. Therefore, PV 
represents oxidation at present and AnV represents accumulative oxidation. TV 
is an assessment of the total oxidation (TV = 2PV + AnV). Detailed  analytical 
procedures for lipids are available from sources such as the Offi cial Methods and 
Recommended Practices of the American Oil Chemists’ Society (AOCS Methods). 
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However, even oils that satisfy these values are often unacceptable for micro-
encapsulation purposes as it takes only very minor quantities of specifi c alde-
hyde degradation products before they can be detected in microencapsulated oils. 
A variety of more sensitive analytical methods have been developed to measure 
low levels of strong smelling or tasting aldehydes present in processed fi sh oils.

The natural profi le of marine lipids extracted from fi sh is normally given as 
18% EPA triacylglycerol and 12% DHA triglyceride (TG 18�12), although in most 
fi sh used for producing fi sh oil supplements the levels are actually lower. These 
standard processed fi sh oils can also be concentrated to for example 30% EPA 
ethyl ester and 20% DHA ethyl ester (EE 30�20), or 40% EPA ethyl ester and 20% 
DHA ethyl ester (EE 40�20) by conversion to ethyl esters and reaction with acyl-
glycerol to reform triacylglycerol concentrates. Encapsulating the concentrated 
TG oil, in comparison to TG18�12, is more challenging because the higher con-
centration of EPA + DHA and increased processing make the oils more prone to 
oxidative deterioration.

Fish oils contain a mixture of EPA and DHA. Sardine, anchovy, and menha-
den oils contain more a ratio of approximately 2:1 EPA to DHA, while tuna oils 
contain more DHA with a ratio of EPA to DHA of approximately 1:5. Microbial 
oils used commercially contain mainly DHA with very little EPA. There has been 
some debate regarding the relative stability and sensory properties of oils with dif-
ferent EPA to DHA ratios. For instance, a study on oxidative stability of PUFAs 
(99% purity) suggested that stability increased with higher degree of unsaturation 
so that DHA was more stable than EPA [15]. However, an opposite trend was 
found in an earlier study with ethyl EPA and ethyl DHA (94.5 and 94.1% purity, 
respectively) where oxygen uptake of ethyl DHA was 1.6 times faster than that of 
EPA [16]. A comparative study of fi sh oil and DHA microbial oil showed no differ-
ence in stability if antioxidants are removed [17]. It appears that if there is any dif-
ference in stability of oils containing different ratios of EPA and DHA, including 
algal oils, then this difference is minimal and all oils containing EPA, DHA, or a 
combination, need to be microencapsulated for stabilization and use in foods.

5.2.2 REQUIREMENTS FOR SHELL MATERIALS

When selecting shell materials for a specifi c encapsulation process, some  general 
properties such as sensory quality, emulsifi cation activity, and barrier to oxygen 
and water vapor should be considered. For use in foods, the selected shell materials 
must be food grade, low in cost, and consistently available in large quantities. 

Meeting food regulations in specifi c jurisdictions is also required when micro-
encapsulated oil is destined for foods. In European Union (EU) countries, direc-
tives under the EU food laws set requirements for safety and the purpose for food 
additives. In the United States, the Food and Drug Administration (FDA) regu-
lates food additives and ingredients to ensure that they are generally recognized 
as safe (GRAS). In Canada, an equivalent regulatory organization is the Canadian 
Food Inspection Agency. Each regulatory group has its own list of acceptable 
food ingredients and excipients that are often approved for certain purposes and 
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at specifi c levels. This makes the development of a microencapsulated food ingre-
dient a diffi cult technology and regulatory challenge for use worldwide. 

5.2.2.1 Organoleptic Acceptance

Shell materials usually carry the characteristic odor of their source and the pro-
cesses, which have been used to produce them. They may also transfer their own 
sensory properties to the microencapsulated marine lipid powders as well as to 
the fi nal food products. Therefore, it is desirable to select those materials, particu-
larly biomaterials, which possess bland odor and fl avor for a broad spectrum of 
food applications. Examples include starch and modifi ed starch, cellulose and its 
derivatives, gum arabic, alginate, carrageenan, pectin, gelatin as well as whey and 
soy protein isolates. Some biopolymers are good encapsulation materials for spe-
cifi c food applications because of their compatible organoleptic characteristics. 
For instance, whey protein–based microcapsules are most suitable for dairy prod-
ucts, while pork-gelatin-based microcapsules are compatible with meat products. 

5.2.2.2 Emulsifi cation and Emulsion Stability

Emulsifi cation is the process of dispersing one immiscible liquid in another liquid 
by some mechanical means. The resulting droplets can be water-in-oil (W�O) or 
oil-in-water (O�W), as in the case of marine lipids. Of the three regions of an O�W 
emulsion (the dispersed oil phase, the continuous water phase, and the oil–water 
interface), the oil–water interface is the most critical in dictating emulsifi cation 
and emulsion stability. Water has high interfacial tension (γ) and therefore, to 
disperse oil in water, high shear force is required. The smaller the droplet size, 
the higher the shear force, according to the Laplace pressure ∆P = 2 γ�r, where r 
is the radius of the droplets [18]. 

Because pure liquids cannot produce stable emulsions, the presence of an 
emulsifying agent or emulsifi er is necessary for marine lipids to be dispersed 
into droplets and stabilized in water that contains one or more shell materials. 
Ideally, the shell materials should lower the interfacial tension of the dispersion 
system to promote emulsifi cation. An example is the protein class such as gelatin. 
Their surface tension lowering is attributed to the presence of both hydrophobic 
and hydrophilic side chains, which extend readily into the hydrophobic and the 
hydrophilic sides of the interface, respectively. Another advantage of proteins is 
their tendency to reside at the oil–water interface because the free energy at the 
interface is lower than that in the bulk aqueous phase [19].

The emulsifying properties of proteins are affected by pH, ionic strength, 
temperature, the presence of sugars, and low-molecular-weight surfactants [19]. 
At pH values close to the isoelectric point (IP), proteins are poor emulsifi ers but 
good emulsion stabilizers [19]. The latter might be due to the lack of electrostatic 
repulsive forces that promotes protein adsorption and formation of a viscoelastic 
fi lm at the interface. In practice, protein shell materials are usually employed out-
side the range of IP for improved solubility as well as enhanced emulsifi cation.
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The emulsifying properties within the protein class depend on their chemical 
makeup and protein loading (i.e., concentration at the interface). For instance, 
caseinate is a better emulsifying agent than whey, soy protein isolate (SPI), and 
egg white proteins [20,21]. In contrast, upon cross-linking with transglutaminase, 
SPI exhibits highest emulsion stability, in comparison to other proteins such as 
caseinate, soluble whey protein, and whey protein isolate (WPI) [22]. Based on 
the fl exibility of the polymeric chain and its unfolding potential [23], proteins 
adsorb more strongly at the interface, in comparison to polysaccharides. In the 
absence of proteins, the limited emulsion stability rendered by polysaccharides 
such as gum arabic, alginate, and modifi ed starch, depend on their high viscos-
ity, electrostatic interactions, as well as steric hindrance [21,24]. Consequently, it 
may be advantageous to add a polysaccharide to a protein to enhance emulsion 
stability. A case in point, carboxymethylcellulose (CMC) protects WPI-stabilized 
O�W emulsion against coalescence but promotes the fl occulation of the oil drop-
lets [25].

Besides food-grade biopolymers, low-molecular-weight emulsifi ers can also be 
used, particularly when carbohydrates with low emulsifying capacity such as starch 
and maltodextrin are used as shell materials alone. Such surface-active agents are 
categorized as nonionic, anionic, cationic, or amphophilic. These emulsifi ers are 
characterized by hydrophile–lipophile balance (HLB), which varies from 1 to 
40 [18]. A rule of thumb is that lipophilic (hydrophobic) surfactants (HLB < 7) are 
suitable for W�O emulsions while hydrophilic surfactants (HLB > 7) are usually 
selected for O�W emulsions [23]. Examples are glycerol monostearate (HLB 3.8), 
sorbitan monostearate (span 60, HLB 4.7) for the former, and polyoxy ethylene 
sorbitan monooleate (Tween 80, HLB 16) for the latter, respectively [18]. Because 
soybean lecithin products vary in HLB from 2 to about 10 [26], they can be used 
for both O�W and W�O systems. After comparison of the microencapsulation 
 effi ciency and yield of DHA in corn starch, blends of Tween 85 and Tween 20 
have been found to be superior to some other surfactants [27]. A note of caution, 
low-molecular-weight emulsifi ers may exhibit competitive adsorption in protein-
stabilized emulsions, thus causing destabilization of the emulsions [28].

5.2.2.3 Glass Transition Temperature

Biopolymers can behave like glass or crystal, thus showing two main transition 
temperatures, glass transition temperature Tg and melting temperature Tm. In the 
glasslike case, a biopolymer undergoes a gradual structural change, from glassy 
solid state to a rubbery state, as it is heating up through the glass transition tem-
perature. In the crystallike case, the orderly structure abruptly disappears at the 
melting point [29]. Differential scanning calorimetry (DSC), which determines 
heat capacity of materials, is a common method to measure glass transition tem-
perature. Other properties of materials, such as rheological or dielectric, also 
change during the glass transition. Carbohydrate shell materials possess clear 
glass transitions observed by DSC, while proteins exhibit less obvious transitions 
over a broader temperature range [30].
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Since molecular mobility and reaction rates are low at temperatures below Tg, 
the shell materials should be more stable in the glassy state. For marine lipids, 
the glass transition theory implies that their stability against oxidation is main-
tained while the encapsulating shell materials remained in the glassy state. A 
recent study, however, failed to prove the direct relationship between molecular 
 mobility and lipid oxidation rate in maltodextrin-based microcapsules by spray 
drying [31].

In addition to heat, glass transition theory attributes moisture content (water 
activity) to increasing the permeability of a given shell material. Water plasticizes 
biopolymers and reduces their glass transition temperatures, which is unfavorable 
for stability. It has been found that a high water activity increases the oxidation 
rate of microencapsulated lipids [31,32]. One approach for estimating activa-
tion energy from the diffusivity of carbohydrates and carbohydrate blends has 
also been proposed as a means of selecting shell materials with better protection 
against oxidation [33].

5.2.2.4 Oxygen and Water Vapor Permeabilities

Shells with good oxygen barrier are necessary to protect microencapsulated lipids 
from oxidation. In other words, the shells must possess low oxygen permeability 
because permeability is directly proportional to the diffusion rate of small mol-
ecules such as oxygen and water across the shells. Since oxygen permeability 
increases with water activity, the desired shells must be low in both oxygen and 
moisture permeability, for a given architecture of the microcapsule as well as 
shell�matrix thickness.

It is common practice to select materials and test optimal formulations by mon-
itoring the lipid oxidation products after encapsulation. In industry, screening of 
materials is usually carried out in the fi lm form as it is more economical than in the 
microcapsule form. Films made from lipids possess the lowest water vapor perme-
ability, followed by carbohydrate fi lms; both lower than protein-based fi lms [34]. 
In contrast, protein-based fi lms generally exhibit lower oxygen  permeability than 
that of carbohydrates and lipids [34,35]. To meet both low oxygen and water vapor 
permeability, blending materials from two or more categories of biopolymers (e.g., 
a protein and a carbohydrate) may be necessary.

5.2.3 PROTEINS

One of the most often used proteins is gelatin, particularly type A gelatin that has 
higher IP values than type B. Gelatin can be used as one of the primary compo-
nents for preparing single-core or multicore microcapsules by complex coacerva-
tion, which will be described in Section 5.3 [36–41]. Its gelation point is below 
35°C. When gelatin is used in the spray drying of marine lipids, it shows better 
product stability against oxidation than whey protein concentrate (WPC), soy pro-
tein hydrolysate, and SPI [42]. Gelatin has also been blended with carbohydrates 
as encapsulating material during spray chilling [43]. Cross-linking is required to 
compensate for the thermal reversible nature of gelatin at the gelation point. 
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Whey and milk proteins alone, or blended with carbohydrates, have been 
studied for their microencapsulation properties using various process technolo-
gies [21,44–51]. Whey and milk proteins are capable of forming and stabiliz-
ing fi sh oil emulsions, thus protecting PUFAs against oxidation [52,53]. Blending 
with carbohydrates can help improve the drying performance [54]. 

SPIs have also been used to produce microencapsulated fi sh oil and other 
lipids [22,42,55–57]. In addition, an equal amount of maltodextrin with a dex-
trose equivalent (DE) of 29 was found to improve the encapsulation effi ciency and 
stability of SPI-based microcapsules [55]. Heat-denatured soy and milk proteins 
are able to undergo irreversible thermal gelation and therefore do not require 
additional chemical cross-linking. The globular protein β-lactoglobulin as well 
as soy proteins have shown the capability of binding various fl avor compounds 
and small ligands improving the sensory properties of microcapsules incorporat-
ing these proteins [58–60]. While it is unclear if and how these proteins improve 
the sensory stability of the encapsulated marine lipids, it is possible that amine 
or thiol amino acid side chains react with and capture the oxidative off-fl avor 
compounds such as aldehydes. Alternatively, the hydrophobic regions in these 
proteins may adsorb the aldehyde components when present at low levels.

Albumins are the least heat-stable proteins [61]. An ovalbumin has been used 
to make fi sh oil emulsion followed by spray or freeze drying [62]. Owing to lower 
porosity of the matrices, spray-dried fi sh oil microcapsules in ovalbumin were 
found to be more stable than those that were freeze dried. Gliadin and glutenin, 
two protein components present in gluten, can be dissolved in an aqueous ethanol 
solution and used for fi sh oil encapsulation by solvent evaporation method [63]. 
Gluten fractions have certain advantages over milk proteins and gelatins because 
of their insolubility in cold or hot water and the formation of disulfi de linkages 
that promote molecular networks without the need for cross-linking agents. How-
ever, the use of organic solvents adds cost to the process and gluten intolerance is 
of concern to some people, such as individuals with coeliac disease.

5.2.4 CARBOHYDRATES

Carbohydrates possess moderate barrier properties against diffusion of oxygen 
and moisture. Most carbohydrate shell materials are poor emulsifi ers but exhibit 
enhanced stability of protein-based emulsions. Carbohydrates studied for the pur-
pose of lipid encapsulation include gum arabic [36–40,64,65], derivatives from 
starch [21,55,64,66–70], cellulose derivatives [36,39,71–74], carrageenan [36], 
and alginate [36,41,43,75]. 

Gum arabic is of special interest since its protein component (2–5% by weight) 
enables the polymer to act as a good emulsifi er and emulsion stabilizer. The unique 
properties of gum arabic are its high solubility in water and low viscosity of its 
solutions at high concentration. These features improve productivity by shorten-
ing the spray-drying process. Noticeably, the emulsion viscosity is exponentially 
increased with increasing lipid payload [65]. Besides spray drying of emulsions, 
gum arabic is also used extensively in complex coacervation as a polyanionic 
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component interacting with polycationic shell materials such as gelatin [36–40]. 
Because gum arabic, the natural exudation of acacia trees, has a limited supply, 
other gums or carbohydrates have been studied as replacements.

Although raw starch materials have been used for microencapsulation of fl avor 
compounds, vitamin C, and other materials [76–81], little work has been done on 
marine lipid encapsulation using unmodifi ed starch. Maltodextrins (hydrolyzed 
starch segments) with various DE values have proved very useful in marine lipid 
encapsulation applications, particularly in spray-drying technology [21,55,64,68,70]. 
The low DE (i.e., high-molecular-weight) maltodextrins exhibit high glass transi-
tion temperatures as well as high viscosities. Maltodextrins provide good oxida-
tive stability of encapsulated lipids but possess limited emulsifying ability and 
emulsion stability [82,83]. Thus, these materials are usually combined with other 
shell materials such as proteins and gum arabic for optimal encapsulation results 
[33,55,64]. Modifi ed starch (sodium octenyl succinate starch) has also been used 
for marine lipid encapsulation, due to its improved emulsifying property.

Another group of starch derivatives, cyclodextrins, have also been explored 
for their use as encapsulants of PUFAs [66–69,84,85]. Commercial α-, β-, and 
γ-cyclodextrins are composed of six, seven, and eight glucose units, respectively. 
Because these compounds can complex with guest molecules such as PUFAs 
that are attracted to the interior of cyclodextrins by hydrophobic interactions, the 
process is often referred to as inclusion encapsulation or molecular encapsula-
tion. The optimal inclusion loading is around 25% oil at an oil to cyclodextrin 
molecular ratio of 2:1 [86]. Interestingly, the cyclodextrin complexes can reduce 
unpleasant taste and odor [69], presumably because of their ability to absorb
fl avor compounds such as aldehydes [87]. 

Cellulosic shell materials that have been studied include carboxymethyl-
cellulose (CMC) and cellulose esters such as ethyl cellulose and hydropropyl-
cellulose (HPC) [36,39,71–74]. CMC can be used as the polyanionic component 
for complex coacervation while HPC has better barrier properties and can be 
 incorporated into shell materials or matrices. 

Pectin and alginate are other carbohydrates that have been experimented with 
as shell materials for microencapsulation [36,41,43,57,75]. These materials are 
capable of gelation through ionic interactions with calcium, which is advanta-
geous when the shells or matrices require hardening.

5.2.5 LIPIDS

Lipids are natural compounds grouped together because of their nonpolar struc-
ture and relative insolubility in water. Waxes, the simple lipids formed by the 
esterifi cation of fatty acids and long-chain alcohols, are commonly used to control 
the desiccation of fresh fruits and vegetables [88]. Waxes are often combined with 
hydrocolloids to counteract their brittleness. The trade-off is a reduction in water 
vapor permeability. Phospholipids are excellent emulsifying agents because they 
contain a glycerol backbone that is bound to two fatty acids (hydrophobic) and 
a phosphoric acid (hydrophilic). Lecithin is one of the most common  emulsifi ers 
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used in food products. Phospholipids have also been used to encapsulate and 
extend the shelf life of PUFAs [89–93]. Other food lipids such as butter can also 
be used to blend with marine lipids for protection against oxidation [94]. Overall, 
lipids have been extensively used as edible fi lms for foods but sparingly used as 
encapsulating materials for PUFAs.

5.2.6 OTHER MATERIALS 

Biological cells can be potentially used for the encapsulation of marine lipids 
[95–97]. For example, microbial cells have been commercially used for fl avor 
encapsulation by Micap PLC. Other minor components that are added to the 
microencapsulating shell for a specifi c functionality include emulsifying and 
cross-linking agents, antioxidants, and chelating agents. Cross-linking agents can 
be used to harden the shells where applicable. Formaldehyde, glutaraldehyde, and 
transglutaminase are good cross-linkers for protein-based shells, while calcium 
is effective and economic for gum-based shells and matrices such as alginate and 
pectin. Noticeably, formaldehyde and glutaraldehyde are not GRAS. Emulsifi ers 
such as lecithin, mono- and diacylglycerols, Tween 20, and sucrose fatty acid ester 
may be added to promote emulsifi cation and emulsion stabilization, particularly 
when carbohydrates are used as shell materials alone [27,55,68,98]. Proteins are 
good emulsifi ers and usually provide excellent emulsion capacity and  stability. 
Antioxidants play an important role in minimizing oxidation of the marine lipids. 
Lipophilic antioxidants such as tocopherols and rosemary extracts are often incor-
porated into the lipids for improved stability, while water-soluble antioxidants, for 
example, ascorbate and phenolic acids, can be added in the aqueous phase before 
marine lipids are emulsifi ed [99–104]. Glucose oxidase, other oxidoreductases, 
and green tea polyphenols have also been used as oxygen scavengers in shell and 
oil, respectively, to protect lipids against oxidation [66,105–107]. 

To prevent the prooxidants such as iron and copper from triggering autoxida-
tion, chelators can be used as well. Ethylenediaminetetraacetic acid (EDTA), citric 
acid, and sodium tripolyphosphate are often added to the aqueous phase and cause 
partition of metal ions from oil phase and interface to the solution [63,108–111]. 

5.3 MICROENCAPSULATION TECHNOLOGIES

The many technologies for microencapsulation can be divided into two catego-
ries, one which uses a liquid as a suspending medium, such as in complex coac-
ervation, and one which uses a gas as a suspending medium into which a liquid 
phase is sprayed, such as fl uidized bed coating [112]. The former are made using 
a chemical process and the latter utilize a mechanical process [113]. Although 
there are many different processes, all include three main steps: (1) dispersion or 
emulsion formulation, (2) capsule wall deposition, and (3) capsule isolation. This 
section will focus on technologies that produce microcapsules with a diameter of 
500 μm or less. While more complex products and processes are being developed 
or are in the product pipeline, microencapsulation of marine lipids remains a 
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relatively new endeavor with much to be learned in applying the technologies to 
this specifi c area. As of yet, not all of the technologies explained below have been 
applied to encapsulating marine lipids.

5.3.1 MECHANICAL PROCESSES 

5.3.1.1 Spray-Drying of Marine Lipid Emulsions

To date, the technology of spray-drying emulsion is most commonly used in 
marine lipid encapsulation. Developed in the 1930s, spray drying has become one 
of the oldest encapsulation methods and also the most commonly used method 
in the food industry. The particle diameter is generally 10–300 μm, although 
most often in the larger end of this size range [113,114] owing to agglomeration 
of the individual oil droplets (Figures 5.1c and 5.1d). The structure of spray-dried 
microcapsules consists of active core material entrapped in a protective polymer 
or melt matrix. The fi rst step in the process is to emulsify the core material in a 
concentrated shell solution until 1–3 μm or smaller oil droplets are stabilized. 
Besides fi sh oil, the core material is generally a water-immiscible fl avor, vitamin, 
animal fat, or plant oil. The emulsion is then fed as droplets, via an atomizer, 
into a heated chamber. The rapid evaporation of water from the coating keeps the 
encapsulated core at far below 100°C, despite the fact that the inlet temperature 
can be as high as 200–300°C. 

Several variables may affect the spray-drying process. The initial consideration 
is to fi nd a suitable material, which has good emulsifying properties, low viscosity 
at high solid levels, low hygroscopy (i.e., low moisture adsorption from the environ-
ment), and can form a good fi lm for coating. A low-cost product is also desirable, 
with a bland taste, stable supply, and good protection for the encapsulated material. 
The in-feed solids level and the inlet and outlet spray-drying temperatures are other 
important determinants for retention and stability of the marine oil–core material. 

Spray-drying offers many advantages. The process is economical, fl exible, 
and uses readily available equipment to produce large amounts of microcapsules. 
Some disadvantages are that core loading is usually low, only 20–30%, to avoid 
high surface oil, diffi culty in fi nding suitable shell materials or emulsifi ers, and 
the instability of the reconstituted droplets in adverse food processing such as 
homogenization and heat treatment. Heinzelmann et al. [115,116] investigated 
freeze drying as an alternative for the microencapsulation of fi sh oil by spray 
drying. The lower drying temperature of freeze drying, in comparison to spray 
drying, might provide additional protection against oxidation. 

5.3.1.2 Spray Chilling

Spray chilling, cooling, and congealing are variations of conventional spray dry-
ing [113]. These processes are similar in that they both involve emulsifying the 
core material into a liquid shell material and spraying it through heated nozzles 
into a controlled environment. The main differences are the temperature of the 
air used in the spray dryer and the type of coating [114].
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Spray chilling uses air that has been cooled to ambient or refrigerated tem-
peratures below the solidifi cation point of a molten fat or wax coating, to avoid 
affecting the polymorphism of fat. This process can be used for encapsulating 
water-soluble core materials in hot-melt fat, such as encapsulation of minerals, 
water-soluble vitamins, enzymes, acidulants, and some fl avors. The microcap-
sules are insoluble in water because of the lipid coatings. The process is also used 
by DSM to encapsulate fat-soluble vitamins, by spray chilling of emulsion drop-
lets. Therefore, it is potentially useful in marine lipid encapsulation. 

5.3.1.3 Other Mechanical Processes

Fluidized bed coating is a process developed in the 1950s for the pharmaceutical 
industry. Microencapsulation is accomplished by spraying a liquid onto a solid 
core or porous particles that are suspended by a moving stream of hot or cold air. 
Core particle diameter ranges from 50 to 500 µm, and are usually greater than 
100 µm to allow complete coating. Thus, this technology is only applicable as a 
secondary process of encapsulated marine lipids as it is not capable of encapsulat-
ing oil droplets directly.

Coextrusion and spinning disk are potentially useful in preparing microen-
capsulated marine lipids. Coextrusion is a drop-forming method to produce small 
particles. It begins with extruding a heated aqueous polymer solution through 
an outer tube and the oil to be encapsulated through an inner tube into a mov-
ing stream of a carrier fl uid [113]. Coextrusion process varies depending on the 
nature of solidifi cation. In one type of process, solidifi cation takes place in a 
liquid phase. In another, solidifi cation takes place in a gas phase. The resulting 
capsules can be collected on a moving bed of fi ne-grained starch, cushioning the 
impact and absorbing coating moisture [114]. One advantage of coextrusion over 
spray drying of emulsion is that the core and shell may be miscible. Although 
immiscible materials are more preferable, the rapid fl ash off in a hot air tower can 
solidify the shell before it has a chance to coalesce with the core because of their 
miscibility [117].

The particle size of coextruded microcapsules ranges from 150 to 2000 µm. 
This is a disadvantage when dealing with marine lipids for food fortifi cation 
because larger than 100 µm microcapsules can change the mouthfeel of food. 
Consequently, this method has not yet been used for the microencapsulation of 
marine lipids for food applications.

Rotating disk, also known as spinning disk, is a process that was developed 
in the 1980s, with microcapsule size ranging from 30 µm to 2 mm [114,118]. It 
involves suspending core particles in a shell solution, and then pouring the sus-
pension through a rotating disk apparatus. Centrifugal force generated by the 
rotating disk forces the emulsion to the outer edge of the disk to make discrete 
droplets. Excess liquid is atomized and separated from the product and recycled. 
Chilling and drying solidifi es the particles.

If the shell is a hot melt formulation (e.g., molten wax), the microcapsule 
cools and hardens as it falls through the gas phase. If the shell formulation is an 
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aqueous polymer solution that can be gelled by ions or a combination of ions and 
cooling, the coated particles fall into a curing bath. The particles can then be 
dried to a powder. Disk geometry, diameter and speed of the rotation, as well as 
volume fl ow rate of liquid across the disk are parameters that affect the size of 
the microcapsules. This process is best suited for encapsulating solids or solidlike 
materials. Therefore, like fl uidized bed coating, the marine lipid particles must 
fi rst be preformed, which increases operating costs. However, these two methods 
are particularly useful when additional protection by coating is needed.

5.3.2 CHEMICAL PROCESSES

5.3.2.1 Complex Coacervation

Also called phase separation, coacervation was developed in the 1950s to produce 
a two-component ink system for carbonless copy papers [119]. Simple coacerva-
tion involves the use of a substance such as gelatin where separation of a  gelatin-
rich phase and a phase almost completely devoid of gelatin occurs. Marine lipids 
are dispersed in a gelatin solution and a pH adjustment causes the gelatin to coac-
ervate and adhere to small core droplets. As the mixture is cooled, the gelatin 
shell is hardened [117].

Complex coacervation is so far the most successful technology of protecting 
the marine lipid core material from oxidation while delivering high levels of load-
ing. It differs from simple coacervation in that there are two oppositely charged 
polymers instead of one participating in the phase separation process. The coac-
ervate is rich in polymers and weak in water, and the supernatant is low in poly-
mer concentration [36]. The deposition of the coacervate onto the core droplets 
to form the microcapsule shell and the microcapsule shape and size depend on 
several processing factors. They are polymer type, molecular weight, charge den-
sity, concentration of polymers and their ratio, pH and temperature of the system, 
and cooling rate. Recent studies also reveal the important role of surfactants in 
promoting encapsulation effi ciency [120]. Since all these processing parameters 
are interrelated, optimization becomes a great challenge [113].

Solidifi cation follows shell formation to strengthen the microcapsule shell. 
It can be achieved by thermal, cross-linking, or desolvation techniques. Finally, 
microcapsules can be collected by fi ltration or centrifugation, solvent washed, 
and dried by techniques such as spray drying or fl uidized-bed drying to yield 
free-fl owing, discrete particles. 

When complex coacervation was fi rst developed for delivery of marine lipids, 
the focus was on “single-core” microcapsules (Figure 5.1a). One of the problems 
with this type of microcapsule is its susceptibility to rupture especially during 
food processing operations such as homogenization and extrusion. Rupture can 
be minimized by replacing a single core with many smaller cores that agglom-
erate into one multicore (Figure 5.1b). In this case, each oil droplet is protected 
not only by its own shell but also by the shell surrounding the multicore. The 
process of making “multicore” microcapsules by complex coacervation for the 
encapsulation of PUFAs is described in a U.S. patent application [41]. The process 
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leads to microencapsulated powders with very low surface oil. This is most likely 
because the multicore is really an agglomeration of smaller capsules surrounded 
by an additional shell material. Most of the surface nonencapsulated oil is trapped 
on the surface of the smaller capsules that are subsequently entrapped by the 
external shell. Surface oil levels from this process are less than 0.2% of total 
oil, which is much lower than surface oil observed in spray-dried emulsions or 
single-core microcapsules. Surface oil is readily oxidized and so low surface oil 
is very important in microencapsulation of omega-3 oils, where a small amount of 
degraded oil has a signifi cant impact on powder sensory properties.

Complex coacervation generates small particle sizes, from about 1 to 1000 μm, 
with relatively easy control of the average particle size within this range. In com-
parison to other encapsulation process, complex coacervation also generates the 
highest oil to shell material ratio, or payload, usually 60%. The higher payload, as 
compared to the formation of emulsions that normally have payloads of 20–30%, 
is a signifi cant advantage both in terms of cost and impact on food. Less pow-
der is required to deliver a similar omega-3 content when the payload is higher. 
However, as a batch process, it can be time consuming and this expense partially 
offsets the savings associated with using less shell material [112].

5.3.2.2 Double Emulsifi cation and Gelation

The process of double emulsifi cation involves making two emulsions in succes-
sion. It can be either water–oil–water (W�O�W) or oil–water–oil (O�W�O). For 
marine lipids, the O�W�O technique is used. In the fi rst step of this process, a 
stable O�W emulsion is prepared with the aid of a water-soluble emulsifi er, and 
in the second step, the O�W emulsion is dispersed in an oil phase using an oil-
soluble emulsifi er [121].

Shim and coworkers [122] studied the development of O�W�O double emul-
sifi cation using an enzymatic gelation method of microencapsulation for fi sh oil. 
Fish oil containing DHA and SPI were used as core and shell material, respec-
tively. O�W emulsions were prepared by dispersing fi sh oil into a 10% isolated soy 
protein solution. This emulsion was subsequently dispersed into corn oil contain-
ing 3% emulsifi er to form an O�W�O double emulsion. The gelation of O�W�O 
emulsion was completed in the presence of microbial transglutaminase for 4-h 
incubation at 37°C. The most stable O�W emulsion was obtained with the com-
bination of fi sh oil to wall material in the ratio of 1:2. Furthermore, the stability 
of O�W�O emulsion was highly affected by the type of emulsifi er. The capsules 
were reported to be 23 μm in mean diameter, spherical in shape, and dent-free in 
surface. Such a microencapsulation process consisting of double emulsifi cation 
and subsequent enzymatic gelation might be suitable for preparing protein-based 
microcapsules containing sensitive ingredients such as marine lipids [122].

5.3.2.3 Liposome Entrapment

By defi nition, liposomes are spherical vesicles that form with the hydration of  
surfactants such as phospholipids. When mixed with water under low shear, 
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phospholipids arrange themselves in sheets, the heads of the molecules facing 
upward and the tails downward. By joining tails and tails, these sheets form a 
bilayer membrane that contains some water inside a phospholipid vesicle [123]. 
The main advantage of using liposomes for entrapment is that they can contain 
both water-soluble and water-insoluble materials at the same time. The water-sol-
uble materials are added to water that is used for phospholipid hydration. As the 
liposomes are formed, these materials become trapped in the center. The wall of 
the liposomes, being a phospholipid membrane, can hold water-insoluble materials 
such as marine  lipids. The topologically closed shell(s) of liposomes can provide a 
barrier [124]. Liposomes have been found to protect DHA from peroxidation [92]. 
Since liposome entrapment does not require the use of other surfactants or emul-
sifi ers, it enables special encapsulation whereby the presence of these materials 
is a drawback. Also, as a solvent-free process, it shows good potential in terms of 
lowering production costs for the microencapsulation of nutraceuticals. 

Liposome entrapment is a fl exible encapsulation method. It can be custom 
designed for the encapsulation of a wide array of core materials such as pro-
teins, peptides, polynucleotides, hormones, and lipid-soluble compounds. Process 
parameters such as solution pH, agitation method and rate, type of cation, and 
ratio of phospholipid to core material can also be varied. 

Besides spherical shape, liposomes can also take a spiral or cochleate form. 
Nanocochleates (less than 500 nm) are formed as a result of the condensation of 
small unilamellar, negatively charged liposomes. In this process, the core mate-
rial such as fi sh oil is added to a suspension of liposomes containing a negatively 
charged phospholipid, phosphatidylserine in this case. The addition of metal ions 
such as calcium induces the collapse and fusion of liposomes into large sheets 
made up of lipid bilayers. Since these sheets have hydrophobic surfaces, to mini-
mize their interactions with water, they tend to roll-up into cigarlike shapes 
(cochleates). Each cochleate consists of a series of solid layers so that the core 
material remains intact and stable, although the outer layers of the cochleate may 
be exposed to harsh environmental conditions [89].

5.4 PROPERTIES OF MICROCAPSULES

In the literature, microcapsules have been evaluated by various methods [114,
125–128]. Some of the essential characteristics and properties of  microencapsulated 
marine lipids that are necessary to meet specifi c food application criteria will be 
discussed in this section. These properties are physical, such as particle size and 
size distribution, payload, compressibility and burst pressure; chemical, such as 
lipid content, omega-3 content, lipid oxidative stability and chemical stability of 
wall materials; and organoleptic, such as off-odor and off-fl avor. The numerous 
methods and instruments associated with the essential characteristics and proper-
ties of microcapsules will also be described briefl y.

Other microcapsule properties, such as solute permeability, viscoelasticity, 
and electrophoresis mobility, while important to applications in the areas of phar-
maceutics and cosmetics, are not as critical for microencapsulated marine lipids 
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and will not be discussed. Similarly, control of microbiological contaminants and 
other pathogens that fall within the guidelines of good manufacturing practice 
will not be discussed here. 

5.4.1 PHYSICAL PROPERTIES

An intact and integrated microcapsule is supported by its physical and mechanical 
properties. Its functionality depends on these properties. As mentioned in Section 
5.1, to avoid altered mouthfeel of food, the encapsulated marine lipids must be 
small in size, normally less than 100 μm. The particle size distribution should 
also be narrow to tightly control the properties and performance of the microcap-
sules. For instance, small deviation of compressive strength from the norm favors 
small size distribution. Particle size and wall (shell) thickness can be measured 
using an optical microscope, which can be equipped with a phase contrast device 
for enhanced images [129,130]. A particle image analyzer equipped with charge-
coupled device (CCD) camera has also been used to facilitate size determination 
[52]. There are other methods and instruments available to determine particle size 
over a wide range, including laser beam diffraction, light scattering techniques, 
and sieving with a set of sieves of different sizes [130].

Particle size analysis can be applied early in the microencapsulation process. 
For example, during the emulsifi cation step it can be used to assess the impact of 
encapsulating materials and other process parameters (e.g., processing time, stir-
ring rate, or homogenization pressure) on the emulsion droplets and their change 
with time (Figure 5.2). High-resolution imaging systems, such as scanning and 
transmission electron microscopes, atomic force microscopes, and other imaging 
methods can also be used to determine particle size, although these techniques 
also provide information on the internal and surface structure of microcapsules 
[52,131,132]. In particular, confocal laser scanning microscope (CLSM) is an 
effective tool for investigating the various domains inside the microcapsules 
[133, 134]. With selected fl uorescent markers, each component of a microcap-
sule, particularly the oil phase and the shell can be visualized using CLSM.

0

2

4

6

8

10

12

14

0.1 1 10 100
Oil droplet d (µm)

V
ol

um
e 

fr
ac

tio
n 

(%
) 1 min

2 min

3 min

4 min

FIGURE 5.2 Fish oil droplet size distributions in emulsions containing 10% w/v gelatin, 
emulsifi ed at 10,000 rpm for 1–4 min.
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A computational image analyzer can be used to calculate the volumes of the 
different phases. Results from a nondestructive image analysis such as CLSM 
correlate well with results obtained by extraction and chemical analysis.

Mechanical strength of microcapsules is an important property for success 
in food processing that involves high shear force and pressure, which can dam-
age microcapsules if they are not mechanically strong. Mechanical strength is 
generally positively related to particle size and wall thickness [129]. Multicore 
microcapsules in general have higher mechanical strength than single-core micro-
capsules because of their increased compressibility and also the strength provided 
by the outer shells surrounding inner shells of individual oil droplet. Mechani-
cal strength can be measured by a variety of methods. Some methods involve 
determining percent breakage in a sample containing many microcapsules, rather 
than determining the breaking point of a single microcapsule. The most com-
mon method for measuring mechanical strength uses a texture analyzer to press 
microcapsules until they burst. The force at burst and two other force-related 
indicators (the displacement at bursting and the force at a defi ned displacement) 
can be extracted from a single measurement. In terms of mechanical stability of 
single-core microcapsules, an optimal wall thickness was found to be around 18% 
of the particle radius [135]. This fi nding was based on water-saturated microcap-
sules, which can behave differently from dry microcapsules. Micromanipulation 
is another technique for evaluating mechanical stability, specifi cally for micro-
capsules as small as 1 μm. Using this technique a negative pressure can be applied 
to a single microcapsule via a microcapillary. Burst events and wall deformations 
of microcapsules are then observed under microscope [136].

Microcapsules with good free-fl owing properties are desirable in most 
food applications since free-fl owing powders are easier to blend with other dry 
 ingredients and fl ow better during food processing. This fl ow property can be 
 characterized by static angle of repose measured by the fi xed funnel and free-
standing cone method [137]. A small repose angle indicates good fl owing property. 
Compressibility is another method to assess fl ow properties of powder. It com-
pares packed (tapped) bulk density to aerated (loose) bulk density [52]. Noticeably, 
moisture content can also be an important factor for fl owability. A high moisture 
content can affect the powder fl owability. Dried microcapsules normally contain 
some moisture because of the hydrophilic nature of the wall materials and can be 
hydroscopic so that incorrect storage can compromise fl ow behavior.

5.4.2 CHEMICAL PROPERTIES

As mentioned in Section 5.2.1, oxidative stability of the microcapsules depends, 
to a large extent, on the quality of the marine lipids. The same methods that mea-
sure oil quality in fi sh oils, including acid value, peroxide value, and anisidine 
value, can be applied to those contained in microcapsules. However, before these 
methods can be applied, the oil needs to be extracted from the microcapsule after 
chemical or enzymatic digestion of the shell material. Processes used for this 
extraction can signifi cantly impact the oil quality and therefore measurements on 
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extracted oil can be misleading. The extraction of marine lipids from encapsu-
lated powders can be achieved in several ways, depending upon the shell material 
composition. Sometimes oil can be simply extracted from powder using solvents 
such as boiling water [138], n-hexane extraction [52], or a mixture of organic 
solvents [21]. However, when the microcapsules are formed using complex coac-
ervation and are cross-linked, the shell material must undergo acid or protease 
digestion. Normally, these methods can be applied without signifi cant degrada-
tion of EPA and DHA so that measurement is accurate. 

Payload is an important property as it represents the percentage of marine 
lipids encapsulated within the microcapsules. Payload dictates how much micro-
encapsulated ingredient should be added to meet the required loading of EPA and 
DHA per food serving. A higher payload means less shell material is required to 
deliver a specifi c dosage of EPA and DHA, so that both cost and impact on food 
properties are minimized. Payload determinations normally require degradation 
of the shell material either chemically or enzymatically and subsequent extraction 
followed by gas chromatographic quantifi cation of the marine lipids. 

Closely related to payload is surface oil (free oil), which is the portion of 
marine lipids that has not been encapsulated into the core of microcapsules, and 
is absorbed on the surface [52]. Free oil can also be considered the inverse of 
encapsulation effi ciency, which is expressed as a percentage of real payload over 
theoretical value. Furthermore, free oil contributes to the oxidative off-note of 
the encapsulated lipids and must be kept to a minimum, typically below 0.1–1% 
(w�w). The percentage of surface oil present on dried microencapsulated powder 
can be determined by extraction with organic solvent such as hexane or pentane, 
and subsequent quantifi cation by weighing the collected lipids or by using Fourier 
Transform Infrared spectroscopy (FTIR) [21].

Although a variety of oxidative products are generated during the oxidation 
of marine lipids, one or two can be selected for a comparative study [17]. For 
instance, based on the propanal detected by gas chromatography in headspace, 
there was no difference in oxidative stability between an algal oil (42% DHA) and 
a typical fi sh oil (12% DHA). Oxidation as a function of time and temperature was 
slower for the algal oil, only in the presence of an antioxidant. In general, it has 
been diffi cult to interpret the oxidative stability results so abundantly available 
in literature. This is because of inconsistent oxidation conditions, incomparable 
analytical methods, and irrelevant stability methods.

Elemental analysis of iron, copper, arsenic, lead, cadmium, and mercury can 
be carried out by standardized methods found elsewhere. The same can be said 
for the determination of water activity, antioxidant residue, or polychlorinated 
biphenyls (PCB). New and advanced analytical methodologies and instruments 
for characterizing various types of microencapsulation processes and products 
are continually being developed. Electron spin resonance (ESR) spectroscopy, 
nuclear magnetic resonance (NMR) spectroscopy, ultrasonic absorption, radio-
active tracers, and fl uorescence quenching are just a few examples. At present, 
these techniques are mainly used for the characterization of liposomal types of 
microcapsules [127].
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5.4.3 SENSORY

Sensory tests, also referred to as organoleptic tests, have gained signifi cant 
advancements over the last century. Despite modernization of the sensory pro-
cess, human panelists have been, and still are, the main measuring instruments. 
Inevitably, variability and bias are a component of their results [139]. Impor-
tant parameters provided by sensory tests include odor, fl avor, appearance, and 
texture.

While it is important to evaluate the sensory properties of an encapsulating 
powder, it is the sensory in foods that will ultimately dictate acceptance into spe-
cifi c applications. Extensive research has been conducted on food sensory testing, 
but a limited number of articles are available concerning the use of microen-
capsulated marine lipids. One example used spray-dried marine lipids to fortify 
brown soda bread that was taste tested by an untrained panel. A triangle test 
and subsequent paired preference tests were unable to determine if alterations of 
bread fl avor were caused by the addition of marine lipids encapsulates [21].

At present, it is unclear whether sophisticated modern instruments such as 
GC-MS can replace sensory panels for better accuracy and reliability. Vari-
ous analytical sensory techniques can determine levels of volatile components 
selected as off-odor markers and there has been some correlation with the results 
of sensory panels, although these methods appear to be more accurate for straight 
oil rather than microencapsulated oil [17,140]. The lower correlation of analytical 
and human sensory for microencapsulated oil is probably related to the added 
complexity of having shell material that may have its own sensory properties. 

5.4.4 SHELF LIFE

Shelf life or storage stability refers mainly to long-term oxidative stability of 
the encapsulated oil, either by itself or in foods. Oxidative stability must be con-
stantly monitored to ensure product quality and appropriate measures must be 
implemented to prevent oxidation reaction. As in the case of fi sh oils, powders 
must be sealed and stored in a cold room (e.g., 4°C) and away from light when not 
in use. With effective barrier layers, powders can possess low oxygen permeation 
and prolonged shelf life. For instance, microcapsules prepared by spray drying 
with shell material of highly branched cyclic dextrin showed enhanced oxida-
tive stability when compared with maltodextrins, based on PV over a period of
80 days. Powders are also expected to be more stable when the encapsulating 
oils have increased shelf life in the presence of antioxidants. Experiments show 
that antioxidants can increase shelf life of fi sh oil–fortifi ed mayonnaise to an 
average of 49 days at room temperature and 89 days under refrigeration [141]. 
Signifi cant improvement of oxidative stability by microencapsulation of spray-
dried emulsion of PUFAs has been reported. Shelf life of infant formula and 
bread containing microencapsulated PUFAs can be extended to more than 2 
years [142]. 

To enable faster development of an optimized technology, microcapsules are 
usually subjected to an accelerated oxidation test fi rst. Only those passing this test 
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will be considered for further shelf life test. In accelerated tests, a small amount 
of powder is exposed to pure oxygen at a high pressure and a high temperature, for 
example, 5 bars (500 kPa) and 65°C. At the onset of oxidation, the pressure drops 
and the time is recorded as induction period, as illustrated in Figure 5.3. This may 
last from a few hours to more than a week depending on the protective properties 
inherent in the microcapsules.

5.4.5 BIOAVAILABILITY

The bioavailability of microencapsulated marine lipids added to food has been 
compared to marine lipid–containing soft gel capsules. The fortifi ed foods include 
liquid-based foods such as milk shakes and soups, as well as baked foods such as 
bread and biscuits [143,144]. The results indicate no signifi cant difference in blood 
lipid levels between the two groups of participants for carbohydrate or protein shell 
materials. Bioavailability was also demonstrated with low-dose omega-3 marine 
lipids, as little as 60 mg�day, microencapsulated and fortifi ed in bread [145].

5.5 CURRENT MICROENCAPSULATION STATUS

5.5.1 STATUS BASED ON DEVELOPMENTS FROM RESEARCH INSTITUTES 

Although numerous articles can be found in the literature that describe tech-
nological development and progress in the area of microencapsulation, only a 
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FIGURE 5.3 Illustration of the derivation of the induction period of a microcapsule 
sample based on the slope of the oxygen pressure drop.
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limited number of them deal with encapsulated marine lipids. Spray drying of 
emulsions is the dominant technology for microencapsulating marine lipids, 
presumably because of low processing cost and fewer restrictions placed on the 
characteristics and properties of shell materials. In one example, marine lipids 
containing 5.5% EPA and 17% DHA, together with tocopherol and ascorbyl pal-
mitate, were microencapsulated via spray drying with shell material composed of 
a combination of maltodextrins, a highly branched cyclic dextrin (HBCD), WPI, 
and sodium caseinate. In another example, the compositions of sodium caseinate 
with maltodextrin or HBCD as shell materials improved oxidative stability. In 
this study it was found that a payload at 69% provides better oxidative protection 
when compared with either 46 or 83% payload. However, it was not clear what 
mechanism is responsible for this oxidative stability. 

Similarly, menhaden and herring oils, with either α-tocopherol or Trolox C 
added as an antioxidant, were spray dried using sodium caseinate and polysac-
charides of various DE values as shell materials. It was found that high DE values 
of polysaccharides correlated positively with increased oxidative stability within
28 days of storage. An unexpected fi nding was that the oxidative stability 
decreased at 4°C. This decrease in stability may be due to increased dissolved 
oxygen concentrations at the lower temperature [138].

In another recent study, cod-liver oil was spray dried with skim milk powder, 
sodium caseinate, whey powder, whey protein concentrate, modifi ed starch, and 
maltodextrin, or combinations of these materials at a wall to core ratio of 4:1 [21]. 
Spray-dried powders were heated for 30 min at various temperatures from 60 
up to 235°C, and the contents of EPA and DHA were measured using GC-MS. 
Compared to unencapsulated oil, EPA was partially stabilized, particularly with 
shell materials containing maltodextrin mixed with whey protein concentrate. 
This was not the case for DHA content, which degraded similarly in the encap-
sulated product and the unencapsulated starting oil. Among the formulations of 
shell materials tested, the oil retention of the dried powders varied from 17 to 
74%, while encapsulation effi ciency varied from 4.7 to 98%.

In a separate study, sand eel oil was microencapsulated by emulsifying casein-
ate with lactose or skim milk powder, followed by spray drying. It was found 
that the presence of entrapped air promoted oxidation of the encapsulated oil. 
Caseinate-based powders contained higher volumes of entrapped air than skim 
milk–based powders. This entrapped air could be eliminated from commercial 
preparations of microcapsules, meaning that the problem was process-related and 
could be avoided by using appropriate encapsulation process conditions [53].

Sand eel oil was also microencapsulated using a freezing and drying process 
with lactose and maltodextrin as shell materials. Frozen pellets of oil emulsion 
were extruded and ground to produce a powder. One would expect that the grind-
ing of pellets would cause the release of a certain amount of encapsulated oil, 
leading to a decreased oxidative stability. However, the experiment showed the 
opposite trend, which is not readily explainable [115,116].

Liposomes have also proved to confer some stability on marine oils contain-
ing EPA and DHA. Fish oil containing about 20% EPA and 33% DHA were 
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 subjected to liposome entrapment in a recent study. Liposomes of up to 5 μm 
were prepared and were found to be stable for one month in storage [93]. An 
alternative method that has achieved commercial success as a method for stabiliz-
ing oils containing EPA and DHA for delivery into functional foods is complex
coacervation. While complex coacervation was fi rst developed more than
50 years ago, it has not been used widely for the encapsulation of marine lipids. 
In recent publications, only a few articles exist which deal with complex coacer-
vation as a means to microencapsulate cod-liver oil for oyster farming purpose 
[130,146]. The resulting powder, which was used in an artifi cial diet, had par-
ticle size in the range of 5–30 μm. Complex coacervation, if done correctly, has
several advantages over other methods for the encapsulation and stabilization
of marine oils for delivery into foods. The application of complex  coacervation 
has been proven commercially by Ocean Nutrition Canada as discussed in
Section 5.3.

5.5.2 STATUS BASED ON COMMERCIALIZATION BY COMPANIES

The current status of the use of commercial application of microencapsulation for 
the stabilization and delivery of marine oils into foods will be addressed in this 
section. Food ingredient companies have developed several different encapsula-
tion processes to commercial scale and there are several food products fortifi ed 
with EPA and DHA available in the market in several countries, with the number 
of available products increasing rapidly. 

5.5.2.1 Encapsulated Oils

Microencapsulation of marine lipids by companies centers around two processes, 
spray-dried emulsions and spray-dried complex coacervates. The formation 
of spray-dried emulsions is the most commonly practiced technology, in part 
because of its low cost and short processing time. The shell may contain one or 
more biopolymers depending upon both the properties required and the regula-
tory requirements for the targeted food product in the countries it is to be sold. 
An example of a microencapsulated powder containing a single biopolymer is 
 OmegaDry 1510 that used to be sold by Wacker Biochem Corp., which uses 
gamma cyclodextrin as the shell material component. When two biopolymers 
are used, one is typically a protein and the other a carbohydrate. The proteins 
render a good oxygen barrier, while the carbohydrates provide protection from 
moisture, not as effectively as lipids, but better than proteins. Furthermore, poly-
mers can be mixed together or superimposed to improve the oxygen or mois-
ture barrier properties of the resulting powders, irrespective of the encapsulation 
technology. For instance, in DSM infant formula powder, fi sh oil is dispersed 
in a matrix of fi sh gelatin and carbohydrate and coated with cornstarch during 
spray drying for improved dispersibility [147]. Similarly, Nu-Mega Ingredients 
(joint venture between Clover and Food Spectrum) uses a combination of whey 
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protein and lactose, and in some cases a small amount of pectin, as encapsulating 
materials [57].

Currently, only Ocean Nutrition Canada uses complex coacervation to man-
ufacture fi sh oil powder by its patented technology. Gelatin and gum arabic are 
the two common polymers used in this type of encapsulation. Higher payload of 
fi sh oil by complex coacervation, as compared to spray drying, is a signifi cant 
advantage of this technology (refer to Table 5.1), since it enables less powder 
to be added to fortify with a specifi c level of EPA and DHA. A lower level of 
powder addition has less impact on food texture and fl avor, and also decreases 
the cost of the ingredient on a per serving basis. Omega-3 powders from Ocean 
Nutrition have 60% payload whereas most commercial spray-dried emulsions 
usually have a 25 to 50% payload. The amount of EPA and DHA per gram 
of powder can be increased by using concentrated oil instead of 1812TG or 
0525TG found in natural oil source. As the trend is to pack as much omega-3 
as possible into the powder, to minimize its impact on foods and to reduce the 
cost, many companies are working on improved technologies that enable the 
stable delivery of omega-3 concentrates in microencapsulated form. Concen-
trates are the fastest growing segment of the supplement market and hence there 
is considerable interest in adding these to foods. However, concentrates are less 
stable than unconcentrated triglyceride oils and so stabilization is more chal-
lenging. A number of companies produce omega-3 concentrates at a cost that 
is appropriate to the food industry, including Ocean Nutrition Canada, DSM, 
and Pronova.

Encochleation described in Section 5.3 is by far the most expensive method to 
produce fi sh oil powder. It is in part due to the high cost of soy-derived phosphati-
dylserine (PS) as the shell material. At current PS prices and payloads, the use of 
PS as a microencapsualtion shell material does not provide a reasonable cost per 
serving to enable its use by food companies. From the perspective of materials, 

TABLE 5.1
Representatives of Fish Oil Powders Commercially Available 
around the World

Company Powder Name
Payload

(%)
Total Omega-3

(%)
Oil Source

BASF Dry n-3 18:12, Dry n-3 5:25 25 8.75 Fish
Nu-Mega Driphorm HiDHA Bake D101 25 7.40 Tuna

Driphorm 50 D201 50 15.80
DSM ROPUFA ‘10’ n-3 INF N/A 9 Fish

ROPUFA ‘10’ n-3 Food N/A 9
Lipid Nutrition Marinol omega-3 50 19.5 Fish
Ocean Nutrition 

Canada
Omega-3 powder
DHA powder

60
60

22.0
22.0

Fish
Bonito
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since PS is a phospholipid it should provide the best moisture barrier protection 
for the encapsulated marine lipids, and allow the latter to be used in wet food 
applications. According to BioDelivery Sciences International, the experimental 
cochleates known as Bioral omega-3 powder have a payload of 30% and up to 
300 mg of EPA + DHA per serving, which can be added to a variety of bever-
ages without fi shy taste or odor [148]. Other advantageous features of cochleates 
are micron size and low density, which minimizes powder settlement in a liquid 
food host such as milk or juice. However, the small particle sizes mean that likely 
stability of this technology is limited and so it is unlikely to be useful for foods 
with a long shelf life.

5.5.2.2 Marine Lipid–Fortifi ed Foods

In a 2001 survey of products, which incorporate omega-3 fatty acids from plant 
or fi sh sources into foods (Table 5.2), dairy ranked third (15%) after pet food 
(29%) and dietary supplements (24%) [149]. Baby food, baked foods, and bever-
age attained the lowest ranking, 2% each. This ranking may not hold true today 
based on the continuous launching of new products since 2001 around the world, 
particularly in Europe and Australia or New Zealand. In the last couple of years, 
major new launches have occurred in breads and dairy products and also in infant 
formula. The products that belong to the seven food categories summarized in 
Table 5.3 contain only marine lipids as the omega-3 source.

5.5.2.2.1 Infant Formula
Human milk is rich in PUFAs. By comparison, cow’s milk is low in PUFAs [150]. 
Infant formula therefore must be enriched with these fatty acids, particularly 
DHA, to promote the proper development of the retina and brain tissue of infants 

TABLE 5.2
Distribution of Global Food Categories That Contain Omega-3 in 2001

Food Category Number of Products Distribution (%)

Pet food 50 29
Healthcare (dietary supplements) 42 24
Dairy 26 15
Processed fi sh, meat, and egg products 24 14
Snacks 6 3
Meals and meal centers 5 3
Baby food 3 2
Baked foods 3 2
Beverage 3 2
Other 12 7
Total 174 100

Source: Mintel’s global new products database, www.gnpd.com.
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during the fi rst 2 years. In fact, the World Health Organization has endorsed this 
type of omega-3 fortifi cation [151].

Many infant formula manufacturers use an oil mixture from Martek Biosci-
ences Corp., which contain DHA and arachidonic acid, an omega-6 fatty acid. 
Others use fi sh oil powders such as BASF Dry n-3 5:25 or DSM ROPUFA “10” 
n-3 INF or ONC’s MEG-3 powder in their formulation. While there have been at 
least 60 countries selling omega-3 fortifi ed infant formulas since 1996, the fi rst 
time the FDA approved their use in the United States was in 2002. Enfamil from 
Mead Johnson, Farley from Heinz, and Karicare from Nutricia, to name just a 
few, are among the more recognized brands around the world. 

5.5.2.2.2 Baked Goods
Bread is among the fi rst staple food that has been successfully fortifi ed with 
omega-3 oil and powder. The carbon dioxide released during proofi ng and bak-
ing aids in protecting the oil from oxidation. Consequently, the EPA and DHA 
levels added to bread are typically higher than for most other foods, particularly 
wet foods. Bread fortifi ed with omega-3 is marketed mainly in Europe, Asia, and 

TABLE 5.3
Representation of Omega-3 Fortifi ed Foods Marketed by 2005

Food Category Manufacturer Country
Product

Name or Type
Format of 
Omega-3

Infant formula Nutricia Australia,
New Zealand

Karicare Powder

Mead Johnson USA Enfamil ?
Baked goods Warburton England Women’s Bread Powder

George Weston Foods Australia,
New Zealand

TipTopUp Powder

Nutritional bars ZonePerfect Nutrition USA ZonePerfect Bars Powder
Dr. Barry Sears USA OmegaZone

Nutrition Bars
Powder

Milk and milk-
based products

Parmalat Italy Parmalat UHT Milk Oil

Brownes Australia,
New Zealand

Heart Plus Milk Powder?

Nonmilk 
beverages

Ross USA ProSure Oil

Symrise Germany ? ?
Spread Arla Denmark Blue Gaio ?

Meadow Lea-Hi Australia,
New Zealand

Omega Margarine Powder

Processed meats Hans Continental 
Smallgoods

Australia,
New Zealand

Strasburg Powder

Birds Eye Smart Choice Australia,
New Zealand

Fish fi llet Powder
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Australia [152], while in 2004, Wagman’s in the United States had also launched 
several new products containing Ocean Nutrition Canada’s MEG-3 ingredient. 
The most successful bread product containing EPA and DHA currently on the 
market is TipTopUp from George Weston Foods in Australia, which contains
27 mg omega-3 per slice, and has an approximate 15% of the Australian bread 
market. Both TipTopUp and Warburtons Women’s bread in the United Kingdom 
use fi sh oil powder as the omega-3 source. 

Fazer bakeries, one of Finland’s leading bakery company, leveraged Finnish 
consumer’s high level of trust for its long-established name by introducing the 
“iLove” rye breads and multigrain toasts in 2002 with emphasis on the over-
all health benefi ts [153]. Biosan Activa, a type of wafer that contains omega-3 
and eight essential vitamins, was launched in Spain by Industrias Rodriguez 
in 2000 [154]. The bread category is expected to be one of the fastest growing 
omega-3 fortifi ed foods, partly because it is a dry food that has a relatively short 
shelf life and so is a reasonably easy application in terms of ingredient stability 
requirements.

5.5.2.2.3 Nutritional Bars
An example in this food category is the introduction of gelatin-encapsulated fi sh 
oil into the ZonePerfect bars from ZonePerfect Nutrition in the United States. It 
should be noted that only 3 mg of EPA + DHA are added to each of the 50 g bars 
[155]. Another example is the OmegaZone nutrition bars from Dr. Barry Sears, 
which is designed to stabilize the blood sugar of people with diabetes. Each 55 g 
bar contains 160 mg of microencapsulated fi sh oil or 64 mg EPA and 32 mg DHA 
[156]. In both of these cases, the added EPA + DHA level is well below the 3 g�day 
recommended by the American Heart Association [157]. 

5.5.2.2.4 Milk and Milk-Based Products
Typically, omega-3 oil rather than powder is introduced to the milk formulation, 
and subjected to high-pressure (5–15 MPa) homogenization to ensure uniform 
dispersion [158]. It is believed that the high content of protein in milk can help to 
preserve its organoleptic quality in the presence of fi sh oil. However, the stabil-
ity of fi sh oil in milk is still poor and so has been mainly applied to single-serve 
packs rather than multiple-serving containers. Consequently, encapsulated fi sh 
oil in powder or emulsion form rather than straight fi sh oil has been added to 
some milk products to provide a longer shelf life especially in multiple-serving 
products. 

In 1998, Parmalat Finanziaria S.P.A. introduced milk fortifi ed with omega-3 
fatty acids [159]. This type of milk is processed at ultrahigh temperature (UHT, 
150°C from 4 to 6 s) and subjected to aseptic packaging, and therefore, has a 
shell life of 3 months. The Parmalat milk is semiskimmed and contains 80 mg of 
omega-3 per 100 mL serving. UHT milk manufactured by Puleva in Spain also 
enjoys commercial success selling about 40,000 L of omega-3 enriched milk in 
2002. In the pasteurization subcategory, there is Aux Omega milk from Candia in 
France, which contains 190 mg�250 mL serving. Heart Plus milk from Brownes 
in Australia is another example of pasteurized milk fortifi ed with omega-3 with 
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150 mg EPA and DHA per 250 mL serving size. At least one powdered milk 
containing omega-3 and omega-6 from Nestle USA, Leite Omega Plus, has been 
marketed in South America (e.g., Brazil, Argentina) and Southeast Asia (e.g., 
Malaysia, Philippines) [160].

While omega-3 fortifi ed milk is readily available in Europe, few products 
are currently available in North America when the manuscript was prepared. 
This slow trend suggests that the North American population, in comparison to 
European and other continental populations, are slower to recognize and are less 
inclined to pay a premium for omega-3 as a healthy component in their staple 
foods. According to one supplier, 65% of Scandinavians consume some form of 
omega-3 products in comparison to 3% North Americans [7]. Some companies, 
especially in Canada where regulations used to favor fl ax seed oil over fi sh oil, 
have launched products containing α-linolenic acid rather than EPA and DHA. 
For example, in late September 2003, Natrel in Quebec launched their partially 
skimmed milk that is fortifi ed with fl ax seed oil [161]. It is believed that omega-3 
oils will be fortifi ed in more milk products in North America.

Yogurt drink Sadafco contains Nu-Mega’s powder as the omega-3 delivery 
vehicle. It is marketed in Saudi Arabia. In 2001, two Gaio products, a junket 
and a yogurt drink, from Arla Foods in Sweden were launched [162]. To provide 
consumers with a choice, these products come either plain or with the addition of 
omega-3 fatty acids. Similarly, a chilled crème caramel dessert from Dhul in Spain 
is available in three varieties: Omega-3 (enriched with omega-3 and  vitamin E), 
Fibra (enriched with fi ber and vitamins A, D, and E), and Calcio (enriched with 
calcium and vitamins A, D, and E) [154].

5.5.2.2.5 Nonmilk Beverages
Similar to previously described food categories, nonmilk beverages utilize both 
fi sh oil and its powder for omega-3 fortifi cation. ProSure from Ross is a nutritional 
beverage containing EPA, and is claimed to counteract the weight loss caused by 
cancer [163]. In this case, a highly refi ned and deodorized sardine oil supplies the 
EPA. It is surmised that the high level (1 g) of EPA contained in each 250 mL can of 
ProSure is possible, in part owing to the organoleptic protection of protein (16 g). 

In the category of juice containing omega-3, there are only a few products 
available commercially. Bertrams Fruchtsafte is one example [161]. Symrise from 
Germany also produces omega-3 fortifi ed beverages. Tidal Wave drink from 
Naked Juice in the United States is being reformulated. In a previous formulation, 
they used fi sh oil rather than powder to obtain 242 mg of EPA and DHA per 8 oz 
serving. Major juice companies are working toward the fortifi cation of omega-3 
in beverages, and various new launches are expected. 

The small number of omega-3 fortifi ed juices suggests that better moisture 
protection must be developed for fi sh oil powder. One approach might be to add 
lipids such as waxes to the edible proteins or carbohydrates that are currently used 
to form the shell of commercial omega-3 powders. Another approach is to form the 
shell entirely of lipids as in the case of the experimental phosphatidylserine-based 
cochleates. 
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5.5.2.2.6 Spread 
Avoiding fi shy fl avor in spreads is probably more diffi cult than in other foods 
because of their small serving size, requiring high fortifi cation levels. Companies 
such as Unilever are developing new products with omega-3 from fi sh oil. Blue 
Gaio is a spread fortifi ed with omega-3 fatty acids from Arla, a food manufacturer 
in Denmark. SmartBalance OmegaPlus is a buttery spread launched in  November 
2003 in the United States by GFA Brands, Inc. In this case, menhaden fi sh is 
the omega-3 oil source, which is claimed to be odorless and tasteless [164]. The 
menhaden oil is introduced directly to the patented spread formulation developed 
by Brandeis University in Massachusetts. Another example of a spread, which 
contains unencapsulated fi sh oil is Yamega spread from Israel [165]. At 620 mg 
of omega-3 fatty acids (190 mg EPA and 430 mg DHA) per 1 g serving size, this 
spread has some negative odor and taste issues and has not gained wide consumer 
acceptance. 

In Australia, Meadow Lea-Hi Omega margarine contains 250 mg omega-3 
per teaspoon (5 g serving size). This means that eight teaspoons of this spread pro-
vide an equivalence of 2000 mg omega-3 in 100 g fresh salmon [166]. Seachange 
margarine, also from Australia, contains a smaller dosage of omega-3, 200 mg 
per teaspoon.

5.5.2.2.7 Processed Meats
Most of the omega-3 fortifi ed foods in this category are being marketed in 
 Australia and New Zealand. Nu-Mega’s fi sh oil powder is the main source for 
this region [167]. According to the manufacturer, Hans Continental Smallgoods, 
a single serving (66.7 g) of their sliced chicken, Strasburg (similar to salami), 
or bacon, provides 60 mg or 20% of the suggested daily consumption of EPA 
and DHA. Although the omega-3 content is insignifi cant, the taste is fi ne, mak-
ing these products a welcome addition to the luncheon meats market. Birds Eye 
Smart Choice markets breaded fi sh fi llets, which contains 178 mg of DHA and 
EPA in every two fi llets. 

5.5.2.3 Status Assessment

Based on the proliferation of marine lipid–fortifi ed products in seven food cat-
egories for human consumption, microencapsulation could become a profi table 
and effective way to deliver marine lipids to the population at large. The limited 
number of products in certain food categories such as juices or breakfast cere-
als, however, indicates that the commercialization of microencapsulated omega-3 
powder in foods is still at an early stage. Furthermore, the low level of EPA and 
DHA incorporated into many food categories, in comparison to that proposed 
by various national and international organizations, suggests that elimination of 
fi shy taste and smell remains a challenge. While a number of microencapsula-
tion technologies and edible polymeric shell materials can be applied to produce 
encapsulated oils that are suitable for short shelf life foods like bread or UHT 
milk, the same cannot be said for other staple foods like cereal or salad dressing 
where longer shelf life or exposure to high moisture is a common occurrence. 
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There are few technologies currently available that can deliver and stabilize effi -
cacious doses of omega-3 oils in multiserving foods while still conforming to 
regulatory cost requirements for food products.

5.6 SUMMARY

Given the well-documented health benefi ts of omega-3 fatty acids, microencapsu-
lation is a good vehicle for delivering marine lipids, particularly EPA and DHA, 
to the public at large, from infancy to adulthood. There is currently a proliferation 
of functional foods fortifi ed with marine lipids around the world, particular in 
Europe and Australia or New Zealand. 

Microencapsulated oils work best in dry food applications such as baked 
goods, nutritional bars, using low dosages of EPA and DHA, or with shorter shelf 
life such as powder mixes. Achieving good sensory properties in wet food appli-
cations such as juices, higher EPA and DHA (>250 mg per serving), or longer 
shelf life such as cereals requires further development to improve current materi-
als and processes. 

Of the three main types of edible biopolymers reserved for shell materials, 
proteins and carbohydrates are most commonly used by nutraceutical compa-
nies and research institutions. Similarly, while there are numerous technologies 
to encapsulate marine lipids, only spray drying and complex coacervation are 
currently used commercially to stabilize EPA and DHA for food delivery. Enco-
chleating marine lipids with phosphatidylserine holds good promise because 
the phospholipid shell provides a good moisture barrier and particles size is sub-
micron, which is important for preventing setting in certain drink products. How-
ever, the cost of shell material and the limited stability of these small particles 
currently limit the commercialization of encochleation technologies.

The current strong demand for fortifi cation of foods with marine oils, espe-
cially EPA and DHA, is creating a pull for research organizations and companies 
to develop technologies to deliver these oils into foods in a manner that does not 
impact the taste and smell of the food. The shelf life of the microencapsulated 
ingredient must be equal to or longer than the shelf life of the food. The ingredi-
ent must also be acceptable in a regulatory sense and have little impact on the 
cost of the food. There is no doubt that the demand will result in continued devel-
opment of new and improved technologies to microencapsulate marine oils for 
delivery in food products.

ADDENDUM

During the preparation of this chapter, the marine lipids research and new product 
development have achieved great success, and the market and consumer awareness 
have grown amazingly. Mintel estimates that the number of omega-3 food prod-
ucts has increased from 120 in the year of 2004 to 250 in 2006. Some excellent 
review papers have also been published recently, such as Garg et al., 2006, J. Food 
Sci., 71(5): R66–R71, and Whelan and Rust, 2006, Annu. Rev. Nutr., 26: 75–103.
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6.1 INTRODUCTION

Chitin and chitosan are natural, nontoxic, biodegradable compounds with a broad 
range of commercial applications. These biopolymers possess properties that can 
be exploited by a variety of fi elds, such as agriculture, chemistry, medicine, bio-
technology, the pulp and paper industry, cosmetics, water treatment, and foods 
[1,2]. However, this review will be focused solely on the use of chitin and chitosan 
as marine-derived nutraceuticals in the food and food supplement industries. As 
nutraceuticals, chitin and chitosan possess numerous potentially valuable proper-
ties. Many studies have reported immuno-modulatory effects in the form of anti-
bacterial, anti-infl ammatory, antioxidant, anticarcinogenic, or antiulcer activity 
[3–5]. Recent studies have also indicated a possible use for chitin and chitosan in 
renal disease recovery [6]. However, the major nutraceutical application of chitin 
and chitosan thus far has been as a dietary fi ber supplement. Although there has 
been some inconsistency with regard to the ability of these biopolymers to con-
tribute to weight loss, a number of studies have shown reductions in cholesterol 
levels and a subsequent reduced risk for cardiovascular disease [7]. This  overview 
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will begin by introducing the general structures and properties of chitin and 
chitosan followed by a discussion of their various nutraceutical applications.

6.2 CHITIN

Chitin is an aminopolysaccharide made up of N-acetyl-d-glucosamine residues 
joined by β-(1–4) linkages (Figure 6.1). It is second only to cellulose as the most 
abundant biopolymer in nature and differs structurally from cellulose solely in the 
substitution of acetamide groups at the C-2 position in place of hydroxyl groups 
[4,5]. Chitin is an important structural component in the hard outer coatings 
of both terrestrial and aquatic organisms. It forms a part of the exoskeletons of
crustaceans, mollusks, and arthropods, and is found in the cell walls of many 
fungi and algae [8]. The estimated worldwide annual production of chitin in 
nature is around 1011 tons and industrial use has been estimated at 10,000 tons 
annually [2].

Currently, the most exploited sources of chitin are the processing discards of 
shellfi sh and marine crustaceans, especially crab, lobster, shrimp, krill, oysters, and 
squid (Table 6.1) [1–4]. Large quantities of shellfi sh are harvested each year, with 
total U.S. commercial landings for 2004 amounting to 1910 million pounds [9]. 
Processing wastes resulting from shellfi sh and crustacean fi sheries can be exces-
sive, with shell discards from Dungeness crab (Cancer magister) and Pacifi c 
shrimp (Pandalus borealis) amounting to around 78 million pounds annually in 
the United States alone [4]. On average, marine crustacean shells contain around 

FIGURE 6.1 Chemical structure of chitin and its conversion to chitosan. Chitosan is a 
partially deacetylated form of chitin and generally contains N-acetyl groups on 5–30% of 
its glucosamine units. (Adapted from Kurita, K., Mar. Biotechnol., 8(3), 203–226, 2006.)
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15–40% chitin (dry weight), with the other major components being proteins and 
calcium carbonate [2]. Antarctic krill and squid skeleton are typically rich in 
chitin (~40%), while the dry shells of crab, lobster, crayfi sh, shrimp, and prawns 
generally contain around 14–35% chitin [3,10,11].

A major setback to the utilization of chitin for commercial applications has 
been the need for more cost-effective isolation procedures. Thus far, extraction 
of chitin from natural sources has proven to be a relatively laborious process that 
can create additional waste issues [2,12]. In nature, chitin is typically associated 
in a complex matrix with other polysaccharides, such as cellulose, mannan, poly-
galactosamine, and glucan, all of which must be removed during the extraction 
procedure [3]. Chitin is not soluble in ordinary solvents but is relatively stable 
under mild acidic or basic conditions. Therefore, the other compounds in the exo-
skeleton matrix must fi rst be degraded and removed prior to isolation of the chitin 
residue. In a commercial setting, shell discards are initially treated with a dilute 
acid to remove salts and minerals (especially calcium carbonate), and then the 
sample undergoes several treatments with a hot alkaline solution to remove any 
remaining organic compounds. The residue left behind is then dried and chitin 
is obtained in a fl ake or powder form that is almost colorless or off-white [2,4]. 
 Chitin can be partially deacetylated to form a variety of derivatives, such as chi-
tosan, oligosaccharides, and glucosamine. Owing to their increased water solu-
bility, these chitin derivatives may be more advantageous as nutraceutical agents 
than the fully acetylated, insoluble form of chitin.

TABLE 6.1
Marine Sources of Chitin and Percentage (Dry Weight Basis) Found 
in Shell Discards

Chitin Source Chitin in Shell Wastes (%)

Clam/oyster 3–6
Crab:
 Collinectes sapidus
 Chinoecetes opilio

13.5
26.6

Shrimp:
 Pandalus borealis
 Crangon crangon
 Penaeus monodon

17.0
17.8
40.4

Crawfi sh:
 Procamborus clarkia 29.8
Prawn 33.0
Squid pen 20–40
Krill:
 Euphausia superba 41.0

Source: Adapted from Synowiecki, J. and Al-Khateeb, N.A., Crit. Rev. Food Sci. Nutr., 43(2), 
145–171, 2003; Kurita, K., Mar. Biotechnol., 8(3), 203–226, 2006.
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6.3 CHITOSAN

Chitosan is actually the collective name for a specifi c group of partially deacet-
ylated chitin molecules [13]. Chitosans are linear polysaccharides containing a 
mixture of both d-glucosamine and N-acetyl-d-glucosamine monomers that are 
joined by β-(1–4) linkages (Figure 6.1). These large, cationic copolymers tend to 
have degrees of N-acetylation ranging from 5 to 30% [2,7]. Commercial chitosan 
ranges in molecular weight (MW) from around 100,000 to 1,000,000 Da and 
is generally available in one of the three morphological forms (i.e., amorphous, 
semicrystalline, and crystalline). The pure microcrystalline form of chitosan 
(MW: 10,000–300,000 Da) has an especially large adsorption area and is used 
as a gellike dispersion or as a fi ne powder for the creation of chitosan molecules 
with a specifi c structure and size. The amino groups of chitosan have a pKa of 
~6.5 (typical range is 6.2–6.8), giving the molecule an overall positive charge 
and solubility in acidic conditions. Although chitosans are generally insoluble in 
water, they do interact with negatively charged molecules such as fatty acids, bile 
acids, phospholipids, proteins, and anionic polysaccharides (e.g., carrageenan, 
pectin, and alginate) [3]. Chitosan salts can be water soluble depending on factors 
such as pH and degree of acetylation [14]. Owing to its inherent properties and its 
ability to interact with a range of biomolecules, chitosan has a number of com-
mercial applications in areas such as bioadhesives (i.e., wound dressings), waste 
treatment, food preservation (i.e., edible fi lms), food additives, pharmaceuticals, 
and nutraceuticals [5,8,15].

Chitosan is approved for use as a food additive or dietary supplement in 
countries such as Japan, England, the United States, Italy, Portugal, and  Finland 
[1,6,14,16]. It has been sold as a nonprescription weight-loss supplement for over 
20 years in Europe and Japan and has entered the U.S. market over the past 
10 years [6]. In 1992, chitosan was accepted as a functional food ingredient by 
Japan’s health department. They determined that it met the required attributes for 
functional foods, including illness prevention, promotion of longevity, immune 
enhancement, and biorhythm control [16]. Although the U.S. Food and Drug 
Administration (FDA) has not approved chitosan for use as a drug, it is regu-
lated as a dietary supplement [6]. The main producers of chitosan are Japan and 
the United States, with smaller operations in India, Italy, and Poland. The mar-
ket price of chitosan has been reported to range widely, from around US$ 5�kg 
for use as a low-grade product in agriculture to approximately US$ 200�kg for 
a high-quality, ultra-pure grade product to be used in the health-care industry 
[16]. A major application of chitosan is in the nutraceuticals industry, which uti-
lized about one-half of the total chitosan produced in the year 2000 [2].  Chitosan 
has been shown to provide a number of health benefi ts because of its activity 
as a dietary fi ber, an antimicrobial agent, and an immune system booster [4,5]. 
Many of the chitosan products currently available in the food industry are
marketed as fat reducers and cholesterol-lowering agents, although there is a 
good deal of controversy surrounding the effectiveness of chitosan at blocking 
fat absorption.
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6.4 NUTRACEUTICAL APPLICATIONS

Chitin and chitosan have a variety of nutraceutical applications, including immune-
enhancement, disease recovery, and use as dietary fi ber (Table 6.2). Their ability 
to be useful in these areas is largely dependent on factors such as MW and degree 
of N-acetylation, which can greatly infl uence solubility along with interactions 
with other biomolecules [4]. This section will discuss the nutraceutical properties 
of chitin and chitosan with regard to their antibacterial, anti-infl ammatory, anti-
oxidant, anticarcinogenic, and antiulcer activities, along with their applications in 
renal disease recovery and as a dietary fi ber.

6.4.1 ANTIMICROBIAL ACTIVITY

Chitin and chitosan have been reported to exhibit antimicrobial activity against 
a range of fungi, yeast, and bacteria [5,17]. Chitosan is believed to have greater 
antimicrobial activity than chitin because of its positive charge at low pH, allow-
ing it to disrupt the negatively charged cell membranes of bacteria [5]. Chitosan is 
also known for its ability to chelate trace metals, which helps to inhibit microbial 
growth and production of toxins. The antimicrobial properties of chitosan have 
primarily been exploited by the food industry for use in agriculture and as edible 
fi lms in food preservation; however, they may prove to be useful in nutraceuticals 
for the ability to stimulate host defenses against a variety of bacteria, fungi, and 
yeast [17].

6.4.2 ANTI-INFLAMMATORY ACTIVITY

Infl ammation is the basic immune response of the body to injury, infection, or 
irritation, and it is characterized by symptoms such as redness, heat, swelling, 
pain, and organ dysfunction. Disorders can arise when an injurious agent persists 
or when the immune system attacks its own tissue, as is the case in autoimmune 
diseases. Chronic or prolonged infl ammation can lead to complications and dis-
eases such as rheumatoid or osteoarthritis, ulcerative colitis, appendicitis, psoria-
sis, gastritis, and meningitis. Anti-infl ammatory nutraceuticals, such as omega-3 
polyunsaturated fatty acids (PUFA), soy isofl avones, plants and spices, and pos-
sibly chitosan, can help to prevent or alleviate these types of complications by 
inhibiting activity of proinfl ammatory agents [18–21].

Although very few studies have investigated the anti-infl ammatory activity 
of chitosan, a few promising papers have recently been published. One study 
reported that chitosan was able to prevent pulmonary infl ammation by inhibit-
ing type 2 helper T cells (Th2) and reducing levels of interleukin-4 (IL-4) and 
IL-5, all of which are important components of the immune response to aller-
gens [22]. In the fi rst of a series of two studies, a water-soluble form of chitosan 
was reported to possess anti-infl ammatory activity by inhibiting the production 
of tumor necrosis factor-α (TNF-α) and IL-6, two proinfl ammatory cytokines, 
in human astrocytoma cells [23]. Both cytokines are normally synthesized and 
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released by mast cells and play important roles in the infl ammatory response, 
with TNF-α being especially involved in allergic infl ammation. In a follow-up 
study, chitosan was reported to partially inhibit the secretion of both IL-6 and 
TNF-α from mast cells, and it was suggested that water-soluble chitosan has 
the potential to reduce the allergic infl ammatory response by down-modulating 
the Ca2+-induced activation of mast cells [24]. Since mast cells are necessary for 
allergic reactions and have been implicated in a number of neuroinfl ammatory 
diseases, chitosan nutraceuticals may help to prevent or alleviate some of these 
complications [25].

Unregulated overproduction of IL-6 is associated with a number of complica-
tions, including rheumatoid arthritis, Crohn’s disease, Castleman’s disease, and 
tumorigenesis [18,26]. Therefore, partial inhibition of IL-6 may help to prevent 
or alleviate some of these infl ammatory diseases. TNF-α may also have a sig-
nifi cant role, as biological agents that inhibit it have recently been shown to suc-
cessfully treat some of the diseases listed above [26,27]. The ability of chitosan 
to reduce and delay an infl ammatory response by partial inhibition of TH2, IL-6, 
and TNF-α could be valuable in the nutraceuticals industry for those interested 
in provided anti-infl ammatory foods for the prevention or alleviation of infl am-
matory diseases.

6.4.3 ANTIOXIDANT ACTIVITY

Reactive oxygen species (ROS) and free radicals are naturally generated in the 
body during aerobic metabolism and can cause oxidation of lipids, proteins, sug-
ars, sterols, and nucleic acids [28]. During the aging process, the body’s natural 
antioxidant defense systems weaken, resulting in the accumulation of ROS and free 
radicals. ROS activity has been strongly associated with a number of age-related 
health disorders, including arthritis, cancer, stroke, atherosclerosis, retinal dam-
age, and heart attack. Antioxidative nutraceuticals, such as tocopherols, ascorbic 
acid, carotenoids, polyphenols, and possibly chitosan, can help to minimize oxida-
tive damage and reduce the risk for age-related disorders by preventing the accu-
mulation of ROS and free radicals. These nutraceuticals can serve as antioxidative 
enzymes, singlet oxygen quenchers, metal chelators, or hydrogen donors [28].

Although the antioxidant activity of chitosan has been demonstrated in a 
number of studies, most research has been related to extending the shelf life of 
food products rather than providing health benefi ts to consumers. For example, 
chitosan has been reported to reduce lipid oxidation in seafoods, giving it a poten-
tial use in the food industry for improving the shelf life and stability of products 
such as chilled fi sh fi llets [1,29]. However, chitosan and its derivatives may also 
prove to be valuable antioxidants in the nutraceuticals industry. As described by 
Agullo et al. [3], antioxidants can be divided into two major categories: primary 
antioxidants, which involve the use of a phenol group during the initial part of the 
oxidative reactions, and secondary antioxidants, which can chelate metal ions that 
catalyze the oxidative reactions. The secondary antioxidant properties of chitosan 
have been demonstrated in a number of studies [3,30,31]. Chitin and chitosan are 
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known to adsorb metal cations, with chitosan exhibiting an increased affi nity as 
a result of its free amino groups [2]. The ability to chelate metal ions involved in 
oxidation reactions can be highly useful in food preparation and storage, health 
care, water treatment, and pharmaceutical products [1]. A protective effect of 
chitosan against whole-body x-ray irradiation was recently reported for mice [32]. 
Mice fed a diet containing 5% insoluble chitosan showed ~20% higher survival 
rates, with signifi cant improvements in hematopoietic activity and leukocytogen-
esis, compared to mice on the control diet. It was suggested that chitosan acted 
by scavenging free radicals and chelating the Fe(II) or Cu(I) ions involved in 
oxidative reactions. Low MW chitosan was recently reported to be more effective 
at scavenging superoxide and hydroxyl radicals compared to high MW chitosan, 
with sulfated chitosans showing the greatest effect [31].

Manipulation of the chitosan molecule may prove to further increase its anti-
oxidant properties. Agullo et al. [3] recently reported the possibility of inducing 
primary antioxidant effects by the addition of a phenol group to the chitosan 
molecule. The resulting compound would possess both primary and secondary 
antioxidant properties, making it a potentially valuable antioxidative nutraceuti-
cal for the prevention of oxidative stress and age-related health disorders.

6.4.4 ANTICARCINOGENIC ACTIVITY

Next to cardiovascular disease, cancer is the second leading cause of death in most 
industrialized countries, including the United States. Incorporation of anticarci-
nogenic and antioxidative nutraceuticals, such as phytochemicals (i.e., fl avonoids, 
polyphenols, retinoids, etc.), into the diet can help reduce the occurrence of some 
cancers by a variety of mechanisms, including prevention of DNA mutagenesis 
and induction of apoptosis [33,34]. In addition to the ability to decrease oxidative 
stress and subsequent DNA damage, some nutraceuticals can adsorb mutagens 
and thereby inhibit their carcinogenic activity. For example, some dietary fi bers 
have been reported to have a protective effect on human cancers through adsorp-
tion of a variety of direct- and indirect-acting mutagens [35]. 

Most of the anticarcinogenic studies involving chitin and chitosan have been 
focused on their oligomers, which have been shown to inhibit heavy metal–induced 
genotoxicity and possess growth inhibitory and antimetastatic effects against a vari-
ety of cancerous tumors [4,5,36–38]. However, one study reported that chitin and 
chitosan themselves possess antigenotoxic activities against four different muta-
gens [39]. Since chitin and chitosan are considered to be dietary fi bers, the authors 
investigated their ability to adsorb the mutagens 4-nitroquinoline-N-oxide, dinitro-
pyrene, mitomycin C, and adriamycin. The mutagens were successfully adsorbed 
in both ionic and nonionic solutions, indicating that chitin and chitosan act not only 
as ion exchange units, but also have some nonionic activity. The protective effect 
of chitin and chitosan against environmental mutagens could be quite useful in the 
nutraceuticals fi eld. For example, a dietary supplement of chitin�chitosan could 
potentially adsorb potential carcinogens and transport them out of the digestive 
tract, thereby providing protection against a variety of cancers.
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6.4.5 ANTIULCER ACTIVITY

Ulcers are open, nonhealing sores that can occur in a number of locations  throughout 
the body. Peptic ulcers generally occur as sores or holes in the  lining of the stom-
ach or the duodenum, and are characterized by symptoms such as abdominal pain, 
nausea, bloating, and loss of appetite [40]. These ulcers are a result of imbalances 
in pepsin, an aggressive stomach acid, and the protective mucosal coating, which 
is weakened by the bacteria Helicobacter pylori. Chitin and chitosan are widely 
used as wound dressings to promote rapid healing of external cuts or burns [41]. 
Since similar agents used for healing skin ulcers have also been reported to be 
effective at preventing gastric mucosal injury and gastric ulcers, chitin and chito-
san were also expected to exhibit some protective effects [42]. 

One study investigated the effects of chitin, high MW chitosan, and low MW 
chitosan on gastric mucosal injury and healing from gastric ulcers in mice [43]. 
Low MW chitosan (MW: 25,000–50,000 Da) showed the greatest antiulcer effect, 
with a dose-dependent prevention of ethanol-induced mucosal injury and accel-
eration of gastric ulcer healing. The effects of chitin (MW: >1,000,000 Da) and 
high MW chitosan (MW: 500,000–1,000,000 Da) were much less potent, possi-
bly due to differences in acid solubility or in the strength�duration of adhesion to 
mucosa or to the ulcerated site. Low MW chitosan may have been more effective 
because of its ability to dissolve more easily in acid, whereas the less-soluble chi-
tin and high MW chitosan may have passed to the small intestine more quickly. It 
was proposed that solubilized chitosan may have exerted its protective effect by 
coating the ulcerated area and neutralizing H+ and pepsin in the gastric juices.

In a more recent study, the effects of ulcer induction by HCl-ethanol in rats 
were studied in the presence and absence of chitin and chitosan [40]. In the 
absence of chitin and chitosan, signifi cant increases were observed in the volume 
and acidity of gastric fl uid and the level of lipid peroxidation. Also, there were 
signifi cant decreases in glutathione levels, activity of antioxidant enzymes, and 
peptic activity in the gastric mucosa. However, rats that were pretreated with chi-
tin or chitosan (2% of feed) did not experience signifi cant ulcerogenic effects of 
ethanol-HCl treatment and they maintained near-normal levels of gastric acidity 
and peptic activity. Interestingly, in this study chitin showed a stronger protective 
effect than chitosan. The authors suggested that chitin and chitosan prevented 
ulcer formation as a result of their antioxidant capacity, ability to neutralize gas-
tric juices, and ability to help maintain activity of antiperoxidative enzymes. 
Although there is a need for more research in this area, including clinical tri-
als, chitosan may prove to be valuable in the nutraceuticals industry for those 
interested in producing supplements that might help to either prevent or promote 
healing of gastric ulcers.

6.4.6 RENAL DISEASE RECOVERY

Kidney disease is a major human health concern that can lead to further com-
plications such as decreased kidney function, kidney failure, and cardiovascular 
disease [44]. A number of studies have indicated a possible use of chitosan in 
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recovery from renal disease. In one unblinded study, 40 hemodialysis patients 
with chronic renal failure were treated with 10 chitosan tablets (45 mg�tablet) 
three times daily for 12 weeks [45]. The results showed reductions in total serum 
cholesterol, urea and creatinine levels and increases in serum hemoglobin lev-
els along with feelings of physical strength and appetite. Additionally, no clini-
cally signifi cant adverse effects were reported. It was suggested that chitosan may 
improve renal function by binding and removing uremic toxins (e.g., uric acid, 
urea, and creatinine) and nitrogenous wastes in the gastrointestinal tract. Under 
normal conditions, these compounds are excreted by the kidneys; however, during 
renal failure they can accumulate and negatively affect renal functioning [46].

Studies in rats have reported that supplementation with chitosan results in 
signifi cantly lower serum levels of uric acid and urea nitrogen as compared to 
a control, and chitosan is already being used as a food supplement for the pre-
vention and treatment of hyperuricemia [47–49]. The addition of copper to chi-
tosan has been reported to result in an increased adsorption capacity for urea, 
and greater effects were observed with increased degrees of acetylation and 
decreased MW [50]. Additionally, Yoon et al. [51] reported that chitosan was able 
to increase the release of renal dipeptidase from porcine renal proximal tubule 
cells, thereby promoting recovery from renal injury. Although the above research 
indicates a potential use of chitosan as a nutraceutical in the protection and recov-
ery from renal disease, placebo-controlled clinical trials must be carried out to 
discern the long-term safety and pharmacokinetics of chitosan for renal disease 
recovery [6].

Interestingly, chitosan may also show some protective effects against the 
development of renal disease. Owing to its fi berlike properties, chitosan has been 
shown to reduce the occurrence of a number of precursors to both hypertension 
and type II diabetes, two of the major risk factors for kidney disease [3,52–54]. 
These properties will be discussed in more detail in the following section.

6.4.7 DIETARY FIBER

Dietary fi bers are nondigestible carbohydrates that are derived from the edible 
parts of plants or animals [3,55]. They absorb water and facilitate movement of 
food through the digestive system. Dietary fi bers have been reported to provide 
benefi cial health effects in their ability to lower serum cholesterol and reduce the 
risk of coronary heart disease [55]. Although chitosan is not generally thought of 
as a classical dietary fi ber, it is considered to have fi ber characteristics because of 
its limited digestibility by humans [3,7].

Dietary fi bers can be classifi ed into two major categories in regard to water 
solubility (i.e., soluble and insoluble), both of which have high water–holding 
capacity and distinct physiological roles [3]. Insoluble fi ber does not readily fer-
ment in the colon, allowing for the formation of softer stools that are able to 
pass through the gastrointestinal system more quickly. Soluble fi ber, which also 
has a high water-holding capacity, undergoes some extent of fermentation in the 
large intestine and is able to increase the viscosity of the intestinal environment. 
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Chitosan has been reported to have similar characteristics as vegetable-derived 
soluble fi bers and to have a high water-holding capacity (around 20 times its
initial weight) in vitro [52].

Diets high in fi ber have been shown to promote glycemic control and reduce 
the risk for type II diabetes [56,57]. Fibers help to slow carbohydrate metabolism, 
thereby reducing the rate of glucose absorption in the small intestine. Chitosan 
was recently reported to slow glucose dialysis in vitro, giving it a potential use 
in nutraceuticals for controlling glycemic index and reducing the risk for type II 
diabetes [3,52].

6.4.7.1 Weight and Cholesterol Reduction 

Both obesity and high cholesterol are major threats to human health and can lead 
to a myriad of complications, including cardiovascular disease, type II diabetes, 
and some cancers. Currently, approximately two-thirds of the U.S. population is 
considered to be either overweight or obese, and methods for reducing weight and 
cholesterol levels are in high demand [58–60]. Chitosan may offer some benefi t in 
this area as a nutraceutical food or supplement with the potential to help reduce 
total cholesterol levels and body weight.

6.4.7.1.1 Theory behind Weight and Cholesterol Reduction
Chitosan is currently being sold as a nondigestible weight-loss supplement with 
the claim that it can bind and entrap many times its weight in fats, thereby inhibit-
ing fat uptake by the digestive tract and reducing occurrence of obesity, high cho-
lesterol, and hypertension. The mechanistic theory behind these claims is that, 
upon entering the human stomach, the –NH2 groups of chitosan take on protons 
to become –NH3

+. In the aqueous, acidic environment, the chitosan molecule 
swells to form a positively charged gel that interacts with the negatively charged 
carboxylic groups of fatty acids (e.g., oleic, linoleic, palmitic, stearic, and lino-
lenic acids) and bile acids (e.g., cholic, deoxycholic, and lithocholic acids). Also, 
chitosan could interfere with digestion of neutral lipids (i.e., cholesterol and other 
sterols) through hydrophobic interactions. As a result of these electrostatic and 
hydrophobic interactions, large polymer compounds are formed that are poorly 
digested by the human gastrointestinal system [7]. Although chitosan is soluble 
in the acidic conditions of the stomach, it begins to precipitate once it enters 
the small intestine at pH 6.3–6.8 [3,7]. As the polysaccharide chains of chitosan 
aggregate, they entrap the acids, cholesterols, or lipids they are bound to, forming 
a nondigestible complex that is excreted in the feces. This proposed mechanism 
for chitosan acting within the gastrointestinal system may promote weight loss by 
reducing metabolism of dietary fats and cholesterols.

In a similar manner, chitosan may help to reduce total serum cholesterol lev-
els by entrapping bile acids. Normally, cholic acid and other bile acids are pro-
duced by the oxidation of cholesterol in the liver, then stored in the gallbladder 
and secreted into the intestine. Production of bile acids from cholesterol is a major 
route for cholesterol consumption, with about half of the cholesterol synthesized 
by the body being used for bile acids. Typically, around 90% of the bile acids used 
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in the intestine are reabsorbed and recycled through enterohepatic circulation. 
However, when bile acids become entrapped by chitosan, they are subsequently 
removed from this recycling system and the liver must manufacture additional 
bile acids from cholesterol [7,61]. This results in a decrease in the cholesterol 
content of the liver, which activates expression of low-density lipoprotein (LDL) 
receptors and subsequently increases uptake of LDL from the bloodstream to the 
liver. The overall effect is a reduction in blood levels of total and LDL cholester-
ols. A similar mechanism has been reported for other soluble fi bers, such as oat 
bran and bean fi ber and the fi ber supplement psyllium mucilloid, which reduces 
total and LDL cholesterol levels through increased excretion of bile acids and 
decreased production of cholesterol and fatty acids in the liver [56,57,62].

Dietary fi bers also play an important role in controlling obesity and energy 
intake by initiating early signals of satiation and prolonging signals of satiety. In 
addition to the proposed role of chitosan in blocking lipid absorption, chitosan 
may help to reduce overeating by promoting feelings of satisfaction and fullness 
following a meal [58].

6.4.7.1.2 Weight Studies
Studies into the effectiveness of chitosan at signifi cantly reducing body weight 
have reported confl icting results [5,63]. This section will highlight some of the 
major studies involving the effects of chitosan on reducing body weight.

6.4.7.1.2.1 Studies Reporting an Effect
Early studies provided evidence that chitosan may exhibit a hypolipidemic effect 
through its ability to reduce fat absorption in the gastrointestinal tract [64–67]. 
A study involving rats subjected to chitosan supplementation showed increases 
in fecal fat excretion compared to the control and glucomannan feeding, provid-
ing evidence for the theory that chitosan binds and sequesters fats in the gastro-
intestinal system [68]. The ability of chitosan to bind fats may be a contributing 
factor to the accelerated weight loss observed in humans on a hypocaloric diet 
supplemented with chitosan. A number of Italian studies have reported an effect 
of chitosan combined with dietary changes for reducing excess weight gain, 
hyperlipidemia, hypercholesterolemia, and blood pressure in overweight or obese 
subjects [69–74]. In general, the subjects maintained hypocaloric diets consisting 
of around 1000–1100 kCal�day that were supplemented with 2 g of chitosan or a 
placebo per day (1 g prior each of their two main meals) [6]. Although both the 
chitosan and control groups showed reductions in the parameters analyzed, those 
taking chitosan tended to have signifi cantly greater reductions.

More recently, a double-blind, placebo-controlled human trial reported an 
effect of chitosan (LipoSan Ultra™) on weight and body mass index (BMI) [59]. 
The study took place in the United States and involved 59 overweight and mildly 
obese females (21–55 years in age) who took chitosan or placebo supplements 
(1.5 g�dose) just prior to the two biggest meals of the day. Participants maintained 
their normal, high-fat diets during the 8-week-long trial. Although there were no 
reported differences in dietary intake of calories and fat, subjects taking chitosan 
supplements lost an average of 1.0 kg with a 1% reduction in BMI, while those 
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in the placebo group gained an average of 1.5 kg. The major side effect of the 
chitosan supplement was gastrointestinal discomfort, including fl atulence, stool 
bulkiness, bloating, nausea, and heartburn.

In another human trial, 50 obese women were given a daily supplement of 
chitosan or a placebo in combination with advice for a low-calorie diet, physical 
activity, and behavior modifi cation [53]. After 6 months, the women taking the 
chitosan supplements showed signifi cantly greater reductions in body weight as 
compared to women taking the placebo. Those taking chitosan also experienced 
decreases in systolic and diastolic blood pressure, with no signifi cant differences 
in LDL or total cholesterol levels. No adverse effects were reported as a result of 
chitosan supplementation.

Since most trials showing an effect of chitosan supplementation on weight 
loss were carried out in conjunction with dietary changes, chitosan supplement 
manufacturers often promote the effectiveness of their product in combination 
with a low-calorie diet [75]. However, chitosan may also prevent weight gain and, 
subsequently, obesity in individuals consuming high-fat diets. Recently, a low 
MW form of water-soluble chitosan (46 kDa) was reported to prevent increases in 
body weight, white adipose tissue weights, and hepatic levels of cholesterol and 
triacylglycerols in mice fed a high-fat diet for 20 weeks [76]. The 46 kDa chitosan 
was also reported to increase fecal excretion of fat and bile acids compared to the 
control group, and exhibit an inhibitory effect on pancreatic lipase in vitro. There-
fore, it was suggested that weight gain was prevented due to decreased absorption 
of dietary lipids resulting from reduced activity of pancreatic lipase.

6.4.7.1.2.2 Studies Reporting No Effect
Although the studies discussed above report promising weight-loss results, a large 
number of studies have reported no effect of chitosan supplementation on body 
weight. Therefore the true effectiveness of chitosan as a weight-loss supplement 
remains in question. In contrast to most of the studies reporting weight loss because 
of chitosan, many of the studies documenting no effect of chitosan involved sub-
jects without dietary restrictions. For example, Pittler et al. [77] reported no effect 
of chitosan on body weight in 30 overweight males and females (18–60 years 
in age) from the United Kingdom. This study was a double-blind, randomized 
trial in which subjects did not undergo dietary changes. The major side effect 
of chitosan supplementation was constipation in several of the participants. A 
similar study out of Singapore reported no effect of a chitosan salt (Absorbitol™) 
on obesity or plasma lipids in 68 hypercholesterolemic obese males and females; 
however, some gastrointestinal side effects were reported [78]. Participants in 
the double-blind, 12-week study were given no dietary restrictions. A study out 
of Japan involving 90 females (34–70 years in age) with mild to moderate hyper-
cholesterolemia reported no effect of chitosan supplementation on body weight or 
body mass index [79]. This study also did not involve dietary alterations.

A recent randomized, double-blind study out of New Zealand did report some 
effect of chitosan in combination with dietary and lifestyle advice compared to 
a placebo with advice; however, the effect was marginal and not deemed to be 
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 clinically signifi cant [80]. The authors also reported no increases in fecal fat 
excretion as a result of chitosan supplementation. The trial involved 250 over-
weight or obese males and females (≥18 years in age) and was carried out over the 
course of 24 weeks.

In a review of supplemental products used for weight loss, Lenz and Hamilton 
[81] indicated the need for more long-term, well-designed studies investigating 
the effects of chitosan on body weight. Owing to the lack of consistent informa-
tion in this area, the authors stated that they were not able to make a positive rec-
ommendation for the use of chitosan as a weight-loss supplement. Likewise, in a 
series of meta-analyses involving double-blind, randomized controlled trials with 
overweight or obese subjects, fi rm evidence for an effect of chitosan on weight 
loss could not be established [60,82,83]. Although in the initial meta-analysis a 
3.3-fold effect was found for chitosan in reducing weight, the fi ve trials that were 
included were said to contain serious methodological errors and the effectiveness 
of chitosan on body weight could not be established beyond reasonable doubt 
[82]. In a literature search conducted up to January 2004, four additional studies 
were found and added to the original meta-analysis [60]. Once again, the authors 
did not fi nd strong evidence for chitosan supplementation, concluding that con-
siderable doubt exists as to whether chitosan has the ability to reduce body weight 
in humans.

Recently, Mhurchu et al. [63] conducted a systematic review of 14 random-
ized, controlled trials that have examined the use of chitosan as a weight-loss sup-
plement for overweight, obese, and hypercholesterolemic individuals. All trials 
were at least 4 weeks in duration and were graded for quality in terms of adequate 
concealment of randomization assignments. When all 14 trials were analyzed 
together, the results showed that chitosan supplementation results in a small, but 
statistically signifi cant (p < 0.00001), weight reduction of 1.7 kg compared to the 
placebo. However, when only the four studies deemed to be of high quality were 
included in the analysis, the average weight reduction was much smaller (0.6 kg) 
and not statistically signifi cant (p < 0.11). These four studies were by Pittler et al. 
[77], Schiller et al. [59], Bokura and Kobayashi [79], and Mhurchu et al. [80]. The 
authors concluded that their analysis of these studies demonstrates that the effect 
of chitosan on body weight is minor and not likely to be considered signifi cant in 
a clinical sense [63].

6.4.7.1.3 Cholesterol Studies
One of the main benefi cial effects of chitosan supplements thus far appears to 
be a mild to moderate reduction in total serum cholesterol levels. The ability of 
chitosan to lower cholesterol levels could prove to be important in the prevention 
and treatment of cardiovascular disease, which includes hypercholesterolemia as 
a major risk factor [13,79].

6.4.7.1.3.1 Animal Trials
Early studies in rats indicated that chitosan exhibits hypocholesterolemic and 
hypolipidemic activity through its ability to lower cholesterol and triacylglycerol 
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levels in the blood plasma and in the liver [64,84–89]. During these trials and 
others, it was found that the MW and degree of acetylation of dietary chitosan are 
important factors in determining cholesterol- and lipid-absorption abilities [7]. 
Although chitosans with relatively low MW (5–120 kDa) and a moderate degree 
of acetylation have shown the greatest cholesterol-lowering potential, short oligo-
mers with less than six glucosamine residues have been deemed to be ineffective 
[7,88]. Also, chitosan was reported to be much more effective than chitin, which 
has a relatively large MW. In regard to degree of acetylation, 79% deacetylated 
chitosan was reported to be more effective at lowering cholesterol than 92% 
deacetylated chitosan [90].

When chitosan was incorporated into the diet of hamsters, signifi cant drops 
in food intake and cholesterol levels were observed [90]. Additionally, formation 
of cholesterol gallstones was inhibited by chitosan at the highest dose (8% of 
diet). The reductions in cholesterol could be attributed to the ability of chitosan to 
entrap and increase the fecal excretion of neutral sterols and bile acids [86,91,92]. 
However, a similar study reporting reduced serum cholesterol levels in rats fed a 
chitosan-enriched diet for 3 weeks found no effect of chitosan on fecal excretion 
of neutral sterols [93].

Chitosan has been reported to lead to a 46% reduction in blood cholesterol 
levels when incorporated at 5% into the diet of hypercholesterolemic mice [94]. 
Also, atherogenesis, which begins with entrapment of LDL in blood vessel walls, 
was signifi cantly inhibited by 42 and 50% in the whole aorta and the aortic arch, 
respectively, in mice on the chitosan-supplemented diet. In another study, both 
normal and diabetic mice receiving chitosan (5% of diet) supplementation for 
4 weeks experienced signifi cant reductions in total cholesterol and blood glu-
cose levels [95]. More recently, chitosan supplementation in rats was reported 
to decrease cholesterol absorption and lead to a greater excretion of bile acids 
as compared to a cellulose-containing diet [68]. Also, chitosan supplementation 
resulted in decreased cholesterol levels in the liver, an effect that was heightened 
with the addition of glucomannan, another dietary fi ber.

Although the cholesterol-lowering effects of chitosan have largely been attrib-
uted to the idea that it entraps compounds such as neutral lipids and bile acids, a 
recent study suggested that satiation and satiety may play a more important role. 
Chitosan, cellulose, and cholestyramine (a positive pharmaceutical control) were 
all reported to reduce increases in serum cholesterol level in rats fed diets high in 
fat and cholesterol for 3 weeks [55]. The control group accumulated liver choles-
terol at a rate of 4 mg�mouse�day, whereas diets supplemented with chitosan and 
cellulose showed accumulation rates of 2 and 3 mg�mouse�day, respectively. The 
authors reported that supplementation with chitosan or cellulose reduced food 
(cholesterol) intake, but did not alter intestinal absorption of cholesterol or fecal 
excretion of sterols. Dietary fi bers are known for their ability to contribute to feel-
ings of fullness after meals and slow sugar absorption, thereby balancing blood 
sugar and insulin levels [5,96]. Therefore, van Bennekum et al. [55] suggested that 
chitosan and cellulose supplementation resulted in decreased food consumption 
in mice by inducing satiety and satiation.
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6.4.7.1.3.2 Clinical Trials
Among human trials that have found an effect of chitosan supplementation on 
cholesterol, total serum cholesterol and LDL levels have generally been reported 
to be reduced by 5.8–42.6 and 15.1–35.1%, respectively [7]. In one of the fi rst tri-
als reporting a hypercholesterolemic effect of chitosan in humans, eight healthy 
males consuming chitosan-enriched biscuits (3–6 g chitosan�day) experienced 
signifi cant decreases in total serum cholesterol and increases in serum high-
 density lipoprotein (HDL) cholesterol and excretion of bile acids (cholic and 
chenodeoxycholic acid) in the feces [97]. The chitosan ingestion period lasted 
two weeks, with subjects consuming three biscuits per day during the fi rst week 
and six per day in the second week. In 1999, a double-blind, randomized study 
reported no signifi cant differences in serum cholesterol, triacylglycerols, or BMI 
after a 4 week period of chitosan supplementation [77]. However, in a slightly 
longer study, supplementation with microcrystalline chitosan was reported to 
result in signifi cant reductions in serum LDL cholesterol after 8 weeks [98]. 
A comparison of these studies indicates that (a) chitosan may require more than 
4 weeks to show a pronounced effect on cholesterol levels and (b) microcrystal-
line chitosan may be more effective at reducing cholesterol levels due to its espe-
cially large adsorption capability discussed earlier.

Recently, chitosan supplementation was reported to result in signifi cant but 
mild reductions in total cholesterol after 8 weeks, with tests at 4 weeks show-
ing no signifi cant differences [79]. The study analyzed the effects of chitosan on 
hypercholesterolemic women aged 34–70 years. Chitosan supplementation also 
resulted in reductions in LDL cholesterol in a subgroup of women over 60 years 
of age. In the study, 41 women were given 1.2 g�day of chitosan and 43 women 
took a placebo. The participants maintained their normal diet and consump-
tion levels and were tested at weeks 4 and 8 for serum lipid levels, body weight, 
and adverse effects. The authors reported that there were no serious events 
and few adverse effects. As reported in a previous study [98], there were no 
signifi cant changes in serum triacylglycerol levels. Bokura and Kobayashi [79] 
concluded that their results indicate chitosan is a safe and mildly effective supple-
ment for reducing cholesterol levels in women. 

Despite previous results showing an effect of microcrystalline chitosan on 
LDL cholesterol levels [98], a more recent double-blind, randomized study did 
not fi nd an effect of microcrystalline chitosan on plasma levels of cholesterol, 
triacylglycerols, or glucose [99]. The participants were middle-aged men and 
women with moderately increased plasma total cholesterol levels and no dietary 
restrictions. The study was more long-term (10 months) than previous ones and 
involved healthy adults (N = 130) rather than obese or overweight individuals. 
These results indicate that chitosan may not be useful for cholesterol reduction 
in subjects with a healthy weight, as most studies that have reported an effect of 
chitosan on cholesterol involved obese and overweight subjects. Also, a reexami-
nation of the data showed no infl uence of the apolipoprotein E genotype, which 
has previously been shown to alter the effects of hypocholesterolemic drugs and 
dietary supplements [100].
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As discussed previously, Gallaher et al. [68] reported the ability of chitosan 
to reduce cholesterol levels in rats, with a more pronounced effect when taken in 
conjunction with the dietary fi ber glucomannan. To examine the mechanism by 
which glucomannan and chitosan exert this hypocholesterolemic effect, Gallaher 
et al. [101] conducted a study involving 21 overweight human subjects. The par-
ticipants added a chitosan and glucomannan supplement to their diets, and main-
tained their normal intake of calories, fat, and dietary fi ber over the course of 
4 weeks. The results showed reductions in total serum, HDL, and LDL cholesterol 
levels. Although there were no changes in fecal fat excretion, there was a trend 
toward greater excretion of neutral sterols and bile acids, indicating an ability of 
the dietary fi ber supplement to bind and sequester cholesterol and its derivatives 
found within the gastrointestinal system.

6.4.8 CHITIN AND CHITOSAN NUTRACEUTICAL PRODUCTS ON THE MARKET

Chitosan as a cholesterol-lowering nutraceutical can either be taken in supplement 
form or added to certain foods (Table 6.3). For example, Japan produces a variety 
of chitosan-enriched foods marketed for their hypocholesterolemic effects, includ-
ing potato chips, noodles, soybean sauce and paste, dietary cookies, and vinegar 
products [1,5,15]. As discussed previously, a study out of Japan reported signifi cant 
reductions in total serum cholesterol in adult males consuming  chitosan-enriched 
biscuits (3–6 g�day chitosan) for 4 weeks [97]. However, it has been suggested that 
chitosan-enriched foods should not undergo thermal treatment such as cooking or 
baking because this would induce the Maillard reaction, resulting in the destruc-
tion of the primary amino groups of chitosan and thereby reducing its functional-
ity as a dietary fi ber [1,102]. Chitosan preparations that can be taken orally are 
now available and are targeted at hypercholesterolemic overweight individuals. 
The most effective preparations contain chitosan molecules with a relatively low 
MW (~8000 Da) [4].

Despite uncertainty regarding its weight-reducing capabilities, chitosan is 
frequently sold in tablet form in health food stores and on the Internet as a weight-
loss supplement with claims that it can eliminate fat from the digestive system and 
carry it out of the body (Table 6.3) [16,75]. Other substances, including appetite 
suppressants, amino acids, stimulants, or carnitine are often added to these chi-
tosan products [6]. The effectiveness of chitosan supplements may be infl uenced 
by the timing of ingestion prior to meals, as it is important to allow the tablets to 
dissolve and become dispersed in the stomach. According to Subasinghe [16], the 
weight-loss supplements are advised to be taken 5–10 min prior to consumption 
of a meal, with an adequate amount of water to disperse the chitosan for maxi-
mum adsorption of fats, bile acids, and neutral sterols. However, it has been sug-
gested that chitosan intake too close to mealtime will not give the compound time 
to solubilize and individuals should therefore ingest the tablets 30–60 min before 
mealtimes [59,103]. Since different forms of chitosan show varying solubility, the 
optimal ingestion time will also vary depending on the properties of specifi c chi-
tosan supplements. Individuals on a low to medium fat diet are generally advised 
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to take 2–4 capsules (250–500 mg) at a time, while those on a high fat diet are 
advised to take 6–8 capsules (750–1000 mg) [16].

6.4.9  CHALLENGES TO THE INDUSTRY: SIDE EFFECTS 
AND PRODUCTION COSTS

In general, short-term supplementation with chitosan has proven to be safe with 
no major side effects being reported in clinical trials [6,7]. However, safety trials 
in mice have indicated that chitosan may induce a number of biological and physi-
ological changes, including alterations in the normal morphology of macrophages 
and in the normal fl ora of the intestine, decreased body weights, and physical 
inactivity [104]. In humans, chitosan ingestion over the course of two weeks has 
been shown to alter the normal fecal microbiota and decrease production of sec-
ondary metabolites by intestinal fl ora [97,105]. This ability of chitosan to inter-
fere with microfl ora activity is most likely a result of the antimicrobial properties 
of chitosan. Based on these observations, it was suggested that long-term clinical 
use of chitosan and chitin should be carried out with special care. Also, since the 
major source of chitin and chitosan products is shellfi sh, these nutraceuticals can-
not be recommended for people who are allergic to crustaceans [7].

Another side effect of chitin and chitosan supplementation may be interfer-
ence with the normal absorption of valuable dietary components. It has been pro-
posed that, in addition to entrapping lipids and sterols, the chitosan networks in 
the gastrointestinal system also entrap important fat-soluble vitamins and min-
erals, such as vitamins A, D, E, and K, along with carotenoids such as beta-
 carotene, lutein, and zeaxanthin [106]. It has also been suggested that dietary 
chitosan supplements reduce calcium availability by speeding its metabolism and 
urinary excretion. According to Koide [106], reported side effects of chitosan 
supplementation include reductions in bone mineral content, plasma vitamin E 
levels, and growth. In one study, massive and continuous intake of chitosan in rats 
led to decreases in the levels of serum vitamin E along with reduced absorption 
of minerals, such as calcium, iron, and magnesium [107]. The rats were adminis-
tered chitosan as 5% of their diet (wt.�wt.), which is approximately eight times the 
recommended dosage in humans. It was also reported that supplementation with 
sodium ascorbate prevented the observed reductions in iron and magnesium and 
improved calcium absorption.

Owing to possibly harmful defi ciencies in humans, it was recommended that 
individuals taking chitosan supplements on a regular basis also take calcium and 
vitamin D and E supplements, and children should be periodically monitored for 
healthy growth and vitamin or mineral defi ciencies [106]. Also, because of pos-
sible decreases in vitamin D and calcium absorption, consumption of chitin or 
chitosan by pregnant women was deemed to be risky.

More recently, intake of chitosan was reported to not to interfere with absorp-
tion of the vitamins A, D, and E, and beta-carotene, and vitamin K levels were 
actually found to increase signifi cantly following 4 weeks of chitosan supplemen-
tation [6,77,95]. Intestinal absorption of mineral salts and trace metals such as 
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iron and zinc was also not affected by administration of chitosan in a number of 
studies lasting from 4 to 8 weeks [69–71,73,77,95]. These studies were conducted 
in humans at much lower chitosan dosages than studies reporting vitamin and 
mineral defi ciencies in rats. To verify the safety of chitosan as a long-term dietary 
supplement, there is a need for extended clinical studies that monitor vitamin and 
mineral levels during chitosan treatment.

The most common side effect of chitosan supplementation is gastrointes-
tinal discomfort, most likely due to the fermentation of fat in the large intestine. 
Adverse events include fl atulence, bloating, constipation, nausea, and diarrhea 
[99,106]. According to Ylitalo et al. [7], around 2.6–5.4% of subjects in human 
chitosan trials have reported mild or transitory nausea and constipation. In an 
effort to counter some of these uncomfortable side effects while at the same time 
increasing the lipid-lowering ability of chitosan, Geremias et al. [108] studied the 
addition of either Aloe vera L. or Brassica olearaceae L. to chitosan supplements. 
A. vera L. was chosen because of its laxative and hypolipidemic properties, while 
B. olearaceae was chosen for its hypocholesterolemic activity and association 
with reduced risk for coronary disease. Rats were fed a diet supplemented with 
either hydrosoluble chitosan (HC), HC + A. vera, or HC + B. olearaceae for 
35 days. Although none of the supplements resulted in changes in food or water 
consumption or weight gain, they all reduced blood lipid levels, LDL cholesterol 
levels (with reductions ranging from 78 to 95%), and blood glucose levels. Also, 
rats fed the diet with HC + A. vera showed a signifi cant increase in HDL choles-
terol (by 42%) and rats fed the diet with HC + B. olearaceae showed signifi cant 
reductions in levels of very low-density lipoprotein (VLDL) and triglyceride in 
the blood serum. Based on the results, the authors concluded that the supplement 
containing HC + B. olearaceae was the most effective of the three treatments.

In addition to overcoming some of the minor but unpleasant side effects of chi-
tin and chitosan supplementation, the industry is looking toward developing more 
economical methods for extraction of these compounds from marine crustaceans. 
Currently, the costs of production are relatively high, extraction yields are often 
low (~3–5% of raw material), and seasonal variations in crustacean harvesting give 
way to a limited and inconsistent supply. Additionally, the alkali deproteinization 
step in the isolation of chitin creates excess waste streams [4,109]. In an attempt 
to overcome some of these processing drawbacks, a new technology involving fer-
mentation of shrimp waste with the lactic acid bacteria Lactobacillus plantarum 
has been developed [110]. This method allows for the isolation of solid chitin along 
with a liquid mixture of shrimp amino acids, minerals, and pigments. The use of 
lactic acid bacteria offers an exciting alternative to the more harsh chemical meth-
ods normally used in the extraction of chitin from crustacean discards.

6.5 CONCLUSIONS

Chitin and chitosan are primarily extracted from the exoskeletons of marine crus-
taceans and shellfi sh, including shrimp, oysters, and squid. Owing to its high MW 
and degree of acetylation, chitin is largely insoluble and is generally deacetylated 
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to form a variety of derivatives that have greater applications in nutraceuticals. 
Chitosan is a deacetylated form of chitin that interacts with a number of biomol-
ecules, including fatty acids, bile acids, neutral lipids, proteins, and anionic poly-
saccharides. Chitosan is marketed globally as a nutraceutical and is often sold as 
a weight-loss or cholesterol-reducing supplement. Chitin and chitosan have been 
reported to act as dietary fi bers and to contribute to reductions in weight and cho-
lesterol by blocking absorption of compounds such as fats and bile acids. How-
ever, these claims have been met with criticism, and a number of meta- analyses 
have determined that the effect is not clinically signifi cant, especially in regard 
to weight loss. In recent years, chitin and chitosan have been found to possess a 
variety of properties that give them the potential to be highly effective nutraceuti-
cals. Reported health benefi ts include accelerated renal disease recovery and anti-
bacterial, anti-infl ammatory, antioxidant, anticarcinogenic, and antiulcer activities. 
Although chitin and chitosan have yet to be fully exploited for their nutraceutical 
properties, there is much potential for growth and development in this fi eld.
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7.1 INTRODUCTION

Chitosan and its derivatives have many interesting properties that make them 
attractive for a wide variety of applications in many fi elds such as food [1], 
 cosmetics [2], biomedicine [3], agriculture, and wastewater management. Their 
antibacterial, antifungal, and antiviral properties make them particularly useful 
for biomedical applications, such as wound dressings, surgical sutures, and as 
aids in cataract surgery and periodontal disease treatment. Moreover, researches 
have shown that chitosan derivatives are nontoxic and nonallergenic; so the 
body is not likely to reject them as foreign invaders. Chitosan is commercially 
obtained by deacetylation of chitin, the second most abundant natural biopolymer 
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on earth after cellulose. Chitin, a major structural component in the exoskeleton 
of  crustaceans, insects, and cell walls of fungi is identifi ed as a polymer of N-
acetylglucosamine (β-1,4 linked 2-acetamido-d-glucosamine). Therefore, chito-
san, the N-deacetylated form of chitin, can be named as a polymer of β-1,4 linked 
d-glucosamine units (Figure 7.1).

Normally chitin is water-insoluble, but chitosan can be solubilized in water at 
slightly acidic pH. Unlike chitin and chitosan, chitosan oligosaccharides (COSs), 
the hydrolyzed products of chitosan are readily soluble in water because of their 
shorter chain length and free amino groups of d-glucosamine units [4]. Therefore, 
over the past decade, researchers in Asia, Europe, and North America have tested 
COSs in biomedical applications. Chitosan-based researches have also been 
focused on the food and nutrition areas, including development of edible fi lms 
and coatings to preserve the quality and texture of foods. In addition, numerous 
studies have also been undertaken to fi nd out unraveled new properties of COSs 
and sequential developments were achieved in continuous production of COSs in 
large scale. This chapter provides an overview of the development of new con-
tinuous production methods of COSs by enzymatic means and some biological 
activities of COSs those may contribute to improve their value as nutraceuticals 
and functional food ingredients.

7.2  CHITOSAN OLIGOSACCHARIDES: A POTENTIAL 
SOURCE FOR NUTRACEUTICALS

Although chitin and chitosan are known to have important functional properties 
in many areas, their application as nutraceuticals is restricted because of poor 
absorption through the human intestine. This is mainly because chitinase- or 
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 chitosanase-like enzymes that are required to break down chitin and chitosan into 
smaller chain molecules for absorption are absent in the human digestive track. In 
addition, the insoluble nature and high viscosity of chitinous material at  neutral 
pH act as major barriers for their absorption into the body. However, results of 
early studies on chitin and chitosan conducted in vitro and in vivo demonstrated 
that they are capable of binding dietary fats and thereby prevent fat absorption 
from the gut. Despite their benefi cial effects to act as antihypertensive [5], hypo-
cholesterolemic [6] and weight-loss materials, chelation of some metal ions from 
the dietary sources becomes unfavorable for human nutrition. However, there is 
a renewed interest to identify biological properties of COSs because they can 
be readily absorbed into the bloodstream. Observations have proven that COSs 
exert many favorable biological properties, including increase of body resistance 
to diseases [7,8] that makes them attractive for a wide variety of health applica-
tions. Owing to their health benefi ts, COSs have the potential to be used as physi-
ological  functional foods. Several production methods of COSs have already been 
developed and some methods are capable of producing safe and nontoxic COSs 
suitable for human consumption. Especially, the higher-grade COSs are highly 
purifi ed and their safety has been verifi ed scientifi cally through many tests for 
medical and food applications. Korea, China, and Japan have a long history for 
using chitosan and COSs for their health benefi ts. Currently, COSs are available in 
the market as different commercial products highlighting their benefi cial effects. 
However, the high price and limited knowledge about the benefi cial health effects 
of COSs may limit their widespread use among consumers.

The proven bioactivities and possibility of large-scale and safe production
of COSs as well as availability of raw materials have stimulated the potential 
use of COSs as nutraceuticals. In large-scale production of COSs, exoskeletons 
of crab and shrimp are utilized as starting material. Every year a large volume 
of crustacean exoskeletons is discarded as processing waste. According to the 
fi sheries statistics of Food and Agriculture Organization, the global crustacean 
harvest is increasing annually, and more than 40% of the catch is utilized for 
processing. Hence, a considerable amount of crustacean shells is discarded as by-
products. Therefore, the raw material for production of COSs is readily available 
at low cost. 

7.3  PRODUCTION OF BIOACTIVE CHITOSAN 
OLIGOSACCHARIDES

The degree of polymerization (DP) is crucial for the bioactivities of COSs and 
COSs with relatively high DP (fi ve to seven d-glucosamine units) are favored in 
this regard [9,10]. Therefore, bioactivities of COSs relate to their structural fea-
tures. For the production of COSs, both chemical and enzymatic hydrolysis can 
be employed. In the chemical method, COSs are produced by partial hydrolysis 
of chitosan with concentrated HCl. However, experimental results have shown 
that chemical hydrolysis produces low yields of COSs and a larger amount of 
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 monomeric d-glucosamine units. In addition, the COSs prepared by acid hydroly-
sis may not be suitable for human consumption because of possibility of produc-
tion of toxic compounds during hydrolysis [11]. Therefore, enzymatic hydrolysis 
of chitosan for production of COSs has become the preferred method during the 
past few decades. Chitosanases obtained from microbes produce a relatively 
higher proportion of COSs from chitosan. Initially, enzymatic hydrolysis was 
carried out in batch reactors, where chitosanase was mixed with its substrate, and 
allowed to break down glycosidic bonds of chitosan under optimum conditions 
[12]. This batch method had some disadvantages such as low yields and higher 
cost associated with the use of large quantities of expensive chitosanase enzyme. 
Later, it was found that a number of different enzymes can also be used for the 
hydrolysis of chitosan. For instance, Lysozyme and chitinase can act on partially 
N-acetylated chitosan by recognizing N-acetylglucosamine residues in the chi-
tosan sequence [13,14]. However, due to ineffi cient production of desirable chain 
lengths of COSs, these methods were not applicable for large-scale production of 
bioactive COSs, thus limiting the potential use of COSs as nutraceuticals. 

In 1998, a new method for producing COSs with higher degree of polymer-
ization by means of a column reactor packed with an immobilized enzyme was 
introduced [15]. However, in this method the yield of COSs was lower, because 
the immobilized enzyme showed a lower affi nity and lower reaction rate than the 
free enzyme. Therefore, an enzyme reactor system together with an ultrafi ltra-
tion (UF) membrane reactor was tested to produce COSs with higher degrees 
of polymerization and yield [16]. The optimum conditions for the production of 
relatively high proportions of COSs were determined by changing reaction tem-
perature, incubation time, permeation rate, and amount of reducing sugar, which 
indicates the degree of hydrolysis. This reactor system could hydrolyze at least 11 
batches of substrate for the same amount of enzyme used in the batch reactor and 
was effective for the production of relatively longer-chain oligosaccharides that 
have shown interesting biological activities in other studies. The most important 
factor in the UF reactor system was the control of permeation rate that determines 
the components of the resultant oligosaccharides. However, this method did not 
allow continuous production of COSs and resulted in increased transmembrane 
pressure, possibly because of the fouling of membrane by highly viscous chitosan 
and accumulation of substrate. Therefore, to improve this method to a more effec-
tive continuous production system, efforts were made to reduce chitosan viscosity 
prior to treatment in the UF membrane system. 

The continuous production of COSs was found to be feasible with the combi-
nation of the above two methods in which a column reactor packed with immo-
bilized enzyme was coupled to a UF membrane reactor and the new system was 
named as dual reactor system [17]. In this system, production of COSs may be 
performed in two steps (Figure 7.2). In the fi rst step, chitosan is partially hydro-
lyzed by the immobilized enzyme packed in the column reactor and it is sup-
plied to the enzyme reactor in UF membrane reactor system for the production of 
COSs. As expected, the low viscosity of partially hydrolyzed chitosan did not cre-
ate fouling problems under the controlled conditions, and continuous  production 
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of COSs was achieved. A greater productivity per unit enzyme, ability to control 
molecular weight distribution, and more effi cient continuous production process 
were obtained by utilizing the dual reactor compared to conventional methods. 
Therefore, this method is commonly used to produce different molecular size 
COSs to study their bioactivities.

In recent years, many researchers have attempted to utilize enzymatic meth-
ods to produce bioactive COSs. Currently, few methods are used to produce COSs 
with a particular molecular size distribution. In these methods complex enzyme 
systems have been used to produce COSs with a preferred degree of polymer-
ization range [18]. Later, Kuroiwa et al. [19] reported optimum conditions for 
production of pentamers and hexamers of COSs using a packed-bed enzyme reac-
tor. In addition to enzymatic methods, several other approaches such as chemo-
enzymatic synthesis of chitosan oligomers have also been identifi ed to produce 
bioactive COSs [20]. Although COSs can be produced using different methods, 
enzymatic hydrolysis of chitosan is the most reliable and effective method to 
obtain bioactive COSs with higher purity, used for human consumption.

7.4  BIOLOGICAL ACTIVITIES OF CHITOSAN 
OLIGOSACCHARIDES

Low-molecular-weight water-soluble chitosan or COSs are known to have many 
desirable biological activities such as antifungal activity [21], antibacterial activ-
ity [17,22,23], antitumor activity [24,25], immuno-enhancing effects [26], and 
protective effects against infection [4]. The molecular weight or chain length, 
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which is generally referred to as the degree of polymerization (DP) and the degree 
of acetylation (DA) are considered as principal characteristics of COSs related 
to their biological activities. Therefore, by altering substrate and enzyme condi-
tions, desired properties of COSs that are necessary to exhibit different biological 
activities can be obtained. As described earlier [15–17], many researchers have 
demonstrated that enzymatic hydrolysis is useful for preparation of COSs as it 
gives greater yields of oligomers with higher DP than those in acid hydrolysis 
[11]. In this chapter, several biological activities of COSs prepared by enzymatic 
hydrolysis of differentially acetylated chitosans are discussed. These benefi cial 
biological activities of COSs may encourage their utilization as functional foods 
as well as in improving food quality.

7.4.1 ANTIBACTERIAL ACTIVITY

Chitosans are capable of inhibiting the growth of some microorganisms includ-
ing several bacterial strains. Positively charged amino groups on chitosan are 
presumed to be the reason for this bioactivity. The cationic amino groups may 
form polyelectrolyte complexes with negatively charged carboxylic anion groups 
present on cell walls of bacteria, thus inhibiting their growth and functions. In 
addition, antibacterial activity of COSs has been shown to be greatly dependent 
on their DP. Therefore, to identify the antibacterial activities of COSs, three frac-
tions of COSs with different molecular weights were prepared by employing the 
dual reactor system and tested against Gram-negative, Gram-positive, and lactic 
acid bacterial strains [15,23]. COSs with molecular weights higher than 1 kDa 
seemed to be suitable for antibacterial activity; inhibitory effects were slightly 
varied depending on the type of bacteria (Table 7.1). In addition, COSs exhibited 
a more effective suppression against Gram-positive bacteria compared to Gram-
negative bacteria. Interestingly, COSs were more effective against pathogenic bac-
teria associated with human diseases in comparison to nonpathogenic bacteria. 
For examples, Streptococcus mutans, which induces tooth decay, was completely 
inhibited by 0.1% of COSs and Staphylococcus aureus, which is responsible for 
pimples on human skin, was inhibited 93–100% at the same concentration of 
COSs. In the case of Gram-negative bacteria, all fractions of COSs could effec-
tively inhibit Salmonella typhi that causes typhoid fever. 

In addition to COSs, hetero-COSs (oligosaccharides derived from partially 
deacetylated chitosan) also have proven their ability to serve as antibacterial 
compounds. Antibacterial activity of hetero-COSs is dependent on the degree 
of deacetylation as well as the molecular size. To identify the effect of these two 
parameters on antibacterial activity of hetero-COSs, differentially deacetylated 
chitosans and their oligosaccharides were tested against a number of bacterial 
strains [27,28]. Interestingly, hetero-COSs followed the same pattern of inhibition 
as that exhibited by COSs in other studies. It was also found that treatment with 
all hetero-COSs could reduce the growth of bacteria signifi cantly. However, high-
molecular-weight hetero-COSs were more effective in inhibiting bacterial growth. 
In addition, 75% deacetylated hetero-COSs rendered a better  antibacterial  activity 
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than that of 50 and 90% deacetylated oligomers. Especially, the growth of Vibrio 
parahaemolyticus, a food-borne Gram-negative bacterial strain, was inhibited by 
the 75% deacetylated hetero-COSs at a high rate [24]. Therefore, antibacterial 
property of COSs and deacetylated forms of them better refl ects their functional 
properties, which could stimulate their use as potential nutraceuticals.

7.4.2 ANTITUMOR ACTIVITY

Early studies demonstrated that chitosan and COSs could inhibit the growth 
of tumor cells by exerting immuno-enhancing effects. Some studies have sug-
gested that the observed antitumor activity is not because of the direct killing of 
tumor cells but possibly because of the increased production of lymphokines [29].
In vivo studies carried with hexamer COSs ingested mice have shown signifi cant 
antimetastatic effects on lung carcinoma [26]. However, the antitumor activities 
observed in COSs also depend on their structural characteristics such as degree 
of deacetylation and molecular weight. Thus, a study was carried out to identify 
the antitumor activities of different molecular weight COSs prepared using UF 
membrane reactor system. The mean molecular weight COSs ranging from 1.5 
to 5.5 kDa could effectively inhibit the growth of Sarcoma 180 solid (S180) or 
 Uterine cervix carcinoma No. 14 (U14) tumor cell–bearing mice [25]. In addition, 

TABLE 7.1
Antibacterial Activities of COS Fractions with Different Molecular Weight 
Ranges

Bacteria

Antibacterial Activity (%)a

HMWCOSsb MMWCOSsc LMWCOSsd

Gram-negative 
bacteria

Escherichia coli 98 ± 0 62 ± 6 51 ± 7
Escherichia coli O-157 71 ± 3 56 ± 4 60 ± 2
Salmonella typhi 91 ± 2 88 ± 0 89 ± 0
Pseudomonas aeruginosa 47 ± 5 35 ± 5 22 ± 8

Gram-positive 
bacteria

Streptococcus mutans 100 ± 0 99 ± 0 99 ± 0
Staphylococcus aureus 97 ± 3 95 ± 0 93 ± 9
Staphylococcus epidermidis 82 ± 0 57 ± 3 23 ± 1
Bacillus subtilis 63 ± 5 60 ± 5 63 ± 7
Micrococcus luteus 70 ± 0 67 ± 3 63 ± 7

a Following the incubation of bacterial culture with 0.1% different COSs fractions, the number of 
colonies formed on the medium was calculated as a percentage compared to the control.

b High-molecular-weight COSs (molecular weight range 10–5 kDa).
c Medium-molecular-weight COSs (molecular weight range 5–1kDa).
d Low-molecular-weight COSs (molecular weight less than 1 kDa).
Source: Jeon, Y.J., Park, P.J. and Kim, S.K., Carbohyd. Polym., 44, 71–76, 2001.
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the optimum dose of this COS (89% deacetylated) for inhibiting these tumors was 
approximately 20 mg/kg/day, which resulted in 66.6 and 73.6% tumor inhibition 
rates against S180 and U14-bearing mice, respectively (Table 7.2). Many reports 
suggest that these antitumor compounds exert effects on immune system to stimu-
late leucocytes, cytotoxic T cells, and natural killer cells. The observed increase in 
thymus weight of S180 and U14 tumor cell–bearing animals after the COSs treat-
ment implied an improvement in the immune system particularly by activation of 
T lymphocytes. Furthermore, studies on antitumor activity of chitosans and their 
derivatives revealed that partially deacetylated chitin and carboxymethylchitin 
with appropriate degrees of substitution were effective toward controlling vari-
ous tumor cells [30]. Unlike many other biological molecules, COSs could exert 
their biological activities following oral administration and effects were more 
or less similar to those of intraperitoneal injection. Qin et al. [31] have demon-
strated that water-soluble COSs prepared with a mixture of tetramer and pentamer 
could inhibit the growth of S180 tumor cells in mice after oral and intraperitoneal 
administration. Therefore, COSs and their N-acetylated analogs that are soluble 
in basic physiologic environments may serve as good candidates for developing 
nutraceuticals. Further, very few reports have hypothesized that free amine groups 
of COSs play an important role for antitumor activity in tumor-bearing animals. 

TABLE 7.2
Effect of COSs on Thymus Growth and Tumor Growth Inhibition 
in BALB/c Mice

Sample
Dose

(mg/kg/day)

Sarcoma 180 (S180)
Uterine Cervix 

Carcinoma (U14)

Thymus 
(mg/10g)

Tumor 
Inhibition (%)

Thymus 
(mg/10g)

Tumor 
Inhibition (%)

Control 29.2 ± 9.5 25.4 ± 11.5

HMWCOSsa 50 6.5 ± 4.5 – 14.5 ± 4.8 –
20 31.4 ± 15.9 12.7 21.6 ± 11.9 11.9

10 31.6 ± 8.5 61.7 25.9 ± 9.0 15.3

MMWCOSsb 50 41.4 ± 5.5 66.6 36.7 ± 14.0 73.6
20 37.1 ± 9.7 35.5 33.8 ± 8.4 61.4

10 34.4 ± 16.7 28.4 28.0 ± 10.0 26.6

LMWCOSsc 50 31.9 ± 6.7 12.4 27.8 ± 6.7 27.1
20 34.1 ± 6.6 15.3 31.6 ± 17.5 7.8

10 33.2 ± 10.5 5.7 30.9 ± 7.5 3.5

a High-molecular-weight COSs (molecular weight range 12.0–6.5 kDa).
b Medium-molecular-weight COSs (molecular weight range 5.5–1.5 kDa). 
c Low-molecular-weight COSs (molecular weight range 1.4–0.5 kDa).
Source: Jeon, Y.J. and Kim, S.K., J. Microbiol. Biotechnol., 12, 503–507, 2002.
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This was attributed to the improvement in the antitumor activity with the increase 
of deacetylation of COSs.

7.4.3 RADICAL SCAVENGING ACTIVITY

Aerobic organisms must deal with free radicals that are generated from sequen-
tial reduction of oxygen during the normal course of aerobic metabolism. Uncon-
trolled formation of these free radicals is toxic as they cause cellular damage 
leading to a number of pathological conditions including atherosclerosis, arthri-
tis, diabetes, and carcinogenesis [32]. The body has developed natural antioxidant 
systems to fi ght against these free radicals; however, the capacity of such sys-
tems gradually decreases with ageing, resulting in imbalances in the redox status. 
Therefore, the body must be nourished with a diet that includes adequate anti-
oxidants. Scavengers of free radicals are preventive antioxidants, and presence of 
radical scavenging compounds break the oxidative sequence at different levels. 
Therefore, there has been a growing interest to identify natural antioxidant com-
pounds from many sources to overcome the radical-mediated deleterious effects 
in biological systems. Many biological compounds including carbohydrates, 
peptides, and some phenolic compounds have been identifi ed as potent radical 
scavengers. In addition, COSs and hetero-COSs have shown radical scavenging 
properties depending on their DA and molecular weight [33,34]. Low-molecular-
weight COSs (1–3 kDa) scavenged different radicals as evidenced by electron 
spin trapping technique using ESR spectroscopy. In addition, highly deacetylated 
(90%) COSs are more effective for scavenging DPPH, hydroxyl, superoxide, and 
carbon-centered radicals (Figure 7.3). Especially, the hydroxyl radical, which is 
one of the most reactive free radicals involved in the oxidation of biomolecules 
such as lipids and proteins can be effectively scavenged by these COSs. However, 
scavenging effects on these harmful free radical species in vivo should be studied 
to identify the precise application of COSs or their heteroderivatives as radical 
scavengers in the human body.

7.4.4 OTHER BIOLOGICAL ACTIVITIES

In addition to the bioactivities discussed above, COSs and hetero-COSs have 
been shown to possess some other important properties such as anticoagulant 
activity [35,36], angiotensin I converting enzyme (ACE)-inhibitory activity 
[37], calcium absorption acceleration activity [38], and antifungal activity [21]. 
Similar to other observed biological activities of COSs, these properties are 
also dependent on the DA. For antifungal activity, chitosan was more effective 
than its oligomers. However, low-molecular-weight COSs had better inhibition 
effects on some fungal species than low- and medium-molecular-weight COSs 
(Figure 7.4).

In two separate studies, COSs were found to exert anticoagulant and ACE-
inhibitory activities regardless of their molecular weights. ACE, a dipeptidylcar-
boxypeptidase present in mammals plays a major role in high blood pressure. 
Owing to the undesirable side effects of synthetic ACE inhibitors, increased 
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 attention has been paid toward natural and safe ACE inhibitors such as peptides, 
carbohydrates, and phenolic compounds. In addition to their inhibitory activity, 
these natural compounds may offer other benefi cial effects to be used them as 
physiological functional foods or nutraceuticals. COSs with a relatively low degree 
of deacetylation (50%) are better ACE inhibitors than other deacetylated forms. 

Heparin, a widely used anticoagulant polysaccharide in clinical therapy, has 
been shown to exert a number of complications in patients, and for a long time 
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researchers have been searching for better natural alternate sources. In this regard, 
sulfated forms of COSs have displayed promising results for acting as anticoagu-
lants [35]. However, their low activity compared to heparin does not negate their 
use as natural anticoagulants, because they do not impart any unfavorable side 
effects. In addition, COSs with high degrees of deacetylation had a better perfor-
mance as anticoagulants than their less deacetylated counterparts. 

FIGURE 7.4 Antifungal activity of chitosan and COSs. Different molecular weights of 
COSs affect the growth of Aspergillus niger (A) and Alternaria mali (B). (From Kim, S.K., 
Food Ind. Nut., 8, 1–8, 2003. With permission.)

FIGURE 7.5 Microscopic views of small intestine (A), liver (B), lung (C), and kidney (D) 
sections obtained from Sprague–Dawley rats after 4 weeks of COSs (5000 mg/kg) 
ingestion. (From Jeon, Y.J. and Kim, S.K., J. Chitin Chitosan, 4, 115–120, 1999. With 
permission.)
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7.5 SAFETY OF COSs

Even though COSs have very strong biological properties in vitro, little informa-
tion is available on their cytotoxicity and bioavailability in the human body. Inter-
estingly, experiments on subacute toxicity of COSs in Sprague–Dawley (SD) rats 
revealed that COSs do not induce any mortalities, or change in blood chemistry, 
urinalysis, and body weights of rats [39]. Therefore, it can be presumed that COSs 
may not have any infl uence on acute toxicity and side effects in humans. Fur-
thermore, histopathological fi ndings revealed that COSs do not cause any lesions 
in tissues of rats under the tested dose range of COSs (Figure 7.5) [40]. These 
fi ndings further confi rm that intake of COSs will not cause any undesirable side 
effects, at least in animals.

COSs have become popular during the past few decades because of their bio-
logical effects related to their structural properties. In addition, availability of raw 
materials at low cost and recently developed methods ensure continuous produc-
tion of COSs. Therefore, it is expected that these biomolecules play an important 
role in fulfi lling the current demand for nutraceuticals. 
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8.1 INTRODUCTION

8.1.1 BACKGROUND

Increases in chronic diseases like cardiovascular disease, type 2 diabetes, cancer, 
psychiatric disorders, and arthritis are contributing to rapidly mounting health 
care costs in affl uent societies. For instance, the total health care expenditure in 
North America is currently close to 1 trillion dollars. Drug expenses are the sec-
ond largest contributor to this total, behind hospital costs, contributing in excess 
of 100 billion dollars. The current health care system focuses on treatment rather 
than prevention. There is growing evidence that prevention through correct diet 
and exercise can signifi cantly impact health and decrease health care costs. As we 
learn more about the interrelationships among genetics, food, health, and disease, 
prevention will become a more important part of the health care system. There is 
an increasing perception that nutraceuticals, including supplements and fortifi ed 
foods, will play a very important role in this evolutionary change [1]. 

Osteoarthritis is the most common form of arthritis and a major source of 
pain and disability, particularly in the elderly. Although not life threatening, 
osteoarthritis is one of the medical conditions that put a great fi nancial burden on 
society, and therefore preventative measures and early intervention with nutraceu-
ticals may result in signifi cant benefi ts to both society and the individual. Osteo-
arthritis, also called degenerative joint disease, is a chronic degenerative disease 
where the cartilage protecting the ends of the bones in synovial joints deterio-
rates. The smooth cartilage becomes rough resulting in friction and infl amma-
tion. The damage is in the form of structural changes and erosion, resulting in 
the loss of mechanical properties, leading to pain and stiffness. The physiological 
changes of bone and cartilage loss increase signifi cantly with age and the patho-
genesis is not adequately understood. Because cartilage is a vascular, anervic, 
and alymphatic tissue, the supply of nutrients is more sensitive to any interfer-
ence, particularly acute traumatic joint injury, injuries resulting from chronic 
overuse, problems resulting from mechanical misalignment, atherosclerosis of 
blood vessels contributing to cartilage nurturing and drug use. Abnormal loads 
lead to ischemia, which results in the generation of radicals. The radicals degrade 
synovial fl uid hyaluronan and cartilage macromolecules are digested by synovio-
cytes that mediate cytokine response. Cytokines not only stimulate the function 
of chondrocytes to catabolize cartilage but can also stimulate glycosaminoglycan 
(GAG) synthesis [2]. Unfortunately, all current treatments are only palliative and 
benefi t varies by individual genetics and disease severity. The disease is typically 
treated with nonsteroidal anti-infl ammatory drugs (NSAID), since they are very 
effective in relieving stiffness and pain [3,4], however their use is limited because 
of their toxicity. Data suggest that NSAID are also toxic to the articular cartilage 
and actually contribute to the production of catabolic cytokines and the preven-
tion of anabolic cytokines. COX-2 inhibitors, another category of drugs employed 
for treatment of osteoarthritis [5,6], are also known to have many side effects. 
However, unlike traditional NSAID, they do not block the action of COX-1,
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an enzyme known to protect the stomach lining and thus they are viewed as being 
more selective. Recently, some COX-2 inhibitors have been found to increase the 
risk of cardiovascular disease, a side effect that is particularly problematic for 
osteoarthritis sufferers who are obese and inactive, partly due to their arthritis 
pain. In fact, in late 2004, Merck withdrew its arthritis drug Vioxx® from the 
market worldwide owing to a clinical trial showing an increased relative risk of 
cardiovascular events such as heart attack and stroke in subjects taking the drug. 
Clearly, an alternative to NSAID and COX-2 inhibitors that is side effect free and 
has at least some effi cacy for osteoarthritis sufferers is very desirable. There is a 
variety of clinical evidence that glucosamine (Figure 8.1) is this alternative, being 
safe and seemingly effi cacious for the prevention and treatment of OA.

8.1.2 GLUCOSAMINE AS DRUG OR SUPPLEMENT

Glucosamine is one of the most thoroughly studied supplements with regard to its 
health benefi ts, although it is not approved as a drug in any form in Canada or the 
United States. Glucosamine in either the chloride or sulfate form, is marketed as 
a dietary supplement in Canada and the United States, but is not approved for use 
in disease prevention or treatment and does not carry a health claim, as it does in 
some European countries. Up to 6000 metric tons of glucosamine are consumed 
annually and the majority of sales are generated in the United States (about $900 
million estimated in 2004) [7]. There is still skepticism surrounding the effi cacy 
and therapeutic spectrum of glucosamine, especially within the medical commu-
nity. This has been fueled by exaggerating signifi cance of the data from clinical 
trials and unsubstantiated claims associated with promotional enthusiasm [8–10]. 
For instance, the International League Against Rheumatism labeled glucosamine 
as a symptomatic, “slow-acting drug” for osteoarthritis and decided to remove 
the attribute chondroprotective owing to unproven disease-modifying activity in 
humans [11]. 

The advantages of glucosamine over many nutritional supplements are its 
defi ned chemical structure and low molecular weight, two typical characteristics 
of conventional effective therapeutics. Also, glucosamine is normally sold as an 
ingredient with greater than 99% purity. These features distinguish glucosamine 
from a vast majority of nutraceuticals. Many nutraceuticals, especially herbals, 
are often poorly defi ned mixtures and are diffi cult to standardize, especially in 

FIGURE 8.1 The structure of d-glucosamine hydrochloride’s prevalent β-anomer.
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cases where the chemical structures of the bioactive compounds have not been 
determined. Another advantage of glucosamine over many supplement products 
is that it is a natural component of the human body, so that the body has developed 
mechanisms for processing and incorporating or disposing of this compound. The 
natural presence of glucosamine in the body is a major reason why glucosamine 
supplementation is associated with minimal or no side effects.

There are no conventional food sources of glucosamine. Glucosamine is nor-
mally produced biosynthetically in the body; however, in instances of OA there 
appears to be a defi ciency for which glucosamine supplementation is benefi cial. 
Most glucosamine used in supplements is obtained from shrimp or crab shell by 
depolymerization of chitin. Glucosamine is available commercially in several 
forms, including in combination with herbs, vitamins, creatine, chondroitin sul-
fate, ascorbic acid, manganese, or dimethylsulfone. Some of the most popular 
combinations contain chondroitin sulfate [12]. Chondroitin sulfate is a source of 
several building blocks for cartilage including glucosamine. Chondroitin sulfate 
stimulates cartilage regeneration in vitro but clinical evidence that it improves 
the symptomology of OA is limited [13]. Osteo Bi-Flex® (Rexall Sundown, 
Boca Raton, FL), a glucosamine and chondroitin sulfate–based formulation, 
was the number one selling dietary supplement for joints before the acquisition 
of the company by NBTY resulted in a combined product called Flex-A-Min. 
In 2003, Flex-A-Min controlled 35% of glucosamine supplement retail market. 
Some food manufacturers started fortifying fruit juices with glucosamine. For 
example, SoBe Sport System® line from Pepsi is a glucosamine-containing drink 
that became the offi cial beverage of the U.S. track and fi eld national team in 
2000. Coca-Cola and Procter & Gamble also launched a glucosamine containing 
drink Elations®. Other glucosamine-containing drinks are available to custom-
ers, including Super Glucosamine and Glucosamine Drink Mix from Action-
Labs, Logic Juice4Joints from The Health Company in the United Kingdom and 
JointJuice in the United States. Glucosamine is not generally recognized as safe 
(GRAS) ingredient in the United States and therefore cannot be used in foods 
or normal beverages. However, beverages containing glucosamine are normally 
sold as supplements although the FDA has become concerned about defi ning 
these drinks as  supplement and has been targeting these products. The major 
reasons that glucosamine is not an approved GRAS ingredient is that there have 
been no clinical studies to show that its consumption is safe in young children, 
pregnant women, and diabetics.

8.2 CHEMISTRY OF GLUCOSAMINE

Production starting from shrimp and crab shell normally uses hydrochloric 
acid and results in the formation of glucosamine hydrochloride. Glucosamine 
 hydrochloride can be converted into glucosamine sulfate (see Section 8.2.3).  The 
following section will deal exclusively with glucosamine  hydrochloride because 
glucosamine sulfate is inherently unstable, and currently known  glucosamine 
sulfate mixed salts are not rigorously defi ned chemical substances. In fact, many 
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commercially available glucosamine sulfate products are actually blends of glu-
cosamine hydrochloride and potassium sulfate, rather than an actual glucosamine 
sulfate salt.

8.2.1  CHEMICAL AND PHYSICAL PROPERTIES 
OF D-GLUCOSAMINE HYDROCHLORIDE

Glucosamine hydrochloride has a CAS Registry Number of (66-84-2). Its chemi-
cal abstract service name is glucosamine hydrochloride (9C), although synonyms 
and trade names include 2-amino-2-deoxy-d-glucopyranose, chitosamine hydro-
chloride, d-glucosamine hydrochloride, and d-(+)-glucosamine hydrochloride. 
Structurally, glucosamine is an amino sugar with molecular formula C6H13NO5HCl 
and molecular mass 215.63 Da. In its pure form, it is a white crystalline  powder 
with a melting point of 190–194°C. d-Glucosamine hydrochloride tends to 
decompose rather than melt. It is highly soluble in water, with a solubility of 
100 mg�mL at 20°C. Similar to glucose, it is optically active with an optical rota-
tion of [α]D

20 + 100° initial, +72.5° fi nal, in the α-form and optical rotation of 
[β]D

20 +25° initial, +72.6° fi nal in the β-form [14]. d-Glucosamine hydrochloride 
is a faintly sweet, slightly astringent tasting compound and has minimal impact 
on the taste of a beverage when used at a 1.5 g dosage per serving. Because of its 
good solubility and minimal taste d-glucosamine hydrochloride is an excellent 
ingredient for functional beverages.

8.2.2 PRODUCTION OF GLUCOSAMINE

8.2.2.1 Biological Processes for Producing Glucosamine

Typically, glucosamine is produced from chitin that is isolated from shells of 
marine crustaceans, and the vast majority of the processes are based on chemical 
processing of shellfi sh. The following section is dedicated to this robust technol-
ogy. Glucosamine can also be successfully produced from shellfi sh using enzy-
matic processes, and recently more attention has been paid to this technology. For 
example, Biopolymer Engineering (Eagan, MN) has established a glucosamine 
manufacturing facility that is based on enzymatic hydrolysis of chitin that has 
been extracted from langostino lobsters [15]. Glucosamine has also been suc-
cessfully produced from chitin that was obtained from biomass by fermentation. 
In the 1970s, a Japanese company patented a process based on hydrochloric acid 
hydrolysis of deproteinated culture fi ltrate of Azobacter [16]. Fermentation strate-
gies have experienced resurgence lately. Cargill Inc. (Minneapolis, MN) and the 
biotech company Bio-Technical Resources (Manitowoc, WI, a division of Arkion 
Life Sciences LLC, Wilmington, DE) have led the way [17–21]. Cargill patented 
a process in which glucosamine was produced by hydrolysis of chitin that had 
been isolated from fungal biomass derived from Aspergillus sp., Penicillium sp., 
Mucor sp., and the combination of these [18]. The patent claims that 15% hydro-
chloric acid hydrolysis of the biomass results in glucosamine of 97% purity with 
a 15% yield in 8 h. This is surprising since data from our laboratories [22] and 
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the data of others [23] indicate that at least 30% hydrochloride acid is required to 
completely hydrolyze chitin oligomers. However, the rate of hydrolysis depends 
on the type of chitin, the degree and randomization of deacetylation, the molecu-
lar size and the crystallinity type. The physicochemical properties of fungal chi-
tin are usually different from that obtained from shellfi sh and so hydrolysis may 
require milder conditions. Currently, Cargill makes glucosamine commercially 
from Aspergillus niger (Regensure®), which is kosher and approved in Japan as 
a food ingredient under FOSHU. The company promotes the product as having 
a “shellfi sh-free status.” Czechs patented the production of glucosamine based 
on hydrolysis of polysaccharide obtained from wet mycelium (A. niger) from the 
production of citric acid [24]. Other companies such as Arkion Life Sciences have 
applied for patents related to methods and materials for producing glucosamine 
by fermentation of genetically modifi ed microorganisms [25,26]. Solheim [20] 
reported a process of making glucosamine from glucose sources such as starch, 
glycogen, fructose, and a source of amine. 

8.2.2.2 Chemical Processes for Producing Glucosamine

Hydrochloric acid is the standard chemical used for the hydrolysis of chitin to glu-
cosamine, though there have been attempts to carry out the hydrolysis with other 
acids such as sulfuric acid and less commonly hydrogen fl uoride, phosphoric acid, 
or nitric acid. After several hours at 20°C, aqueous hydrogen fl uoride typically 
leads to the production of a mixture of oligomers. After 24 h, 13C-NMR spec-
trum shows the presence of glucofuranosyl oxazolinium ion, that is a precursor to 
N-acetylglucosamine (NAG) [27]. Recently, a Japanese group fi led a  patent appli-
cation describing a method for the industrial production of glucosamine and its 
oligomers using concentrated hydrogen fl uoride [28]. However, hydrogen  fl uoride 
is a costly and extremely strong acid that cannot be used with glass or stainless-
steel vessels, and so the commercial use of this acid is not feasible. A Chinese 
group has recently patented a process for the direct formation of  glucosamine 
based on hydrolysis of chitin with 20–80% sulfuric acid [29]. Chitin hydrolysis 
with sulfuric acid is of interest to glucosamine manufacturers since the success-
ful direct preparation of glucosamine using sulfuric acid would not require the 
glass-lined reactors required for glucosamine produced using hydrochloric acid. 
Also, it may be possible to produce glucosamine sulfate directly, rather than by 
subsequent reaction or blending with potassium sulfate.

The original reference to the fi rst preparation of glucosamine goes back to 
Lederhose [30] who obtained it by hydrolysis of lobster shells. German chem-
ists continued to be interested in the production and chemistry of glucosamine as 
witnessed by papers from the early twentieth century [31–33]. Hudson and Dale 
[34] used a crude process for obtaining glucosamine from a mixture of crab and 
lobster shells by employing hydrochloric acid, but not involving the  deproteination 
step. Komori [35] prepared glucosamine from cicad larvae and ovomucid using 
potassium hydroxide for deproteination and subsequent hydrochloric acid chitin 
hydrolysis. van Alphen [36] isolated glucosamine from  lobster shells after a simple 
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demineralization step with concentrated hydrochloric acid and researchers from 
Atlantic Canada [37] later used similar methodology. Stacey and Webber [38] 
described the simple production of glucosamine from crab shells of low-protein 
content, involving only the demineralization step using 2 M hydrochloric acid, 
followed by treatment of the dried matter with concentrated hydrochloric acid. In 
a similar manner, Purchase and Braun [39] isolated  glucosamine from crab shells 
and Ingle et al. [40] from fi sh canning waste. Oeriu et al. [41] used diluted hydro-
chloric acid to demineralize and 10% sodium hydroxide to deproteinize the shells 
to get chitin before hydrolyzing it with 10 M hydrochloric acid. Both the deminer-
alization and deproteination steps implemented before the actual hydrolysis of chi-
tin were also included in a procedure for the isolation of glucosamine from prawn 
shell waste [42]. A Russian group later discovered that glucosamine increases the 
bioavailability of tetracycline antibiotics resulting in higher concentration of tet-
racycline in the serum, isolated glucosamine from shrimp (Penaeus semisulcatus) 
shells using a similar methodology [43]. Novikov [44–46] further developed meth-
ods for the preparation of glucosamine from shell and summarized these in papers 
that are widely cited. The Chinese manufacturers are well known for their efforts 
in glucosamine production and they are currently the world’s largest suppliers of 
glucosamine. Unfortunately, their work has mostly been published in Chinese 
literature making it not easily accessible to Western researchers and producers 
[47–55]. One of the Chinese papers describes preparation of glucosamine sulfate 
from glucosamine chloride, using anion exchange chromatography [56].

8.2.2.3 Standard Industrial Process for Producing Glucosamine 

Currently, the most common industrial processes for manufacturing glucosamine 
start from crustacean shells and are based on the process shown in Figure 8.2. 
In one variation of the process, known as the HCl–NaOH–HCl variant or acid–
base–acid variant, the exoskeletons are shredded to 0.5–5 mm in size and demin-
eralized using dilute hydrochloric acid. Typically, 2 M hydrochloric acid is used, 
but contrary to the preparation of chitosan, a higher acid strength up to 3 M can 
be used. The demineralized material is separated from the liquid by fi ltration 
using a fi lter press and then deproteinated using hot diluted sodium hydroxide, 
typically 1.5 M at 90°C. Chitin is then fi ltered off and hydrolyzed, typically with 
10 M hydrochloric aid. The other variant of this process is theoretically simpler 
since it involves the base–acid–acid (NaOH–HCl–HCl) sequence and thus only 
one base–acid change, whereas the fi rst variant involved one acid–base and one 
base–acid change. Deproteination is more effective on demineralized material 
and thus the choice is very much dependent on the type of shells being used and 
particularly on their calcium content.

It is not advisable to use low hydrochloric acid concentrations to hydrolyze chi-
tin since the rate of hydrolysis slows down when the concentration of acid is below 
9 M. Our results using a variety of acid strengths from 4 to 10 M hydrochlo ric acid 
demonstrated that lower concentrations of acid led to incomplete hydrolysis and 
the production of chitosan oligomers, which can be readily identifi ed by HPLC. 
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Incomplete hydrolysis can also be the result of insuffi cient reaction time even in 
concentrated solutions of 10 M hydrochloric acid. Since this hydrolysis method 
involves deproteination steps, it leads to the production of relatively clean glucos-
amine that could be easily crystallized from water or dilute hydrochloric acid. 
The effective removal of hydrochloric acid during drying is important and can be 
challenging because of the constant boiling temperature of the binary acid and 
water mixture (109°C�760 torr for 6 M hydrochloric acid). A number of manu-
facturers recrystallize from ethanol rather than water or the acid. d- glucosamine 
hydrochloride is sparingly soluble in ethanol and so acid can be completely 
removed by ethanol recrystallization and subsequent ethanol washing. Ethanol 
washing results in less signifi cant yield loss than does washing with water.

Several important criteria must be considered when analyzing glucosamine 
in solutions and in the fi nal dried product. Since glucosamine has a strong buff-
ering capacity, analysis for the hydrochloric acid content is not straightforward. 
An accurate determination of free acid in a glucosamine aqueous solution can 
be achieved by the determination of the total acid content by acid–base titra-
tion combined with the acid content in the residue upon exhaustive drying. It is 
also important to monitor for the presence of oligomers to establish that com-
plete hydrolysis has occurred. Oligomer analysis can be performed using an 
amino acid analyzer or HPLC equipped with a cation exchange column, after 
product derivatization with an amino reactive reagent such as ninhydrin (unpub-
lished results). One can also use a combination of HPLC with UV detection after 
derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQCO 
pre-column derivatization) and FTIR [57,58].

FIGURE 8.2 Summary of the steps normally involved in the chemical manufacturing of 
d-glucosamine hydrochloride.
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8.2.3 PRODUCTION OF GLUCOSAMINE SULFATE MIXED SALTS

Production of various sulfate salts of glucosamine is a specialty of Rotta 
 researchers. Rovati [59] patented the production of glucosamine sulfate from a 
glucosamine base by sulfation using fuming sulfuric acid fortifi ed with 20% sul-
fur trioxide. The sulfate with a melting point of 116°C was prepared in an 86% 
yield. It had to be dried in a vacuum rotary drier at 50°C, ground and stored with 
silica gel to avoid moisture contact because of the hygroscopic nature of this salt. 
More than two decades later, Chinese workers prepared the same glucosamine 
sulfate salt in almost a 94% yield [60]. Rotta researchers were the fi rst to suc-
cessfully deal with the easily oxidizable and hygroscopic nature of glucosamine 
sulfate. They succeeded in stabilizing glucosamine sulfate by making a mixed 
salt with sodium chloride in a 1:2 molar ratio [61]. Finnish researchers extended 
this to other salts and they executed this in a more straightforward manner by 
producing glucosamine sulfate in situ and mixing it with sodium, potassium, or 
magnesium chlorides or bromides [62]. Schleck et al. [63] prepared mixed glucos-
amine sulfate salts by mixing glucosamine hydrochloride and potassium sulfate. 
He distinguished a mixed salt compound from simple mixtures of salt by specifi c 
gravity. The mixed salt compounds should be within 0.9–1.00 g�cc, while the 
mixtures have density greater than 1.1 g�cc [63]. Rotta researchers basically used 
the same methodology for making mixed glucosamine salts from glucosamine 
hydrochloride and sulfates of calcium, potassium, sodium, and magnesium [64]. 
Recently, they made mixed glucosamine salts from glucosamine hydrochloride 
and a stoichiometric amount of sulfate [65].

8.2.4  CURRENT MANUFACTURING OF GLUCOSAMINE 
IN NORTH AMERICA AND JAPAN

Until recently, Pfanstiehl Laboratories (Waukegan, IL), a company specializ-
ing in carbohydrate chemistry, was the only North American manufacturer of
d- glucosamine hydrochloride. Phanstiehl is a company with more than 40 years 
experience in the production of this amino sugar and its glucosamine was selected 
for use in the recently executed NIH clinical trial. Chinese producers put the com-
pany under pressure since their glucosamine fl ooded the European and North 
American markets and drove the price down to as low as $4 per kg at the end of 
2003 [66]. In early 2005, the price recovered considerably and has been over $20 
per kg, partly because of a shortage of shell starting material in China. Biopoly-
mer Engineering (Eagan, MN) established a new glucosamine plant housing class 
10,000 and class 1,000 clean rooms (U.S. Federal Standard 209E Class of Cleanli-
ness) for production complying with food and pharmaceutical standards. Ocean 
Nutrition Canada Ltd. also built a state-of-the-art manufacturing plant for glucos-
amine production, which produced d-glucosamine hydrochloride under both food 
and drug GMP [67], but this facility was decommissioned in late 2003 because of 
the low price of glucosamine at that time. Cargill Inc. hope that their “shell-free” 
glucosamine produced by corn fermentation will give them an advantage over 
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the shell-originated material, although there remain questions as to whether or 
not this source can compete in price with glucosamine from shell. Japanese Koyo 
Chemicals holds the largest share of the glucosamine market in Japan; it has made 
an agreement with Fuso Chemical to establish a 130 ton per year facility in Sakai, 
Japan. The product is planned to be an ultrahigh purity glucosamine produced by a 
process involving nanotechnology, originally designed for the production of ultra-
high purity colloidal silica for electronic application. The company will expand its 
output to 1500 ton a year and target the high-value Japanese market [68].

8.3 BIOLOGY OF GLUCOSAMINE

8.3.1 BIOCHEMISTRY AND PHARMACOKINETICS OF GLUCOSAMINE

Since this chapter contributes to a book on marine nutraceuticals, only references 
to oral administration of glucosamine are considered. d-glucosamine is produced 
in vivo via the hexosamine biosynthetic pathway. Glucose enters the cell with the 
help of a glucose transporter and is metabolized to fructose-6-phosphate by hexo-
kinase and then converted by glutamine fructose-6-phosphate  amidotransferase 
(GFAT), where glutamine serves as a donor for the amino group. If glucosamine 
is added to cells, it is taken up by a glucose transporter and phosphorylated to 
directly produce glucosamine-6-phosphate, bypassing the rate-limiting GFAT 
[69]. Glucosamine is a good substrate for kinase and studies confi rm that glucos-
amine is incorporated into GAG [70]. Glucosamine is then used for the production 
of hyaluronic acid and other GAG after its  conversion into galactosamine using 
epimerases [71]. Moreover, there seems to be a linkage between GAG synthesis 
and collagen production as indicated in the simultaneous increase in synthesis 
of collagen [72]. Thus the cells can either synthesize glucosamine from glucose 
or receive it from the circulation and therefore exogenous glucosamine can be 
helpful. Zupanets et al. [73] studied the effects of exogenous glucosamine on 
metabolic and repair processes. He investigated this phenomenon in a model of 
posttraumatic osteoarthritis in the articular cartilage and on a model of posttrau-
matic keratitis in the cornea. The drug stimulated repair and inhibited dystrophic 
posttraumatic processes in the connective tissue structures.

A detailed pharmacokinetic study revealed that after oral administration glucos-
amine was absorbed in 15 min. The peaks in red blood cell and plasma concentra-
tions were achieved in 4 h and then progressively declined at a constant rate between 
8 and 48 h. The drug is selectively taken up by liver, bone, and cartilage, and more 
than 30% of it is concentrated in skeletal tissue. It is metabolized by the liver, has no 
active metabolism, and more than 82% of it is converted into CO2 and then exhaled. 
Approximately 6 and 5% are excreted in the urine and feces, respectively [74].

A relatively recent article on administration, distribution, metabolism, and 
elimination (ADME) of glucosamine [75] reported that after oral administration 
of 7.5 g of “cold” glucosamine in a single dose, the plasma levels were below 
3 µg�mL. When a single dose of glucosamine (314 mg) was spiked with 
14C-labeled glucosamine, the radioactivity was detected in plasma globulin after 
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1.5 h, and reached a peak after 9 h of administration. Half of the radioactivity 
was eliminated in 58 h. The absolute oral bioavailability was 44%. More than 
88% of the administered dose was absorbed through the gastrointestinal tract. 
The total excretion within 24 h in the urine was about 1.2%, mostly happening in 
the fi rst 8 h after administration. When the dose was reduced to 25% and admin-
istered daily for 7 days, the daily urinary excretion in the last 24 h reached 2.2%. 
The study also showed that a single dose of 1884 mg or the same amount split 
in three equivalent tid doses was equivalent. The study also demonstrated that 
there was no evidence of interference of glucosamine with ADME of glucose. 
It is important to realize that radioactivity per se is not necessarily a marker 
for an intact glucosamine molecule. Most of the studies were carried out with a 
14C-labeled glucosamine, labeled at a single carbon normally in position C-1, thus 
it could only be concluded that glucosamine or glucosamine metabolite still con-
taining the original C-1 site was detected. Glucosamine is likely biosynthetically 
oxidized to glucosamine N-oxide, then converted into glucorolactone before it 
undergoes further structural modifi cation.

8.3.2 EFFECTS ON CARTILAGE REBUILDING

8.3.2.1 Preclinical Studies

The fi rst associations between glucosamine supplementation and cartilage growth 
can be traced to the 1950s at the Karolinska Institute in Stockholm, Sweden. Their 
experiments demonstrated that the supplementation of cultured cartilage cells with
d-glucosamine hydrochloride increased the production of chondroitin sulfate by 
about three times compared to the control. Galactosamine, a structural isomer of 
glucosamine, stimulated the production only two times. Stimulation of 35S uptake 
in chondroitin sulfate was completely abolished by glucose under physiological 
conditions [76]. The effect of glucosamine on osteoarthritis was fi rst reported in 
Germany in 1969 [77]. These experiments involved glucosamine in injectable form. 
Later Karzel and Domenjoz [78] published a paper showing the effect of glucos-
amine salts on the secretion of GAG by cultured murine embryonic fi broblasts.
d-glucosamine hydrochloride, d-glucosamine sulfate, and d-glucosamine iodide 
each had a pronounced effect on the synthesis of GAG. NAG and N-acetylgalac-
tosamine were considerably less effective, while glucuronic acid was ineffective. 
Galactosamine primarily stimulated the formation of hyaluronic acid rather than 
the production of chondroitins. No sulfate was added to the cultures [70]. Nonste-
roidal anti- infl ammatory drugs inhibited the synthesis of GAG and protein and this 
inhibition was partially rescued by glucosamine. Glucosamine stimulated the incor-
poration of sulfate and proline into articular cartilage cultures [79]. Shortly after this 
study, the fi rst human clinical studies were performed using 500 mg glucosamine 
sulfate capsules produced by  Rottapharm Laboratorium (Monza, Italy) [80–82].

8.3.2.2 Clinical Studies

At least 20 randomized clinical trials were published between 1980 and 2004, 
with most of them being performed in Italy, Czech Republic, and Germany.
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The others were conducted in France, Russia, Thailand, Portugal, Philippines, 
China, Japan, Canada, and the United States. All of the studies, with the excep-
tion of the fi rst Canadian study, used glucosamine sulfate and not glucosamine 
hydrochloride. Many of them had some sort of involvement from Rotta Research 
Laboratorium, the early manufacturer of glucosamine sulfate.

T. McAlindon from Boston University School of Medicine (Boston, MA) 
and T.E. Towheed from the Department of Medicine at Queen’s University 
 (Kingston, ON), are two established experts who have been critically evaluating 
the rigorosity of glucosamine clinical trials for some time. In 1998, McAlindon [83] 
reviewed the performance of glucosamine in six studies and concluded that it 
was superior over a placebo. Insuffi cient information about study design and 
conduct prevented a conclusive evaluation. In the same year Towheed [84] 
reviewed nine randomized clinical trials with glucosamine and found that seven 
of them were superior to placebo. In two trials comparing glucosamine with 
ibuprofen, glucosamine was equal to ibuprofen in one trial and in the other it 
was superior to ibuprofen. Later, Towheed et al. [85] completed a systematic 
review of 12 randomized clinical trials of parallel group design, 11 of them were 
published between 1980 and 1999, 8 compared glucosamine sulfate and 1 com-
pared glucosamine hydrochloride with placebo, 1 to placebo and NSAID and 1 
to NSAID only [85]. Mean trial duration was 6.25 weeks involving 1481 patients 
with a mean age of 61 years. The method of administration varied as well as the 
dosage. In eight trials, oral glucosamine was used as a 500 mg tid; in others a 
400 mg i.m., i.v., or intraarticular (i.a.) was administered either daily or twice a 
week. Rotta Research Laboratory sponsored nine of these clinical trials. Nine of 
the trials studied the knee, one studied multiple sites, and two did not indicate 
the site being studied. The safety profi le was excellent but long-term safety was 
not evaluated.

The fi rst controlled studies assessing the effect of glucosamine sulfate on 
osteoarthritis were small [80–82,86]. In one of the randomized double-blind 
placebo-controlled trials, 24 patients with osteoarthritis of the knee receiving 
glucosamine sulfate at 500 mg tid were observed for 6–8 weeks. A signifi cantly 
higher proportion of the patients experienced subjective improvement with 
regard to articular pain and joint tenderness, but with no progress in movement 
restriction [80]. A similar study for a shorter duration (30 days) was extended to 
80 patients, and although there was a larger score improvement in glucosamine-
treated patients, the results were not tested for statistical signifi cance and  placebo 
effects were too high. The results were supported by data from electron micros-
copy [81]. The trial was included as a well-designed study in a recent meta- analysis 
[69]. Crolle compared two groups of seniors with 15 subjects in each group. One 
group received 400 mg glucosamine sulfate i.m. daily for a week followed with 
an oral administration of 500 mg of glucosamine sulfate tid for 2 weeks; the 
other group received i.m. injection of an antirheumatic, antiarthritic medication 
daily for a week followed with a daily oral administration of placebo for 2 weeks. 
The assessment of pain during the passive and active movements concluded that 
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patients receiving glucosamine did 15% better compared to the placebo group 
[82]. Similar trends were observed in a similar trial reported by D’Ambrosio et al. 
[86]. The limited size and duration of both trials preclude a defi nitive conclusion 
as with the trial executed by Pujalte et al. [80], so none of these trials passed the 
evaluation by Kayne et al. [69].

A large, multicenter, open-labeled trial was conducted in Portugal with 1208 
ambulatory patients. A dose of 500 mg glucosamine sulfate tid was administered 
for a mean period of 50 days. Sixteen percent of the patients also took an infl am-
matory medication or acetaminophen during the trial. About 84% of the patients 
had arthritis of the spine, hip, or knee. Eighty-eight percent of patients reported 
no side effects while the rest experienced very mild discomfort such as heart-
burn, diarrhea, etc. [87]. Although the patients showed improvements in their 
symptoms of pain at rest, while standing and during limited active movements, 
it is possible that the open-labeled design may have led to a biased interpretation 
of the results.

A randomized placebo-controlled, double-blind trial involving 252 patients 
older than 18 years with osteoarthritis of the knee was performed in Berlin, FRG. 
The patients had suffered from the disease for at least 6 months prior to the study 
and the Lequesne (LQ) index had to be at least 4 points. The patients were not 
allowed to take NSAID 2 weeks prior to starting the trial and then received 500 
mg glucosamine sulfate tid orally. After 4 weeks of treatment, the LQ index 
decreased by 3.2 and 2.2 points in the glucosamine sulfate and placebo group, 
respectively. The improvement in pain and limitation of movement was improved 
by 55% in the treatment group and 38% in placebo group, respectively [88].

The fi rst North American randomized clinical trial evaluating glucosamine 
was conducted by Houpt with colleagues from Mt. Sinai Hospital and the Univer-
sity of Toronto (Toronto, ON). They carried out an 8 week randomized double-
blind placebo-controlled parallel trial in which they used 500 mg of glucosamine 
hydrochloride on 118 outpatients with primary gonarthritis [89]. The primary 
endpoint was the degree of change based on Western Ontario-McMaster Univer-
sity total scores (WOMAC) and the relevant subscores. Changes in the primary 
endpoint of the WOMAC pain subscore favored glucosamine hydrochloride over 
placebo, but the differences were not statistically signifi cant. The secondary end-
points of pain reduction recorded in diaries and during knee examinations were 
statistically favorable for glucosamine hydrochloride.

Glucosamine did not perform better than placebo in an American random-
ized, double-blind parallel group single-center trial, in which 98 patients receiv-
ing 500 mg of glucosamine sulfate tid or placebo were followed for 2 months at 
Veterans Affairs Medical Center, Prescott, AZ. The researchers speculated that 
the trial might have been negative because subjects were older, heavier, and with 
longer duration and radiographic severity of OA when compared to subjects in 
other clinical trials. These results may indicate that patients with a more pro-
gressed illness do respond but to a signifi cantly lesser degree as compared to 
those who are affected less severely [90].
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In another 3-year randomized, double-blind placebo-controlled study 
 involving 212 subjects with gonarthritis, a treated group received 1500 mg of 
glucosamine sulfate daily. The 106 placebo patients had a progressive joint-space 
narrowing, with a mean joint-space loss of 0.31 mm. There was no signifi cant 
joint-space loss in the glucosamine sulfate–treated patients. WOMAC scores 
revealed slight symptom worsening in the placebo patients, as compared with 
improvement observed in the glucosamine sulfate treatment group [91]. The Uni-
versity of Liege and the WHO Collaborating Centre carried out the study for 
Public Health and Aspect of Osteoarticular Disorders, Liege, Belgium and was 
supported by Rotta.

In a clinical trial carried out by the Institute of Rheumatology and the Depart-
ment of Medicine and Rheumatology, Charles University, Prague, sponsored by 
the Rotta Research and the Rottapharm Group, 202 patients (45–70 years old) 
with OA of the knee (using American College of Rheumatology Criteria) were 
randomized and received either 1500 mg of glucosamine sulfate or placebo, orally 
once a day. They had mild to moderate osteoarthritis at enrollment; with average 
joint-space widths of slightly less than 4 mm and a LQ index score less than 
9 points. After 3 years, progressive joint-space narrowing was 0.19 mm in the pla-
cebo group with no average change in the glucosamine sulfate–treatment group. 
In the placebo group, improvement of symptoms was modest whereas the treated 
group improved by  25%. The study demonstrated that long-term treatment with 
glucosamine sulfate inhibited the progression of gonarthritis [92].

In another randomized, placebo-controlled, double-blind trial of the  effi cacy 
of glucosamine sulfate in managing pain in gonarthritis, 80 patients were 
recruited from a rheumatology outpatient clinic. They received either 1500 mg
of glucosamine sulfate or placebo daily for 6 weeks, but there was no evidence 
that glucosamine sulfate was more effective than the placebo [9].

Recently, a study designed to investigate the effect of glucosamine sulfate 
on long-term symptoms and the progression of gonarthritis of postmenopausal 
women was published. The paper reports the results on a combination of two 
3-year, randomized, placebo-controlled, prospective independent studies and their 
post hoc analysis. Differences between joint space at baseline and after 3 years 
were assessed and the symptoms were scored by the algofunctional WOMAC 
index. In all, 414 women, 319 of them postmenopausal, were involved in the study. 
The glucosamine sulfate group did not show narrowing joint space (joint space 
change 0.003 mm) whereas the placebo group did (join space change –0.33 mm). 
Based on the WOMAC index, 14.1% showed an improvement, whereas in the 
 placebo group, 5.4% of patients reported worsening. These are long-term  studies 
on a large cohort of patients demonstrating a disease-modifying effect after 
intervention with glucosamine [93–95]. These studies were supported by Rotta 
and were collaborated between the above-mentioned Belgian group, Charles 
 University, and the Institute of Rheumatology in Prague.

Results of a recent four-center, 6-month, randomized, double-blind, placebo-
controlled glucosamine discontinuation trial conducted in Canada were reported 
[96]. The study was conducted with 137 current users of glucosamine with 
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 gonarthritis who had experienced at least moderate improvement in knee pain 
after starting glucosamine. The patients received a maximum dose of 1500 mg�day. 
Follow-up continued for 6 months or until disease fl are, whichever occurred fi rst. 
The study demonstrated no evidence of symptomatic benefi t from continued use 
of glucosamine sulfate. A very recent, smaller and shorter Japanese study, involv-
ing the same dose, did not show antirheumatic effect evaluated by conventional 
tests; however, there were noticeable improvements in symptoms [97].

The most prominent clinical trial to date was a 24-week clinical trial funded by 
the National Center for Complementary and Alternative Medicine and the National 
Institute of Arthritis and Musculoskeletal and Skin Disease (NIAMS�NCCAM). 
It was a multicenter fi ve-arm placebo-controlled study called the Glucosamine 
Arthritis Intervention Trial (GAIT). This study involved 1583 patients with symp-
tomatic knee osteoarthritis. They received 1500 mg of glucosamine hydrochloride, 
1200 mg chondroitin sulfate, both glucosamine hydrochloride and chondroitin sul-
fate, 200 mg of celecoxib, or placebo daily. Glucosamine or chondroitin sulfate did 
not effectively reduce the pain in the overall group of patients but the combination 
was effective in the subgroup of patients with moderate- to severe pain [98]. It is 
important to note that several months earlier, Russians published results of a study 
on 90 women suffering from knee osteoarthritis who were taking in combination 
with 50 mg of diclofenac (NSAID), 500 mg of glucosamine hydrochloride and 
500 mg of chondroitin sulfate twice a day for 1 month, and then once a day for the 
following 5 months. Both WOMAC and visual analogue scale (VAS) scores were 
improved after 4 months of therapy. After 1 month of therapy 4.5% patients gave 
up taking diclofenac, after 4 months the proportion of the patients who discontin-
ued NSAID was raised to 20% and after 6 months to 40% [99].

Many of the clinical trials carried out to date are not long enough in duration 
to demonstrate long-term benefi t. The validity of the most frequently adminis-
tered oral dose used in the clinical trials (1500 mg daily or 500 mg tid) is unclear. 
Further dosing studies are required to determine the optimum dosage of glucos-
amine for OA. Further work is also required to determine whether glucosamine 
could be used in combination with other drugs such as NSAID that are used for 
the treatment of OA. Also, little is known about any potential negative interac-
tions between glucosamine and drugs, including drugs for OA such as NSAID 
and COX-2 inhibitors.

8.3.3 GLUCOSAMINE VERSUS IBUPROFEN

Several clinical trials have been designed to compare glucosamine sulfate with 
ibuprofen. In one double-blind trial, 40 patients suffering from gonarthritis 
received either 1500 mg of glucosamine sulfate or 1200 mg of ibuprofen orally 
for 8 weeks. No difference in the extent of infl ammation between the treatments 
was found, but there was difference in the level of articular pain. During the fi rst 
and the second week, ibuprofen was more effective; however, by the fourth week 
the treatments were equal, and glucosamine sulfate was better than ibuprofen by 
the eighth week [100].
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A larger clinical trial comparing ibuprofen with glucosamine sulfate was 
conducted on 200 patients who suffered from arthritis for at least 5 years. These 
patients had suffered with pain for at least 3 months and had an LQ index of 
at least 7 points. They received either glucosamine sulfate 500 tid or ibuprofen 
400 tid and after the fi rst week of treatment, 41% of ibuprofen-treated patients 
showed a clinical improvement compared to 28% of the glucosamine group. The 
proportion changed to 39 and 48% after 2 weeks, respectively, and after 3 weeks 
onward the response was practically equal; 48% for glucosamine compared with 
52% for ibuprofen. There were only 6 adverse events in the glucosamine group
compared to 35 in the ibuprofen group. Although glucosamine sulfate had 
a delayed response consistent with the  International League Against Rheu-
matism (ILAR) classifi cation, after 3 weeks both drugs displayed the same
effi cacy [101].

Canadian researchers (University of Alberta, Edmonton, AB) also com-
pared glucosamine sulfate to ibuprofen for the treatment of temporomandibu-
lar joint osteoarthritis in a randomized double-blind controlled 3-month clinical 
trial. Forty-fi ve patients were treated with either glucosamine sulfate 500 mg tid 
or ibuprofen (400 mg tid) for 90 days. Both glucosamine sulfate and ibuprofen 
reduced the pain levels in patients with temporomandibular degenerative joint 
disease [102].

Viatril-S® (a form of glucosamine sulfate) reduced pain in a Chinese, Rotta-
sponsored, double-blind clinical trial on 178 patients. The patients, randomized 
into two groups, suffered from gonarthritis. They received 500 mg of glucos-
amine sulfate orally tid or 1200 mg of ibuprofen. After 2 weeks, patients in both 
groups experienced symptom improvement but glucosamine sulfate was better 
tolerated and was more effi cacious [103].

8.3.4 GLUCOSAMINE FORMULATIONS

The effects of orally administered d-glucosamine hydrochloride,  chondroitin 
sulfate, and manganese ascorbate (GCMA formulation) were evaluated on the 
articular cartilage in dogs with a cranial cruciate ligament (CCL). A cross-
sectional analysis at 3 months revealed that synovial fl uid from the CCL tran-
sected knees of GCMA formulation–treated dogs had signifi cantly increased 
 concentrations of synovial fl uid chondroitin sulfate 3B3 epitope, and 7D4  epitope 
in comparison to controls. Furthermore, 7D4 concentrations remained signifi -
cantly elevated in CCL transected knees of GCMA formulation–treated dogs 
over the 5-month period. However, the treatment effect of the GCMA formula-
tion was no longer signifi cant when epitope concentrations were expressed as a 
ratio of CCL-transected to a contralateral nonoperated knee. Reconstruction of 
the CCL had no major effect on the synovial fl uid epitope. The data suggest that 
3B3 and TD4 epitopes may act to modulate articular cartilage matrix metabolism
in vivo [104].

Ocean Nutrition Canada patented a formulation containing ferrous ions, ascor-
bic acid, and glucosamine, which has a synergistic effect on cartilage development 
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in vitro [105]. Although Levenson [106] reported on the effect of ascorbic acid 
on chondrocytes, Ocean Nutrition Canada was the fi rst to identify a synergistic 
effect between ascorbic acid and ferrous ions. Ocean Nutrition Canada’s research 
revealed that a combination of ferrous sulfate (2 µg�mL) and ascorbic acid 
(150 µg�mL) gave the best response in terms of production of cartilage nodules 
in vitro. When combined with various concentrations of glucosamine hydrochlo-
ride, a dose response was observed showing that 60 mg�mL of glucosamine gave 
optimum cell growth (unpublished results; Figure 8.3). 

When stimulation of cartilage growth in vitro, as measured by extracted pro-
teoglycan matrix and cell density, was compared with Ocean Nutrition Canada’s 
formulation (ONC-114) and two leading brands (Osteo Bi-Flex and Shiff™), the 
ONC-114 formulation performed signifi cantly better. Figure 8.4a shows an elec-
tromicrogram of the cartilage cells after staining with Alcian blue and this result 
is also illustrated in the form of a bar graph in Figure 8.4b.

The ascorbic acid and ferrous combination probably promote cartilage 
 development by boosting collagen synthesis, while glucosamine is involved in 
rebuilding proteoglycan matrix. Cartilage is a composite in which a  polyelectrolyte 
matrix is reinforced by an embedded network of hybrid collagen fi bers, contain-
ing 65–80% water, 15–25% collagen, and 3–10% proteoglycan [107]. 

FIGURE 8.3 The effect of FeSO4, ascorbic acid and glucosamine hydrochloride on 
cartilage development. Cell cultures were prepared as described previously [158]. The 
medium was fortifi ed with additional AA (75 mg/mL) to give the total concentration 
of 150 mg/mL, the concentration of FeSO4 was 2 mg/mL, and the concentration of 
d- glucosamine hydrochloride (GH) varied. The amount of generated cartilage was measured 
as the mean number of cartilage nodules per culture.
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8.3.5 GLUCOSAMINE AND INSULIN RESISTANCE

There is some concern in the medical community about possible side effects of 
glucosamine. One possible side effect recently identifi ed is the stimulation of ath-
erosclerosis progress [108]. A potential side effect of glucosamine that requires 
further investigation is the possible impact of glucosamine on glycemic control. 
Animal studies indicated that glucosamine might negatively impact glycemic 
control at very high dose, although this has not yet been seen in humans [109,110]. 
The potential effect on glycemic control may be mediated via glucosamine inter-
action with the enzyme that regulates blood sugar levels and may be related to the 
structural similarity of glucosamine to glucose [111].

A recent study was designed to evaluate possible effects of glucosamine sup-
plementation on glycemic control in a selected population with type 2 diabetes 
mellitus. This type of diabetes is common in the aging population occurring in 
10–15% of people older than 50 years. This is also the population that is to a large 
extent suffering from osteoarthritis. The study, a 90-day placebo-controlled, 
 double-blind randomized clinical trial, involved 39 patients and demonstrated 
that oral supplementation of glucosamine sulfate (500 mg, and chondroitin sulfate 
400 mg) tid did not result in a clinically signifi cant shift in glucose metabolism in 
patients with type 2 diabetes mellitus [112]. Two 3-year placebo-controlled trials 
showed either no effect or a slight lowering effect on serum glucose levels [91,113]. 
Monauni et al. [114] suggested that glucosamine might increase insulin resis-
tance and suppress insulin secretion. It has also been suggested that the long-term
use of glucosamine may affect glucose homeostasis [115]. Until this potential side 
effect is clarifi ed by further research, it is recommended that people with diabetes 
taking glucosamine have their blood sugar monitored regularly [116–118].

8.3.6 GLUCOSAMINE HYDROCHLORIDE VERSUS GLUCOSAMINE SULFATE

Almost all clinical trials have been performed with glucosamine sulfate and
there is controversy as to whether there are differences in bioactivity between 

FIGURE 8.4 A quantitative comparison of proteoglycan produced by ONC-114 as com-
pared to two leading glucosamine brands. The cartilage was produced in the presence of 
ONC-114 (100 µg/µL glucosamine hydrochloride, 150 µg/mL ascorbic acid and 2 µg/mL of 
FeSO4) Schiff products contained 100 µg/mL of glucosamine hydrochloride, 33 µg/mL GS, 
and 33 µg/mL of NAG. Osteo Bi-Flex contained 100 µg/mL glucosamine hydrochloride, 100 
µg/ml galactosamine, and 100 µg/mL glucoronic acid. On day four the cartilage was treated 
with 1 mM retinoic acid (an experimental inducer of cartilage degradation), and after 18 addi-
tional hours the cartilage was stained with Alcian blue and the amount of proteoglycan was 
measured spectrometrically at 600 nm. The amount of proteoglycan produced by ONC-114 
was scaled to 100% to enable direct comparison with the other formulations. A is the control 
that was not treated, B was treated with retinoic acid only, C was treated with retinoic acid and 
ONC-114, D was treated with RA and Osteo Bi-Flex™, and E was treated with RA and Schiff. 
The cultures were stained with Alcian blue to  visualize cartilage tissue. (b) Quantitation of 
the cultures in (a) determined by extraction and quantitation of the proteoglycan matrix.
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glucosamine hydrochloride and glucosamine sulfate. Most preparations com-
mercially available and sold as glucosamine sulfate are mixtures of glucosamine 
 hydrochloride and an inorganic sulfate such as potassium sulfate, rather than a 
true glucosamine sulfate. Only some are in the form of a mixed salt, the main rep-
resentative of which is a product of formula C6H13Cl2K2SO4. Pure glucosamine 
sulfate is extremely hygroscopic and unstable, and is not sold commercially. The 
original reference for glucosamine sulfate dates back to 1898, but there are no 
details on the preparation or physicochemical properties of the compound [119]. 
Rottapharm researchers are the original inventors of stabilizing freshly prepared 
glucosamine sulfate with NaCl (e.g., Viatril-S) and other metal halides, and the 
formation of apparently stable mixed salts.

Any salt of glucosamine is ionized in the acidic stomach and converted into 
glucosamine hydrochloride. In the small intestine, the pH is elevated to about 6.8 
and a signifi cant portion of glucosamine hydrochloride (pKa 6.91 at 37°C) [120] is 
probably converted into the free base. Humans consume sulfur in the form of the 
amino acids methionine and cysteine that are present in most food proteins and 
therefore exogenous sulfate supplementation should have little benefi cial effect in 
vivo, although a study demonstrated that the depletion of inorganic sulfate impaired 
synthesis of GAG in vitro and exogenous sulfate offsets the depletion [121]. One 
study indicated that patients with arthritis may be defi cient in sulfur, and restoring 
sulfur levels can result in signifi cant improvements of osteoarthritis conditions in 
defi cient patients [122,123]. In a recent paper Hoffer [124] suggests that sulfate 
could mediate the therapeutic effect of glucosamine . Thus, it seems that in some 
cases sulfate supplementation may be useful, but there is no  scientifi c rationale 
for selecting glucosamine sulfate over glucosamine hydrochloride. Some formula-
tions contain glucosamine hydrochloride and sulfur in the form of dimethylsul-
fone, commonly known as MSM. MSM not only provides sulfur but also appears 
to have additional anti-infl ammatory properties.

In addition to this glucosamine sulfate versus glucosamine hydrochloride 
controversy, some also suggest that NAG (N-acetylated form of glucosamine) 
is just as effective as any other form of glucosamine. This appears to be false 
since evidence indicates that NAG does not have active intestinal transport, but is 
digested by intestinal bacteria, then binds to lectins in the gut and is excreted in 
the feces as a lectin–NAG complex [125].

8.4 SUMMARY

Since osteoarthritis is a particularly serious problem in the elderly and the number 
of sufferers will increase owing to population aging, an effective but less toxic alter-
native to NSAID is highly desirable. Glucosamine has been studied for a number 
of years and there is considerable evidence indicating that this compound deserves 
more attention, especially within the medical community, which tends to be resis-
tant to the use of supplements or other non-FDA approved materials or processes.

Glucosamine sulfate and glucosamine hydrochloride have no major known side 
effects, while approved NSAID and COX-2 inhibitors drugs have well- established 
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contraindications and adverse effects. For instance, NSAID may erode the diges-
tive tract and cause internal bleeding and or liver failure when taken over a 
long period of time [126]. Glucosamine, contrary to NSAID, does not irritate 
the gastrointestinal tract, in fact it may even stimulate the production of protec-
tive proteoglycans [127,128]. According to a review article published in the New 
England Journal of Medicine, anti-infl ammatory drugs (prescriptions and over-
the- counter drugs) alone cause over 16,500 deaths and over 103,000 hospitaliza-
tions per year in the United States [129]. NSAID may also actually inhibit cartilage 
repair and intensify cartilage destruction, while only masking osteoarthritis 
symptoms [130–132]. Therefore, although NSAID effectively reduce osteoarthri-
tis symptoms such as pain, they appear to exacerbate the condition by inhibiting 
cartilage formation and speeding up cartilage destruction. Clinical studies have 
shown that the use of NSAID is associated with worsening osteoarthritis and 
increased joint destruction [133–135]. Long-term care using NSAID in essence 
masks pain but does not treat or prevent the underlying condition from worsening. 
Many of the newer COX-2 medications such as Vioxx and Celebrex® are more 
selective than the NSAID, but they come with an extensive list of toxicity and 
side effects. The announcement of a voluntary worldwide withdrawal of Vioxx by 
Merck (Whitehouse Station, NJ) made on September 30, 2004 caused signifi cant 
uncertainty around the use of COX-2 inhibitors and left arthritis patients with 
limited treatment options. The withdrawal decision was based on the data from a 
3-year prospective, randomized, placebo-controlled clinical trial study, that indi-
cated an increased relative risk for confi rmed cardiovascular events, such as heart 
attack and stroke, beginning after 18 months of treatment in the patients taking 
Vioxx compared to those taking placebo [136]. The main concern about COX-2 
inhibitors is their potential for blood clotting that is associated with strokes and 
heart attacks. The withdrawal of Vioxx also brought into question the safety of 
other COX-2 inhibitors such as Pfi zer’s drug, Celebrex.

The quality of glucosamine clinical trials varies greatly [137–139], but there 
are several convincing multicenter placebo-controlled trials published. Applying 
a quality rating scale to randomized controlled trials used to evaluate the effi cacy 
of NSAID for osteoarthritis of hips and knees indicates that glucosamine per-
forms at least as well as NSAID [140,141]. In addition, glucosamine appears to 
have an ability to treat the underlying cause of osteoarthritis by aiding in cartilage 
synthesis and inhibiting cartilage breakdown.

It is not clear whether the combination of glucosamine with chondroitin sulfate 
is better than glucosamine alone. So far most of the studies demonstrating clinical 
benefi t of chondroitin sulfate have involved direct injection into the site affected 
with osteoarthritis rather than oral administration. Because chondoitin sulfate is a 
relatively large polymeric molecule, its bioavailability is uncertain. It is not clear 
how much orally ingested chondroitin sulfate is essentially destroyed by diges-
tive enzymes or excreted from the body undigested. There is uncertain scientifi c 
rationale for improving glucosamine formulations with chondroitin sulfate. The 
results from the Glucosamine�Chondroitin Arthritis Intervention Trial sponsored 
by NIH did not provide clear guidance as to the effi cacy of the  combination  versus 

CRC_DK3287_ch008.indd   217CRC_DK3287_ch008.indd   217 6/16/2007   11:26:30 AM6/16/2007   11:26:30 AM



218 Marine Nutraceuticals and Functional Foods

each ingredient alone, since the combination was applied in the dose that was the 
sum of glucosamine dose and chondroitin sulfate dose [98].

Glucosamine is typically administered in the dose of 500 mg tid. So far, 
 studies indicate that glucosamine is safe and nontoxic but may in some instances 
cause minor side effects such as bloating, diarrhea, heartburn, gas, indigestion, 
and stomach upset. Some of the glucosamine sulfate supplements may contain 
large amounts of potassium or sodium, which can be a problem for individuals 
needing to control their intake of these salts, particularly sodium. Glucosamine 
comes from chitin and is derived from shellfi sh and thus glucosamine may be 
problematic for people with allergies to shellfi sh. Glucosamine hydrochloride 
originating from shellfi sh is almost exclusively produced by 10 M HCl (9–12 M), 
and under these conditions residual protein in chitin is destroyed leaving residues 
that are well below concentrations causing allergic reactions. With inconsistency 
in the quality of glucosamine products entering the supplement market, individu-
als with shellfi sh allergies should be cautious. Improperly hydrolyzed glucosamine 
could contain some residue protein and therefore produce an allergic reaction in 
sensitive individuals. So far only two cases of a possible link of glucosamine to 
hypersensitivity were reported even though glucosamine is a widely used supple-
ment ingredient [142,143].

Although most of the glucosamine clinical trials conducted to date have in 
some way been associated with methodical fl aws or bias, meta-analyses show 
a clear trend demonstrating glucosamine effi cacy in the symptomatic manage-
ment of osteoarthritis. There is no defi nitive clinical evidence, however, for its 
mechanism of action, including its chondrostimulating effect [144]. In vitro studies 
show that a dose-dependent increase in proteoglycan synthesis occurs after 
human chondrocytes are challenged with glucosamine indicating at least one 
mechanism of action [145]. Although both glucosamine sulfate and chondroitin 
sulfate stimulate chondrocyte growth in vitro and in animal models, there is no 
direct evidence suggesting regeneration of cartilage affected with osteoarthritis 
[73,146,147]. Glucosamine was shown to impact chondrocyte gene expression, 
inducing a twofold increase in mRNA coding for proteoglycans such as perlecan 
and aggrecan [148]. In addition, interleukin-1 aggrecanase–triggered activity can 
be induced by glutamine or glucosamine [149]. Very recently, glucosamine was 
found to upregulate TGF-beta-1 mRNA levels. This ability explains the mecha-
nism of glucosamine–chondrocyte interaction, and it could hopefully be exploited 
in the design of cartilage repair strategies [150].

The current status of glucosamine therapy on osteoarthritis was recently 
reviewed by Towheed [141,151], and one conclusion from this review is that recent 
independent studies of glucosamine have had less positive results than earlier 
industry-sponsored trials for knee osteoarthritis. The clinical trials using Rotta 
preparations revealed that glucosamine was superior to placebo in the treatment 
of pain and functional impairment resulting from osteoarthritis, but no  difference 
was found between non-Rotta preparations and placebo [151]. It cannot be 
 concluded that this difference is because of interference of the parties  interested 
in the success of glucosamine in industry-sponsored studies [152]. Further  clinical 
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studies are still required to show conclusively the ability of  glucosamine to prevent 
or treat osteoarthritis. 

Potential glucosamine antiinfl ammatory activity also warrants further study. 
When compared with the anti-infl ammatory agent indomethacin, glucosamine 
had an anti-infl ammatory effect on mice models that was 50–300 lower than that 
of indomethacin, but its toxicity was 1000–4000 times lower, and  therefore glu-
cosamine had the higher therapeutic index [127]. Also, glucosamine is not an 
inhibitor of cyclooxygenase, as many NSAID are, and so does not have the asso-
ciated side effects identifi ed for this class of drug. Anti-infl ammatory effect of 
glucosamine may be due to synthesis of proteoglycan and an ability to stabilize 
cell membranes. Glucosamine also inhibits superoxide radicals and lysosomal 
enzymes [153]. Further evidence for the anti-infl ammatory effects of glucosamine 
is a study that found that adding glucosamine to certain NSAID signifi cantly 
reduced the required dose of NSAID. For example, combining glucosamine 
with the drug indomethacin reduced the required amount of the drug by 2–2.7 
times [154].

In summary, the preponderance of clinical trial data supports the effi cacy and 
safety of glucosamine for the prevention and treatment of osteoarthritis.  However, 
there are a number of trials that show no therapeutic benefi t and several trials that 
are not adequately controlled. In addition, a number of clinical trials showing 
effi cacy with glucosamine sulfate were supported by the product manufactur-
ers. Before assuming bias in these studies, it should be remembered that drugs 
available on the market are there as a result of clinical trials funded by the phar-
maceutical industry [155]. A number of important questions still remain regard-
ing the optimum dose and the best route of administration. Most clinical trials 
employed 500 mg tid or 1500 mg daily and so most supplements recommended 
an oral dose of 1500 mg per day. Although there are no indications of safety 
issues during long-term use, there is limited long-term prospective safety data for 
glucosamine. New clinical trials conducted in Europe and the United States may 
result in some positive information regarding the optimal formulation and doses 
to be used [156]. Furthermore, additional clinical data is required to confi rm the 
ability of glucosamine to promote cartilage growth or decrease cartilage degrada-
tion in vivo in humans. In 2004, NIH started recruiting patients for another U.S. 
government–sponsored clinical trail to evaluate the effects of oral glucosamine 
on insulin information regarding glucosamine safety [157].
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9.1  PROCESSING HYDROLYSATES FROM AQUATIC 
FOODS AND BY-PRODUCTS

Proper utilization of aquatic resources has been an important topic for many 
decades, and recently the scope of the problem has become even clearer. It is 
evident that as we enter the twenty-fi rst century, our common food fi sh stocks are 
greatly exploited and there is a strong need to better utilize the by-products that 
remain after processing. Furthermore, there are a number of underutilized  species 
that could be utilized for human and animal consumption, if proper  economical 
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technologies were available. The amount of protein from aquatic sources that 
goes underutilized in this world is staggering. If one merely looks at processing 
by-products from fi lleting, these raw materials may contain about 10–20% of 
the protein in the fi sh, and in many cases are not utilized for human or animal 
consumption. A positive step in this direction is fi sh meal production for animal 
feed. However, given the proper methods, much higher quality and more nutri-
tional end products could be produced from this leftover protein. A number of 
methods to better utilize raw materials of aquatic origin have been proposed, one 
of them being enzymatic hydrolysis to produce what is collectively called fi sh 
protein hydrolysates (FPH). In addition to fi sh, these hydrolysates can be pro-
duced from a number of aquatic sources. A large number of research publications 
on a number of different species and raw materials have been published in con-
nection to FPH, but only relatively few processes have been commercialized. The 
main obstacle for commercial development of FPH into human food products has 
been process economics, nonuniformity of fi nal product, functional problems, 
and off-odors�fl avors that can commonly develop during this process [1]. Produc-
tion of FPH for animal food and feed has been more successful, where fi nal prod-
uct characteristics are not as stringent. The growing world demand for animal 
protein–based feed has helped this development.

Evaluating the literature reveals a vast array of different processes that are 
used to hydrolyze and recover proteins�peptides from aquatic food products. 
Although the processes may use different enzymes, reaction conditions, etc., they 
share for the most part the same general process fl ow. First of all, the nature of 
the raw material is very important. Generally, raw materials used for enzymatic 
hydrolysis are inexpensive (hence not always kept under optimal conditions) and 
very complex. Materials rich in fat or blood and dark muscle are extremely prone 
to lipid oxidation during and after processing, and also may produce highly unde-
sirable yellow to brown colors [2,3]. Even rather lean raw materials may oxidize 
substantially if the material has a high level of blood and dark muscle, since 
both are sources of very potent prooxidants (e.g., hemoglobin and myoglobin). 
A slightly alkaline prewash (to remove heme proteins and reduce their autoxida-
tion) and addition of water and lipid-soluble antioxidants (e.g., vitamin C and 
tocopherol, respectively), will reduce oxidation and color problems, but yields 
will be reduced. Some raw materials also have a high microbial load, and anti-
microbial agents or process conditions where microbial growth is reduced (e.g., 
low pH and low temperature) would be recommended. Even though enzyme inac-
tivation is usually effective in reducing microbial counts, some microbes have 
the ability to produce toxins that are not destroyed by heat (e.g., histamine), so 
special process precautions have to be followed for certain species (e.g., scom-
broid species). Ideally one should work with a clean starting raw material, but 
until recently this has not been economically feasible. The recently developed 
pH-shift process makes this a feasible option. In this process, the raw material 
(e.g., frames or even whole headed and gutted fi sh) is fi nely homogenized in water 
and proteins solubilized using low or high pH. Proteins are then separated from 
undesirable insoluble materials, such as fat, connective tissue, skin, bones, and 
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cellular membranes (phospholipids), and some toxins (e.g., mercury) using high-
speed  centrifugation [4]. The proteins are then precipitated by adjusting the pH 
to 5.5, following another centrifugation. These recovered proteins are a relatively 
pure protein substrate that can be then further hydrolyzed to make a highly func-
tional and bioactive FPH [5].

Enzyme choice is very important if certain functional or bioactive proper-
ties are desired (i.e., certain peptide makeup). A large variety of enzymes are 
available commercially, both as single enzymes and as preparations of different 
enzymes. Each enzyme and enzyme preparation has its unique activity and will 
produce different peptides, which in turn have different functions and activities. 
There are also yield differences reported between different enzymes [6]. There-
fore it is important to select the proper enzyme to achieve the desired fi nal end 
product and to maximize yield. Enzymes with exopeptidase activities are specifi c 
and cleave inside the protein molecule, and produce relatively few but large pep-
tides, while preparations with endopeptidase activity cleave amino acids from the 
ends of the proteins and result in a higher degree of hydrolysis and a combination 
of small and large peptides. Usually a combination of the two forms of activities 
is used. Since different enzyme activities can lead to FPHs with signifi cantly dif-
ferent functions, its important to work with a well-characterized and consistent 
enzyme mixture. In the past, endogenous enzymes (e.g., from guts or pancreas) 
were used (and still are) to produce FPH. However, the type of enzymes and their 
activities may vary greatly from one batch to another, thus making it very dif-
fi cult to get a consistent hydrolysis reaction and a consistent fi nal product. The 
advantage, however, of using these preparations is they are normally inexpensive, 
as they can be prepared as crude extracts on-site. Another advantage is that they 
often are more active at lower temperatures (especially if they are extracted from 
cold water fi sh), thus allowing for an effective reaction while minimizing micro-
bial growth and oxidation reactions. In one study on salmon muscle proteins [7], 
it was found that an endogenous extract of serine proteases from salmon pyloric 
caeca was more effi cient hydrolyzing the proteins at about 20°C than four other 
commercial preparations tested. In addition to different mechanisms of hydroly-
sis, enzymes have a limited range of pH and temperature where they are active, 
and this information has to be available before designing a hydrolysis process. For 
example, if low pH is desired to control microbial growth, then an acidic protease 
such as pepsin or a commercial preparation such as Newlase (Amano Enzymes, 
Japan) would be used. These days, most enzyme reactions are run at neutral to 
slightly alkaline pH values and at moderately high temperatures (40–60°C) when 
producing FPH. Although these pH values are favorable to spoilage microorgan-
isms, they reportedly lead to fi nal products of higher functionality and quality [8]. 
Reactions at low pH values are known to promote oxidation reactions, which are 
detrimental to the fi nal product.

It is important that the raw material is very fi nely homogenized and well 
dispersed before enzymes are added to allow for proper enzyme access. 
 Homogenization is not recommended after enzyme addition as it may denature 
the enzymes. The level of water in the reaction mixture is important to allow for 
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proper mixing of enzyme and substrate. Slizyte et al. [9] found that the amount 
of water used in the reaction mixture was more important than type of enzyme 
used when hydrolyzing cod by-products. Lower levels of water addition led to 
lower recoveries. Too little water will produce a system of high viscosity that 
is diffi cult to mix and thus enzyme access to substrate will be limited. Given 
enough time, the enzymes will eventually break down enough protein to reduce 
viscosity signifi cantly, but this may unnecessarily prolong the reaction. Initially, 
when enzymes are added, the reaction proceeds rapidly and then it levels off as 
fewer peptide bonds are available for the enzymes and also as enzymes deactivate 
during the reaction. The degree of hydrolysis (%DH) during the reaction can be 
monitored by a variety of different techniques, as summarized by Kristinsson and 
Rasco [1]. One of the most commonly used techniques is based on maintaining 
a fi xed pH value and from the addition of base (if reaction is above neutrality) 
or acid (if reaction is below neutrality), one can calculate the %DH, if acid�base 
normality, protein content, total number of peptide bonds per unit weight pro-
tein, and degree of dissociation of amino or carboxyl groups is known [10]. To 
maintain enzyme activity and get an effective reaction it is important to know 
the optimal pH, ionic strength, and temperature range of the enzyme(s) used. 
It is generally not recommended to operate right at the optimal temperature, as 
this is often close to the denaturation temperature of the enzyme, and thus even 
though reaction may be quick at fi rst, deactivation may soon follow. Speed and 
extent of reaction can also be controlled by enzyme to substrate ratio. Normally, 
the enzyme is the cost-limiting factor, so it is desirable to use as little enzyme as 
possible. Higher amounts of enzyme do lead to a more rapid hydrolysis and to a 
higher degree of hydrolysis. Also, the higher the %DH the more the  recovery of 
proteins and peptides from the raw material as more proteins are solubilized [11].
Therefore, enzyme cost versus speed and extent of hydrolysis has to be balanced 
when designing a hydrolysis process. Adding and comparing enzymes based on 
weight or volume is a common problem seen in the literature. A study where 
Atlantic salmon muscle proteins were hydrolyzed with different enzymes adjusted 
to the same activity units (Azocoll units) demonstrated that different enzymes can 
result in very different degrees of hydrolysis and have different reaction rates 
even after their activity has been standardized (Table 9.1) [12]. For example, 
using Corolase 7089 (Rohm and Haas, Germany) at 29,296 Azocoll units gave 
10.64%DH after a 1 h reaction, while at the same Azocoll units, Alcalase only 
reached 2.91%DH. 

Once a desired end %DH is achieved the enzyme has to be deactivated. The 
most common technique would be to heat and inactivate the enzyme using a time 
and temperature combination suffi cient to go well beyond what is required to irre-
versibly deactivate the enzyme. Subjecting a fi sh protein homogenate to 80–90°C 
for at least 10 min is acceptable for most commercial enzyme preparations used. 
Higher protein (and fat) contents and reaction solution conditions favorable to the 
enzyme (e.g., pH and ionic strength) may increase the stability of the enzyme, so 
process variations may warrant modifi cations in the deactivation scheme used. 
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Most enzymes sold have specifi cation sheets from the manufacturer reporting 
their optimal pH, temperature, as well as the thermal scheme needed for inac-
tivation. It is important to keep in mind that these are normally done in dilute 
systems on very simple substrates that are very different from a homogenized 
slurry of fi sh proteins and associated components. Therefore, the reaction optima 
and inactivation scheme should only be taken as guidelines and not absolute. It 
is important to establish these optima for each different raw material substrate 
being worked on. Furthermore, after the reaction mixture has been heat-treated 
it is important to check the mixture for enzyme activity. Sometimes it may take 
hours to days for the enzymes to renature after a heat treatment, so it is advisable 
to check for activity immediately after the reaction mixture has cooled and at 
some time point later. Using a combination of pH and temperature may be effec-
tive. For example, if a neutral protease such as Alcalase or Protamex is used, the 
system can be acidifi ed (e.g., pH 3) and subjected to a heat treatment after hydro-
lysis. Since the enzyme is more susceptible well outside its optimal range a milder 
heat treatment may be used.

After heat inactivation, hydrolyzed proteins are typically separated from 
insoluble undesirable compounds such as nonhydrolyzed proteins, connective tis-
sue, fat, bones, scales, and skin. This material can be further processed into vari-
ous products and utilized. The separation or recovery of FPH from this material 
can be done via various means. A common technique is to subject the system to 
high-speed centrifugation, where the insoluble material would be forced to the 
bottom of the centrifuge and the soluble FPH would be decanted. Filters can also 
be used to separate the small soluble peptides making up the FPH fraction from 
the insoluble material. The FPH fraction is then often concentrated (by heat) or 
dried (e.g., with spray driers). To stabilize the FPH, it may be necessary to incor-
porate antimicrobial compounds or antioxidants. Often the FPH is acidifi ed to 
minimize microbial growth, but this greatly increases the risk of lipid oxidation, 
so proper antioxidant strategies are critical for these products if product function-
ality and palatability is to be maintained.

TABLE 9.1
Degree of Hydrolysis Reached after 1 h with Different Enzymes at the 
Same Enzyme Activity (Azocoll Units)

Enzyme
25000 Azocoll Units

(%DH)
100000 Azocoll Units 

(%DH)

Alcalase 2.4L 2.46 6.42
Flavorzyme 1000L 5.04 9.24
Corolase PN-L 3.61 7.32
Corolase 7089 10.24 13.74
Salmon pyloric caeca enzyme extract 8.63 16.86
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9.2  FOOD FUNCTIONALITY AND APPLICATIONS 
OF AQUATIC PROTEIN HYDROLYSATES

9.2.1 INTERACTIONS WITH WATER

As proteins become hydrolyzed during production of FPH they become increas-
ingly more soluble, not only because they are being released from structures that 
attach them to the myofi brillar matrix but also because they become progres-
sively smaller and have newly exposed amino and carboxyl groups, which readily 
interact with water molecules. Most studies report high solubilities for FPH. Work 
with Alcalase on sardines [13] and salmon [11] has demonstrated well over 90% 
solubility under conditions where nonhydrolyzed fi sh proteins would have very 
little solubility. Furthermore, the study with salmon FPH demonstrated that the 
high solubility (96–100%) is not sensitive to pH, contrary to nonhydrolyzed fi sh 
proteins, thus greatly extending the pH range where functional fi sh proteins could 
be used in food products. Owing to the good solubility of FPH they have found 
use and have a potential use in a variety of products. FPH have reportedly been 
used successfully as milk substitutes in weanling animals [14,15]. High solubil-
ity of FPH suggests they could be successfully used in various drink formulas. 
Good solubility and thus good interactions with water are believed to be behind 
the ability of FPH to help retain water when added to various food products. Sev-
eral studies have demonstrated that FPH can improve water holding in raw and 
cooked food products. Vareltzis and coworkers [16] incorporated FPH into ham-
burgers and found that it reduced water loss on cooking. Shahidi and coworkers 
[17] reported a similar fi nding when incorporating FPH from capelin into minced 
pork. Work done on incorporating salmon FPH into patties made from minced 
salmon fi llets showed that FPH was more effective than egg albumin or soy pro-
teins in reducing water loss on freezing and thawing [11]. This study also found 
no clear relationship between %DH and effectiveness of the FPH, but that enzyme 
type used to make the FPH was a more important factor (Figure 9.1). There are 
several mechanisms whereby FPH can aid in water binding in a food product. 
First of all, the increased amount of terminal COOH and NH3 groups on hydroly-
sis can bind and hold on to water in the food product. Also, the small peptides can 
be well distributed in the water phase of the product and may increase the osmotic 
pressure of the system, which could work against water loss from the product. The 
peptides may also directly interact with the proteins in the food products, increas-
ing their ability to hold onto more water. Research has shown that FPH may protect 
proteins from denaturation, which could in part explain their ability to help food 
systems where proteins are the main contributor of water holding. Fish protein 
hydrolysates prepared from fi ve different species were found to provide stability 
to lizard fi sh myofi brillar proteins on drying, as indicated by measuring ATPase 
activity [18]. Khan and coworkers [18] also found that surimi containing FPH
(5% w�w) had better gelling ability than surimi with no FPH and also had sig-
nifi cantly higher calcium-dependent ATPase activity, suggesting a cryoprotective 
effect of FPH. It is well known that good gel-forming ability of muscle proteins 
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is important for proper water holding [19,20]. If FPH can aid in protein gelation, 
this may also in part explain their positive effect on water holding. 

9.2.2 INTERACTIONS WITH FATS AND OILS

9.2.2.1 Interfacial and Surface Properties

When proteins are hydrolyzed, they may at low %DH expose more hydrophobic 
groups than the parent proteins and thus may have better ability to interact with 
fats and oils. A handful of studies have investigated the oil-binding abilities of 
FPH. When salmon FPH was compared to egg albumin and soy protein con-
centrate, it was found to have signifi cantly better oil binding when mixed with 
vegetable oil [11]. Not surprisingly, lower %DH gave better oil binding and also 
the type of enzyme used did not have a signifi cant effect on the results. Other 
workers have reported oil-binding ability of FPH from capelin, shark, and herring 
by-products [17,21,22].

More research has been conducted on the interfacial activities of FPH, that 
is, their ability to emulsify oil in water. Good emulsifi ers should have the abil-
ity to rapidly absorb to an interface of oil and water, and at the interface rapidly 
rearrange themselves to interact optimally with the two phases, and form a fi lm, 
which is resistant to forces (mechanical, gravitational, etc.) [23]. Limited hydroly-
sis is normally desirable as it gives a good balance of hydrophobic and hydrophilic 
amino acid patches on the polypeptide resulting from hydrolysis [8]. Extensive 
hydrolysis, which leads to small peptides may give peptides that can very rapidly 
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absorb to the surface, but due to size they cannot stabilize the interface. Lee and 
coworkers [24] suggested that peptides should not be smaller than 20 amino acid 
residues if good emulsifying properties are desired. Therefore to obtain good 
emulsifying properties a limited %DH is suggested, and it also helps to select an 
enzyme preparation, which has a relatively narrow specifi city, thus giving larger 
peptides. Work by Kristinsson and Rasco [11] are in agreement with the previous 
statement. They found that as %DH increases, emulsifying properties of salmon 
FPH decreases. Quaglia and Orban [25] reported a similar connection between 
%DH and sardine FPH. Recently, Jeon and coworkers [26] performed a study on 
cod FPH, which was fractionated with ultrafi ltration and found that peptide size 
is of great importance for proper emulsifi cation. In the salmon FPH study [11], it 
was also found that type of enzyme used to reach a certain %DH played an impor-
tant role. The enzyme preparation that gave the best emulsifying properties was 
an endogenous extract from salmon pyloric ceaca. SDS-PAGE studies revealed 
that this extract led to larger peptides than the other enzymes used, suggesting 
it had a narrower specifi city. An earlier study by Spinelli and coworkers [27,28] 
found that better emulsifying properties were generated from rockfi sh FPH when 
Alcalase was used compared to bromelain. Previous studies on rockfi sh FPH 
[27,28] and herring FPH [29] showed that FPH have better emulsifying properties 
than their parent proteins. Other studies have however demonstrated rather poor 
emulsifying properties [17,21,22].

Fish protein hydrolysates have also been found to have good surface-active 
properties, that is, foaming properties. During FPH processing, foaming would 
not be desired as this would cause a loss in recovery, and normally foaming 
can be minimized by reducing air incorporation and being careful that mix-
ing and stirring is slow. Good foaming abilities can however be a benefi t for 
the fi nal product if it is to be used in foam-based products. Herring FPH was 
found to have good foam-forming abilities but did have poor foam stability [29]. 
Shark and capelin FPH were found to have foaming ability, but it was substan-
tially less than that of whey and egg white proteins [17,21]. Surface-active prop-
erties of FPH are very sensitive to peptide size, just as interfacial properties are. 
In a study where cod FPH was fractionated into the following fractions: <30, 
10–30, 5–10, 3–5, and <3 kDa, foamability was found to decrease in the same 
sequence [26].

9.2.2.2 Antioxidative Properties

In recent years, natural antioxidants have seen a surge of interest and increased 
research efforts. Many studies have shown that proteins and peptides have the 
ability to delay lipid oxidation reactions in food and living systems. As early as 
1990, Hatate and coworkers [30] demonstrated that sardine FPH had antioxidative 
properties. Later studies by Shahidi and coworkers clearly demonstrated that FPH 
can have a function as antioxidants in food systems. Capelin FPH added to minced 
pork muscle reduced the formation of secondary oxidation products (TBARS) 
in the product by 17.7–60.4% [17]. When capelin FPH was  fractionated, both 
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pro- and antioxidative fractions were found [31]. Fractions with higher molecular 
weight were found to have more antioxidative activity. Work by Wu and cowork-
ers [32] showed that intermediate peptide sizes (1–1.5 kDa) had the highest anti-
oxidative activity. Jeon and coworkers reported that cod FPH fractions below 
5 kDa most effectively reduced lipid oxidation in a linoleic acid emulsion system. 
Studies have furthermore shown that protease type can have an impact on the 
antioxidative properties of hydrolysates [33]. Kim and coworkers [34] compared 
the use of three enzymes (Alcalase, Pronase E, and collagenase) on Alaska pol-
lack skin and found that certain fractions from Pronase E hydrolysis had peptides 
with strong antioxidative activity when tested in a linoleic acid emulsion  system. 
Kristinsson and coworkers have investigated the antioxidative activities of FPH 
made from catfi sh protein isolates (made using the alkaline pH-shift process 
described before). Catfi sh FPH were found to have high radical scavenging activ-
ity, higher as %DH increased and thus peptide sizes were reduced [35]. Higher 
%DH also led to increased metal-chelating abilities. Heme proteins are known to 
be the most potent prooxidants in fi sh systems, so the catfi sh FPH were tested in 
a model system made of tilapia Hb and washed tilapia white muscle. The FPH 
were able to signifi cantly delay the onset of oxidation [36]. Hydrolysates at 15 and 
30%DH were signifi cantly more effective than FPH at 5%DH in suppressing lipid 
oxidation (Figure 9.2). The mechanisms behind the antioxidative function of FPH 
are not well known, but are very likely because of peptide composition and size. 
Studies have been performed on manufactured peptides with known amino acid 
compositions and sequences and have demonstrated that both play a great role in 
the antioxidative properties of peptides [37].

FIGURE 9.2 Effect of hydrolysates made from catfi sh protein isolate on lipid oxidation 
(thiobarbituric reactive substances, TBARS) in a model system containing 6 µmol tilapia 
hemoglobin in a washed tilapia muscle system. The data represents lipid oxidation after 
45 h at 4°C.
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9.2.3 EFFECT ON FLAVOR

Hydrolyzed proteins are used in many industries as fl avorings. The same holds 
true for FPH, but its penetration into the market as a fl avoring agent has been 
slow, mainly owing to bitterness and “fi shiness” problems that are associated 
with certain peptides in FPH as well as oxidation- and microbial-related products 
that form during and after the process [1]. The relationship among the fl avor�odor, 
peptide size, and composition is a very complex one. It has been reported that lim-
ited hydrolysis leads to an increase in bitterness while extensive hydrolysis pro-
duces less bitterness, and may in some cases produce a fl avor-enhancement effect 
similar to monosodium glutamate and related nucleotides [38–40]. Basic peptides 
with lysine and asparagine as the C-terminal and second residue, respectively, and 
with leucine and glycine as the N-terminal residue, have been linked to FPH bit-
terness [41]. Noguchi and coworkers [42] reported that fi ve acidic tripeptides and 
three acidic dipeptides were responsible for the MSG-like fl avor- enhancement 
effect of FPH. Red hake hydrolyzed to give small peptides was reported to give 
a fl avor-enhancement effect [43]. Extensive hydrolysis of lobster by-products also 
reportedly led to FPH with fl avor-enhancement properties [44], which could also 
be related to the high levels of nucleotides naturally present in lobster. A similar 
MSG-like effect was also reported when proteins in tuna cooking water were 
hydrolyzed [45]. A handful of companies have capitalized on these properties of 
FPH and are preparing seafood “extracts” to add to a variety of products (soups, 
bisques, frozen seafoods, fi llings, snacks, imitation seafood products, etc.). Many 
of these commercial products are hydrolyzed proteins in one form or another.

The problem of bitterness and off-fl avor in general is a real one with FPH 
and can greatly limit its use for both human and animal consumption. There are 
steps that can be taken to control bitterness during and after processing. Proper 
%DH can in part control bitterness, but choice of enzyme may in some cases be 
more important as some studies suggest [39,46,47]. It is recommended to use an 
enzyme preparation with a balance of endo- and exopeptidase activities. There 
are certain commercial enzyme preparations available that reportedly produce 
hydrolysates with less bitterness (e.g., Flavorzyme from Novo Nordisk). There 
are also certain postprocess steps that can be taken to reduce bitterness and off-
fl avors. Shahidi and coworkers [17] treated FPH with activated carbon, which 
removed bitter peptides. Bitter FPH may also be treated with certain enzymes 
(rich in exopeptidase activities) after processing to reduce bitterness [39,46]. Sol-
vents can also be used to remove bitter compounds from FPH, but these may 
adversely affect functionality [46,48]. It is also possible to mask bitter fl avors by 
adding certain ingredients to FPH or products containing FPH, such as salt and 
phosphate [43] and cyclodextrin [49]. Some studies have shown that bitterness and 
off-odors may not be just because of peptides in FPH but lipid oxidation prod-
ucts. A study on mackerel hydrolysis demonstrated that bitterness development 
was well correlated with increased lipid oxidation [50]. As discussed before, this 
can be minimized with proper antioxidative strategies and process modifi cations 
(e.g., reducing temperature and operating at neutral to alkaline pH values).
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9.3  PHYSIOLOGICAL AND BIOACTIVE PROPERTIES 
OF AQUATIC PROTEIN HYDROLYSATES

9.3.1 INFLUENCE ON ANIMAL GROWTH AND HEALTH

Bioactive properties of FPH have received much attention lately. It has been well 
known for many years that proteins from aquatic sources (e.g., in the form of fi sh 
meal) have an excellent effect on animal growth and well-being [1]. This is because 
of their good balance of amino acids, high digestibility, and good  utilization by 
the animal. For example, Sugiyama and coworkers [39] reported that FPH from 
sardines had an amino acid score of 100, protein effi ciency ratio (PER) of 3.2, net 
protein ratio (NPR) of 5.2, and biological value (BV) of 86 when fed to rats. This 
FPH was also found to have a net protein utilization of 85% and digestibility of 
99%. A number of FPH from other species have closely mirrored these fi ndings 
[51–53]. Feeding trials with rats demonstrate that FPH lead to more rapid weight 
gain and higher weight compared to casein [54,55]. Feeding trials with fi sh have 
shown positive effects as well [56,57]. There are, however, a handful of studies 
that have reported a negative effect on growth [58–60]. Cordova-Murueta and 
Garcia-Carreno [60] suggested that FPH with too many low-molecular-weight 
peptides could lead to an imbalance in amino acid absorption and lack of uptake 
of essential amino acids. 

Fish protein hydrolysates are fi nding some innovative uses in the aquaculture 
industry. Gildberg and coworkers [61–63] in Norway have found that FPH give fi sh 
more disease resistance and stimulates their immune system and could be used in 
fi sh vaccines to improve the health status of aquacultured fi sh. Using FPH early on 
in the lifecycle of fi sh species may signifi cantly increase their survival rate [57,63]. 
Studies have also shown that more FPH addition to fi shmeal leads to more fi sh 
meal consumption, suggesting FPH may act as a feeding stimulant [64].

9.3.2 INFLUENCE ON PLANT GROWTH AND PROPAGATION

Fish protein hydrolysates have a proven track record as fertilizers for plants. 
Humans have for ages used fi sh and silage (endogenously hydrolyzed fi sh mate-
rial) as fertilizer with excellent results. Several commercial liquid FPH prod-
ucts are available as plant fertilizers. Their effectiveness as fertilizers has been 
linked to their favorable amino acid composition and their rapid uptake through 
roots and leaves when applied to plants (George Pigott, personal communication, 
1997). Fish protein hydrolysates have been found to greatly stimulate the produc-
tion of certain valuable bioactive compounds in certain plant varieties. Mackerel 
FPH increased the production of rosemaric acid and phenolics in oregano when it 
was included in the growth media [65]. The same FPH increased the production 
of an important phenolic compound in anise root cultures, which could help regu-
late production of important phytochemicals in plants [65]. Vattem and Shetty 
[66] reported an increased amount of water extractable phenolic compounds 
in cranberry pomace when FPH was added to the growth media. The use and 
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 function of FPH in the plant industry therefore can go beyond just providing basic 
nutrition, but could be used to stimulate the production of valuable nutraceutical 
compounds. 

9.3.3 INFLUENCE ON HYPERTENSION

The ability of natural compounds�peptides to infl uence blood pressure 
 (hypertension) has received great attention. Quite a few studies have demon-
strated that FPH will either reduce blood pressure or may have a potential to 
reduce it. The angiotensin I converting enzyme (ACE) converts angiotensin I 
to angiotensin II, which plays an instrumental role in elevation of blood pres-
sure [67]. Many workers have found that FPH from various sources inhibit this 
enzyme to a signifi cant extent [35,68–72]. Shrimp FPH inhibited 57% of ACE 
activity, while cod and sardine FPH provided close to 30% inhibition. Theodore 
and Kristinsson [35] reported a ~70–90% inhibition of ACE for catfi sh FPH 
 (Figure 9.3). There was no clear relationship between %DH or peptide size range 
and the ability of catfi sh FPH to inhibit ACE. Other studies, however, suggest that 
peptide size is important in ACE inhibition. Cod FPH was fractionated and found 
to reduce ACE activity in the following order: 3 kDa >5 kDa > 10 kDa > 30 kDa, 
suggesting that low-molecular-weight peptides are more inactivating [26]. Stud-
ies with yellowfi n sole FPH showed that <5 kDa fractions of were more  effective 
than high-molecular-weight fractions in inhibiting ACE [73]. Je and coworkers [74] 

FIGURE 9.3 Ability of hydrolysates at different %DH from catfi sh protein isolate to 
inhibit the angiotensin I converting enzyme (ACE) in vitro. (Adapted from Theodore, 
A.E. and Kristinsson, H.G., J. Sci. Food Agric., In press.) 
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hydrolyzed and fractionated Alaska pollack frame muscle proteins (<1, 1–3, 3–5, 
5–10, and 10–30 kDa) and tested the different fractions for ACE-inhibitory activ-
ity. The <1 kDa fraction had the highest ACE-inhibitory activity, and a pep-
tide with the following sequence was found to be responsible for the inhibition: 
Phe-Gly-Ala-Ser-Thr-Arg-Gly-Ala.

There is also evidence that fi sh-derived peptides may play a role in regulat-
ing blood pressure in living systems. Fahmi and coworkers [75] fed 300 mg of 
purifi ed peptides from sea bream scale hydrolysates to hypertensive rats, which 
signifi cantly dropped their blood pressure. The peptides were found to be more 
effective than the commercial hypertension drug enalapril maleate. According 
to Cheung and coworkers [76], the C-terminal amino acid of peptides make the 
most important contribution to substrate binding at the ACE active site. The most 
favorable C-terminal amino acids were tryptophan, tyrosine, phenylalanine, and 
proline, with the latter two being well-known inhibitors of ACE when found in 
peptides. In addition to a positive effect on hypertension, FPH from salmon has 
been found to reduce total cholesterol and increased high-density lipoprotein cho-
lesterol (“good cholesterol”) when fed to rats [77]. 

9.3.4 OTHER PHYSIOLOGICAL INFLUENCES

A few studies have shown that FPH have antioxidative activity in vitro [5,35,78], 
but very few have tested this in vivo. When hypertensive rats were fed FPH, their 
antioxidant status increased by 35% [79]. The same increase was not seen when 
the rats were fed casein. Fish protein hydrolysates have also been shown to reduce 
anxiety and improve learning and memory in humans [80–82]. A stress reduction 
was also reported for rats fed a commercial FPH (PC60) [83]. Fish peptides have 
also been found to stimulate the proliferation of white blood cells in humans, 
and thus could have a positive effect on the immune system [84]. Pacifi c whiting 
FPH was found to have a positive effect on the digestive tract and was shown to 
have a reparative ability as cell growth and injury was signifi cantly reduced [85]. 
A study by Chuang and coworkers [78] demonstrated, in vitro, that FPH inhibits 
lipoxygenase, which is known to lead to low-density lipoprotein oxidation. The 
same study also demonstrated that FPH has an ability to reduce viscosity of blood 
(i.e., thin blood and increase blood fl ow). Rajapakse and coworkers [86] found 
a protein or a protein fraction in yellowfi n sole FPH which had antiplatelet and 
anticoagulant properties. 
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10.1 INTRODUCTION

Bioactive peptides showing benefi cial effects on human health have been found in 
foods of marine origin. For example, anserine (β-alanyl 1-methyl-histidine) and 
carnosine (alanyl-histidine) found in bonito, tuna, and oyster show antioxidative 
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activity [1]. Bioactive peptides showing antihypertensive [2–16],  antioxidative 
[17], α-glucosidase-inhibitory [18], and hypocholesterolemic activities [19], 
etc., also have been found in enzymatic digests of proteins from marine organ-
isms. However, biological activities of these digests have been studied mostly 
in vitro, and a few of them have been studied in vivo, especially in humans. 
Among them, antihypertensive peptides based on the inhibition of angiotensin 
I-converting enzyme (ACE) have been studied most extensively. In this chapter, 
the  antihypertensive functions of ACE-inhibitory peptides derived from marine 
organisms are described.

10.2  ACE-INHIBITORY ACTIVITIES OF ENZYMATIC DIGESTS 
OF PROTEINS FROM MARINE ORGANISMS

ACE is a dipeptidyl carboxypeptidase, catalyzing the conversion of angiotensin I 
to angiotensin II, a strong vasopressor. ACE also inactivates bradykinin, a vasodi-
latory peptide (Figure 10.1). Therefore, inhibitors for ACE such as captopril show 
an antihypertensive effect. 

ACE-inhibitory peptides have been found in enzymatic digest of many food 
proteins such as gelatin [2], casein [3], and zein [4]. The ACE-inhibitory  activity 
has also been found in hydrolysate of protein of marine origin, such as tuna [5], 
dried bonito (Katsuobushi) [6], krill [7], sardine [8–10,16], salmon [11], Porphyra 
yezoensis (nori) [12], and Undaria pinnatifi da (wakame) [13,14] (Table 10.1). 
Antihypertensive activities of some of these digests such as Katsuobushi, sar-
dine, nori, and wakame have been confi rmed in humans, and approved by the 
 Japanese Ministry of Health, Labor and Welfare as “foods for specifi ed health 
uses” (FOSHU).

FIGURE 10.1 Mechanisms for antihypertensive effect of angiotensin I-converting 
enzyme inhibitors.
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10.3  ANTIHYPERTENSIVE ACTIVITY OF THERMOLYSIN DIGEST 
OF DRIED BONITO (KATSUOBUSHI-OLIGOPEPTIDE)

Katsuobushi made from bonito muscle contains inosinate and its extract has been 
used as a seasoning material in Japan. We hydrolyzed water-extracted residue 
of Katsuobushi with various proteases since it is rich in proteins with almost 
no fi shy odor. Enzymatic digests of Katsuobushi residue showed higher ACE-
inhibitory activities than those from other proteins of marine origin (Table 10.2). 
Among them, the thermolysin digest showed the highest ACE-inhibitory activity
(IC50 = 29 µg�mL), and the inhibitory activity was not impaired after digestion by 
gastrointestinal proteases (Table 10.3) [6]. Then, we tested the antihypertensive 
activity of the thermolysin digest of Katsuobushi (the Katsuobushi-oligopeptide) in 
spontaneously hypertensive rats (SHR) after single oral administration. It signifi -
cantly reduced systolic blood pressure (SBP) after oral administration at a dose of 
500 mg�kg [20]. We also tested the antihypertensive activity of the  Katsuobushi-
oligopeptide in SHR after long-term feeding. In SHR fed with 0.025% of the 
Katsuobushi-oligopeptide, which corresponds to 15 mg�kg�day, elevation of SBP 
was suppressed signifi cantly (Figure 10.2). Thus, in long-term feeding, the mini-
mum effective dose was lowered to about 1�33 that of single oral administration 
experiment [20]. The IC50 value for ACE of a Katsuobushi-oligopeptide prepa-
ration produced at industrial scale was about 50 µg�mL. The antihypertensive 

TABLE 10.1
ACE-Inhibitory Activities of Marine Protein Hydrolysates

Origin Enzymes
ACE-Inhibitory Activity 

IC50 (μg/mL) References

Dried bonito Thermolysin 29 6
Pepsinw 47 6

Trypsin 161 6

Chymotrypsin 117 6

Trypsin+Chymotrypsin 175 6

Pepsin → Trypsin 65 6

Pepsin → Chymotrypsin 41 6

Pepsin → Trypsin+Chymotrypsin 38 6

Sardine Pepsin 620 8
B. licheniformis protease 250 9

Salmon Subtilisin 110 11
Nori (Porphyra 
yezoensis)

Pepsin 910 12

Wakame (Undaria 
pinnatifi da)

Pepsin 250 13

B. stearothermophillus protease 86 14

Krill Pepsin → Trypsin 106 7
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activity of this preparation was confi rmed in borderline or mildly hypertensive 
subjects [21]. The Katsuobushi-oligopeptide showed antihypertensive effect in 
hypertensive subjects at a dose of 3 g�day. Based on the antihypertensive activity 
and safety data, “peptide soup,” containing the Katsuobushi-oligopeptide as the 

TABLE 10.2
ACE-Inhibitory Peptides Derived from Marine Organisms

Peptide Origin IC50 (μM) References

PTHIKWGD Tuna 0.9 5
IY Dried bonito 3.7 6
FQP Dried bonito 12 6
LKPNM Dried bonito 2.4 6
IWHHT Dried bonito 5.8 6
ALPHA Dried bonito 10 6
IKPLNY Dried bonito 43 6
DYGLYP Dried bonito 62 6
IVGRPRHQG Dried bonito 6.2 6
KLKFV Krill 30 7
LKVGGKGY Sardine 9.2 8
MF Sardine 44.7 9
RY Sardine 51 9
MY Sardine 193 9
LY Sardine 38.5 9
YL Sardine 122 9
VL Sardine 43.7 9
KW Sardine 1.63 9
GRP Sardine 20 9
AKK Sardine 3.13 9
RVY Sardine 205.6 9
GWAP Sardine 3.86 9
VY Sardine 11 9
DW Salmon 13 11
GIG Salmon 30 11
LRY Nori (Porphyra yezoensis) 5.06 12
MKY Nori (Porphyray ezoensis) 7.26 12
AKYSY Nori (Porphyra yezoensis) 1.52 12
YNKL Wakame (Undaria pinnatifi da) 21 13
AIYK Wakame (Undaria pinnatifi da) 213 13
YKYY Wakame (Undaria pinnatifi da) 64.2 13
KFYG Wakame (Undaria pinnatifi da) 90.5 13
KY Wakame (Undaria pinnatifi da) 38.7 14
KF Wakame (Undaria pinnatifi da) 56.2 14
FY Wakame (Undaria pinnatifi da) 59.9 14
KY Wakame (Undaria pinnatifi da) 48.4 14
VF Wakame (Undaria pinnatifi da) 62.7 14
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active ingredient, as been approved by the Japanese Ministry of Health, Labor 
and Welfare in 1997 as “FOSHU.”

By adding an ultrafi ltration step, a Katsuobushi-oligopeptide with higher 
ACE-inhibitory (IC50 = 30 µg�mL) and antihypertensive activities was obtained 
[22]. Taste and fl avor were also improved in this preparation. This strong-type 
 Katsuobushi-oligopeptide was monitored against a placebo in a double-blind, 

TABLE 10.3
Stability of ACE-Inhibitory Activity of the Thermolysin Digest 
of Dried Bonito Against Gastrointestinal Proteases

Enzymes IC50 (μg/mL)

None 29
Pepsin 22
Pepsin → Trypsin 26
Pepsin → Chymotrypsin 29
Pepsin → Trypsin + Chymotrypsin 26

FIGURE 10.2 Antihypertensive effect of Katsuobushi-oligopeptide after long-time 
feeding in SHR. SHR of 4 weeks after birth were fed a standard chow containing 0% (●), 
0.025% (■), 0.05% (□), and 1% (▲) Katsuobushi-oligopeptide (IC50 = 55 µg�mL), respec-
tively. The daily intake of chow containing 0.025% the Katsuobushi-oligopeptide cor-
responds to 15 mg�kg�day. Difference in systolic blood pressure was expressed by mean 
±S.E. Statistical analyses were done by student t-test (*p < 0.05, **p < 0.01).
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randomized, crossover study, with 61 borderline or mildly hypertensive subjects 
(Figure 10.3). In the fi rst group (30 subjects), who ingested the strong-type 
 Katsuobushi- oligopeptide at a dose of 1.5 g�day for 5 weeks, the SBP was reduced 
 signifi cantly (11.7 mmHg) [22]. In the second group, SBP was reduced signifi -
cantly (9.4 mmHg) after the crossover. The positively effective ratio (decreased 
SBP < −10 mmHg or DBP < −5 mmHg) was 64.3% in the fi rst group and 61.3% 
in the second group [22]. This strong-type Katsuobushi-oligopeptide was approved 
as “FOSHU” effective at a dose of 1.5 g�day in 2001. 

10.4  ISOLATION AND ANTIHYPERTENSIVE 
ACTIVITIES OF ACE-INHIBITORY PEPTIDES 
FROM THE KATSUOBUSHI-OLIGOPEPTIDE

We tried to isolate the ACE-inhibitory peptides in the Katsuobushi-oligopeptide. 
The Katsuobushi-oligopeptide was fractionated using octadecyl silica, phenyl 
silica, and cyanopropyl silica columns [6]. After three or four chromatography 
steps, eight potent ACE-inhibitory peptides IY, FQP, LKPNM, IWHHT, ALPHA, 
IKPLNY, DYGLYP, and IVGRPRHQG (IC50 = 3.7, 12, 2.4, 5.8, 10, 43, 62, and 
6,2 µM, respectively) were isolated [6]. Among them, we tested  antihypertensive 

FIGURE 10.3 Antihypertensive effect of Katsuobushi-oligopeptide in borderline or 
mild hypertensive subjects. Thirty subjects (circles) ingested 1.5 g�day Katsuobushi-
oligopeptide (IC50 = 31.5 µg�mL) and another 31 subjects ingested (squares) a placebo 
during the fi rst 5-week period. In the second 5-week period, samples were reversed. Systo-
lic blood pressure was monitored every week. The values are expressed as the mean ±S.E. 
Statistical analyses were done by Mann-Whitney U test (*p < 0.05, **p < 0.01).
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activities of IY, LKPNM, IWHHT, ALPHA, IKPLNY, and IVGRPRHQG.
These peptides effectively lowered blood pressure after oral administration in 
SHR at a dose of 60 mg�kg.

The duration of blood pressure reduction by these ACE-inhibitory peptides 
derived from the Katsuobushi-oligopeptide differed depending on the number of 
amino acid residues. Dipeptide, such as IY, exhibited maximal blood  pressure 
reduction 2 h after oral administration, while tripeptide such as IWH, penta-
peptide such as LKPNM, and nonapeptide IVGRPRHQG showed maximum 
decrease of 4, 6, and 8 h after administration, respectively (Figure 10.4). The 
Katsuobushi-oligopeptide exhibited long-lasting antihypertensive activity since it 
contains ACE-inhibitory peptides of various maximally effective times.

10.5  CLASSIFICATION OF ACE-INHIBITORY 
PEPTIDES BY PREINCUBATION METHOD

In general, enzymatic digests of any proteins show an apparent ACE-inhibitory 
activity to a certain extent. This is why there are many ACE substrate peptides 
in enzymatic digest of food proteins based on its broad substrate specifi city, and 
not only inhibitors but also substrates for ACE could inhibit the enzyme reaction. 
The inhibition of ACE reaction by its substrates is tentative since it is lost as the 
substrates are consumed. Therefore, substrate peptides for ACE fail to show anti-
hypertensive activity in vivo. Thus, the most important thing to obtain  peptides 

FIGURE 10.4 Antihypertensive activities of ACE-inhibitory peptides after single oral 
administration in SHR. SHR were administered saline (●), IY (△), IKW (■), LKPNM 
(○), and IVGRPRHQG (□) at a dose of 60 mg/kg. Changes in systolic blood pressure 
were expressed as mean ±S.E. (n = 5). Statistical analyses were done by student t test 
(*p < 0.05, **p < 0.01).
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showing antihypertensive activity after oral administration is to select true 
ACE-inhibitory peptides from substrates [23,24]. True ACE-inhibitory peptides 
can be discriminated from substrates by preincubating peptides with ACE before 
measurement of ACE-inhibitory activity.

The IC50 values for ACE of individual peptides before and after preincubation, 
and their antihypertensive activities after oral administration are summarized in 
Table 10.4 [23,24]. The IC50 values of true inhibitors are unaltered, while those 
of substrates for ACE were altered by preincubation with ACE. ACE-inhibitory 
peptides isolated from thermolysin digest of dried bonito, such as IY, LW, and 
IKW, were true inhibitors since their IC50 values were not altered by preincuba-
tion. In contrast, peptides such as FKGRYYP from chicken muscle, FFGRCVSP 
and ERKIKVYL from ovalbumin were classifi ed as substrates for ACE, since 
their potent ACE-inhibitory activities are almost lost after preincubation with 
ACE [23,24]. In fact, they failed to show antihypertensive activities [23].

Interestingly, LKPNM (IC50 = 2.4 µM) and IWHHT (IC50 = 5.8 µM) were acti-
vated to IC50 = 0.76 µM and IC50 = 3.5 µM, respectively, after preincubation with 
ACE (Table 10.4) [23,24]. LKPNM and IWHHT were converted to LKP and IWH, 
respectively, the true ACE inhibitors after preincubation. Therefore, these peptides 
were classifi ed as prodrug-type inhibitor. Finally, LKPNM is activated eight times 

TABLE 10.4
The Relationship between ACE-Inhibitory and Antihypertensive Activities 
of Peptides Derived from Various Proteins

Peptides Origin

IC50 (μM)
Maximum 

Antihypertensive Effecta

–Preincubation +Preincubation ΔmmHg

Hours
after Admini-

stration

Inhibitor type

 IY Bonito 2.3 1.9 –19 2
 LW OVA 6.8 6.6 –22 2
 IKW Chicken 0.21 0.18 –17 4
Prodrug type

 LKPNM Bonito 2.4 0.76 –23 6
 LKP (active form) 0.32 0.32 –18 4

 IWHHT Bonito 5.8 3.5 –26 6
 IWH (active form) 3.5 3.5 –30 4

Substrate type

 FKGRYYP Chicken 5.8 34 0

 FFGRCVSP OVA 0.4 4.6 0

 ERKIKVYL OVA 1.2 6 0

a Antihypertensive effects of peptides after oral administration in SHR at a dose of 60 mg/kg.
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FIGURE 10.5 ACE-inhibitory and antihypertensive activities of captopril, LKPNM, 
and LKP. SHR were administered saline (○), LKPNM (▲), LKP (●), and captopril (□) at 
a dose of 25 µmol�kg (LKPNM, 15 mg�kg; captopril, 10 mg�kg; LKP, 9 mg�kg). Changes 
in systolic blood pressure were expressed as mean ±S.E. (n = 8). Statistical analyses were 
done by student t-test (*p < 0.05, **p < 0.01).
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into LKP (IC50 = 0.3 µM) that belong to the most potent class among ACE-inhibi-
tory peptides derived from food proteins [20,23,24]. The maximum decrease in 
blood pressure of LKP was observed 4 h after oral administration at a dose of 60 
mg�kg. However, a maximum decrease in blood pressure of LKPNM was observed 
6 h after oral administration at the same dose (Table 10.4). Thus, antihypertensive 
activity of LKPNM was more long lasting than with LKP [24]. This effect might be 
explained by the time required for the intestinal absorption of the larger peptide or 
for the enzymatic conversion of LKPNM into LKP by ACE in vivo.

Subsequently, we compared the antihypertensive activities of LKPNM and 
LKP with that of captopril (Figure 10.5). LKPNM, LKP, and captopril were 
orally administered at the same dose on molar base (25 µmol�kg). At this dos-
age, antihypertensive effect of LKP was maximal 2 h after the administration, 
while LKPNM and captopril showed their maximal effect after 4 h. The antihy-
pertensive effect of LKP and LKPNM were 66.5 and 90.5% that of captopril on 
molar base. It should be noted that the antihypertensive effect of LKPNM was 
about two-third that of captopril although its ACE-inhibitory activity was less 
than 1�100 that of captopril (Table 10.5) [24]. These unique properties of LKPNM 
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and LKP might be attributable to a higher affi nity to the tissue owing to its basic 
properties, and slower excretion rate than captopril, a synthetic compound.

Thus, ACE-inhibitory peptides isolated from the Katsuobushi-oligopeptide 
are either inhibitor or prodrug-type peptides [23]. This may be the reason why the 
Katsuobushi-oligopeptide shows long-lasting antihypertensive activity in SHRs 
and human.

10.6 CONCLUSION

ACE-inhibitory peptides preventing hypertension are released from proteins of 
marine origin. To obtain a digest showing potent antihypertensive activities, 
the choice of the best combination of the substrate protein and protease is very 
important.
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11.1 INTRODUCTION

Edible marine algae or seaweeds, sometimes referred to as sea vegetables, from 
the Protista taxonomies Phaeophyceae (brown [B]), Chlorophyceae (green [G]), 
and Rhodophyceae (red [R]) are ubiquitous in Pacifi c (e.g., Indonesia, Philippines, 
Maori, Hawaii) and Asian (e.g., Japan, China, Korea) diets, and are also present, 
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albeit to a lesser extent, in waters of France, Iceland, Ireland, Norway, Wales, as 
well as the Canadian Maritime provinces and Maine in the United States. Tradi-
tionally, seaweeds have been incorporated into diets as fresh or blanched algae 
in salads, soups, or garnishes such as the Caulerpa spp. (G), Sargassum spp. (B), 
and Porphyra spp. (R) in the Philippines [1]; sushi components known as “Nori” 
or “Kim” (Porphyra tenera and P. yezoensis) in Japan and Korea, respectively; 
seasonings and condiments such as the Laminaria spp. (B), “Arame” (Eisenia 
bicyclis, B), “Hijiki”(Hijikia fusiformis, B), “Wakame” (Undaria pinnatifi da, B) 
in Japan. Seaweeds are also used in soups such as “Hai dai” (L. japonica, B) in 
China; ingredients in stews, salads, or condiments such as “Limu Pa-lahalaha” (Ulva 
fasciata, G) in Hawaii; snack foods and ingredients in soups, salads, etc., such as 
the European�North American (NA) red alga “Dulse” (Palmaria palmata, R) [2]; 
as fresh or sundried ingredients for steaming, fermenting, or as a chewing gum 
such as “Karengo” (Porphyra columbina, R) by the Maori of New Zealand [3]; 
and even as an ingredient in baked goods such as “Laver” (P. umbilicalis, R) in 
laver bread in Wales. More recently, fresh and dried seaweeds have been enjoying 
a growing popularity in gourmet cuisine as side dishes, garnishes, and condiments 
on today’s restaurant menus. Seaweeds also have a long history of use in the food 
industry as sources of gelling, thickening, and emulsifying agents, including algi-
nates (alginic acid) from the brown kelps (e.g., Macrocystis and Laminaria spp.), 
carrageenans from the red alga Chondrus crispus, and agars from red algae such 
as Gelidium, Gracilaria, and Gelidiella spp.; in fact, a dessert unique to Prince 
Edward Island in the Canadian Maritimes, Seaweed Pie, is based on the thickening 
capacity of the native “Irish Moss” (C. crispus) harvested from island beaches.

In general, seaweeds are not known to play a large role in human nutrition 
other than as a rich source of minerals, in particular, iodine [4,5]. However, recent 
studies do indicate that various edible seaweeds can be good sources of protein 
(e.g., P. palmata; [6]; long-chain polyunsaturated fatty acids (PUFAs) such as 
eicosapentaenoic acid (e.g., P. tenera and Porphyridium spp., R) [7,8], as well 
as soluble and insoluble dietary fi bers [9–11]. Interestingly, in 1990, the govern-
ment of France published regulations on the usage of specifi c marine algae as 
vegetables, condiments, and as raw or semiprocessed ingredients in prepared 
and processed foods [12]; these included several brown kelps (i.e., Ascophyl-
lum nodosum, Fucus vesiculosus, F. serratus, Himanthalia elongata, Undaria 
pinnatifi da), green algae (i.e., Ulva and Enteromorpha spp.), and red algae (i.e., 
P. umbilicalis, P. palmata, G. verrucosa, C. crispus). In contrast, algae do have 
a relatively long history of use in animal feed and as a fodder supplement to 
provide additional vitamins, minerals, and trace elements to livestock diets [4]. 
Understandably, the use of algae in animal nutrition has been practiced primarily 
in coastal regions, particularly Scandinavia and Europe where brown kelps (e.g., 
A. nodosum, Laminaria spp., Alaria esculenta) and Rhodophyceae species have 
been used as adjuncts in the diets of poultry, swine, cattle, and sheep.

More recently, a growing area of inquiry has focused on marine algae and 
constituents as functional foods and nutraceuticals for potential benefi cial health 
effects as sources of antioxidants and bioactives in reducing the risk for various 
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diet-related chronic diseases such as atherosclerosis and hyperlipoproteinemia in 
cardiovascular disease (CVD) as well as breast and colon carcinogenesis. Indeed, 
much of the interest in marine algae as functional foods in chronic disease risk 
reduction is derived from epidemiological evidence relating the habitual con-
sumption of seaweeds with reduced risk for CVD or various diet-related cancers 
between Asian and Western (i.e., European or NA) populations. For example, sea-
weed consumption by the Japanese ranges between 0.4 and 29.2 g�day by virtu-
ally 100% of the population [13], with the highest intakes attributed to the people 
of Okinawa [14], in contrast to the greatly reduced consumption of seaweed out-
side of Japan, for example, by 12–20% by the Japanese of Hawaii [15]. Very low 
to zero seaweed intakes can be expected in most Western populations. These sea-
weed consumption estimates represent a signifi cant environmental (i.e., dietary) 
difference between populations known to differ in CVD rates: in Japan, the age-
standardized mortality rates (ASMR) for coronary heart disease (CHD) are 43 and 
22 per 100,000 in males and females, respectively [16], or approximately 25% the 
rate of CHD in NA. These statistics refl ect the decline in CVD rates in Japan with 
increased economic wealth compared to Western countries. In China, the CHD 
mortality rates are approximately 50% of those of the West, albeit overall CVD 
mortality is similar to NA [16]. It is noteworthy that both these Asian cultures 
have traditional diets low in saturated fat and cholesterol, which manifests itself 
in low serum cholesterol levels, thereby affording protection against this CVD 
risk factor. With respect to diet-related cancers, the 1 year prevalence�100,000 for 
breast cancer in Japan and China were 42.2 and 13.1, respectively, compared to 
125.9 and 106.2 in NA and Europe, respectively [17]; the corresponding statistics 
for prostate cancer in Japan and China were 10.4 and 0.7, respectively, compared 
to 117.2 and 53.1 in NA and Europe, respectively [17]. These population data are 
supported by a growing body of evidence elucidating the effi cacy of seaweeds and 
their constituents in reducing the risk of chronic disease in animal models, such 
as mammary [18,19], intestinal [20,21], and skin carcinogenesis [22,23]; as well 
as hypocholesterolemic effects in rodent [24] and poultry [8] model studies.

This chapter will review marine algal macronutrient composition and the pro-
posed mechanisms of their bioactivity in health and risk reduction of diet-related 
chronic diseases. An in-depth review of algal water- and lipid-soluble antioxi-
dants has recently been published elsewhere [2]; however, the present chapter will 
review the polyphenol composition of marine algae. It is noteworthy that in some 
situations, increased consumption of marine algae can be detrimental, such as the 
concern with high levels of inorganic arsenic in “Hijiki” (H. fusiformis), which 
has been linked to gastrointestinal effects, anemia, and liver damage [25]; thus, 
this chapter will also address potential detrimental effects of increased marine 
algal consumption where appropriate.

11.2 PROXIMATE COMPOSITION OF MARINE ALGAE

In general, the nutritional value of the majority of edible marine algae is concen-
trated primarily in the ash (range 8.4–43.6% dry weight) and both soluble (range 
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0.2–59.7% dry weight) and insoluble dietary fi ber fractions (range 5.3–52.3% dry 
weight; Table 11.1; [26–37]). The marine algae are not particularly rich in lipids 
(range 0.92–5.2% dry weight) with the exception of two Hawaiian samples of Dic-
tyota spp. (B) containing 16.1 and 20.2% lipid on a dry weight basis [26]; albeit these 
lipids are enriched with the long-chain PUFAs, in particular C20:5ω3 and C22:6ω3 
[7,27–30]. In contrast, while somewhat variable (range 4.9–37.8% protein dry weight), 
marine algal protein content does have potential value as an alternate plant protein 
source in the diet, particularly that of the Rhodophyceae such as the Palmaria and 
Porphyra spp. with protein levels between 13.7 and 37.8% dry weight [6,12,31,32]. 
Chlorophyceae and Phaeophyceae algal species are generally noted to have lower 
protein contents compared to Rhodophyceae, with the exceptions of E. compressa 
(G) at 32.4% protein dry weight [33] and U. pinnatifi da (B), which has been reported 
to range between 11 and 24% protein on a dry weight basis [10,11,27,31,34].

It is clear from the data summarized in Table 11.1 that there is considerable 
variability in the proximate composition of the same algal species not only between 
studies conducted on samples from different geographical locations, but also 
within the same study on samples collected at different times of the year [6,32,38]. 
As photosynthetic organisms, the composition of marine algae can be seen to be 

TABLE 11.1
Proximate Composition of a Variety of Edible Red, Green, and Brown 
Algae (% Dry Weight)

Algae
Crude 
Protein

Crude 
Lipid

Total 
Dietary 
Fiber

Soluble 
Dietary 
Fiber

Insoluble 
Dietary 
Fiber Ash

Red
Chondrus crispus 20.10 34.29 22.25 12.04 21.44
C. ocellatus 8.3 1.3 30.6 22.8
Eucheuma 
denticulatum

4.9 2.2 28.0 43.6

Gracilaria changgi 6.9 3.3 24.7 22.7
Hypnea charoides 18.4 1.48 50.3 22.8
H. japonica 19.0 1.42 53.2 22.1
Palmaria sp. 13.87 1.80 34.00
P. palmata 45.6 24.3 21.3
P. palmata (W) 24.5 23.43
P. palmata (S) 13.7 15.97
Porphyra sp. 24.11 1.03 19.07
P. tenera 28.29 33.78 14.56 19.22 21.00
P. tenera 37.8 1.3 34.9 2.9 32.0 8.4
P. vietnamensis 16.5 4.4 30.5 25.2
P. yezoensis 59.4 23.1 36.3
P. yezoensis 29.6 18.3 11.3

(Continued)
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TABLE 11.1 
(Continued)

Algae
Crude 
Protein

Crude 
Lipid

Total 
Dietary 
Fiber

Soluble 
Dietary 
Fiber

Insoluble 
Dietary 
Fiber Ash

Green
Enteromorpha sp. 33.4 17.2 16.2
E. compressa 32.4 4.2 28.5 0.2 28.2 17.1
E. fl exuosa 7.9 5.6 39.9 23.2
E. intestinalis 11.4 5.2 22.2 29.2
Ulva fasciata 12.3 3.6 20.6 25.4
U. lactuca 7.06 1.64 55.4 21.3
U. lactuca 38.1 21.3 16.8

Brown
Dictyota acutiloba 12.0 16.1 5.9 28.9
D. sandvicensis 6.4 20.2 6.7 28.9
Eisenia bicyclis 74.6 59.7 14.9
Fucus vesiculosus 6.19 50.09 9.8 40.29 30.12
Hijikia fusiformis 49.2 32.9 16.3
H. fusiformis 60.6 22.9 37.7
H. fusiformis 69.3 24.5 44.8
Himanthalia elongata 5.46 0.97 26.78
H. elongata 32.7 25.7 7.0
Laminaria digitata 10.70 36.12 9.15 26.98 37.60
L. japonica 8.1 1.9 30.8 3.3 27.5 32.5
L. japonica 41.1 7.1 34.0
L. japonica 35.9 5.0 30.9
L. ochroleuca 7.49 0.92 29.47
Sargassum hemiphyllum 10.1 3.04 62.9 9.00 52.3 19.6
S. echinocarpum 10.3 3.8 10.5 32.0
S. obtusifolium 13.0 2.6 12.3 28.9
Undaria pinnatifi da 18.00 1.05 31.24
U. pinnatifi da 18.5 2.1 51.0 11.5 39.4 26.9
U. pinnatifi da 15.47 33.58 17.31 16.26 39.82
U. pinnatifi da 35.3 30.0 5.3

Note: W = winter�spring sample; S = summer�fall sample.
Source: Han, K-H., Lee, E-J., and Sung, M-K., J. Food Sci. Nutr., 4(3), 180–183, 1999; Rupérez, P. 

and Saura-Calixto, F., J. Eur. Food Res. Technol., 212, 349–354, 2001; McDermid, K.J. and 
Stuercke, B., J. App. Phycol., 15, 513–524, 2003; Sánchez-Machado, D.I., López-Cervantes, 
J., López-Hernández, J., and Paseiro-Losada, P., Food Chem., 85, 439–444, 2004; Norziah, 
M.H. and Ching, C.Y., Food Chem., 68, 69–76, 2000; Chan, J.C.C., Cheung, P.C .K., and 
Ang, P.O., J. Agric. Food Chem., 45, 3056–3059, 1997; Hagen-Rødde, R.S., Vårum, K.M., 
Laren B.A., and Myklestad, S.M., Bot. Marina, 47, 125–133, 2004; Wong, K.H. and Che-
ung, P.C.K., Food Chem., 71, 475–482, 2000; Lahaye, M. J. Sci. Food Agric., 54, 587–594, 
1991; Lahaye, M., Michel, C., and Barry, J.L., Food Chem., 47, 29–36,1993; Wang, W., 
Onnagawa, M., Yoshie, Y., and Suzuki, T., Fish. Sci., 67, 1169–1173, 2001.
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infl uenced by not only nutrient concentration in the seawater, but also water tem-
perature and depth as well as the amount of photosynthetically active  radiation 
(PAR; 400–700 nm) and more specifi cally, the amounts of UV-B (280–320 nm) 
and UV-A (320–400 nm) irradiation during growth, which are all dependent on 
geographical location and season [2,32,39]. Algae will be exposed to varying 
amounts of UV irradiation depending on their tidal zone habitat; for example, P. 
palmata (R) is classifi ed as an upper sublittoral alga within the lower intertidal 
(i.e., between the average and lowest low tides) and upper subtidal (i.e., are never 
exposed to air during tidal fl uctuations) zones, typically between depths of 0 and 
3 m; L. setchellii (B) also inhabits low intertidal and upper subtidal zones; whereas 
M. integrifolia (B) and N. leutkeana (B) both inhabit low intertidal depths [40]. 
While the lower zonal limit for M. integrifolia is at depths of approximately 10 m, 
this alga typically inhabits depths between 1 and 4 m. Thus, when comparing 
the proximate compositions of marine algae, it is valuable to collect information 
about the harvest locations and collection dates.

11.2.1 PROTEIN

Due to the fact that Rhodophyceae such as the Palmaria and Porphyra spp. have a 
long history of consumption in Asian, North American Maritime, and some Euro-
pean cultures as well as being noted as particularly good algal sources of protein, 
there has been a fair amount of interest in studying their proximate compositions, 
with an emphasis on protein content and quality, and how they are infl uenced by 
geographical location and harvest dates [6,32,38]. Studies evaluating P. palmata 
(dulse) collected from the French Brittany coast [6] and Northern and Southern Ire-
land; Bay of Biscay, Spain; and Trondheim, Norway [32] confi rmed that the protein 
content was variable throughout the year, peaking with values between 21.9 and 
24.5% dry weight during the winter�spring months spanning December through 
March, and dropping as low as 11.9–13.7% dry weight during the summer�fall 
months spanning May through November. Interestingly, these changes in pro-
tein content coincided with distinct changes in the amino acid profi les of these 
dulse samples, with marked decreases of up to four to six of the essential amino 
acids (His, Leu, Lys, Cys, Phe, Tyr, Thr) occurring from April to September [6]. 
Conversely, the nonessential amino acids Glu, Ser, and Ala were observed to be 
relatively higher in dulse samples harvested in late winter, spring, September, and 
October; but absent in July and November through January. It was thought that 
these seasonal fl uctuations in algal amino acid content refl ected changes in the 
types of proteins and thereby, enzymes present in the tissues. Moreover, a posi-
tive correlation between the availability of nitrogenous nutrients in seawater and 
protein content appears to exist with enhanced algal protein content in the winter 
and early spring when maximum nutrients are available, as well as geographic 
locations with higher concentrations of nitrogenous nutrients in the seawater such 
as Northern Ireland compared to locations in Southern Ireland, Spain, and Nor-
way [32]. Support for the hypothesis that the intensity and availability of PAR UV 
irradiation during growth in the summer months affects algal metabolism and 
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the profi le of proteins present can be found in  studies evaluating the infl uence of 
growth conditions on the endogenous antioxidant profi le of seaweeds, particularly 
the mycosporine-like amino acids (MAAs) of Rhodophyceae and the phlorotan-
nins of Phaeophyceae [2,39,40]. For example, when P. palmata or Laminaria spp. 
are exposed to high levels of UV-A and UV-B irradiation during growth, the syn-
thesis of these endogenous antioxidant and sunscreen molecules is up-regulated. 
Indeed, the aromatic amino acids, Phe and Tyr, are key intermediates in the syn-
thesis of phenolic acids and the MAAs via the shikimic acid pathway [2], which 
coincides with the decreased concentrations of Phe and Tyr in April through June 
and September reported by Galland-Irmouli and coworkers [6]. Also, Gly is a 
principal substituent conjugated with the MAA chromophore structures, poten-
tially contributing to the reduced levels of this nonessential amino acid during the 
spring and summer months. Thus, there are likely multiple variables infl uencing 
not only the protein concentration, but also the protein�enzyme profi le and amino 
acid composition of edible seaweeds, which need to be considered when compar-
ing species and studies in the literature.

When evaluating the quality of a dietary protein, not only is the amino acid 
composition, and in particular the complement of essential amino acids, impor-
tant, but so too is the digestibility of the protein, since it is this latter factor, 
which will determine whether the protein will support growth and maintenance 
in vivo. In general, Table 11.2 indicates that many of the edible Rhodophyceae, 
Chlorophyceae, and Phaeophyceae contain amino acid profi les with a good com-
plement of essential amino acids ranging between 36.3 and 57.65% of total amino 
acids. The Rhodophyceae tended to contain a predominance of acidic versus 
basic amino acids such as in the case of P. palmata with 28.5 versus 7.8% of total 
amino acids [6]; H. charoides with 31.1 versus 14.7%; H. japonica with 29.7 versus 
16.2%; and G. changgi with 17.3 versus 11.8% of total amino acids (Table 11.2); 
P. tenera was the exception with 15.4 acidic versus 24.2% basic amino acids. 
Similar to terrestrial plant proteins, marine algal proteins were limiting in more 
than one essential amino acid when compared to either hen’s egg protein or the 
FAO�WHO reference pattern: Lys was limiting for G. changgi [28]; P. palmata 
[6] particularly when harvested in the summer months; D. antarctica [30] par-
ticularly in the fronds versus stem structures; H. charoides, H. japonica, and 
U. lactuca [41]. Additionally, P. palmata was limited in the sulfur-containing 
amino acids (Met and Cys) in general and limited in Thr in summer and early win-
ter [6]; D. antarctica (stem) and U. lactuca were both limited in Ile and Leu [30]; 
H. charoides, H. japonica, and U. lactuca were all limited in the sulfur-containing 
amino acids in another study (Met and Cys) [41]. These data refl ect the release 
of amino acids following acid hydrolyses in vitro and therefore would not neces-
sarily refl ect the bioavailability of these same amino acids in vivo. Moreover, in 
vitro and in vivo digestibility studies are highly variable in reporting marine algal 
protein digestibility depending on whether a crude algal powder versus a protein 
extract was studied, or individual proteolytic enzymes versus intestinal juice [6], 
a multienzyme preparation [41], or in sacco rumen incubation [42]. For  example, 
when Galland-Irmouli and coworkers [6] evaluated the protein digestibility of 
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P. palmata using a variety of in vitro methods, dulse protein was 56% digestible by 
pepsin–pancreatin in a digestion cell compared to casein when a crude algal pow-
der was evaluated versus previous reports of 50 or 73% digestibility with pancrea-
tin alone or pronase. Gel electrophoresis revealed that a dulse protein extract was 
highly digestible by trypsin and pronase, but less so by intestinal juice and chy-
motrypsin. Differences in digestibility were attributed to the potential presence of 
protease inhibitors in dulse as well as a general inhibitory effect of algal polysac-
charides on enzyme access to peptide bond sites of algal proteins [6]. Further 
evidence of the potential detrimental infl uence of algal polysaccharide content on 
protein digestibility is evident from the work of Rupérez and Saura-Calixto [11] 
indicating that the available protein content of F. vesiculosus (B) and L. digitata 
(B) was reduced by the presence of resistant protein associated with insoluble 
dietary fi ber accounting for up to 72 and 57% of total protein, respectively. The 
protein digestibility of Chlorophyceae and Phaeophyceae species is also poten-
tially decreased by the greater polyphenolic content of these algae compared to 
Rhodophyceae; for example, Wong and Cheung [41] demonstrated a negative cor-
relation between the in vitro protein digestibility and total phenolic contents of 
H. charoides (R) and H. japonica (R) compared to U. lactuca (G). When Ventura 
and Castañón [42] incubated ground U. lactuca in sacco within the cannulated 
rumen of Canarian goats, 85% of the protein appeared to be available for diges-
tion, although degradable protein represented approximately 60% of available 
protein; thus, U. lactuca was described as a medium-quality forage for goat nutri-
tion, similar to a medium-quality alfalfa hay.

In vivo studies with rats fed on diets containing marine algae are able to 
provide data on the signifi cance of the chemical and in vitro investigations dis-
cussed above. Animals fed on AIN-93M-based diets containing 7% P. tenera (R) 
or L. digitata (B [43]), or 14.7% P. tenera or U. pinnatifi da (B [44]), all exhib-
ited similar food intakes, body weight gains and feed effi ciency ratios (FER; 
weight gain [g]�feed intake [g]) compared to control rats fed on algae-free diets 
in the respective studies; albeit, the FER for 7% L. digitata–fed rats was slightly 
decreased compared to 7% P. tenera–fed counterparts. In this latter study, it was 
observed that the overall apparent digestibility of P. tenera (97.8%) and L. digi-
tata (97.6%) diets were decreased compared to the control group (98.4% [43]). 
Overall, when rats were fed on 7% marine algal diets for 3 weeks, the diets 
supported growth well without changes in hepatic, kidney, or heart weights, 
but with a slight decrease in spleen weight in L. digitata–fed rats, thought to 
be related to the decreased dietary Na�K ratio for these animals [43]. Similarly, 
rats fed on 14.7% marine algal diets grew as well as control diet–fed counter-
parts despite decreases in the apparent digestibility of dietary protein from 92.6% 
with control rats to 86.1 and 86.2% with P. tenera and U. pinnatifi da–fed rats, 
respectively [44]. These decreases could be attributed to increased fecal protein 
excretion from increased gut microfl ora protein or protein resistant to digestion 
associated with the inhibitory effects of dietary fi ber on proteolytic enzyme activ-
ity discussed above. Thus, the protein effi ciency ratios (weight gain [g]�protein 
intake [g]) of the marine algae–fed groups were increased compared to controls. 
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Taken together, these reports suggest that marine algae protein can support 
growth well when consumed as part of a mixed diet to offset slight decreases in 
apparent absorption of protein from diets, which can be attributed in part to the 
dietary fi ber  fractions of algae-supplemented diets.

11.2.2 LIPIDS

While the majority of marine algae have very low lipid contents, ranging from as 
low as 0.3% dry weight in U. lactuca harvested in Northern Chile [30] to 7.2% 
dry weight in Caulerpa lentillifera (G) harvested from Hilton Waikaloa, Hawaii 
[26], there are exceptions such as the edible Phaeophyceae Dictyota spp. from 
Hawaii, D. acutiloba and D. sandvicensis both commonly known as “Limu 
Alani” with lipid contents of 16.1 and 20.2% dry weight, respectively ([26];
Table 11.1). Thus, the energy content, determined by bomb calorimetry, of 
these algae is correspondingly low as well, ranging from as low as <1.0 kCal�g 
dry weight for certain Chlorophyceae to a maximum of 2.4–3.1 kCal�g for the 
Dictyota spp. above [26]. However, the fatty acid profi les of the marine algal 
lipid fractions can be good sources of the essential C18 PUFAs: 0.69–10.03 and 
0.23–11.97% total fatty acids for C18:2ω6 and C18:3ω3, respectively (Table 11.3). 
Moreover, the marine algal lipid fractions are rich in the long-chain PUFAs asso-
ciated most often with fi sh oils; particularly C20:5ω3 ranging from a low of 1.01% 
total fatty acids in the Chlorophyceae, U. lactuca to as high as 33.1% total fatty 
acids in the Rhodophyceae, Gracilaria changgi with intermediate amounts in 
most Phaeophyceae, as well as C22:6ω3 which was detected in G. changgi (12.9% 
total fatty acids), and U. lactuca (0.80% total fatty acids), but not other edible algae 
(Table 11.3). Among saturated fatty acids, C16:0 was the most predominant, par-
ticularly in the Porphyra (63.19% total fatty acids) and Palmaria spp. (45.44% 
total fatty acids) of the Rhodophyceae, whereas Chlorophyceae such as U. lactuca 
(14.00% total fatty acids) and most Pheophyceae (range from 16.51 to 36.0 total 
fatty acids) contained lower levels of C16:0. When Kaneda and Ando [7] investi-
gated the distribution of fatty acids in tissue lipid fractions, the Rhodophyceae P. 
tenera exhibited a concentration of C16:0 in tissue phospholipids and triacylglyc-
erols, whereas C20:5ω3 was primarily concentrated in the phospholipid fraction. 
For monounsaturated fatty acids (MUFAs), C18:1ω9 was the predominant fatty 
acid particularly in G. changgi and U. lactuca (21.9 and 27.43% of total fatty 
acids, respectively) followed by most Phaeophyceae (range from 6.79 to 19.96% 
of total fatty acids); marine algal lipids also contained signifi cant amounts of 
C16:1ω7 ranging from 1.87 to 6.28% total fatty acids and C18:1ω7 in Palmaria 
and Porphyra spp. (2.08 and 1.29% of total fatty acids, respectively), as well as 
the Phaeophyceae, Sargassum hemiphyllum (0.91% total fatty acids). Lamberto 
and Ackman [45] identifi ed and quantifi ed two lesser-known trans-3-monoeth-
ylenic fatty acids in two Rhodophyceae species, P. palmata and C. crispus, 
harvested in Nova Scotia, Canada: trans-3-hexadecenoic acid (C16:1ω3) and trans-
3-tetradecenoic acid (C14:1ω3). These two fatty acids are known to be involved in 
algal photosynthesis and are present at relatively low concentrations, particularly 
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C14:1ω3 at approximately 0.1% total fatty acids in both P. palmata and C.  crispus, 
with C16:1ω3 at 2.4 and 0.9% total fatty acids, respectively [45]. In general, the 
predominant fatty acid class for Rhodophyceae was the saturates (>60% total 
fatty acids for Palmaria and Porphyra spp.), whereas PUFAs predominated with 
Phaeophyceae ranging from 36.33 and 69.11% total fatty acids; the proportions of 
saturates, MUFAs and PUFAs in Chlorophyceae, U. lactuca were fairly uniform at 
33.12, 34.20, and 22.21, respectively (Table 11.3). Despite these differences in fatty 
acid classes between marine algal species, the ratios of ω6 to ω3 fatty acids were 
well below the recommended ratio of 4:1 for reducing the risk of CVD, various 
cancers, as well as infl ammatory and autoimmune diseases in most Western popu-
lations whose habitual dietary intakes are closer to ratios of 15:1 to 16.7:1 owing to 
the preponderance of oilseed ω6 fatty acids in their diets [46]. Thus, marine algae 
with lipid ω6: ω3 ratios ranging from a low of 0.08 with Palmaria spp. to 1.57 in 
U. lactuca (Table 11.3) would appear to be an useful adjunct to Western diets to 
decrease dietary ω6: ω3 ratios in a bid to reduce chronic disease risks.

While the majority of marine algae available commercially and for retail sale 
are sun-dried after harvest, some products may be oven-dried at temperatures 
around 60°C, freeze-dried, or even heat-processed as a canned product, such as 
the Spanish Phaeophyceae, Saccorhiza polyschides and Himanthalia elongata 
[27]. Owing to the susceptibility of PUFAs to oxidation, one can expect dif-
ferences in the fatty acid profi les of marine algae subjected to different heat-
processing conditions. For example, Chan and coworkers [29] reported that the lipid 
fraction of freeze-dried S. hemiphyllum contained greater amounts of C16:1ω9, 
C18:1ω7, C18:3ω3, C18:4ω3, C20:4ω6, and C20:5ω6 as percentage of total fatty 
acids compared to sun-dried and oven-dried (60°C) samples of the same edible 
seaweed; however, there were no differences between the different seaweed dry-
ing treatments with respect to total crude lipid contents, which ranged from 3.04 to 
4.42% dry weight. Similarly, Sánchez-Machado and coworkers [27] reported that 
sun-dried H. elongata exhibited greater amounts of C16:3ω4, C18:3ω3, C18:4ω3, 
C20:4ω3, and C20:5ω3 in the lipid fraction compared to a canned sample of 
H. elongata. These data were supported by the fi ndings that the canned H. elon-
gata also exhibited an enhanced level of saturated fatty acids and ω6:ω3 ratio 
than the sun-dried specimen, which contained correspondingly greater levels of 
PUFAs, particularly the ω3 PUFAs as described in Table 11.3.

Studies with Rhodophyceae, Chlorophyceae, and Phaeophyceae species fed 
to poultry and mammalian animal models have demonstrated that not only are 
marine algal lipid fatty acids able to signifi cantly alter the fatty acid profi le of egg 
yolk lipids from hens fed on 10% Porphyridium spp. [8], but also the hypocholes-
terolemic, and specifi cally the hypolipoproteinemic effi cacy of algae-containing 
diets (i.e., Rhodophyceae, Phaeophyceae, and Chlorophyceae species) in rodent 
animal models of hypercholesterolemia [24,33,47]. When laying hens were fed 
on a standard poultry diet containing 3.5% fat supplemented with either 5 or 
10% Porphyridium spp. for 10 days, blood cholesterol levels were decreased in 
hens fed on the 10% algae diet only [8]. There were also slight decreases in egg 
yolk cholesterol levels when hens were fed on 5 and 10% algal diets: 9.5 and
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10 mg cholesterol�g yolk, respectively, compared to 12.5 mg cholesterol�g yolk 
with the control diet, albeit the decreases were not signifi cant. Interestingly, 
despite a 10% decrease in feed consumption among hens fed on algal diets, there 
were no differences in hen body weight, numbers of eggs laid, or egg weights 
among groups of hens. The eggs of hens fed on algal diets were also observed 
to have a darker color, attributed to the carotenoid content of the algae (8). In a 
short-term animal feeding study (25 days), rats fed on diets containing 2% choles-
terol, 7% corn oil, and 5% of the following algae: Ulva spp. (G), H. charoides (R), 
Colpomenia sinuosa (B), and S. hemiphyllum (B), did not exhibit any differences 
among food intakes, body weight gained, or hepatic and spleen weights among 
treatment groups [24]. Effects of algal diets on plasma hypercholesterolemia were 
varied: S. hemiphyllum and C. sinuosa both increased plasma total cholesterol 
(TC) compared to Ulva spp. and H. charoides; C. sinuosa was the only alga, which 
was hypercholesterolemic compared to the cholesterol-fed control group; none of 
the other algae-fed groups were signifi cantly different from each other for plasma 
TC. Interestingly, not only did the C. sinuosa diet increase LDL cholesterol levels 
compared to the control and H. charoides groups, but also HDL cholesterol [24]. 
These results could be partially attributed to the increased level of hepatic choles-
terol exhibited by C. sinuosa–fed animals compared to the control animals. From 
this short-term study, only H. charoides exhibited potentially benefi cial, albeit 
insignifi cant effects, on plasma hyperlipoproteinemia with a small decrease in 
LDL, concomitant with a slight increase in HDL cholesterol. These results were 
in contrast to an earlier report by Kaneda and coworkers [33], in which rats fed 
on 1% cholesterol with 0.25% bile salts, 5% cottonseed oil, and 5% P. tenera (R), 
E. compressa (G), or L. japonica (B) over 10 weeks, exhibited marked decreases 
in plasma cholesterol fractions. Total and free cholesterol levels were reduced 
in animals fed on E. compressa and P. tenera, but not in L. japonica–fed coun-
terparts. Interestingly, these decreases in P. tenera–fed animals coincided with 
increased total and free hepatic cholesterol levels to balance the hypocholestero-
lemic effi cacy of this diet [33]. Hepatic cholesterol fractions were not infl uenced 
in E. compressa- or L. japonica–fed animals, while, hepatic lipid levels appeared 
to increase these latter two groups compared to the others. More recently, in an 
attempt to isolate the hypolipidemic effect of edible Rhodophyceae, Chlorophyc-
eae, and Phaeophyceae species, Ara and coworkers [47] treated normal rats fed 
a standard chow diet, or rats fed a hypercholesterolemic diet (5% coconut oil, 1% 
cholesterol with 0.5% cholic acid) with ethanol extracts from Solieria robusta (R), 
Caulerpa racemosa (G), Iyengaria stellata (B), C. sinuosa (B), or  Spatoglossum 
asperum (B). All extracts decreased plasma total cholesterol (by 11.2–20.0%) 
and triacylglyercol levels (by 16.66–33.33%) except S. robusta in the normal diet 
group. In these same animals, plasma LDL cholesterol levels were decreased in 
all algae-treated groups by 32.8–51.38%, whereas plasma HDL cholesterol levels 
were increased by 9.75–45.14% in all groups, except I. stellata [47]. In contrast, 
all algal extracts reduced plasma total cholesterol (by 11.2–37.38%), triacylglyc-
erol (by 14.1–28.62%), LDL cholesterol (by 15.59–78.72%), and increased plasma 
HDL cholesterol (by 13.71–66.24%) in rats fed on the hypercholesterolemic diet. 
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In this latter study, the hypolipidemic effi cacy of edible marine algae was 
restricted to the ethanol-soluble fractions, removing the effects of soluble and 
insoluble dietary fi bers, and thereby suggests that these extracts may modulate 
LDL cholesterol metabolism in algae-treated animals [47].

11.2.3 STEROLS

The few investigations of marine algal sterol composition have focused on 
the Rhodophyceae, P. palmata harvested from the Isle of Wight, UK [48] and 
 Newfoundland, Canada [38]. Cholesterol (cholestan-5-en-3β-ol) and desmosterol 
(3β-cholesta-5,24-dien-3-ol or 24-dehydrocholesterol) accounted for approxi-
mately 85% of total sterol content in P. palmata; the remaining sterols identi-
fi ed were 24-methylene cholesterol, β-sitosterol and fucosterol (24,28-methylene 
cholesterol; [38]; for structures, see below). Indeed, 24-methylene cholesterol is 
an intermediate in the conversion of desmosterol into fucosterol, which can then 
be converted into β-sitosterol [49]. The desmosterol content of P. palmata was 
observed to vary throughout the year with maxima of 70 mg�100 g dry weight 
in November and May and minima of 20 mg�100 g dry weight in March through 
April, reaching as low as 1 mg�100 g dry weight in June through August [38]. 
Conversely, P. palmata cholesterol content remained fairly constant throughout 
the year at approximately ≤1 mg�100 g dry wt. It was also suggested that algal 
desmosterol content may vary not only seasonally, but also with geographic loca-
tion and thus, likely UV irradiation exposure during growth. Other workers iden-
tifi ed 7-oxo-desmosterol in a methanol extract of P. palmata, which had been 
fractionated with n-hexane [48].

It is noteworthy that desmosterol is a C24 unsaturated cholesterol precursor late 
in the cholesterol biosynthetic pathway via desmosterol reductase. In fact, recent 
in vitro studies indicate that desmosterol binds to liver X receptors (LXR), which 
regulate the expression of multiple genes involved with sterol transport and fatty 
acid biosynthesis [50]. The mechanisms related to desmosterol-mediated activa-
tion of LXR and reduced expression of LDL receptors and HMG-CoA reductase 
in Chinese Hamster Ovary (CHO)-7 cells in this latter study, likely played a role 
in the hypocholesterolemic effects observed with marine algae above. Thus, there 
appears to be some interest in fi nding rich sources of desmosterol, such as the 
Rhodophyceae P. palmata, to isolate pharmaceutic or nutraceutical ingredients to 
potentially modulate cholesterol metabolism to reduce CVD risk factors [38].
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11.2.4 POLYSACCHARIDES

11.2.4.1 Total Dietary Fiber

Current understanding and defi nitions of dietary fi ber have resulted in an expansion 
of the terminology to include not only nonstarch polysaccharides associated with 
plant cell wall components (i.e., cellulose, hemicellulose, lignin, pectins, gums, 
and waxes), which are resistant to human alimentary digestive enzymes, but also 
oligosaccharides, resistant starches, and resistant proteins along with bound con-
stituents such as polyphenols [9]. Soluble dietary fi ber (SDF) is defi ned as being 
dispersible in water, thereby giving rise to viscous gels in the gastrointestinal tract 
and comprises xyloglucans, galactomannan hemicelluloses, β-glucans, pectins, 
gums, mucilages and thus, the majority of marine algal polysaccharide structures 
discussed below. The bioactivity of soluble algal dietary fi bers is associated with 
viscosity-mediated effects such as reductions in plasma cholesterol and glucose 
levels [9,51]. In contrast, insoluble dietary fi ber (IDF) is not dispersible in water, 
but does contribute to fecal bulking and comprises cellulose, lignin, arabinoxylan 
hemicelluloses, and resistant starch. Thus, one of the main biological effects of 
IDF is reduced intestinal transit time. It is noteworthy  however, that both SDF and 
IDF can bind water or mineral ions in their matrices; thus, much of the interest 
in marine algal polysaccharides and total dietary fi ber (TDF) is related to water-
holding capacity (WHC) as well as metal ion– and bile acid–binding  bioactivities 
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of these components [9,10,36,37,52]. Moreover, marine algal SDF that reach 
the bowel can be susceptible to fermentation by the colonic microfl ora to yield 
short-chain fatty acids and thereby, alteration to the bowel pH [36].

Table 11.1 indicates that the proportions of SDF (ranging from 8.3 to 85.0% 
of TDF) and IDF (ranging from 20.0 to 98.9% of TDF) were highly variable 
between Rhodophyceae, Chlorophyceae, and Phaeophyceae classes, species, 
as well as the same algae between and within individual studies, albeit IDF 
appeared to predominate. The major polysaccharides of marine algae include 
the alginates, fucans, and laminarans of Phaeophyceae, agaran and agaropectin 
from the  Rhodophyceae, Gracilaria and Gelidium spp., as well as the κ-, λ-, and 
ι- carrageenans from Rhodophyceae such as C. crispus. Alginates comprise the 
major polyuronide matrix component of Phaeophyceae spp. and consist of alter-
nating sequences of β-(1,4)-d-mannuronic acid and α-(1,4)-l-guluronic acid with 
20–30 uronic acid residues.
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Fucans are a heterogeneous group of polysaccharides made up of the 
fucoidans, xylofucoglycuronans, and glycouronogalactofucans: fucoidans com-
prise (1,2)-α-l-fucose-4-sulfate with branching or sulfate esters on C3 with small 
amounts of d-xylose, galactose, mannose, and uronic acids; xylofucoglycouro-
nans (also referred to as ascophyllans) contain a backbone of poly-β-(1,4)-d-
 mannuronic acid with branches of 3-O-d-xylosyl-l-fucose-4-sulfate or uronic 
acid; whereas glycouronogalactofucans consist of linear chains of (1,4)-d-
galactose with branching at C5 with l-fucosyl-3-sulfate or uronic acid [9]. 
Laminarans represent a polysaccharide reserve in brown kelps and consist of 
(1,3)-β-d-glucose and (1,6)-β-d-glucose polymers with mannitol end groups.

Agaran is based on β-d-galactosyl with (1,4) links to 3,6-anhydro-α-l-
 galactopyranosyl units, whereas agaropectin also contains 5–10% sulfate ester 
groups plus d-glucuronic acid residues and pyruvate ester.
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The carrageenans are sulfated linear galactans with α-(1,3)-galactose alter-
nating with β-(1,4,3,6)-anhydro-d-galactose with varying amounts of sulfate ester 
substitution among the three main species of κ-, λ-, and ι-carrageenan:
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Xylans are the principle matrix and cell wall polysaccharide of the Rhodo-
phyceae P. palmata consisting of linear xylans with mixed β-(1,4) and β-(1,3) 
linkages with the degree of polymerization varying between 40 and 114 [36].
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However, Phaeophyceae cell wall material is predominantly cellulose. The 
reserve polysaccharide of Rhodophyceae is known as fl oridean starch [10,12,36]. 
Chlorophyceae are noted to contain varying amounts of starch, cellulose, xylans, 
mannans, polysaccharides with sulfate and uronic acid substituents as well as 
rhamnose, xylose, galactose, and arabinose groups [9].

The chemical compositions of the marine algal polysaccharide fractions 
 discussed above were confi rmed by the analysis of neutral sugars and uronic acid 
in the SDF and IDF hydrolysates of selected edible commercial algae from Spain 
[11]. For brown kelps (F. vesiculosus, L. digitata, and U. pinnatifi da), the SDF 
fractions contained between 1.3 and 4.9% uronic acids from alginates compared 
to only trace amounts (<0.6%) in Rhodophyceae (C. crispus and P. tenera). The 
SDF neutral sugar profi le of F. vesiculosus included (in descending order, % dry 
weight) fucose, glucose, arabinose, galactose, and xylose; for L. digitata they were 
fucose, galactose, mannose, xylose, rhamnose, arabinose with trace amounts of 
glucose; for U. pinnatifi da they were fucose, galactose, xylose, glucose, mannose, 
arabinose, and rhamnose; for C. crispus they were galactose, xylose, 6-O-methyl-
galactose, mannose, glucose, rhamnose, and arabinose; and for P. tenera they 
were galactose, 3,6-anhydrogalactose, mannose, xylose, glucose, rhamnose, and 
arabinose [11]. Thus, SDF for brown kelps were confi rmed to contain not only 
alginates, but also laminaran and sulfated fucoidans, whereas those of the red 
algae were confi rmed to contain agar and carrageenans. However, the IDF neutral 
sugar profi le of F. vesiculosus included fucose, arabinose, xylose, mannose, and 
galactose with traces of glucose; L. digitata included glucose, fucose, mannose,
galactose, xylose, arabinose, and rhamnose; U. pinnatifi da included glucose, ara-
binose, galactose, mannose, xylose, and rhamnose; C. crispus included galactose, 
glucose, xylose, mannose, 6-O-methyl-galactose, arabinose, and rhamnose; and that 
of P. tenera included mannose, xylose, galactose, 3,6-anhydrogalactose, glucose,
and arabinose. Thus, IDF for brown kelps was comprised of not only cellulose and 
other bound polysaccharides, but also residual insolubles referred to as “Klason 
Lignin” associated with resistant bound protein; while that of red algae was com-
posed of insoluble mannans and xylans [11]. When Lahaye and coworkers [36] 
elucidated the neutral sugar profi le of P. palmata, the SDF fraction was composed 
of a majority of xylose derived from xylans and trace amounts of mannose, galac-
tose, and glucose, thought to be derived from glycoproteins and fl oridoside (2-O-
glycero-α-d-galactopyranoside). In contrast, the IDF of P. palmata was composed 
of a majority of xylose and small amounts of glucose and galactose, refl ecting the 
xylan content as well as a small amount of cellulose, common to red algae [36].
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11.2.4.2 Water-Holding Capacity

When Rupérez and Saura-Calixto [11] evaluated the WHC of freeze-dried and 
milled Spanish brown and red algae, Phaeophyceae L. japonica and U. pinnati-
fi da exhibited the greatest swelling capacities at 9.82 and 10.53 mL�g dry weight 
compared to F. vesiculosus (5.77 mL�g dry weight) and the red algae P. tenera 
and C. crispus with 6.08 and 5.87 mL�g dry weight, respectively. The WHC of 
the same algae was similar with values of 10.33 and 10.96 g H2O�g dry weight 
for L. digitata and U. pinnatifi da, respectively, compared to F. vesiculosus with 
5.48 g H2O�g dry weight and the red algae P. tenera and C. crispus with 5.19 and 
7.29 g H2O�g dry weight, respectively [11]. These results may refl ect the alginate 
and thereby uronic acid content of the brown kelps; for example, as representative 
examples of SDF, brown kelp alginates have been characterized as forming strong 
gels in the presence of excess calcium ions, and indeed, can form gels in the 
stomach to slow gastric emptying [9]. Interestingly, guluronic acid–rich  alginates 
have greater water solubility compared to mannuronic acid–rich alginates. Thus, 
it is the guluronic acid–rich alginates that may potentially be responsible for any 
decreased food intake in kelp-fed animals. However, the greater WHC of C. cris-
pus compared to its Rhodophyceae counterpart P. tenera likely refl ects the car-
rageenan content of the former, versus the xylan content of the latter red alga. 
Among the carrageenans, κ-carrageenan is noted for its strong gels in the pres-
ence of potassium ions; ι-carrageenan for its elastic gels in the presence of cal-
cium ions; whereas, λ-carrageenan is nongelling, but adds viscosity to solutions.

The results detailed above were in contrast to the WHC of Phaeophyceae, 
Rhodophyceae, and Chlorophyceae obtained commercially in Korea [10] where 
U. pinnatifi da exhibited the greatest increase in weight of 1310% followed by 
P. tenera (943%), L. japonica (854%), and E. compressa (816%), which could 
potentially be attributed to the greater amounts of TDF and SDF in U. pinnati-
fi da (51.0 and 11.5% dry weight, respectively) compared to P. tenera (34.9 and 
2.9%), L. digitata (30.8 and 3.3%) and E. compressa (28.5 and 0.2%). However, 
the viscosity of 20% suspension of these same powdered algae was greatest for 
L. japonica at 39.7 cP, followed by U. pinnatifi da (23.4 cP), P. tenera (5.0 cP), 
and E. compressa (4.0 cP). Unfortunately, the varying results among studies are 
diffi cult to compare because of the existing differences in sample preparation 
and measurement. The WHC of commercial ground and freeze-dried P. palmata 
powder from France was 4.3 and 4.7 g H2O�g powder at pH 3.0 and 7.3 (20°C), 
respectively [36]. Interestingly, the viscosity of the P. palmata SDF fraction was 
49.4 mL�g in 155 mM NaCl at 37°C, which was very low and therefore predicted 
to be unlikely to infl uence blood glucose or cholesterol levels in vivo.

11.2.4.3 Fermentation

The SDF fraction of P. palmata containing soluble xylans was highly fer-
mentable when incubated with a human fecal inoculum over a 6 h period [36]. 
At the conclusion of the fermentation, the pH was reduced to 6.7 in the pres-
ence of 107 mM short-chain fatty acids representing a C2:C3:C4 molar ratio of 
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58:28:14. Thus, approximately 96% of the xylose had been fermented over the 6 h 
incubation [36].

11.2.4.4 Ion Exchange Capacity

The cation exchange capacity of selected Spanish edible brown kelp and red algae 
was greatest in U. pinnatifi da, followed in descending order by F. vesiculosus, 
L. digitata, C. crispus, and P. tenera, thereby refl ecting the greater amount and 
number of charged groups (i.e., uronic acid and sulfate substituents) in the brown 
kelps versus the red algae [11].

11.2.4.5 Bile Acid Binding

Binding of bile acids to selected commercial dried and ground Japanese marine 
algae varied between 1 (cholate and chenodeoxycholate) and 2° (deoxycholate) bile 
acids as well as SDF and IDF among Phaeophyceae and Rhodophyceae [37]. SDF 
fractions from U. pinnatifi da, H. fusiformis, L. japonica, and P. yezoensis bound 
1–24 μmol sodium cholate�g seaweed; 4–57 μmol sodium chenodeoxycholate�g 
seaweed; 2–31 μmol sodium deoxycholate�g seaweed; whereas IDF from these 
same algae bound 7–27 μmol sodium cholate�g seaweed; 42–121 μmol sodium 
chenodeoxycholate�g seaweed; 29–141 μmol sodium deoxycholate�g seaweed, 
respectively [37]. Thus, binding of cholate to seaweeds was the lowest, followed 
by chenodeoxycholate and then deoxycholate. It is noteworthy that while algal 
IDF fractions bound the most bile acids owing to the greater concentration of 
this dietary fi ber fraction (U. pinnatifi da, 61.1–71.3%; H. fusiformis, 37.7–44.8%; 
L. japonica, 34.0–30.9%; P. tenera, 36.3–11.3% dry weight), overall, SDF frac-
tions exhibited a greater binding ability based on fi ber dry matter. When purifi ed 
samples of various algal SDFs were incubated with bile acids, high-viscosity algi-
nate was most effective in binding cholate versus low-viscosity alginate, agar, and 
carrageenan; agar and carrageenan bound more chenodeoxycholate, and high-
viscosity alginate the least; all four SDFs were equally effective in binding large 
amounts of deoxycholate [37]. If these in vitro data can be translated to the in vivo 
situation, marine algal SDF and IDF can then promote fecal bile acid excretion 
and thereby infl uence cholesterol metabolism to reduce hypercholesterolemia.

11.2.4.6 Cholesterolemic Effects

Rabbits fed on cholesterol-enriched diets for two months and administered a 
laminaran sulfate (extracted from L. cloustoni) preparation subcutaneously 
(7.5 mg�kg body weight) daily, exhibited decreased intimal thickening and 
decreased intimal lipid in the small and large coronary arteries [53]. Aortic lesions 
of rabbits also exhibited both decreased intimal thickening and lipid deposits. 
The laminaran sulfate preparation contained β-(1,3) linked glucose units with 
an average molecular weight of 4000 Da with 45% sulfate esters. Serum choles-
terol levels were highly variable between animals, particularly since both male 
and female animals were studied; however, female rabbits did exhibit decreased 
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serum cholesterol levels with laminaran treatment associated with their more 
severe hypercholesterolemia compared to male animals [53]. It is noteworthy that 
rabbits treated with laminaran sulfate also exhibited weight loss during the study, 
potentially related to WHC and viscosity effects in the gastrointestinal tract 
and thereby, potentially decreased feed intake. When rats were fed on a hyper-
lipidemic diet (1% cholesterol with 0.5% cholic acid and 5% coconut oil) and 
given a polysaccharide extract isolated from F. vesiculosus in the drinking water 
(10 mg�kg body weight) for 12 days, rats treated with the F. vesiculosus polysac-
charide extract exhibited an increase in HDL cholesterol, albeit there were no 
differences in plasma triacylglycerols, total or LDL cholesterol levels of these 
animals [54]. In a short-term study with chow-fed rats, which had been fasted 
prior to F. vesiculosus polysaccharide extract treatment (2.5, 5.0, or 10 mg�kg 
body weight), animals exhibited dose response reductions in plasma total and 
LDL cholesterol levels, albeit these differences were only signifi cant in the 
10 mg�kg body weight group; plasma HDL cholesterol was not affected by
the F. vesiculosus polysaccharide extract treatment [54]. Interestingly, plasma tri-
acylglycerol levels were actually increased in rats treated with the lowest dose of 
F. vesiculosus polysaccharide extract. Taken together, these results suggest 
that the F. vesiculosus polysaccharide extract mediated effects via inhibition of 
hepatic cholesterol synthesis and may be effi cacious in the treatment of hypercho-
lesterolemia since the normal group of rats did demonstrate decreases in plasma 
total and LDL cholesterol [54]. Thus, polysaccharide extracts from Phaeophyceae 
such as Laminaria and Fucus spp. may prove effi cacious in reducing hyperc-
holesterolemia in clinical trials if results similar to these animal studies can be 
demonstrated in humans.

11.2.4.7 Glycemic Effects

When Rhodophyceae P. tenera at a 3 g level was administered with white bread to 
healthy subjects and the postprandial glycemic response compared to that of white 
bread alone, the areas under the glycemic response curves (AUC) were 1795.95 and 
2638.01 mg glucose min�dL, respectively [51]. Thus, the glycemic index for the 
P. tenera and white bread treatment was calculated at 68.08%. The P. tenera and 
white bread treatment was effi cacious in decreasing the sharp blood glucose peaks 
from 30 to 60 min postingestion observed when white bread alone was consumed 
by subjects. Similarly, when the P. tenera and white bread was subjected to in vitro 
starch hydrolysis, 63.2% of starch was hydrolyzed after 90 min compared to 76% 
for white bread alone; thus, the degree of starch hydrolysis in the former sample 
was clearly decreased compared to the latter sample [51]. Taken together, these 
data suggest that the SDF of P. tenera likely played a role in delaying the gastric 
emptying time of subjects consuming the P. tenera and white bread treatment.

11.2.4.8 Carcinogenesis Effects

Protective effects of dietary Pheophyceae and Rhodophyceae have been 
reported in several rodent models of carcinogenesis including the reduction of 
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1,2-dimethylhydrazine-induced intestinal tumors [21], and inhibition of 7,12-
dimethylbenz[α]anthracene (DMBA)-induced mammary tumors [18,19] in rats 
fed diets containing 0.4–5.0% powdered Laminariales spp. or the red alga P. 
tenera; as well as reduced growth of implanted sarcoma-180 cells in mice when 
fed diets containing 2.0% of various kelps or P. tenera [22]. More recently, Lee 
and Sung [20] reported that 15% dietary L. japonica reduced colon aberrant 
crypts and aberrant crypt foci in rats treated with azoxymethane. One hypothesis 
for the anticarcinogenic effects of these algae was thought to be the moderate 
sulfated ester content of the hot water–extracted polysaccharide fractions from 
P. tenera and the various kelps [19,20,22]. However, a protective effect of algal 
sulfated polysaccharides could not be consistently demonstrated between several 
species of kelps or the red alga P. tenera, compared to control diets in animal 
model studies of mammary and intestinal carcinogenesis [18,21]. Other  workers 
have reported that the  anticarcinogenicity of dietary kelps may be associated 
with the inhibition of hyaluronidase (EC.3.2.1.35) by brown algal phlorotannins 
such as phloroglucinol, eckol, phlorofucofuroeckol, and dieckol [55]. Hyaluroni-
dase is thought to play a role in carcinogenesis through the depolymerization of 
hyaluronic acid in the extracellular matrix of connective tissues and organs and 
thus contribute to the metastasis of cancers [55]. Clearly, the anticarcinogenic 
effects of dietary algal species are associated with more than one constituent 
(e.g., dietary fi ber, polyphenols) and mechanism; particularly in light of the report 
from Reddy and coworkers [56] that diets containing 10% of the Pheophyceae 
Laminaria angustata fed to male F344 rats administered the intestinal carcinogen 
azoxymethane enhanced the incidence (percentage of animals with colon tumors) 
and multiplicity of colon adenomas (number of tumors�animal), as well as the size 
of colon tumors (those larger than 0.25 cm in diameter) in kelp-fed rats compared 
to the control diet. Interestingly, these workers observed decreases in fecal cho-
lesterol in the kelp-fed group (1.22 mg�g dry feces) compared to control animals 
(2.31 mg�g dry feces), albeit excretion of other neutral sterols (coprostanol, 
 coprostanone, and cholesterol) was not different between these two groups; 
 similarly, excretion of bile acids (cholic acid, chenodeoxycholic acid, deoxy-
cholic acid, etc.) was not affected by the 10% kelp diet compared to the control. 
While these results are contrary to those of others discussed above, the colon 
cancer- promoting effects of the 10% L. angustata diet may have been because 
of irritation of the colon mucosa or possibly attributable to genetic and metabolic 
differences in the rat strain used by these workers.

11.2.5 VITAMINS

11.2.5.1 Vitamin C

Due to the fact that the majority of edible marine algae are sun-dried, freeze-dried, 
canned, or even subjected to toasting or roasting before consumption as in the case 
of the Japanese or Korean “Nori” and “Kim” (P. tenera or P. yezoensis), the vita-
min content of these plant tissues is both highly variable and even minimal for those 
compounds, which are highly susceptible to oxidation, such as the  reducing agent
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l-ascorbic acid [26] (Table 11.4). Indeed several vitamins, including  ascorbic acid, 
the carotenoids and the tocopherols, have a role in protecting marine algal tissues 
from oxidative stress and potential for tissue damage associated with not only 
tidal fl uctuations, but also exposure to UV-A and UV-B wavelengths depending 
on the season, water depth, and turbidity [39]. A fresh specimen of the Rhodo-
phyceae Stictosiphonia arbuscula, harvested in Brighton Beach, Otago, New Zea-
land, contained approximately 2.5–2.8 μmol ascorbate�g wet weight [57]. Fresh 
P. palmata has been reported to contain between 220 and 520 μg ascorbic acid�g 
wet weight when harvested from Spitsbergen, Norway, and unknown locations in 
France and elsewhere [58,59], similar to G. changgi (R) from Ban Merbok, Kedah, 
on the west coast of Malaysia (Table 11.4 [28]). Fresh specimens of Phaeophyceae 
such as the Laminaria spp. harvested from Spitsbergen, Norway, exhibited lower 
(170 μg�g wet wt) or only trace amounts of ascorbic acid. It is noteworthy that 
air- and sun-drying, as well as storage of P. palmata is known to reduce the 
 vitamin C content measured in samples [59]. For example, when McDermid and 
Stuercke [26] surveyed 22 species of Rhodophyceae, Chlorophyceae, and Phaeo-
phyceae algae harvested from various locations in the Hawaiian Islands, the vita-
min C content of the oven-dried samples (60°C) was minimal with detectable 
levels reported in only four samples: between 1300 and 3000 μg�g dry weight in 
the Chlorophyceae, Enteromorpha fl exuosa, Monostroma oxyspermum, U. fasci-
ata (Table 11.4), and 2000 μg�g dry weight in the Rhodophyceae Eucheuma den-
ticulatum; neither of the Phaeophyceae tested (Sargassum echinocarpum and S. 
obtusifolium) exhibited detectable amounts of vitamin C. The vitamin C content 
of the Phaeophyceae Ascophyllum nodosum harvested from an unknown location 
has been reported to range between 550 and 1650 μg�g dry weight [4]. Therefore, 
marine algal levels of l-ascorbic acid are likely substantial only prior to harvest 
and in fresh specimens, and are dramatically decreased in the dehydrated and 
thermally processed products available through retail to the consumer.

11.2.5.2 Carotenoids

The lipophilic carotenoid and tocopherol vitamins are known to be associated 
with the oxidative status of marine algal tissues to combat cell membrane  damage 
against dessication from the daily tidal fl uctuations as well as the  photooxidative 
stress associated with UV exposure during growth. Within marine algal  tissues, 
chlorophylls are the major photosynthetic pigments; however, carotenoids are also 
active in a secondary capacity; moreover, algal tissue levels of the  carotenoids 
have been reported to vary seasonally depending upon UV irradiation exposure 
levels [59,60]. For example, levels of α- and β-carotenes in P. palmata appear 
to peak during the spring and summer months (April to September) ranging 
between 110 and 420 μg�g dry weight in samples harvested from North Berwick, 
Scotland; Helgoland, Germany; and unknown locations in Norway, in compari-
son to wintertime (January) at 37 μg�g dry weight [59], as supporting evidence 
of a protective role for carotenoids against oxidative stress. Tissue levels of 
β-carotene in algae harvested from different locations in the Hawaiian Islands 
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varied widely depending on class, in the range of 27–180, 60–97, and 15–430 
IU�g dry weight in Chlorophyceae, Pheophyceae, and Rhodophyceae, respec-
tively [26]. The Rhodophyceae G. changgi harvested in Malaysia was reported to 
contain 52 μg�g dry weight (Table 11.4 [28]).

Analytical parameters that will have an impact on the carotenoid levels 
reported in the literature include whether the data refl ect total carotenoids, the 
separate identifi cation of α- and β-carotenes, or whether other carotenoids have 
also been determined in the marine algae, such as lutein, zeaxanthin, and fucox-
anthin [48,59,61]. For example, it is noted that α- and β-carotene may account 
for only 1�3–1�8 of total carotenoids in the Rhodophyceae P. palmata [59], in 
addition to lutein at 240 μg�g dry weight in a sample harvested from an unknown 
location in Norway [59]; albeit lutein is devoid of provitamin A activity. Similarly, 
neither zeaxanthin nor fucoxanthin are vitamin A precursors in the diet.

11.2.5.3 Tocopherols

Similar to the carotenoids above, marine algal tissue levels of the tocopherols 
vary seasonally with low concentrations during winter and spring between 22 
and 35 μg�g dry weight in P. palmata and trace levels in L. digitata, compared 
to summer and fall levels of approximately 139 μg�g dry weight in P. palmata 
and 2% dry weight in L. digitata [59,62]. The brown kelp Ascophyllum nodosum 
exhibited between 260 and 450 μg tocopherols�g dry weight [4]. The tocopherol 
homolog composition of various Phaeophyceae, L. digitata (0.005 mg�g extract 
for both α- and γ-homologs), H. elongata (0.052 and 0.038 mg�g for α- and γ-
isomers), F. vesiculosus (4.3, 1.7, 2.2 mg�g for α-, γ-, and δ-homologs), F. ser-
ratus (2.23, 0.8, 1.1 mg�g for α-, γ-, and δ-homologs), and A. nodosum (3.42, 1.2, 
1.7 mg�g for α-, γ-, and δ-homologs) indicated that the biologically active form of 
vitamin E, α-tocopherol predominated in these algae [62]. In contrast, the γ- and 
δ-homologs predominated in the Chlorophyceae U. lactuca, while the δ- and 
α-tocopherols were predominant in the Phaeophyceae D. antarctica (Table 11.4 
[30]). These same workers also reported substantial amounts of tocotrienols in 
these algae.

11.2.5.4 B Vitamins

The B vitamin composition of Rhodophyceae, Chlorophyceae, and Phaeophyceae, 
summarized in Table 11.4, suggests that oven-dried (60°C) marine algae are not 
good sources of niacin, ribofl avin, or thiamine [26]. Watanabe and coworkers [63] 
demonstrated that commercial samples of Enteromorpha spp. (G) and Porphyra 
spp. (R) contained 63.58 and 32.26 μg of biologically active vitamin B12�100 g dry 
weight, and that the hydroxo- and cyano-forms (i.e., noncoenzyme forms) of the 
vitamin predominated in these algae tissues. More recently, Rodríguez-Bernaldo 
de Quirós and coworkers [64] reported that the total folate content (expressed as 
folic acid) of selected Phaeophyceae and Rhodophyceae was as follows: 161.59, 
159.11, 149.61, 99.42, 71.71, 66.5, and 61.40 μg�100 g dry weight for L. ochroleuca 
(B), Palmaria spp., U. pinnatifi da (B), H. elongata (B), U. pinnatifi da (canned), 
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Saccorhiza polychides (R), and Porphyra spp., respectively. The most abundant 
form of folate was 5-methyltetrahydrofolate for U. pinnatifi da, L. ochroleuca, 
Palmaria spp., and S. polychides, whereas 5-formyltetrahydrofolate predomi-
nated in H. elongata samples and folic acid in Porphyra spp.

11.2.6 MINERALS

From Table 11.1, the ash and thereby, mineral contents of the various edible 
marine algae can be considerable, ranging from 8.4 to 43.6% dry weight in 
 Rhodophyceae; 17.1–29.2% dry weight in Chlorophyceae, and 19.6–39.82% dry 
weight in Pheophyceae. It is noteworthy that similar to the protein content dis-
cussed above, marine algal ash content has also been observed to vary seasonally 
[32,65](Table 11.1). Hagen-Rødde and coworkers [32] reported that P. palmata 
harvested during the winter months (i.e., January through April) exhibited ash 
contents between approximately 22.5 and 28% dry weight, in contrast to ash con-
tents of approximately 15 to 18% dry weight during the summer (i.e., June through 
October). Individual mineral concentrations also displayed slight variations in 
concentration seasonally in P. palmata, although a consistent pattern among the 
different minerals with Ca varying between 2.40 and 7.94 mg�g dry weight; Mg 
varying between 2.31 and 3.18 mg�g dry weight; Na varying between 11.17 and 
22.47 mg�g dry weight; K varying between 47.68 and 86.61 mg�g dry weight; Sr 
varying between 0.031 and 0.062 mg�g dry weight; and Br varying between 0.16 
and 0.34 mg�g dry weight, could not be discerned [32]. A certain proportion of 
the seasonal variation in algal mineral contents can be expected to be a function 
of the growth patterns of these marine species, with increased  concentrations of 
minerals  during the winter months characterized by slow to minimal growth of 
plant tissues, and decreased concentrations of minerals  during the summer months 
upon resumption of rapid growth of plant tissues [65].  Moreover, the  seasonal 
variation in marine algal mineral constituents can also refl ect the  variation in 
 available PAR, specifi cally UV irradiation, and thereby, photosynthetic pigments 
in algal  tissues, between seasons; for example, Rhodophyceae, Chlorophyceae, 
and Pheaophyceae exhibited greater levels of chlorophyll a, which contains Mg 
within the porphyrin structure, in early June (ice cover on seawater) compared 
to markedly lower levels in mid- to late-July (after sea-ice breakup) in algae 
 harvested from Spitsbergen, Norway [60]. Indeed, P. palmata exhibited greater 
levels of Mg in samples harvested in the spring month of April, compared to 
the fall harvest in October [32](Table 11.5). Also,  Rhodophyceae such as Por-
phya spp., Gelidium spp., and Pterocladia spp. are noted to contain a  variety of 
halogenated compounds including brominated mono- and dihydroxy C6-C1, C6-C2 
and C6-C3 phenols, primarily 2,4,6-tribromophenol, which are thought to have a 
role in modulating oxidative stress attributed to the phenolic structure of these 
molecules [66–68]. For example, Phaeophyceae such as Sargassum spp. contain 
mono-, di-, and tribromophenols with isoprenoid substituents, primarily 2,4,6-
 tribromophenol and 2,4-dibromophenol [67]; whereas the Rhodophyceae Polysipho-
nia urceolata contained four bromophenols: 5-bromo-3, 4-dihydroxybenzaldehyde, 
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5-bromo-3,4-dihydroxybenzyl alcohol, 3,5-dibromo-4-hydroxybenzyl alcohol, 
and 3-bromo-4-hydroxybenzyl alcohol [66]. In a follow-up study, Fujimoto and 
coworkers [68] determined that 5-bromo-3,4-dihydroxybenzaldehyde comprised 
75% of the total bromophenols in P. urceolata with substantial amounts of 5-
bromo-3,4-dihydroxybenzyl alcohol present as well. Indeed, P. palmata har-
vested in the spring (April) exhibited lower amounts of Br (0.16 mg�g dry weight) 
compared to the fall (October) with 0.19 mg Br�g dry weight (Table 11.5 [32]).

Interestingly, while the amount of salt (Na+, K+, Cl–) in the seawater was 
not thought to contribute to the increase in P. palmata ash during the winter 
[32], there does appear to be a temporal nature in the concentrations of certain 
heavy metals in seawater [65]. For example, approximately 80% of the dissolved 
Cd in seawater is derived from elimination processes of phytoplankton, in that 
Cd is taken up by these organisms during the summer months and released 
 during the winter [65]. Thus, while marine algae are considered good sources 
of  various essential  minerals, particularly iodine, there can also be concern 
about the  bioaccumulation of heavy metals such as Cd, Pb, Hg, and As in edi-
ble seaweeds (Table 11.5 [5,65]). In its 1990 regulations, the French government 
 outlined the acceptable limits for several minerals of concern: inorganic As 
≤3.0 mg�kg dry matter; Pb ≤5.0 mg�kg; Cd ≤0.5 mg�kg; Sn ≤5.0 mg�kg; 
Hg ≤0.1 mg�kg; and I ≤5.0 mg�kg dry matter [12]. It is noteworthy that the Phaeo-
phyceae F. vesiculosus, an edible seaweed, is often used as a bioindicator to monitor 
trace metal pollution owing to its capacity for elemental accumulation [65]. Samples 
of F. vesiculosus harvested from a West Greenland fjord thought to be free from 
pollutant inputs exhibited Cd, Cu, Pb, and Zn concentrations close to the back-
ground values of samples from other regions of West Greenland without known 
metal pollution [65](Table 11.5). Seasonal variation in metal concentrations 
for Cd was between 2.25 and 4.81 μg�g dry weight; Cu was between 1.30 and 
3.30 μg�g; Pb was between 0.047 and 0.700 μg�g; while that for Zn was between 
5.71 and 25.4 μg�g dry weight attributed in part to growth patterns of the algae 
as well as temporal changes in metal availability such as Cd above. When van 
Netten and coworkers [5] investigated the elemental composition of a variety of 
imported and locally harvested marine algae (west coast of Vancouver Island, 
[Bamfi eld], British Columbia, Canada) six out of eight imported algae from Japan 
and Norway (U. pinnatifi da, H. fusiformis, P. tenera × 2, L. japonica, F. vesicu-
losus) exhibited greater Hg concentrations (0.24–1.08 μg�g dry weight) than local 
algae (N. leutkeana, M. integrifolia, A. marginata, L. saccharina, L. setchellii) 
at 0.05 μg�g dry weight, the detection limit of analysis. Lead does not appear to 
be a widespread contaminant in most edible algae with levels ranging between 
the assay detection limit of 0.01 and 0.57 μg�g dry weight [5,65](Table 11.5); it 
is thought that where some Pb pollution does occur, it can often be traced to the 
use of lead weights in the fi shing industry. Similarly, Zn in seawater can be attrib-
utable to the use of zinc in products used on marine vessels to protect against 
the corrosion of brass fi ttings [5]. These same workers demonstrated the pres-
ence of arsenic in both imported algae from Japan and Norway (ranging between 
20 and 88 μg�g dry weight) as well as local algae (ranging between 33.1 and 
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79 μg�g dry weight); however, they did not distinguish between the organic and 
inorganic forms of this metal. This information is vital since the organic forms 
of As are considered relatively nontoxic [25], whereas inorganic forms of As such 
as As2O3 can cause acute toxicity manifested as gastrointestinal tract infl amma-
tion leading to diarrhea and vomiting and eventually multiorgan failure as well 
as fever, emaciation, irritability, and hair loss; or chronic toxicity manifested in 
skin lesions, nerve damage, skin cancer, and diseases of the blood vessels. Thus, 
following the release of a Consumer Advisory in 2001 by the Canadian Food 
Inspection Agency [25] that consumers should avoid the consumption of “Hijiki” 
seaweed (H. fusiformis, B) owing to the elevated levels of inorganic As found in 
this type of seaweed, the Food Standards Agency (FSA) of the United Kingdom 
conducted a survey of imported edible algae to determine the concentrations of 
total and inorganic arsenic in selected Phaeophyceae and Rhodophyceae [69]. It is 
 noteworthy that while the As content of samples of P. tenera was between 18.2 and 
31.9 mg�kg dry weight; L. digitata contained between 18.9 and 75.2 mg�kg; 
U. pinnatifi da contained between 29.2 and 41.9 mg�kg; E. bicyclis contained 
between 27.9 and 32.3 mg�kg; and H. fusiformis contained between 94.6 and 
134 mg�kg dry weight; only H. fusiformis was found to contain measurable 
amounts of inorganic As (above the analytic detection limit of 0.3 mg�kg dry 
weight) accounting for 70% of the total As content [69]. However, in all cases 
except for P. tenera, the edible algae above are subjected to soaking in water dur-
ing preparation, which does help to remove a portion of the total and inorganic As 
to somewhat lessen the exposure. Nevertheless, the current advisories are to avoid 
consumption of “Hijiki” to lessen the risk of exposure to this known carcinogen.

Iodine content of the edible marine algae summarized in Table 11.5 is highly 
variable, ranging between 0.017 and 1.0 mg�g dry weight for Rhodophyceae, 
0.02 and 0.25 mg�g dry weight for Chlorophyceae, and 0.0002 and 10.0 mg�g 
dry weight for Phaeophyceae. When imported algae from Japan and Norway 
were compared to local varieties harvested from the west coast of Vancouver 
Island (Bamfi eld), British Columbia, Canada, imported L. japonica contained a 
higher iodine content (2.11 mg�g dry weight) than local Laminaria spp. such as 
L. saccharina (0.238 mg�g dry weight) and L. setchellii [5](1.07 mg�g dry weight)
(Table 11.5). Again, similar to the discussion above with As, true consumption of 
iodine by consumers will depend upon the method of preparation, particularly for 
the majority of Phaeophyceae, which are soaked in water prior to consumption.

11.2.7 POLYPHENOLS

As secondary metabolites, polyphenols include not only the fl avonoids such as fl a-
vones, fl avonols, fl avanones, fl avononols, chalcones, and fl avan-3-ols, but also the 
lignans, lignins, tocopherols (discussed above), tannins, and the related marine 
polyglucinol polymers (i.e., phlorotannins), plus phenolic acids. Flavonoids are 
products of the shikimic acid pathway via the aromatic amino acid precursors, 
Phe and Tyr, giving rise to C6-C3 cinnamic acid derivatives. Cinnamic acid can 
then be converted into fl avonoids, isofl avones, or various phenolic acids via 
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p-coumaric, caffeic, and ferulic acids. Thus, fl avonoids are characterized by a 
C6-C3-C6 skeleton, that is, two aromatic rings bridged by an aliphatic chain, which 
is often condensed into a pyran or furan ring; these compounds most often occur 
as glycosides in plant tissues, which are then deglycosylated during digestion. 
The diversity of these compounds is also refl ected in the potentially bioactive 
antioxidant mechanisms involved, including scavenging of reactive oxygen spe-
cies, quenching free radicals, as well as chelating transition metal ions.

When the fl avan-3-ol profi les of Japanese Phaeophyceae, Chlorophyc-
eae, and Rhodophyceae were investigated, catechin was detected in only two 
 Chlorophyceae species: Acetabularia ryukyuensis (3.33 mg�g dry weight) and 
Tydemaniz expeditionis (0.25 mg�g dry weight [70]). Catechin was detected in 
most Phaeophyceae species including E. bicyclis (1.24 mg�g dry weight), although 
only trace amounts were observed in L. religiosa and none in U. pinnatifi da and 
H. fusiformis; as well as most Rhodophyceae species including P. yezoensis 
(0.036 mg�g dry weight). The catechin epimer, epicatechin (EC), was detected 
in only fi ve Japanese algae: A. ryukyuensis (0.50 mg�g dry weight), E. bicyclis 
(3.86 mg�g dry weight), Sargassum muticum (2.62 mg�g dry weight), Gelidium 
elegans (0.13 mg�g dry weight), and Chondrococcus hornemannii (0.36 mg�g dry 
weight). In contrast, the corresponding gallate esters were not common: catechin 
gallate was detected in only G. elegans (0.07 mg�g dry weight); epicatechin gal-
late (ECG) in E. bicyclis (0.29 mg�g dry weight), and S. muticum (0.12 mg�g 
dry weight). Epigallocatechin (EGC) was detected in only one Chlorophyceae 
species: T. expeditionis (0.35 mg�g dry weight); most Phaeophyceae including 
E. bicyclis (4.77 mg�g dry weight), H. fusiformis (3.77 mg�g dry weight), albeit 
not in U. pinnatifi da or L. religiosa; a few Rhodophyceae such as C. horneman-
nii (16.0 mg�g dry weight), but not in P. yezoensis [70]. Epigallocatechin  gallate 
(EGCG) was not detected in any of the Chlorophyceae investigated, but was 
detected in three Phaeophyceae: E. bicyclis (0.28 mg�g dry weight), Padina arbo-
rescens (0.68 mg�g dry weight), and P. minor (0.49 mg�g dry weight); and in 
three Rhodophyceae: P. yezoensis (0.032 mg�g dry weight), Gracilaria texorii 
(0.024 mg�g dry weight), and Gracukarua asiatica (0.018 mg�g dry weight). Thus, 
the Japanese Chlorophyceae are relatively poor sources of the fl avan-3-ols com-
pared to the Phaeophyceae and Rhodophyceae species; moreover, the fl avan-3-ol 
gallate esters are not common among the Japanese edible algae.

Further work investigating the polyphenol profi le of edible algae focused on 
the hydroxylated cinnamic acid derivatives, fl avonols, fl avanones, and their glyco-
sides [71,72]. Two Chlorophyceae not currently used for consumption, Halimeda 
macroloba and H. opuntia were reported to be rich in EGC: 28.0 and 12.7 mg�g 
dry weight, respectively; catechol: 1.88 and 0.38 mg�g dry weight; the fl avonols 
myricetin: 0.41 and 0.15 mg�g dry weight, and morin: 0.43 and 0.23 mg�g dry 
weight, respectively [71]. H. macroloba also contained caffeic acid (0.085 mg�g 
dry weight) and the fl avanone glycoside hesperidin (hesperitin-7-rhamnogluco-
side; 0.14 mg�g dry weight). While most Japanese edible Phaeophyceae, Chlo-
rophyceae, and Rhodophyceae were found to be rich in the fl avonol morin: 
between 0.26 and 2.47 mg�g dry weight, only two algae contained myricetin, the 
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Phaeophyceae Tubinaria ornata (0.35 mg�g dry weight) and the Rhodophyc-
eae Chondrus verruscosus (0.27 mg�g dry weight; [72]). Japanese Pheophyc-
eae, Chlorophyceae, and Rhodophyceae were rich in catechol, ranging between 
0.24 mg�g dry weight in L. religiosa and a high of 77.7 mg�g dry weight in Caul-
erpa serrulata.  However, caffeic acid was detected in only one Chlorophyc-
eae: A. ryukyuensis (0.32 m�g dry weight); two Phaeophyceae: U. pinnatifi da 
(0.054 mg�g dry weight) and Ishige okamurae (0.15 mg�g dry weight); and most 
Rhodophyceae including P. yezoensis (0.047 mg�g dry weightt), G. elegans 
(0.13 mg�g dry weight), and G. texorii (0.17 mg�g dry weight). The fl avonol gly-
coside rutin was particularly rich in most Rhodophyceae, including P. yezoen-
sis (11.4 mg�g dry weight), G. elegans (23.2 mg�g dry weight), and G. texorii 
(30.0 mg�g dry weight); but was detected in only three Chlorophyceae: A. ryuky-
uensis (26.9 mg�g dry weight), Monostroma nitidum (2.70 mg�g dry weight), 
and C. serrulata (3.37 mg�g dry weight), and three Phaeophyceae: U. pinnati-
fi da (0.46 mg�g dry weight), E. cava (2.73 mg�g dry weight), and P. arborescens 
(1.00 mg�g dry weight [72]). In contrast, the fl avonol glycoside quercitrin was 
absent from Chlorophyceae and Rhodophyceae, and detected in only two Phaeo-
phyceae: U. pinnatifi da (0.20 mg�g dry weight) and P. arborescens (0.47 mg�g 
dry weight). The fl avanone glycoside hesperidin was particularly rich in most 
Japanese Chlorophyceae, Pheophyceae, and Rhodophyceae including A. ryuky-
uensis (117 mg�g dry weight), E. bicyclis (6.93 mg�g dry weight), and P. yezoensis 
(51.3 mg�g dry weight), respectively [72].

A few commercially available Japanese edible algae have been reported 
to yield mammalian lignans following a human fecal fermentation in vitro: U. 
 pinnatifi da yielded 1.84 μg enterolactone�g dry weight and 10.83 μg enterodiol�g 
dry weight; H. fusiformis yielded 2.97 μg enterolactone�g dry weight and 4.32 μg 
enterodiol�g dry weight [73]. Thus, these Pheaophyceae likely contain the plant lig-
nan secoisolariciresinol diglucoside (SDG) and possibly matairesinol (MAT). The 
plant lignan SDG is initially hydrolyzed to yield the aglycone plant lignan SECO 
(R-(R*’, R*)-2,3-bis(4-OH-3-methoxy phenyl)-CH3-1, 4-butanediol), which is then 
dehydroxylated and demethylated to yield the mammalian lignan enterodiol (2,3-
bis(3-OH phenyl) methylbutane-1,4-diol), which is subsequently oxidized to form 
enterolactone (EL; trans-dihydro-3,4-bis(3-OH  phenyl) CH3-γ-butyrolactone) by 
colonic facultative aerobes (Clostridia spp.). However, the plant lignan MAT can 
be dehydroxylated and demethylated to yield EL directly.

The brominated mono- and dihydroxy C6-C1, C6-C2 and C6-C3 phenols, 
known as bromophenols, which are unique to Rhodophyceae such as Porphya 
spp., Gelidium spp., and Pterocladia spp. are discussed above.

11.3 CONCLUSIONS AND FUTURE WORK

It is clear that edible Rhodophyceae, Chlorophyceae, and Phaeophyceae  species 
can contribute to a healthful diet, particularly those of red algae with a high 
 protein content (Porphyra and Palmaria spp.); as well as the red and brown algae 
with high  concentrations of C20:5ω3 and C22:6ω3 in their lipids. Moreover, most 
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edible algae can potentially contribute to a healthful diet through contributions 
to TDF in general, or SDF for the benefi cial effects to intestinal transit time and 
cholesterol metabolism, as well as the rich mineral composition of these marine 
algae. In contrast, the effi cacy of marine algae as functional foods or nutraceuti-
cals needs to be further investigated with in vivo studies and eventually clinical 
trials to elucidate the mechanisms of observed benefi cial effects. Producers and 
importers of marine algal products need to evaluate their safety and composition 
with respect to heavy metal contamination (i.e., Hg, Cd, and inorganic As) to 
ensure confi dence in their products. Moreover, because marine algae are pho-
tosynthetically active organisms and algal composition can vary seasonally and 
with harvest location, this information needs to be recorded and reported in the 
literature to allow for easier comparison among studies.
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12.1 INTRODUCTION

Seaweeds are macroscopic marine algae that form a part of the staple diet in Japan 
and Korea. They are often referred to as seaweeds or marine  macroalgae with 
some authors referring to them as sea vegetables. They have been harvested for 
centuries by many countries, especially in the Asian continent, for several uses. 
Seaweed is traditionally consumed in the Far East countries and in  Hawaiian 
Islands, while in the West, the principal uses of seaweeds are as sources of phyco-
colloids, thickening, and gelling agents for various industrial applications includ-
ing uses in foods.

Chemical composition of seaweed varies with species, habitats, maturity, 
and environmental conditions. In comparison with land vegetables, edible sea-
weeds are potentially good sources of nonstarch polysaccharides, minerals, trace 
elements, and certain vitamins [1]. The undigested polysaccharides of seaweed 
can form important source of dietary fi ber. They also contain some valuable 
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 nutrients and chemicals that can be used as functional foods and nutraceuticals 
by humans. 

Seaweeds have been studied for a long time for production of industrially 
important polysaccharides like agar, carrageenan, and fucoidan, among others. 
However, they have not been looked upon as sources of lipids as these are found 
in relatively small quantities [2]. The occurrence of polyunsaturated fatty acids 
(PUFAs), mainly n-3 fatty acids, that have been found to have signifi cant health 
effects, is a unique feature of marine lipids. Unlike marine animals such as fi sh, 
marine plants have not been looked upon as important substrates for further pro-
cessing of their lipids because of the relatively small amounts of lipids present in 
them. In contrast, the important cardioprotective effect along with strong effects 
against skin diseases of PUFAs found in marine lipids make these unique lipids 
more interesting. In spite of their low lipid content, fatty acids of marine seaweeds 
have attracted considerable interest among researchers for their nutritional value 
to other marine organisms, occurrence of bioactive compounds, and potential 
medical applications [3–8]. Several researchers have reported the occurrence of 
bioactive conjugated fatty acids from red seaweeds that have potential biomedical 
applications [3,6,9–13]. 

Interest in seaweed lipids has been on the rise owing to the recognition of 
important bioactive molecules such as conjugated fatty acids and pigments (carot-
enoids) that have profound physiological effects in the treatment of tumors and 
other cancer-related problems [14–21]. In addition, seaweeds have been consid-
ered as delicacies in some Asian countries such as Japan and Korea. However, 
in other countries, they are not important as culinary items, although many of 
them are being used in the production of phycocolloids like agar, carrageenan, 
and alginate, among others. Since, lipids would be wasted as a major by-product 
during the production of these phycocolloids, it would be worthwhile to utilize 
them as sources of nutritious lipids and other compounds that can have profound 
health benefi ts. 

The seaweed lipids mainly consist of glycolipids, phospholipids, and neutral 
lipids apart from containing carotenoids as the major pigment. Fucoxanthin is the 
characteristic pigment of brown seaweeds (phaeophyceae), which are the larg-
est occurring group among seaweeds. Carotenoids of terrestrial origin have been 
thoroughly reviewed with respect to their occurrence, biological functions, and 
possible health benefi ts. However, relatively much less attention has been paid to 
physiological effects or benefi cial applications of aquatic plant carotenoids. 

12.2 FUCOXANTHIN

Fucoxanthin is a xanthophyll that contains allenic bond and two epoxy groups 
(Figure 12.1). It is one of the most abundant carotenoids accounting for >10% of 
estimated total natural production of carotenoids. Fucoxanthinol is a major metab-
olite from fucoxanthin. Fucoxanthin and fucoxanthinol have been reported to 
occur in brown seaweeds [22–24]. Apart from fucoxanthinol, various  metabolites 
arising from fucoxanthin (like apo-9′-fucoxanthinone, apo-13′-fucoxanthinone) 
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have also been reported in some cultured edible brown seaweeds [24]. Several 
geometrical isomers (cis isomers) of fucoxanthin also exist in nature. 

Fucoxanthin content in seaweeds exhibits seasonal variation [23] and also 
varies depending on the life cycle of the seaweeds [24] indicating the possible 
biological signifi cance of this pigment in seaweeds. In addition, it has also been 
conclusively shown that freshwater fi sh do not accumulate fucoxanthin, although 
their natural feed (i.e., aquatic insects) contains fucoxanthin [25]. Studies involv-
ing quantifi cation of fucoxanthin in different brown seaweeds, both wild and cul-
tured, are limited. However, an effort is made to summarize the available data 
with regard to quantifi cation in the published works. The content of fucoxanthin�
fucoxanthinol reported in several brown seaweeds, based on the published litera-
ture, is summarized in Table 12.1. Fucoxanthin, when present in the thallus of 
seaweeds, was found to be quite stable in the presence of organic ingredients apart 
from surviving the drying process and storage at ambient temperature, although 
fucoxanthin in pure form is susceptible to oxidation [24]. Effective stabilization 
method will therefore be necessary to apply fucoxanthin in nutraceuticals and 
formulation of functional foods. 

Seaweeds, as mentioned earlier, are being used for producing commercial 
polysaccharides in many countries. These polysaccharides mainly fi nd use as an 
ingredient in food. A large amount of waste is discarded during the production of 
polysaccharides or other water-soluble compounds from seaweed. This waste has 
been found to be rich in lipids. Wakame (Undaria pinnatifi da) is one of the most 
popular edible seaweed in Japan and has been used in many seafood products. 
Wakame lipid–rich fraction is obtained after the extraction of polysaccharide 
and proteins in a laboratory scale. Wakame lipids were found to contain 5–10% 
fucoxanthin apart from containing polar lipids such as glycolipids. Purifi ed 

FIGURE 12.1 Structure of fucoxanthin and fucoxanthinol.
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fucoxanthin (purity > 95%) is obtained by column chromatographic separation 
from fucoxanthin-containing Wakame lipids. Most laboratories employ differ-
ent methods of extraction and isolation protocols in case of seaweed carotenoids. 
Readers can also refer to the method employed by Mori et al. [24] for isolation and 
purifi cation of fucoxanthin and its metabolites. Typical separation procedure for 
fucoxanthin from brown seaweed is shown in Figure 12.2.

12.3 ANTICANCER EFFECT

12.3.1 INHIBITORY EFFECT OF FUCOXANTHIN ON CANCER CELLS

In a study screening the antiproliferative activity of seafood extracts on tumor 
cells, fucoxanthin from the brown algae, U. pinnatifi da, was found to be the 
active principle [15]. In another study dealing with the antiproliferative activity 
of fucoxanthin HL-60 cells [26], fucoxanthin activity was higher than that of 

TABLE 12.1
Total Carotenoid (mg/g) and Fucoxanthin/Fucoxanthinol (mg/g) Content 
in Selected Brown Seaweeds

No. Species
Total 

Carotenoid Fucoxanthin Fucoxanthinol

 1 Undaria pinnatifi da (young thallus) – 0.32 –
 2 U. pinnatifi da (commercial-dried) – 0.33 –
 3 U. pinnatifi da (female gametophyte) – 1.64 –
 4 U. pinnatifi da (male gametophyte) – 2.67 –
 5 Scytosiphon lamentaria (young thallus) – 0.24 –
 6 S. lamentaria (germlings) – 0.56 –
 7 Petalonia binghamiae (young thallus) – 0.43 –
 8 P. binghamiae (germlings) – 0.58 –
 9 Laminaria religiosa (young thallus) – 0.24 –
10 Ecklonia radiata 6.85 1.65 0.24
11 Carphophyllum maschalocarpum 6.21 1.17 –
12 C. plumosum 5.68 1.44 0.41
13 Harmosira banksii (coastal rocks) 6.48 – –
14 H. banksii (mangroves) 3.75 – –
15 Cystophora retrofl exa 4.71 0.46 0.62
16 Sargassum sinclairii 9.79 0.54 –
17 Fucus serratus 0.80 0.56 –

Note: Content on wet weight basis for species from nos. 1 to 9 and on dry weight basis for species 
listed in nos. 10–16.

Source: Nos. 1–9 from Mori, K., Ooi, T., Hiraoka, M., Oka, N., Hamada, H., Tamura, M. and 
Kusumi, T., Mar. Drugs, 2, 63–72, 2004; nos. 10–16 from Czeczuga, B. and Taylor, F.J., 
Biochem. Syst. Ecol., 15, 5–8, 1987; no. 17 from Haugan, J. and Liaeen-Jensen, S., Biochem. 
Syst. Ecol., 22, 31–41, 1994.
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β-carotene (Figure 12.3). Fucoxanthin completely inhibited the proliferation 
of the cancer cells at concentrations as low as 22.6 µM. Further, when HL-60 
cells were treated with fucoxanthin for 24 h, viable cell numbers decreased in 
a dose-dependent manner. Cell proliferation is the key to promoting and fur-
ther progression of carcinogenesis [27]. In an investigation on the apoptosis-
inducing activity of fucoxanthin, a DNA ladder, which is a characteristic feature 
of apoptotic cells, was clearly visible in HL-60 cells treated with 22.6 µM fuco-
xanthin for 12 h. Similar results have been obtained with camptothecin, which 
is known to be a strong apotosis-inducing agent [28]. After 24 h incubation, the 
DNA ladder became clearer, even though the concentration of fucoxanthin was 
reduced to 11.3 or 4.5 µM. In contrast, DNA fragmentation was not observed in 
HL-60 cells treated with 22.6 µM β-carotene or retinoic acid. The enrichment 
factor also increased with fucoxanthin treatment. The increase in enrichment fac-
tor was found to be time-dependent and reached a plateau after an incubation 
period of 24 h. Some apoptosis-inducing agents are known to arrest a specifi c cell
phase [29]. The doubling time of HL-60 cells is approximately 24 h. This sug-
gests that fucoxanthin affects cell cycle. However, viable cell numbers decreased 
gradually until 96 h after fucoxanthin addition. Therefore, mechanisms other 
than apoptosis induction by fucoxanthin may be speculated to be involved in the 
antiproliferative activity of fucoxanthin on HL-60 cells. 

The strong inhibitory effect of fucoxanthin has also been confi rmed using 
human prostate cancer cells [15]. In their study, the effect of 15 kinds of 

FIGURE 12.2 Typical procedure for fucoxanthin separation from the brown seaweed, 
Undaria pinnatifi da.

Brown seaweed (Undaria) 

Dried and powdered (3 kg)

             +Acetone or ethanol (3.5 L)

Extraction (three times)

Crude extract (fucoxanthin>5−7 wt%)

             Silica gel column chromatography (two times)
             (Solvent: n-hexane/acetone [8:2, v/v] 

Orange pigment was collected. Elution of fucoxanthin was
checked by TLC

Purified fucoxanthin (>1.5 g; purity is over 95% by HPLC)
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 carotenoids (phytoene, phytofl uene, ξ-carotene, lycopene, α-carotene, β-carotene, 
β-cryptoxanthin, canthaxanthin, astaxanthin, capsanthin, lutein, zeaxanthin, vio-
axanthin, neoxanthin, and fucoxanthin) present in foodstuffs was evaluated on the 
growth of human prostate cancer cell lines (PC-3, DU 145, and LNCap). Among 
the carotenoids evaluated, neoxanthin and fucoxanthin were reported to cause a 
remarkable reduction in the growth of prostate cancer cells. DNA fragmentation, 
indicated by in situ TUNEL (terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling), revealed that these two carotenoids apparently reduced 
the cell viability by inducing apoptosis. TUNEL is acknowledged as the method 
of choice in rapid identifi cation and quantifi cation of the apoptotic cell fraction 
in cultured cell preparations [30]. Although other acyclic carotenoids such as 
phytofl uene, β-carotene, and lycopene also signifi cantly reduced cell viability, 
the effect was lower as compared to neoxanthin and fucoxanthin. Further, other 
carotenoids did not affect the growth of the prostate cancer cells.

12.3.2 MECHANISM

In their study on the effect of fucoxanthin on the viability of human colon cancer 
cells Caco-2, Hosakawa et al. [17] revealed that after 72 h of incubation with 
7.6 µM of fucoxanthin, the number of viable cells decreased by 39% compared 
to the control (Figure 12.4). In contrast, incubation with 7.6 µM β-carotene and 
astaxanthin did not alter the viability of Caco-2 cells. Fucoxanthin has also been 
reported to reduce the viability of other human colon cancer cell lines (DLD-1 
and HT-29 cells) in a dose- and time-dependent manner (Table 12.2). Caco-2 cells 
were more sensitive to fucoxanthin followed by DLD-1 and HT-29 cells.

FIGURE 12.3 Comparison of the inhibitory effects of fucoxanthin and β-carotene on 
viability of HL-60 cells. HL-60 cells (5 × 104 cells�mL) were incubated with 22.6 µM 
fucoxanthin or β-carotene. Results are shown as means ± S.D. (n = 3). (Adapted from 
Hosokawa, M., Wanezaki, S., Miyauchi, K., Kurihara, H., Kohno, H., Kawabata, J., Odashima, 
S., and Takahashi, K., Food Sci. Technol. Res., 5, 243–246, 1999. With permission.)
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The morphological evidence in Caco-2 cells treated with 11.6 µM fucoxanthin 
for 72 h indicated a diminished size and rounded shape [17]. Also, the cell mem-
brane had shrunk with a condensed cytoplasm. In other words, the morphological 
appearance of Caco-2 cells treated with fucoxanthin had the properties observed 
in apoptotic cells. The cellular DNA fragmentation (measured as an indicator of 
apoptosis with quantitative sandwich ELISA using an antihistone antibody and an 
anti-DNA antibody) showed a dose-dependent increase in the case of Caco-2 cells 
treated with 11.3–22.6 µM fucoxanthin. However, β-carotene and astaxanthin did 
not induce DNA fragmentation in Caco-2 cells at a concentration of 7.6 µM, even 
after 48 h incubation, although fucoxanthin induced DNA fragmentation at the 
same concentration (Figure 12.5). 

Fucoxanthin suppresses the level of Bcl-2 protein, which is responsible for 
suppression of programmed cell death as a survival factor [31,32]. The Bcl-2

TABLE 12.2
Effect of Fucoxanthin on Cell Viability of Human Colon Cancer Cells

Colon Cancer Cells

24 h Incubation 72 h Incubation

7.6 µM 15.2 µM 7.6 µM 15.2 µM

Caco-2 79.6 + 2.0a,c 56.1 + 4.9b 36.8 + 4.3a 14.8 + 0.4c

HT-29 93.1 + 2.9a 82.2 + 0.5a,c 93.7 + 1.1b 50.8 + 0.6d

DLD-1 88.5 + 1.5a 70.9 + 4.4c 103.8 + 5.2b 29.4 + 2.3a

Note: The values with different letters (a, b, c, d) were signifi cantly different from each other 
(P < 0.05).

FIGURE 12.4 Comparison of viability of Caco-2 cells incubated with fucoxanthin, 
astaxanthin, or β-carotene. Caco-2 cells were incubated with 7.6 µM of each caro-
tenoid for 72 h. Cell viability was measured by WST-1 assay. Values are means ± SD 
(n = 3–4). a: signifi cant difference from control (P < 0.01). (Adapted from Hosokawa, M., 
Kudo, M., Maeda, H., Kohno, H., Tanaka, T., and Miyashita, K., Biochim. Biophys. Acta, 
1675, 113–119, 2004. With permission.)
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protein levels in Caco-2 cells treated with fucoxanthin has been reported to 
decrease remarkably at concentrations as low as 22.6 µM (Figure 12.5) [17]. As 
can be observed from the Figure 12.6, after 72 h of incubation, the relative expres-
sion level of Bcl-2 protein compared to β-actin was less than 20% that of the con-
trol cells [17]. This is indicative of the fact that down-regulation of Bcl-2 protein 
may contribute to fucoxanthin-induced apoptosis in Caco-2 cells. 

Caspases are known to play an important role in inducing apoptosis [33]. 
DNA fragmentation induced by fucoxanthin has been reported to be partially 

FIGURE 12.5 DNA fragmentation in Caco-2 cells incubated with fucoxanthin, 
 astaxanthin, or β-carotene. Caco-2 cells were incubated in cultured medium containing 
7.6 µM of each carotenoid for 48 h. Values are means ± SD (n = 3). a: signifi cant differ-
ence from control (P < 0.01). (Adapted from Hosokawa, M., Kudo, M., Maeda, H., Kohno, 
H., Tanaka, T., and Miyashita, K., Biochim. Biophys. Acta, 1675, 113–119, 2004. With 
permission.)
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FIGURE 12.6 Expression of Bcl-2 protein in Caco-2 cells treated with fucoxanthin. 
Caco-2 cells were incubated in cultured medium containing 22.6 µM fucoxanthin for 48 or 
72 h. Cellular protein was extracted, and levels of Bcl-2 protein were detected using West-
ern blot analysis. (Adapted from Hosokawa, M., Kudo, M., Maeda, H., Kohno, H., Tanaka, 
T., and Miyashita, K., Biochim. Biophys. Acta, 1675, 113–119, 2004. With permission.)

Contro
l

Bcl-2
(26 kD)

Fuco
xa

nthin

48 h 72 h

Contro
l

Fuco
xa

nthin

Actin
(43 kD)

CRC_DK3287_ch012.indd   304CRC_DK3287_ch012.indd   304 5/30/2007   2:07:24 PM5/30/2007   2:07:24 PM



Benefi cial Health Effects of Seaweed Carotenoid, Fucoxanthin 305

inhibited by a caspase inhibitor Z-VAD-fmk [17]. However, since Z-VAD-fmk 
diminished DNA fragmentation by only 40%, it is suggested that the  apoptosis 
signaling in Caco-2 cell by fucoxanthin is mediated both by caspase-dependent 
and -independent pathways. Further, fucoxanthin may also regulate the redox 
signals, and then facilitate the progression of apoptosis through Bcl-2 protein 
suppression, and the caspase-dependent and -independent pathway. The com-
bination effect of fucoxanthin and troglitazone on the reduction of Caco-2 cell 
viability has also been demonstrated [17]. Troglitazone is known to inhibit
cell growth and induce apoptosis through the activation of PPARγ [34−38]. Oral 
administration of troglitazone has been reported to inhibit the early stage of colon 
 tumorigenesis [39,40]. In their study, Hosakwa et al. [17] found that preincubation 
of Caco-2 cells with fucoxanthin remarkably enhanced the effect of troglitazone. 
Hence, the combined action of PPARγ ligand and fucoxanthin may provide
new perspectives in developing novel approaches in the chemoprevention of 
cancer.

12.4 ANTIOBESITY

12.4.1 GENERAL ASPECTS

Obesity is defi ned as accumulation of body fat. Especially, the accumulation of 
fat around the internal organs is a major risk factor causing many kinds of dis-
eases. This is because when the fat cell differentiates and accumulates the fat into 
the cell, the cell secretes various bioactive components, adipo-cytokines. These 
adipo-cytokines induce various health problems such as diabetes, hypertension, 
and hyperlipemia. These problems have been regarded as metabolic syndrome. 
Therefore, safe and effective antiobesity component has been keenly expected to 
be found from food materials.

Some dietary components have been reported to show an antiobesity effect. 
Based on the nature of fat digestion and absorption, diacylglycerols (DG) 
with a 1,3-confi guration [41,42] and medium-chain triacylglycerols (MCT) 
[43] have been used for the prevention of obesity. Several studies have dem-
onstrated that conjugated linoleic acid (CLA) reduces body fat accumulation 
in growing animals but not all CLA isomers contributed to this effect equally 
[44–46]. Among CLA isomers, trans(t)10, cis(c)12-18:2 induced body fat loss. 
The reported mechanism of this CLA action includes stimulation of lipolysis, 
reduction of lipid synthesis, and direct action on adipocytes [47,48]. Caffeine 
is a naturally consumed substance that is widely present in beverages such as 
 coffee and tea. It has  thermogenic properties and increases the metabolic rate in 
humans [49–53]. This effect can be explained by the stimulation of the  secretion 
of catecholamine such as noradrenaline from the nerve endings. Noradrena-
line stimulates β3-adrenergic receptor (β3-AR) and then induces promotion of 
energy expenditure through uncoupling protein 1 (UCP1) expression in brown 
adipose tissue (BAT) [54–57] (Figure 12.7). Capsaicin, the major pungent prin-
ciple of red pepper, also up-regulates UCP1 in BAT by release of catecholamine 
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such as noradrenaline [58–61]. Green tea extract is reported to increase energy 
expenditure and fat oxidation in humans [62]. The tea extract contains caffeine 
and catechin. Epigallocatechin gallate (EGCG), the main tea catechin, promotes 
fat oxidation and decreases fat synthesis, but does not activate β3-adrenergic 
receptor [63]. Antiobesity activity of green tea extract will be attributed to both 
effects of UCP1 up-regulation by caffeine and of lipid metabolism control by 
catechin.

Effect of eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) on lipid 
metabolism would be strongly correlated to antiobesity effect of marine lipids. 
Some publications have described reducing effect of fi sh oil on abdominal fat pad 
[64,65]. The same result was obtained by Kawada et al. [66]. They also found that 
the expression of uncoupling protein (UCP1) in interscapular brown adipose tis-
sue (BAT) was signifi cantly higher in the fi sh oil diet–fed rats compared to that in 
the lard-fed group. In BAT mitochondria, substrate oxidation is poorly coupled to 
ATP synthesis because of the presence of UCP1 (Figure 12.7), thereby leading to 
energy dissipation, that is, heat production. Kawada et al. [66] suggested that the 
intake of PUFA found in fi sh oil such as EPA and DHA causes UCP induction and 
enhancement of thermogenesis, resulting in suppression of the excessive growth 
of abdominal fat pads. PUFA from vegetable oils also suppressed the excessive 
accumulation of adipose tissue, as compared to animal fats [67,68]. However, the 
activity of PUFA from vegetable oils was less than those of EPA and DHA from 
fi sh oil [66]. Another study supports the previous results in terms of the higher 
antiobesity effect of EPA and DHA in fi sh oils [69]. 

FIGURE 12.7 Possible mechanism for up-regulation of UCP1 in BAT.
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12.4.2 UCP1

Although antiobesity compounds render their activity by different molecular 
mechanisms, adaptive thermogenesis through UCP1 expression is most impor-
tant. Therefore, a great deal of interest has been focused on the physiological 
roles of UCP families (UCP1, UCP2, and UCP3) [70,71]. UCP are found in BAT 
(UCP1, UCP2, and UCP3), white adipose tissue (WAT) (UCP2), skeletal muscle 
(UCP2 and UCP3), and brain (UCP4 and UCP5) [71,72]. UCP2 and UCP3 are 
expressed in tissues besides BAT and, thus, are candidates to infl uence energy 
effi ciency and expenditure [71]. Since metabolic rate, metabolic effi ciency, and 
obesity are integrated properties of the whole animal, researchers have produced 
mice lacking UCP2 [72] and UCP3 [73,74]. However, despite the lack of UCP2 or 
UCP3, no consistent phenotypic abnormality was observed in the knockout mice. 
They were not obese and had normal thermogenesis. These results suggest that 
UCP2 and UCP3 are not a major determinant of metabolic rate in normal condi-
tion, but rather, have other functions [71,72,75–80]. Indeed, unexpected physi-
ological or pathological implications of the UCP2 and UCP3 function (such as 
possible UCP2 involvement in diabetes and in apoptosis) could also be implicated 
[71]. UCP3 has a diminished thermogenic response to the drug 3,4-methylene-
dioxymethamphetamine or MDMA [80]. Apart from UCP2 and UCP3, it is cer-
tain that UCP1 can potentially reduce excess abdominal fat [81]. 

UCP1 is a dimeric protein present in the inner mitochondrial membrane of 
BAT, and it dissipates the pH gradient generated by oxidative phospholyration, 
releasing chemical energy as heat. UCP1 is exclusively expressed in BAT, where 
the gene expression is increased by cold, adrenergic stimulation, β3-agonists, 
retinoids, and thyroid hormone [82]. Thermogenic activity of BAT is depen-
dent on UCP1 expression level controlled by the sympathetic nervous system 
via noradrenaline [81,83–85] (Figure 12.7). As a consequence of noradrenaline 
binding to the adipocyte plasma membrane, protein kinase (PKA) is expressed, 
and then, cyclic AMP response element binding protein (CREB) and hormone-
sensitive lipase (HSL) are expressed. HSL stimulates lipolysis and the free fatty acids 
liberated serve as substrate in BAT thermognesis [85]. Free fatty acids also act as 
cytosolic second messengers, which activate UCP1 as PPARγ ligand. The same 
activity is expected in dietary PUFAs [86]. As shown in Figure 12.7, UCP1 
expression in BAT controlled by sympathetic nervous system via noradrenaline 
and expressions of PPARγ, RXR, and TR. Antiobesity effect is shown by regula-
tion of these molecular actions.

12.4.3 UP-REGULATION OF UCP1 IN WAT BY FUCOXANTHIN

As revealed above, it is certain that UCP1 is a key molecule for antiobesity. UCP1 
is usually expressed only in BAT; however, adult humans have very little BAT 
and most of the fat is stored in WAT. Considered as breakthrough discoveries for 
an ideal therapy of obesity, regulation of UCP1 expression in tissues other than 
BAT by food constituents would be important. UCP1, usually expressed only 
in BAT, has also been found in WAT of mice overexpressing Foxc2, a winged 
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helix gene, with a change in steady-state levels of several WAT- and BAT-derived 
mRNAs [87]. This result suggests the possibility of UCP1 expression in WAT, 
which would be an increasingly attractive target for the development of antiobe-
sity therapies. As the key molecular components become defi ned, screening for 
food constituent that increase energy dissipation is becoming a more attainable 
goal. From this viewpoint, the antiobesity effect of edible seaweed carotenoid, 
fucoxanthin, is very interesting, as its activity depends on the protein and gene 
expressions of UCP1 in WAT [88]. 

In the study on antiobesity effect of the seaweed carotenoid, fucoxanthin, 
lipids were separated from edible seaweed, Wakame (U. pinnatifi da), one of the 
most popular edible seaweeds in Japan and Korea. Undaria lipids, containing 10% 
fucoxanthin, reduced signifi cantly the weight of WAT (comprising perirenal and 
epididymal abdominal adipose tissues) of both rats and mice (Figure 12.8). Fur-
thermore, body weight of mice fed 2% Undaria lipid was signifi cantly (P < 0.05) 
lower than that of the control, although there was no signifi cant difference in the 
mean daily intake of diet between the two groups. To confi rm the active compo-
nent of Undaria lipids, fucoxanthin and Undaria glycolipids, the main fraction 
of the lipids, was administered to obese KK-Ay mice. Dietary effects of both 
fractions on WAT weight of obese mice is shown in Figure 12.9. The WAT weight 
of fucoxanthin-fed mice was signifi cantly lower than that of control mice. How-
ever, there was no difference in WAT weight of mice fed Undaria glycolipids and 

FIGURE 12.8 Weight of WAT of rats (A) and mice (B) fed Undaria lipids and control 
diet. a: signifi cant different from control (P < 0.01). A diet was prepared according to the 
recommendation of American Institute of Nutrition (AIN-93G). The dietary fats for rats 
were 7% soybean oil (control), 6.5% soybean oil + 0.5% Undaria lipids, and 5% soybean 
oil + 2% Undaria lipids. Those for mice were 13% soybean oil (control), 12.5% soybean 
oil + 0.5% Undaria lipids, 11% soybean oil + 2% Undaria lipids. (Adapted from Maeda, 
H., Hosokawa, M., Sashima, T., Funayama, K., and Miyashita, K., Biochim. Biophys. Res. 
Commun., 332, 392–397, 2005. With permission.)

Control Undaria Undaria
(0.5%) (2%)

Control Undaria Undaria
(0.5%) (2%)

a

a

15

10

5

0

15

10

5

0

(A) (B)

W
A

T
(g

/1
 k

g 
bo

dy
 w

ei
gh

t)

W
A

T
(g

/1
00

 g
 b

od
y 

w
ei

gh
t)

CRC_DK3287_ch012.indd   308CRC_DK3287_ch012.indd   308 5/30/2007   2:07:25 PM5/30/2007   2:07:25 PM



Benefi cial Health Effects of Seaweed Carotenoid, Fucoxanthin 309

control diet. This result indicates that fucoxanthin is the active component in the 
Undaria lipids resulting in the antiobesity effect.

BAT is implicated as an important site of facultative energy expenditure in 
small rodents because of its capacity for uncoupled mitochondrial respiration. This 
has led to speculation that BAT normally functions to prevent obesity. In 2.0% 
Undaria lipids–fed mice, BAT weight was signifi cantly greater than that in the con-
trol mice. However, there was no signifi cant difference in UCP1 expression among 
three different dietary groups. Thus, the decrease in abdominal fat pad weight 
found in Undaria lipids–fed mice could not be explained only by energy expendi-
ture in BAT mitochondria by UCP1. As shown in Figure 12.10, UCP1 expression 
was found in WAT of Undaria lipids–fed mice, although there was little expres-
sion in that of control mice. Expression of UCP1 mRNA was also found in WAT of 
Undaria lipids–fed mice, but little expression in that of the control (Figure 12.10). 
UCP1 is known as a specifi c protein, which induces fat oxidation and conversion of 
the energy to heat. Therefore, the decrease in WAT weight of Undaria lipids–fed 
mice would be because of the adaptive thermogenesis through UCP1 expression in 
WAT. UCP1 expression in WAT was also found in fucoxanthin-fed mice, but little 
expression of UCP1 was found in WAT of mice fed Undaria glycolipids and con-
trol diets. This result confi rmed the antiobesity activity of the seaweed carotenoid, 
fucoxanthin, through up-regulation of UCP1 expression in WAT.

The fi nding that fucoxanthin induces both protein and mRNA expressions 
of UCP1 in WAT will give a clue for new dietary antiobesity therapy. An enor-
mous amount of data has been collected on thermogenesis in BAT through UCP1 
expression. However, there had been no information on UCP1 expression in WAT 
induced by a diet component until the above report had appeared. An  excessive 

FIGURE 12.9 Weight of WAT of mice fed fucoxanthin, Undaria glycolipids, and con-
trol diet. a: signifi cant difference from control (P < 0.01). The dietary fats were 13% soy-
bean oil (control), 12.6% soybean oil + 0.4% fucoxanthin, and 11.2% soybean oil + 1.8% 
Undaria glycolipid. (Adapted from Maeda, H., Hosokawa, M., Sashima, T., Funayama, 
K., and Miyashita, K., Biochim. Biophys. Res. Commun., 332, 392–397, 2005. With 
permission.)
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accumulation of fat in WAT induces some diseases such as type II diabetes. 
Direct heat production by fat oxidation in WAT, therefore, will reduce risk of 
these diseases in humans.

An enhancer element of UCP1 gene promotes transcription that is both 
BAT-selective and responsive to β-adrenergic stimulation through camp [75]. 
This complex enhancer element has putative binding sites for the thyroid hor-
mone receptor, retinoic acid receptor, and peroxisome proliferators–activated 
receptor-γ (PPARγ). The study of gene expression in BAT is of special interest 
because this has been regarded as the only tissue in the mammalian body that 
functions exclusively as a thermogenic organ. Treatment with β-carotene and α-
carotene promoted UCP1 expression in BAT. This effect of carotenoids could be 
explained by their conversion to retinoic acid [89]. However, fucoxanthin has no 
potency as vitamin A. Furthermore, there was no signifi cant difference in UCP1 
expression in BAT of Undaria lipids–fed mice as compared to that of the control 
mice, although BAT of 2% Undaria lipids–fed mice was signifi cantly greater 
than that of the control. The signifi cant decrease in WAT weight of rats and mice 
fed Undaria lipids diet (Figure 12.8) would be due to energy dissipation via the 
generation of heat by UCP1 expression in the WAT. This may be due to a specifi c 
activity of fucoxanthin or its relative carotenoids.

FIGURE 12.10 UCP1 and UCP2 expressions in WAT of mice fed Undaria lipids and 
control diet. (A) Western blot analysis of UCP1. (B) UCP1 protein expression. (C) UCP1 
mRNA expression. (D) UCP2 mRNA expression. a: signifi cant different from control 
(P < 0.05). (Adapted from Maeda, H., Hosokawa, M., Sashima, T., Funayama, K., and 
Miyashita, K., Biochim. Biophys. Res. Commun., 332, 392–397, 2005. With permission.)
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12.4.4  REDUCING EFFECT OF FUCOXANTHIN AND 
FUCOXANTHINOL ON ADIPOCYTE DIFFERENTIATION

Fucoxanthin has a unique structure including an allenic bond and a 5,6-mono-
epoxide in its molecule (Figure 12.1). It is a major marine carotenoid found in 
edible seaweeds such as Undaria pinnatifi da, Hijikia fusiformis, and Sargassum 
fulvellum. In Southeast Asian countries, some seaweeds containing fucoxanthin 
are often used as a food source. Fucoxanthin is easily converted into fucoxanthi-
nol (Figure 12.1) in the human intestinal cells and in mice [90], suggesting that 
the active form of fucoxanthin in biological system would be fucoxanthinol.

As shown in Figure 12.11, both fucoxanthin and fucoxanthinol inhibited 
intercellular lipid accumulation during adipocyte differentiation of 3T3-L1 cells. 

FIGURE 12.11 Effect of fucoxanthin (A) and fucoxanthinol (B) on lipid accumulation of 
3T3-L1 cells during adipocyte differentiation. 3T3-L1 cells were treated with fucoxanthin 
or fucoxnthinol in differentiation medium for 120 h. The intercellular lipid accumulation 
was determined by Oil Red-O staining. The values (n = 3) are expressed as absorbance 
at 490 nm. a: signifi cant different from control (P < 0.01). (Adapted from Maeda, H., 
Hosokawa, M., Sashima, T., Takahashi, N., Kawada, T., and Miyashita, K., Int. J. Mol. 
Med., 18, 147–152, 2006. With permission.)
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Fucoxanthin and fucoxanthinol also decrease glycerol-3-phosphate  dehydrogenase 
activity, an indicator of adipocyte differentiation [91]. The effects of fucoxanthi-
nol were stronger than those of fucoxanthin. When 3T3-L1 cells treated with 
fucoxanthin and fucoxanthinol, PPARγ, a regulator of adipogenic gene expres-
sion, was down-regulated by both carotenoids in a dose-dependent manner [91] 
(Figure 12.12). These results suggest that fucoxanthin and fucoxanthinol inhibit 
the adipocyte differentiation of 3T3-L1 cells through down-regulation of PPARγ 
and fucoxanthinol would be an active compound for the antiobesity effect of 
fucoxanthin.

It is noteworthy that PPARγ levels were down-regulated in 3T3-L1 cells 
treated with fucoxanthin and fucoxanthinol. PPARγ has an important role in the 
early stages of 3T3-L1 cell differentiation, because it is a nuclear transcription 
factor that regulates adipogenic gene expression. Regulation of PPARγ would 
be one of the expected mechanisms underlying the antiobesity effect of dietary 
fucoxanthin. Catechin [92], sterols [93], tannic acid [94], phenolic lipids [95], and 
red yeast rice extracts [96] also inhibit 3T3-L1 differentiation. Retinoids inhibit 
the early stage of differentiation of 3T3-L1 cells [97]. Some of these compounds, 
however, have low absorption and have not been fully investigated for their anti-
obesity effects in vivo. Because fucoxanthin accumulates as metabolites, includ-
ing fucoxanthinol, in WAT of mice, dietary fucoxanthin might be a useful natural 
compound for the prevention of obesity.

FIGURE 12.12 Expression of PPARγ in 3T3-L1 cells treated with fucoxanthin and 
fucoxanthinol. The PPARγ protein expression level was normalized to the β-actin level 
and expressed as the value relative to preadipocyte PPAR levels. (Adapted from Maeda, 
H., Hosokawa, M., Sashima, T., Takahashi, N., Kawada, T., and Miyashita, K., Int. J. Mol. 
Med., 18, 147–152, 2006. With permission.)
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12.5 ANTI-INFLAMMATORY EFFECT

Several marine carotenoids, including fucoxanthin and astaxanthin, have been 
shown to have anti-infl ammatory potency [21,98]. Endotoxin-induced uveitis 
(EIU), an ocular infl ammation, is an acute anterior segment intraocular infl am-
mation that can be induced by injection of lipopolysaccharides [99,100]. EIU is 
suggested to serve as a model for certain types of human uveitis like the one asso-
ciated with seronegative arthritis, where a Gram-negative bacteria is presumed to 
play a role in pathogenesis [101]. In a study dealing with the effect of fucoxanthin 
on lipopolysaccharide-induced EIU in a rat model system [21], it was reported 
that fucoxanthin obtained from Undaria lipids signifi cantly suppressed the devel-
opment of EIU. Further, the effect exhibited by a unit quantity (10 ppm) of fuco-
xanthin was similar to that by a similar amount of the steroid prednisolone. 

Generation of nitric oxide (NO) by inducible nitric oxide synthase (iNOS) is 
one of the major responses in the eye to lipopolysaccharide injection during EIU 
[102,103]. Apart from this, lipopolysaccharides and proinfl ammation cytokines 
induce iNOS in macrophages, neutrophils, and endothelial cells that can further 
contribute to increase in nitric oxide in the eye during EIU; and, activation of 
iNOS is strongly associated with the development of infl ammation in EIU [104]. 
Fucoxanthin exhibits a dose-dependent antiocular infl ammatory effect on EIU, 
as evidenced by a decreased NO concentration in an in vitro study involving lipo-
poly saccaride (LPS)-induced RAW264.7 (a mouse macrophage cell line) cells, 
as well as an in vitro study involving rats [21]. It is well documented that NO is 
produced by bacterial LPS or cytokines plays a major role in endotoxemia and 
infl ammatory conditions [105]. The possible mechanism of antiocular infl amma-
tory effect exhibited by fucoxanthin is the suppression of NO production in the 
eye through inhibition of the iNOS enzyme and thus exhibits a therapeutic effect 
in the treatment of infl ammation. 
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13.1 ASTAXANTHIN

Astaxanthin is a fat-soluble xanthophyll, an oxygenated derivative of  carotenoids 
(C40H52O4, FW 596.8 Da). It is closely related to carotenoids such as β-carotene, 
zeaxanthin, and lutein. Like other carotenoids, the astaxanthin molecule consists 
of a long chain of carbon atoms held together by conjugated double bonds, the 
chromophore. Thus, carotenoids absorb light resulting in colorful compounds of 
different shades of yellow, orange, and red. Two ionone rings, one at each end of 
the astaxanthin chromophore, modify its optical and chemical  characteristics. 
Also, the molecular environment of astaxanthin (e.g., carotenoproteins in lobster 
carapace) affect the optical characteristics of the chromophore [1].

13.1.1 CHEMISTRY OF ASTAXANTHIN

The conjugated double-bond chain that forms the backbone of the astaxanthin 
molecule indicates the possibility of geometrical isomers of astaxanthin (cis or 
trans). All trans carotenoid isomers are usually the more stable ones and thus 
the most abundant in nature. The presence of chiral centers at the 3 and 3′ car-
bon atoms on the rings allows for the presence of three different stereoisomers: 
3S,3′S; 3S,3′R; and 3R,3′R (Figure 13.1). The 3S,3′S is the most common form 
found in nature [2].

FIGURE 13.1 Astaxanthin stereoisomers.
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The hydroxyl groups on the 3 and 3′ carbon atoms also give astaxanthin the 
ability to be esterifi ed. Esterifi cation of astaxanthin affects its absorbability and 
transport in the organism since it changes its polarity: free astaxanthin is more 
polar than astaxanthin monoester, which is more polar than astaxanthin diester. 
Astaxanthin can also be found bound to proteins; the change in the molecular 
environment causes a shift in the absorbance of astaxanthin such that the caro-
tenoprotein complex may look green and blue instead of red or dark orange such 
as in lobsters [3].

Carotenoids are potent biological antioxidants, that quench singlet oxygen 
and other reactive species, by absorbing the excited energy of singlet oxygen onto 
the carotenoid chain, leading to the degradation of the carotenoid molecule, but 
preventing other molecules or tissues from being damaged. They also can pre-
vent the chain reaction production of free radicals initiated by the degradation of 
polyunsaturated fatty acids, which can dramatically accelerate the degradation 
of lipid membranes [4,5]. Astaxanthin shows very good capability at protecting 
membranous phospholipids and other lipids against peroxidation [6,7]. Several 
studies have shown that astaxanthin has a stronger antioxidant activity than vita-
min E (up to 500 times [8]) and other carotenoids [9]. 

Keeping in mind astaxanthin’s molecular structure, lipophilic along the 
 polyene chain but somewhat polar at the rings, is useful in understanding its 
transport into and availability to organisms as well as its location in the organism 
(see below).

13.1.2 ASTAXANTHIN IN NATURE

Astaxanthin can be synthesized de novo only by some bacteria (such as Agrobac-
terium aurantiacum), fungi (such as Xanthophyllomyces dendrorhous—Phaffi a), 
and microalgae (such as Haematococcus pluvialis). Animals obtain astaxanthin 
from their diets either by directly ingesting astaxanthin-rich prey or by converting 
other ingested carotenoids into astaxanthin. In aquatic environments, carotenoids 
obtained from microalgae are transformed into astaxanthin by zooplankton, 
which make it available to higher trophic levels [10]. At least one study has sug-
gested that differences in nutrient and phytoplankton and zooplankton population 
dynamics may affect the antioxidant protection of higher trophic levels [11].

Thus, astaxanthin can be naturally found in widely consumed seafood such as 
salmon and marine invertebrates such as krill, lobster, and shrimp. Astaxanthin is 
also found in birds like fl amingo, quail, and other species [12,13]. Free astaxan-
thin is particularly sensitive to oxidation. Consequently, it is usually found either 
conjugated to proteins, like in salmon muscle or lobster exoskeleton, or esterifi ed 
with one or two fatty acids (monoester and diester forms), which stabilizes the 
molecule.

Of the three organisms listed as primary producers of astaxanthin, 
 Haematococcus (Figure 13.2) is considered the most promising source of 
 natural astaxanthin at industrial scale. In the case of Agrobacterium, astaxanthin 
is not even the most abundant carotenoid in the organism [14]. In the case of 
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 Phaffi a, isolated strains accumulate only as much as 0.3% of the dry weight as 
astaxanthin and extraction of the pigment from the biomass is capital intensive 
[15].  Commercially produced Haematococcus, however, can accumulate upward 
of 3% of its dry weight as astaxanthin [16] (Figure 13.3). Astaxanthin can also 
be extracted from animals such as krill and crawfi sh, but the concentration in the 
raw material is low.

13.1.3 ASTAXANTHIN ACCUMULATION IN HAEMATOCOCCUS

Haematococcus accumulates astaxanthin in oil droplets in the cytoplasm fol-
lowing environmental changes nonconducive to growth [17]. Other changes that 
accompany or precede astaxanthin accumulation include changes in the cell wall 
[18] and level of other enzyme-mediated defenses [19].

Over the past decades, starting with Droop [20], many authors have described 
the culture conditions that induce or accelerate the accumulation of astaxanthin 
by Haematococcus (e.g., light, nutrients, salt, acetate, temperature). Early results 
were interpreted to indicate that cessation of cell division was necessary for 
astaxanthin accumulation, as well as the production of reactive oxygen species 
(ROS) and accumulation of lipids (summarized in Ref. 21). It is now believed that 
synthesis and accumulation of astaxanthin from β-carotene involves the action 

FIGURE 13.2 Haematococcus pluvialis cell in the fl agellated state. The cell is about 
10 μm long.

CRC_DK3287_ch013.indd   324CRC_DK3287_ch013.indd   324 5/30/2007   22:58:005/30/2007   22:58:00



The Production and Health Benefi ts of Astaxanthin 325

of two enzymes, β-carotene ketolase (β-carotene → canthaxanthin) and carotene 
hydroxylase (canthaxanthin → astaxanthin). Interestingly, although β-carotene is 
manufactured in the chloroplast, astaxanthin accumulates in lipid vesicles in the 
cytoplasm [17]. It has been shown that β-carotene ketolase exists in these lipid 
vesicles supporting the suggestion that β-carotene (or other precursors) might 
be transported from the chloroplast to the lipid vesicles where the pigment is 
 transformed into astaxanthin [22]. Similarly, it has been shown that fatty acid syn-
thesis and lipid accumulation accompanies, and may be required for, astaxanthin 
esters accumulation in Haematococcus [23,24]. Recently, it has been determined 
that carotenoid and astaxanthin biosynthetic genes up-regulate during induction 
 following environmental stresses such as high light. It was found that increased 
 levels of transcription correlated with the redox state of the photosynthetic elec-
tron transport system [25].

As mentioned above, Haematococcus accumulates astaxanthin as part of a 
suite of responses to environmental insult, possibly translated in the cell as a 
change in the redox state of the photosynthetic electron transport system. What 
is, then, the function of the astaxanthin in the cytoplasm? Droop [20] suggested a 
possible role for astaxanthin as a storage material following observations on the 
accumulation and disappearance of astaxanthin during reddening and  greening. 

FIGURE 13.3 Encysted Haematococcus pluvialis cells. The large cell (top) is about
35 μm long.
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Evidence has also been presented to support a light screening function [26]. It 
appears that astaxanthin also has an antioxidant function [27]. This would explain 
why astaxanthin seems to protect Haematococcus lipids against peroxidation
in vivo [28]. It has also been suggested that astaxanthin accumulation in globules 
surrounding the nucleus may also indicate a physicochemical barrier to oxida-
tive damage in nuclear material [26,28]. However, it has also been suggested that 
astaxanthin per se is itself the result of a photoprotective process, not the protec-
tive agent [29].

13.2  PRODUCTION OF ASTAXANTHIN FROM 
HAEMATOCOCCUS PLUVIALIS

Although Haematococcus may be induced to accumulate astaxanthin indoors 
under heterotrophic and mixotrophic growth conditions, successful commercial 
producers take advantage of abundant sunlight outdoors. There are a handful of 
commercial producers of Haematococcus astaxanthin today that have developed 
the strategies necessary to produce large quantities of biomass, induce astax-
anthin accumulation, harvest and process the reddened biomass, and formulate 
the fi nal product [30]. The production strategies must take into consideration the 
physiological characteristics of Haematococcus at the different stages in the pro-
duction process.

13.2.1 BIOMASS PRODUCTION

The culture conditions that favor Haematococcus biomass production are incom-
patible with the stresses needed to induce astaxanthin accumulation (described 
earlier). Thus, the strategy to produce commercial quantities of astaxanthin-rich 
biomass is two-phased. The objective of the fi rst phase is to produce large quanti-
ties of green biomass under conditions (nutrient suffi ciency, and light, pH, and 
temperature control) conducive to fast growth. Not surprisingly, those growth 
conditions are amenable to a number of other microalgae that can contaminate 
and overtake the culture. Thus, commercial production of Haematococcus has 
been dependent on the development of large-scale enclosed photobioreactors (see 
e.g., Figure 13.4; see also Ref. 30). 

13.2.2 ACCUMULATION OF ASTAXANTHIN

Haematococcus accumulates astaxanthin following changes in the culture condi-
tions from growth-promoting to stress-promoting (see Section 13.1.3). One can 
envision that the easiest way to accomplish this is to signifi cantly dilute the green 
culture. Dilution accomplishes two things immediately. On the one hand, the con-
centration of nutrients decreases, inducing nutrient stress. At the same time, the 
average irradiance per cell in culture increases signifi cantly. This plus the addi-
tion of other induction factors (e.g., acetate, Fe, salt, temperature, etc.) creates the 
proper environment for quick accumulation of astaxanthin by Haematococcus.

CRC_DK3287_ch013.indd   326CRC_DK3287_ch013.indd   326 5/30/2007   22:58:015/30/2007   22:58:01



The Production and Health Benefi ts of Astaxanthin 327

While some producers use enclosed photobioreactors for the astaxanthin 
accumulation phase, open pond systems can also be used (Figure 13.5). Open 
ponds are quite adequate for the carotenogenesis phase. First, culture conditions 
in reddening cultures are very poor for growth (designed to induce astaxanthin 
accumulation in Haematococcus) even for contaminant microalgae. Second, 
under these conditions, Haematococcus develops into fully reddened cysts within 
5–6 days; too short for microalgal contaminants to affect the system. 

13.2.3 HARVESTING

Besides accumulating astaxanthin, the reddening Haematococcus cells lose their 
fl agella and become signifi cantly larger (up to 50 µm versus 10–15 µm for the 
green fl agellates) and heavier [31]. Since the cells are denser than the medium, 
harvesting can be easily accomplished by gravitational settling and with the use 
of centrifuges [30].

13.2.4 BIOMASS PROCESSING

A further characteristic of the reddening Haematococcus cells is the formation 
of a very tough cell wall designed to protect the cell from further  environmental 
insult. The wall resists digestion by animals (including humans) and solvent 
extraction [32]. Thus, the next step in astaxanthin production is the breaking up 
of the cell wall.

FIGURE 13.4 The Mera growth module, an enclosed photobioreactor used for the pro-
duction of Haematococcus pluvialis biomass.
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Ball mills can be used to rupture Haematococcus cell walls as well as 
high-pressure homogenizers at commercial scale [30]. Our own experience has 
shown that solvent and enzyme pretreatments may help in this process (unpub-
lished data; see also Ref. 32). However, depending on the application, such chemi-
cal aids may not be advisable if residues may be found in the fi nal product.

After the cells are disrupted, the water content of the biomass is carefully 
reduced. Since the astaxanthin molecules are no longer protected by the cyst 
structure, they are prone to degradation. Thus, the mass of broken cells must 
be protected from exposure to oxygen, light, and high temperature to the extent 
possible. Standard spray driers, that reach temperatures near 200°C can reduce 
the yield of astaxanthin signifi cantly (20–40%, unpublished observation). Com-
mercial producers have developed technologies, which limit the exposure of the 
biomass to oxygen and use lower temperatures [30].

13.2.5 END PRODUCTS AND FORMULATION

For animal husbandry applications, the dried biomass can be directly  incorporated 
into animal diets. For human nutraceutical applications, the astaxanthin is usu-
ally extracted from the biomass using nonpetrochemical solvents such as edible 
oils or supercritical CO2. The extract obtained is then diluted to the desired 
concentration with other oils or ingredients. Finally, the astaxanthin extract 

FIGURE 13.5 Open ponds used by Mera Pharmaceuticals for reddening Haematococ-
cus pluvialis biomass.
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is encapsulated according to the desired dosage, usually in gelatin  capsules or 
beadlets.

13.3 ASTAXANTHIN APPLICATIONS IN ANIMAL HUSBANDRY

In the organisms in which it is found, astaxanthin has several physiological func-
tions from coloration (communication, sexual selection) to reproductive and devel-
opmental success (see below). These functions may be related to astaxanthin’s 
function as an antioxidant (see above). Normal metabolism produces free radicals 
(e.g., hydroxyl and peroxyl radicals) and ROS (e.g., singlet oxygen). Physiological 
and environmental stresses can enhance the production of these agents. These 
reactive agents can themselves damage DNA, proteins, and lipid membranes. As 
will be seen below, the presence of astaxanthin in animal tissues protects the 
organism from these chemical insults.

Astaxanthin, thus, has two types of applications in animal husbandry: as a 
source of natural color and as a nutritional supplement because of its physiologi-
cal effects.

13.3.1 COLORATION

Appearance (e.g., coloration) of farmed animal products affects consumer accept-
ability. As was noted above, animals cannot synthesize astaxanthin, they must 
obtain it from their diet. In the case of farmed animals, the pigment must be 
included in the feed since these animals do not have much opportunity to for-
age. The market for feed pigments is estimated at several hundred million US 
dollars.

Salmonid feed (salmon and trout) is probably the largest market for astax-
anthin at this time. Today, most salmon is farmed and is fed artifi cial diets. To 
maintain coloration of the fi sh, the diets must incorporate carotenoids such as 
astaxanthin [33]. Red sea bream (red porgy) is another valuable fi sh appreciated 
for its coloration. Astaxanthin must be added to the diet, otherwise the captive 
fi sh have only a fraction of the astaxanthin of wild fi sh [34]. Astaxanthin is also 
effective in maintaining the coloration of ornamental fi shes [35].

Shrimp and prawns also benefi t from astaxanthin supplementation [36]. The 
pigment deposits in the exoskeleton (carotenoproteins) and turns red during cook-
ing, giving the shrimp a consumer-desired orange or red hue. Other animals, such 
as chickens, also benefi t from astaxanthin in their diet (yolk, muscle, and skin 
coloration [13]). 

13.3.2 PHYSIOLOGICAL BENEFITS

The benefi ts of astaxanthin supplementation in fi sh include improved survivabil-
ity, growth, photoprotection, fertility, egg quality, protection from cataracts, and 
the function of a provitamin [37–40]. There are also some indications that astax-
anthin supplementation is benefi cial for growth and survival of shrimp as well as 
resistance to environmental stresses [41]. 
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There is little information available on the physiological effects of  astaxanthin 
supplementation on chickens, but it seems that it may positively affect growth 
performance and offer resistance to certain bacterial infections [42]. Further-
more, positive effects of astaxanthin on immune response mechanisms in aquatic 
invertebrates have been demonstrated [43]. 

Continuing research efforts are resulting in the development of new appli-
cations for astaxanthin in animal husbandry. According to AstaReal (formerly 
Astacarotene, http:/www.astareal.com/), astaxanthin supplementation increases 
the fertility of horses, pigs, and fur animals (see also Ref. 44). According to Ito 
et al. [45], astaxanthin may enhance the effect of antistress agents on farm animals.

13.4 ASTAXANTHIN APPLICATIONS IN HUMAN HEALTH

The results of recent survey among users of a commercial astaxanthin supplement 
indicated that an improvement in 85% of health conditions with an infl ammation 
component reportedly resulted from Haematococcus astaxanthin supplementation. 
Signifi cantly, users reported that astaxanthin was as effective as, or more effective 
than, either prescription or over-the-counter anti-infl ammatory drugs [46]. There is 
a dearth of human clinical data that could corroborate the experiences reported by 
those users of Haematococcus astaxanthin. However, in the following sections we 
review evidence, mainly from in vitro and animal models that support the conclu-
sions reached by the survey results.

13.4.1 SAFETY AND BIOAVAILABILITY

It can be assumed that astaxanthin has been part of the human diet since people 
started consuming seafood. Still, its use as a supplement is recent. Mera Phar-
maceuticals conducted the fi rst human safety study with Haematococcus astax-
anthin that we are aware of [47]. In this study, human subjects were given two 
different astaxanthin daily doses, 3.85 or 19.25 mg. The results of complete medi-
cal examinations before, during, and after the trial, including extensive urine and 
blood analysis, found no ill effects or toxicity from ingestion of the supplement. 
A more recent safety study [48] corroborated the safety of Haematococcus astax-
anthin for humans. Other studies on animal models (summarized in Ref. 47) 
support the conclusion that Haematococcus astaxanthin consumption does not 
appear to possess health risks.

The steps to accomplish dietary carotenoid assimilation include the destruc-
tion of the food matrix, solubilization and emulsifi cation of the carotenoids with 
other lipids, formation of micelles with bile salts, deesterifi cation, absorption 
through the intestinal mucosa, loading onto lipoproteins, and transfer to chylomi-
crons (reviewed in Ref. 49). Uptake studies on humans have shown that the largest 
fraction of astaxanthin in the serum is associated with the very low-density lipo-
protein fraction (VLDL) and that there appears to be selective enrichment during 
uptake [50,51]. More recent work has shown that presence of fats and emulsifi ers 
may signifi cantly enhance the bioavailability of astaxanthin  supplements [52]. 
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Once in the blood stream, astaxanthin may be transported throughout the organ-
ism, including the nervous system since it has been shown to cross the blood–
brain barrier [53].

13.4.2 ANTIOXIDANT ACTIVITY OF ASTAXANTHIN

Astaxanthin is a very potent antioxidant. Several studies have shown that astaxan-
thin’s antioxidant activity can be several folds higher than those of, for example, 
β-carotene and vitamin E [8,54], and that it is very capable of protecting mem-
brane phospholipids and other lipids against peroxidation [55–59]. One reason 
for astaxanthin’s superiority in protecting cellular membranes against oxidation 
may derive from its polyene chain and terminal rings, which allow the molecule 
to protect both the inner and outer membrane surfaces [60] and its effect on mem-
brane permeability [61]. It is believed that astaxanthin’s antioxidant activity may 
play a signifi cant role in conditions that may be either triggered or aggravated by 
oxidative damage such as UV-light damage, cancer, infl ammation, and ulcerous 
infections. The powerful antioxidant activity may also play a role in astaxanthin’s 
enhancement of immune responses, liver function and eye, joint, prostate, and 
heart health (see below).

13.4.3 PHOTOPROTECTIVE PROPERTIES OF ASTAXANTHIN

The photoprotective activity of astaxanthin appears to be directly related to its 
antioxidant properties. UV light can lead to production of singlet oxygen and free 
radicals and photooxidative damage of lipids and tissues [62,63]. In nature, carot-
enoids are often found in tissues directly exposed to light. O’Connor and O’Brien 
[64] demonstrated that astaxanthin could be more effective than β-carotene and 
lutein at preventing UV-light photooxidation of lipids by a factor of up to 200 and 
1000 folds, respectively. In humans, the eyes and skin are the organs with high-
est exposure to UV light, and are the organs where astaxanthin photoprotection 
might prove to be most benefi cial.

Age-related macular degeneration (AMD) and age-related cataracts are two 
leading causes of visual impairment that appear to be related to light-induced oxi-
dative damage in the eye. In the case of cataracts, free radicals impair the crystal-
line proteins in the lens and damage the enzymes that remove damaged proteins 
[65] while in the case of AMD, peroxidation of membranes likely leads to the death 
of photoreceptor cells in the retina [66]. Perhaps not surprisingly, high intake of 
dietary carotenoids has been associated with reduced risk for cataracts and AMD 
[67,68]. While astaxanthin has not been isolated in the human eye, it is found in 
the eye or eye parts of a number of animals [12]. Furthermore, an animal study 
has demonstrated that astaxanthin is capable of crossing the blood–brain barrier, 
depositing in the retina of mammals, and offering protection against UV-light pho-
todamage if included in the diet [53]. Furthermore, astaxanthin was shown to pro-
tect human lens epithelial cells against ultraviolet-b radiation (UVB ) insult [69].

Skin exposure to sunlight may result in light-induced oxidation,  infl ammation, 
immunosuppression, aging, and even carcinogenesis of skin cells. Several  studies 
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have shown that dietary antioxidants can reduce photo-induced damages [70–72]. 
As was mentioned earlier, astaxanthin is believed to protect against  photooxidation 
in those tissues in which it is found, such as the skin of salmon and red seabream, 
salmon eggs, and Haematococcus [33,37] and was found to protect retinal pho-
toprotectors against UV-light injury in rats [53]. Considering that astaxanthin 
has a stronger in vitro protective effect against UV-induced photooxidation than 
β-carotene and lutein [64] it seems reasonable that astaxanthin has an excellent 
potential as an oral sun protectant as well as to treat other skin conditions [73]. 

13.4.4 ANTI-INFLAMMATORY PROPERTIES OF ASTAXANTHIN

Another condition associated with oxidative damage is infl ammation. ROS may 
aggravate the infl ammation that accompanies various forms of asthma [74,75], 
exercise-induced muscle damage [76], and ulcers [77]. Infl ammation has also 
been recently implicated in the onset of AMD [78]. Also, it has been recently 
hypothesized that decreased infl ammation early in life may have led to increases 
in human life span [79]. Furthermore, infl ammation has been implicated in the 
progression of cancers (see summary by Marx [80]).

Kurashige et al. [8] were the fi rst to identify an anti-infl ammatory role for 
astaxanthin. They injected an infl ammation agent in the paw of experimental rats, 
fed either natural astaxanthin, vitamin E, or no antioxidant (control treatment), 
and measured swelling of the paw. Only the astaxanthin-fed rats showed a sig-
nifi cant decrease in infl ammation when compared to the control. A more recent 
rat study [81] showed a dose-dependent anti-infl ammatory effect of astaxanthin 
by the suppression of nitric oxide, prostaglandin E2, and tumor necrosis factor. 
Studies on peripheral blood mononuclear cells from asthmatics have shown that 
astaxanthin can be as effective as commonly used antihistamines at suppressing 
T-cell activation [82]. The authors concluded that astaxanthin might have a role in 
novel antiasthmatic formulations.

Dietary astaxanthin also helps fi ght symptoms of ulcer disease from 
 Helicobacter pylori, which among other effects leads to infl ammation of gastric 
tissues [77]. Bennedsen et al. [83] have shown that astaxanthin supplementation 
in the diet of mice is able to reduce symptoms of gastric infl ammation and is 
associated with shifts in the infl ammation response (change in the activity of
T-lymphocytes), consistent with the reduced symptoms. A more recent study [84] 
found that astaxanthin can protect against gastric lesions (ulcers) induced by the 
use of nonsteroid anti-infl ammatory drugs such as naxopren. Finally, a rat study 
found that astaxanthin supplementation accumulated in heart and skeletal muscle 
and that it reduced the amount of exercise-induced infl ammation markers [85].

13.4.5 IMMUNOMODULATING PROPERTIES OF ASTAXANTHIN

A recent review on the action of carotenoids in general on the immune response 
noted that carotenoids without vitamin A activity, such as astaxanthin, can be as 
active (an even more active) than β-carotene [86]. Specifi cally, astaxanthin has 
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been shown to signifi cantly infl uence immune function in a number of in vitro 
and in vivo assays using animal models. A signifi cant amount of this work has 
been carried out by Jyonouchi and colleagues at the University of Minnesota. 
For example, they have found that astaxanthin infl uences antibody production by 
mouse spleen cells stimulated with sheep red blood cells [87] and can partially 
restore decreased humoral immune responses in old mice [88]. Studies on human 
blood cells in vitro demonstrated that astaxanthin can enhance immunoglobulin 
production [89]. 

Astaxanthin has also been found effective in preventing the development 
of symptoms in autoimmune-prone mice [90]. It has also been suggested that 
 astaxanthin’s immunomodulating functions may be related to its antitumor 
 activity [91]. The immunomodulating capacity of astaxanthin has been found to 
be superior to that of β-carotene and canthaxanthin [92].

13.4.6 ASTAXANTHIN AND CARDIOVASCULAR HEALTH

It has been recognized for some time that oxidative damage plays a central role 
in the development of degenerative diseases, including cardiovascular disease 
(CVD), one of the major causes of morbidity and mortality in Western society 
[93,94]. 

Atherosclerosis is the principal cause of CVD (and cerebrovascular disease). 
Initially, atherosclerosis consists of fatty streaks containing “foam” cells, which 
develop into fi brous plaques. As other cells, cell debris, lipids, cholesterol, and 
calcium accumulate, plaque deposits are formed, which can ultimately limit or 
block blood fl ow. The whole chain of events is triggered by uptake of oxidized 
low-density lipoprotein (LDL, the “bad” cholesterol) by macrophages [95]. In 
principle, protection from oxidation by LDL could prevent the trigger that results 
in atherosclerosis.

Astaxanthin is carried by VLDL, LDL, and HDL (high-density lipoprotein) in 
human blood. A study in which human subjects consumed daily dosages as low as 
3.6 mg astaxanthin per day for two consecutive weeks demonstrated that astaxan-
thin protects LDL-cholesterol against oxidation [96], suggesting that astaxanthin 
supplementation may lower the risk of CVD. Astaxanthin has also been found to 
decrease the degree of macrophage infi ltration of atherosclerotic plaques as well 
as apoptosis in an animal model [97], which resulted in plaque stability.

Blood levels of HDL (the “good” cholesterol) are indicative of protection 
against atherosclerosis [98]. According to one study, astaxanthin supplementa-
tion was correlated with an increase in HDL levels [99], suggesting that astax-
anthin may also offer protection from CVD by modifying the ratio of LDL and 
HDL.

Astaxanthin can also protect the heart directly in mammals. First, it
accumulates in the heart muscle and, following exercise, astaxanthin appears to 
lower the level of exercise-induced oxidative damage to lipids and DNA in heart 
tissue [85]. Second, two studies showed that astaxanthin reduced infarct size 
 following an induced heart attack [100,101]. Thus, astaxanthin supplementation 
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may be  benefi cial for those people with enhanced risk for heart attacks. Finally, in 
at least one animal model, it was shown that astaxanthin might have a role in the 
 reduction of high blood pressure and the delay in the incidence of stroke [102].

Astaxanthin may also be benefi cial to cardiovascular health by reducing the 
infl ammation (see above) associated with the development of coronary heart dis-
ease. C-reactive proteins (CRP) are nonglycosylated proteins produced by hepa-
tocytes and normally present only in trace amounts in the blood [103]. In the 
acute phase response to infl ammatory stimuli such as infection, tissue injury, 
damage to blood vessels, strenuous exercise, and lung irritants, the blood levels 
of CRP increase dramatically. Elevated blood levels of CRP are believed to indi-
cate “ smoldering” low-grade infl ammation in arteries of patients without known 
coronary risk  factors [104–106].

13.4.7 ASTAXANTHIN AND NEURODEGENERATIVE DISEASES

Intense metabolic activity, high levels of unsaturated fats and iron, and rich irriga-
tion with blood vessels make the nervous system (brain, spinal cord, and periph-
eral nerves) very susceptible to oxidative damage [107,108]. Oxidative stress is 
also a suspected factor in the pathogenesis of major neurodegenerative diseases. 
These include Parkinson’s disease [109–111], Alzheimer’s disease [112,113], and 
amyotrophic lateral sclerosis (ALS, “Lou Gehrig’s disease”) [114–116] as well as 
in cases of stroke, trauma, and seizures [108]. 

It has been suggested that Alzheimer’s disease may be linked to diet, with 
reduced risk associated with diets high in antioxidants [117,118]. A number of 
in vitro studies have shown that dietary antioxidants, vitamins, and carotenoids 
can protect nervous tissue from damage by oxidative stress [119–121]. In an 
experimental model of diabetes-caused neurovascular dysfunction, β-carotene 
was found to protect cells most effectively, followed by vitamins E and C [119]. 
A number of in vivo and clinical studies have provided evidence that dietary 
supplementation with lipid-soluble antioxidants can help fi ght neurological 
diseases.

One report demonstrated that the rate at which Parkinson’s disease progressed 
to the point when the patient required treatment with levodopa was slowed by 
2.5 years in patients given large doses of vitamin C and synthetic vitamin E [122]. 
Another study found that the risk for Parkinson’s disease was lower for subjects 
who had higher dietary intakes of antioxidants, particularly vitamin E [123]. The 
same group reported that a low dietary intake of β-carotene was associated with 
impaired cognitive function in a group of people aged 55–95. Further, it was 
found that patients suffering from Parkinson’s disease had consumed less of the 
small-molecule antioxidants β-carotene and vitamin C than did nonsufferers of 
the disease, implying that dietary antioxidants do play a protective role in this 
disease [124]. 

About 20% of familial ALS cases are associated with a mutation in the gene 
for copper�zinc superoxide dismutase, an important antioxidant enzyme, and 
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in vitro experiments demonstrated that expression of the mutant enzyme in 
 neuronal cells caused cell death, which could be prevented by antioxidant small 
molecules such as glutathione and vitamin E [125]. 

The above-mentioned study with rats fed natural astaxanthin [53]  demonstrated 
that astaxanthin is able to cross the blood–brain barrier in mammals and can 
extend its antioxidant benefi ts beyond that barrier. Astaxanthin, which has a stron-
ger antioxidant activity than β-carotene or vitamin E, is therefore an excellent 
candidate for testing in Alzheimer’s disease and other neurological diseases. To 
our knowledge, no clinical study involving astaxanthin and Alzheimer’s has been 
reported at this time. However, a recent mouse study has shown what appears to 
be a neuroprotective effect of high astaxanthin doses [102]. Mice were subjected 
to transient cerebral ischemia (two vessel occlusion, 20 min). Those mice that had 
been pretreated with astaxanthin (1 h before the ischemia) performed  signifi cantly 
better in the Morris water maze. The authors concluded that the effect might 
have been caused by the antioxidant activity of astaxanthin on  ischemia-induced 
free radicals, which resulted in the reduced impairment of spatial memory in 
the mice.

13.4.8 ANTICANCER ACTIVITY OF ASTAXANTHIN

In the mid-1990s, several animal studies demonstrated that dietary astaxanthin 
could protect mammals from cancer following exposure to known carcinogens 
(e.g., urinary bladder, colon, and mouth [126–128]). Later, it was shown that 
dietary astaxanthin could reduce the growth of mammary tumors [129]. 

Oxidative damage of tissues may lead to cancerous growth. Thus, one can 
expect that enhancing the levels of antioxidants in body tissues may lead to pro-
tection from cancer. It does appear, however, that the anticancer activity of astax-
anthin goes beyond its function as an antioxidant (see above).

It is, however, not clear what the mode of action of astaxanthin is. Jyonouchi 
et al. [91] found that astaxanthin-fed mice had enhanced immunological responses 
against transplanted fi brosarcoma cells resulting in smaller tumors. Kurihara 
et al. [130] suggested that astaxanthin improves immunological antitumor responses 
by inhibiting stress-induced lipid peroxidation. However, it has been shown that 
astaxanthin may offer protection from prostate cancer by inhibiting the enzyme 
responsible for prostate growth [131]. Astaxanthin has also been shown to induce 
xenobiotic-metabolizing enzymes in rat liver, a process that may help prevent car-
cinogenesis [132]. Similarly, Jewell and O’Brien [133] demonstrated that astax-
anthin was also able to induce xenobiotic metabolizing enzymes in the lung and 
kidney. It has also been suggested that carotenoids’ role in cell communications at 
cell-gap junctions (by up-regulating gene expression) may play a role in slowing 
the growth of cancer cells [134]. 

For an exhaustive review of investigations into the anticancer activity of 
astaxanthin in cell and animal models as well as the possible modes of action, the 
reader is directed to consult Dore [135].
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13.5 ASTAXANTHIN MARKETS AND FUTURE OF ASTAXANTHIN

As can be deduced from the material reviewed above, there are two main mar-
kets, at the present time, for Haematoccocus astaxanthin: as a feed additive and 
as a human nutraceutical. Astaxanthin has applications in feeds for animals for 
which color appearance is important for consumer acceptability. The largest con-
sumer of astaxanthin today is the salmon feed industry. However, the largest pro-
ducers of astaxanthin in the world market today produce astaxanthin via chemical 
synthesis (BASF, Hoffman-La Roche) at signifi cantly lower costs than is possible 
using Haematococcus at present [30]. In some applications (koi, chickens, sea 
bream), Haematococcus astaxanthin commands a premium price over synthetic 
astaxanthin because of enhanced pigment deposition or regulatory requirements. 
It can be expected that as the public at large becomes educated to the fact that 
most salmon available today is fed an artifi cial pigment, desire for a naturally 
pigmented product will increase the demand, and price, of Haematococcus astax-
anthin. Thus, for Haematococcus astaxanthin to compete in the feed market, two 
things must happen. First, production costs need to be lowered: by improving 
the production technology (higher productivity, higher fi nal astaxanthin content 
of the biomass) and expanding production to locales with lower costs. Second, 
astaxanthin producers need to ensure that the public becomes educated regarding 
the source of pigmentation in food and that they demand naturally pigmented 
food products.

In this review, we have made the point that Haematococcus astaxanthin 
supplementation is a practical strategy in protecting the body from oxidative 
damage, which has repercussions in a number of health conditions. Thus, a mar-
ket for nutraceutical astaxanthin has emerged. This market is very attractive to 
Haematococcus astaxanthin producers since the price obtainable is signifi cantly 
higher than in feed applications. The size of the nutraceutical astaxanthin market 
is expected to reach a size of several hundred million US dollars within a decade 
[30]. To realize this potential, however, Haematoccocus producers and marketers 
need to invest in human clinical trials that will demonstrate the presumed benefi ts 
of astaxanthin supplementation. 
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14.1 INTRODUCTION

Human use of marine macroalgae and microalgae for both food and  medicine 
has taken place the world over for millennia [1]. Archaeological studies in 
South America revealed that marine algae were being used as “medicine” in 
 approximately 12000 BC [2]. Ancient texts suggest that seaweeds were used for 
ailments as diverse as snakebite, lung diseases, and gout.

Algae and algal extracts are used in present-day medicine, and play a sig-
nifi cant part in “ethnic” medicine. Therapeutically active agents found in marine 
algae have untapped potential in functional foods, nutraceuticals, and phar-
maceuticals. Noteworthy activity includes profound antiviral properties, lipid-
lowering activity, and anticancer activity. Interestingly, many of these effects can 
be observed with oral intake.

Most of the world’s annual seaweed harvest is used to produce the algal 
hydrocolloids alginate, agar, and carrageenan. These bulk commodities are used 
largely as viscosity-modifying agents in foods and pharmaceuticals.

This short review describes the therapeutic benefi ts of marine algae from 
both historic and present-day perspectives. Macroalgae are the focus of our dis-
cussions, with some references to the more commonly ingested microalgae. 

14.2 THE COMMERCIAL USES OF MARINE ALGAE

There are thousands of species of marine algae, which represent over 90% of all 
marine plants. They are classifi ed into major groups: brown (Phaeophyta), red 
(Rhodophyta), or green (Chlorophyta), determined by their pigment contents [3]. 
Algae may be macrophytes (seaweeds) or microalgae such as Spirulina (Arthro-
spira platensis). Marine algae thrive in well-lit, relatively shallow areas of the sea, 
where they can photosynthesize and absorb nutrients. The growth rates and com-
position are dependent upon environmental factors. Perennial macroalgae such as 
Macrocystis are some of the largest plants on Earth. Macroalgae chelate minerals 
and are often rich in trace elements and iodine. 

Seaweeds are a rich source of polysaccharides that are used largely as bulk 
commodities in food and pharmaceutical industries. The main commercial phy-
cocolloids are agar, alginate, and carrageenan. The production and uses of these 
are well covered in the FAO documents prepared by Dennis McHugh and col-
leagues [4]. At the end of the last century, the annual seaweed harvest was above 
2 million tonnes (dry weight) with a value in excess of US$ 6 billion with more 
than 8 million tonnes of wet seaweed used annually. Of the 221 species of seaweed 
in use, 145 species are for food and 101 species for phycocolloid production [5].

Microalgae that tolerate high salt conditions, surviving in estuarine areas and 
salt-laden lakes, may also be considered “marine algae.” Both Spirulina (Arthro-
spira platensis) and Dunaliella salina are cultured. The latter yields high concen-
tration of vitamin A and lipids, whereas the former is cultivated largely for use 
as a health food [6]. Spirulina is also harvested from naturally occurring sources 
for food use [7].
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14.3 TYPES OF POLYSACCHARIDES FOUND IN MARINE ALGAE

The structure characteristics of some well-known polysaccharides are detailed 
in Table 14.1. Agar is extracted from the “agarophytes,” such as Gelidium, 
Gracilaria, and Phyllophora by soaking them in water to remove foreign  matter, 
and then heating with water, which causes the agar to dissolve in the water. After 
fi ltration and cooling, a 1% agar gel is formed. This is broken up, washed to 
remove soluble salts, and the water is removed from the gel, either by a freeze–
thaw process or by squeezing it out using pressure. The product is dried in hot air, 
and then milled [4].

Similarly, carrageenan can be obtained by hot-water extraction, although this 
method is relatively expensive compared to a less refi ned version popular today. 
In the latter method, the seaweed is treated with alkali and water, leaving the car-
rageenan and other insoluble matter behind. The insoluble residue is carrageenan 
and about 15% cellulose, which is sold as semirefi ned carrageenan. 

The fi rst source of carrageenan was Chondrus crispus, or “Irish moss” (often 
used in traditional set milk puddings). Today, most carrageenan is extracted from 
Kappaphycus alvarezii (also called Eucheuma cottonii) and Eucheuma denticu-
latum. Some South American species used are Gigartina skottsbergii, Sarco-
thalia crispata, and Mazzaella laminaroides [4].

Carrageenan has three major commercially useful fractions, kappa, lambda, 
and iota carrageenan. It is possible to fi nd both agarans and carrageenans in the 
same alga [8]. Each species yields a blend of fractions. C. crispus yields a mixture 
of kappa and lambda, Kappaphycus yields mainly kappa, whereas E. denticula-
tum yields mainly iota [4].

The characteristics of the different carrageenans are as follows:

Iota forms clear, freeze–thaw stable gels with calcium salts.
Kappa forms strong, opaque gels with potassium salts.
Lambda forms no gels, but creates viscosity suitable for suspensions.

Alginate or “algin” is extracted from brown macroalgae such as Ascophyllum, 
Durvillaea, Ecklonia, Laminaria, Lessonia, and Macrocystis. Sodium alginate is 
produced using alkali extraction technique. The brown seaweed source material 
is treated with cross-linking agent to immobilize polyphenol fractions. The mate-
rial is then acid rinsed to eliminate fucoidan and laminarin fractions and then 
alkali treated, which turns the alginates into a gelatinous mass. This material is 
then treated with acid to extract it from the cellulosic mass. Sodium alginate, and 
smaller quantities of alginic acid and the calcium, ammonium, and potassium 
salts, and an ester, propylene glycol alginate are also produced. Recent publica-
tions by Hernadez-Carmona et al. [9,10] detail the process for extraction.

Polysaccharides with sulfate hemiester groups attached to sugar units are 
found in the form of “fucoidan” in Phaeophyceae, as “galactans” (agar and car-
rageenans) in Rhodophyceae, and as “arabinogalactans” with lesser amounts 
of other sugars in Chlorophyceae. The fucoidans encompass three different 

•
•
•
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subclasses of sulfated fucose–rich polysaccharides according to their origin: 
fucoidans, ascophyllans, and sargassan [11].

Investigation of the sulfated polysaccharides from green algae reveals water-
soluble polysaccharides composed of a variety of sugars in variable molar ratios.

14.4 HISTORY OF ALGAE IN MEDICINAL APPLICATIONS

The earliest records of the use of marine algae in medicine were uncovered by 
Jack Rossen and Tom Dillehay at Monte Verde in Chile, a site that dates back 
to approximately 12000 BC. Four species were found at the site: Sargassum, 
Gracilaria, Porphyra, and Durvillea. Sargassum was found wrapped around a 
plant called boldo, which has hallucinogenic qualities. These sargassum�boldo 
packets were apparently chewed into mouth-shaped “cuds,” and were found in a 
wishbone-shaped healer’s hut [2]. Sargassum must have been transported from 
some distance away, as it grows much further to the north.

Traditional use of algae as food and medicine by indigenous people is well 
recognized. North American native people prize Porphyra for its medicinal food 
value [1,12]. Coastal harvesting and transport of macroalgae inland for food use 
occurs today in South- and North America, preventing iodine defi ciency. Por-
phyra abbottae is a culturally important species used by the First Peoples of 
coastal British Colombia, Canada. It is said to be a “health food” and used to 
alleviate indigestion or heartburn, as a laxative and can be used as an antiseptic 
poultice for a deep cut or swelling, or even a broken collarbone [12].

The UNESCO courier reports on the present-day Chilean harvest: “Near 
Temuco and Chiloé, in the central regions of Chile and in the very heart of Arau-
cana, they gather ‘cochayuyo’ and ‘luche’ (Durvillaea antarctica and Porphyra), 
with which they make bread and cakes, or cook with mutton” [1,13]. Island popu-
lations in the Caribbean enjoy “healthy” or reputedly aphrodisiac milk–based 
seaweed drinks. Brie Cocos [14] noted that in Belize, boiled Euchuema isoforme 
is used to make a much prized concoction with condensed milk, nutmeg, cinna-
mon, and a dash of brandy or rum.

In Northern Europe, Ireland, and the United Kingdom, marine algae has long 
been valued as a food for people and livestock, and sometimes used “medicinally.” 
Home-produced remedies include cough medicines and strengthening milk–based 
jellies made from Chondrus crispus (Irish moss). In Victorian times, macroalgae-
based remedies were popular as dieting aids. Various orally ingestible concoc-
tions of brown algae were also used to treat arthritis and rheumatism, and topical 
 applications of “seapod liniment” or bruised algae were recommended as poul-
tices for scrofula (mycobacterium infection of the skin), sprains and bruises, and 
embrocations for “the limbs of rickety children” [15]. Today, brown algae are still 
included in supplements designed to aid weight loss [16]. Many of the medicinal 
applications described by Mrs. Grieve in the 1901 classic “A modern herbal” were 
probably developed from earlier texts, such as Gerard’s On the History of Plants, 
published in 1633 [17]. This in turn, borrowed from ancient texts such as that by 
Pliny the elder who describes uses for macroalgae [18]. In Book XXVI, Chapter 66, 

CRC_DK3287_ch014.indd   350CRC_DK3287_ch014.indd   350 5/30/2007   16:52:515/30/2007   16:52:51



Marine Algae and Polysaccharides with Therapeutic Applications 351

he discusses a seaweed treatment for gout: But it is the phycos  thalassion, or 
sea-weed, more particularly, that is so excellent a remedy for the gout . . . Used 
before it becomes dry, it is effi cacious as a topical application not only for gout, 
but for all diseases of the joints. There are three kinds of it; one with a broad leaf, 
another with a longer leaf of a reddish hue, and a third with a crisped leaf, and 
used in Crete for dyeing cloths. All these kinds have similar properties; and we fi nd 
Nicander prescribing them in wine as an antidote to the venom of serpents even.

Pliny’s reference to the Greek philosopher Nicander’s treatise “Theriaca” is a 
curious echo of recent research indicating the potential of fucoidans as snakebite 
enzyme inhibitors [19]. He also mentions red seaweed as a treatment for the sting 
of a scorpion. Interestingly, there is traditional use of seaweed for snakebite by the 
Guguyalanji tribe in Northern Queensland, Australia [20].

Throughout the texts of Grieve, Gerard, and Pliny, there are references to the 
use of particular seaweeds as antiparasitic remedies. These references are to algae 
such as “Corsican moss” that contain kainic acid, a potent antihelminthic. Today, 
kainic acid and a related chemical, domoic acid, are extracted from macroalgae 
for use as neuroexcitory agents [21]. Tseng [22] also refers to the use of similar 
antihelminthic algae in present-day China.

Antitumor properties of seaweeds are also mentioned in Gerard and Pliny. 
Gerard comments: “Lungwoort (probably Fucus) is much commended of the 
learned physitions of our time against the diseases of the lungs, especially for the 
infl ammations and ulcers of the same, being brought into pouder and drunke with 
water.” These observations correlate with today’s research fi ndings in animals, in 
which tumor arrest or delay is seen with oral, i.v., or i.p delivery of macroalgal 
extracts [23–28].

In traditional Chinese medicine, diet is considered necessary for the preven-
tion of disease, and superior to treatment. Kelp (large brown marine algae) is 
considered to be a “Han” or cold food, in a system that considers foods to be 
cold, hot, neutral, or strengthening [29]. There are many Chinese medicines that 
include macroalgae. An example is “concoction of the Jade fl ask” (a reference to 
the shape of the neck in goiter), which includes Ecklonia and Sargassum. The use 
of macroalgae in traditional medicines is common in present-day China [22]. 

Another traditional community that still makes use of seaweed are the Maori 
people of New Zealand. They used Durvillea (Rimu) and Porphyra (karengo) as 
treatments for goiter prevention and as laxatives, in addition to food purposes. The 
tender tips of Durvillea, roasted, were considered useful as antiparasitic agents. 
In addition, Riley comments the author has been told of the use, to good effect, of 
a large blade of kelp to wrap around a Maori child suffering from burns [30].

14.5 CONTEMPORARY USE OF MACROALGAE IN MEDICINE

Whole macroalgae are only used in two applications in conventional  medicine. 
Iodine supplementation using dried kelp granules is sometimes suggested 
for patients with suspected defi ciencies. Iodine levels vary widely between 
 macroalgae, and there are some potential risks in ingesting high doses of kelps, 
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although the commonly eaten Porphyra and Undaria are relatively low in iodine 
[31]. The second application is in surgery. Specially prepared stipes from Lami-
naria are used to dilate the cervix in gynaecological procedures. This long-used 
procedure is still in vogue, as its slow swelling does not damage the cervix [32].

Radiation medicine has made use of macroalgae to inhibit radioactive iodine 
uptake, and assist in the chelation and elimination of radioisotopes [33]. Sodium 
alginate from Sargassum siliquastrum was a potent agent for reducing strontium 
absorption in clinical tests, when added to bread at 6% level, while alginate syrup 
was more suitable for emergencies because of its rapid action [34]. 

Agars are commonly used as microbiological culture mediums for identify-
ing infectious agents, and also in proprietary laxatives. Alginates are also used in 
constipation remedies. The hydrocolloids act as bulking agents, and may stimulate 
mucus production. In a rat model, carrageenan and sodium alginate, but not cellu-
lose, increased colonic mucus [35]. Alginic acid is also a component of medicines 
designed to block acid refl ux. Alginic acid forms a water-swollen raft on the top 
of the stomach contents, preventing acidic erosion of the oesophagus [36]. 

Tonneson reviewed the uses of purifi ed alginates. More than 200 different algi-
nate grades and a number of alginate salts are available [37]. Controlled-release 
drug applications use alginate, because it gels differentially, depending on pH. At 
low pH, such as in the stomach, alginic acid forms a high-viscosity “acid gel.” Iono-
tropic gels are formed when alginate gels in the presence of calcium ions. These 
gels create a diffusion barrier to encapsulated drugs, extending delivery times. 
Calcium alginate dressings are used in wound-dressing applications for absorbing 
wound fl uids. They are less painful to change, and popular for use in ulcers [38]. 

A niche application for Corallina offi cinalis, a calcifi ed species once used in 
Europe as a vermifuge, is found in bone-defect fi lling materials, sold as “Algipore 
biomaterial” [39].

14.6 DRUGS IN DEVELOPMENT FROM MARINE ALGAE

There are a variety of smaller molecules found in some marine algae that have 
useful pharmacological properties. These molecules are then synthesized and 
tested for their safety and effi cacy as drugs in a clinical setting. Examples include 
the depsipeptide Kahalalide F, which was discovered in the green marine alga 
Bryopsis and has clinically assessed anticancer properties [40]. Furanones from 
Delisea pulchra have disrupting effects on the accumulation of bacterial biofi lms, 
and are being investigated for their ability to inhibit the buildup of Pseudomonas 
lung infections [41]. Other examples of such druglike molecules have been dis-
covered in marine algae [42].

14.7 DISEASE INCIDENCE IN ALGAL CONSUMERS

The populations of Japan and Korea consume macroalgae every day, averaging 
6.6 g�day in 1995 in Korea [43]. Cancer has an overall lower incidence in Japan. 
Breast cancer is typically 10 times less prevalent in postmenopausal Japanese 
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women than in Western women, and dietary macroalgae have been implicated as 
a potential protective agent [44,45]. Macroalgae are also part of the macrobiotic 
diet, which may have some benefi ts to cancer sufferers [46].

Realizing the potential value of dietary algae as antiviral agents, we recently 
proposed algal consumption as one unifying characteristic of countries with 
anomalously low rates of HIV [47]. In a pilot study in which HIV positive patients 
ingested 5 g�day for 3 weeks of either Undaria or Spirulina, viral loads were 
reduced by up to 76%, and CD4 also rose [48]. Given the large percentage of HIV 
positive people in the world who will never have access to drugs, dietary supple-
mentation with algae may be a realistic, helpful treatment.

14.8 BIOLOGICAL ACTIVITIES AND APPLICATIONS OF ALGAE

Marine algae possess antiviral and antimicrobial properties in addition to antitu-
mor and immune activity. Sulfated polysaccharide extracts display anticlotting, 
enzyme inhibitory, and growth factor modulation activity, in addition to being 
potent selectin blockers.

14.8.1 TUMOR INHIBITION AND IMMUNE MODULATION ACTIVITY

Macroalgae contain several potentially “anticancer” constituents. Whole 
 macroalgae, macroalgae soaked water, and macroalgae extracts, all inhibit 
tumor development in solid tumors and leukemias in animal models [23–28]. 
These inhibitory effects are often mediated by either brown marine algae or their 
acid-soluble polysaccharides, fucoidans. The commonly eaten Japanese Kombu 
(Laminaria), wakame (Undaria), and Mozuku (Cladosiphon) all have substan-
tial activity, although the mechanism is uncertain. Algal administration seems to 
enhance innate immunity, which includes an increase in the Th1 cytokine profi le 
(IFN gamma) and increased NK cell activity [49,50]. Research by Shimuzu dem-
onstrated an overall increase in cytotoxic T cells in mice fed on a high-molecular-
weight fucoidan (2–3 × 105) from Cladosiphon okamuranus, at a level of 5% in 
the diet. In this model, lower-molecular-weight fucoidans from the same source 
had no effect [51].

Other components that may exert anticancer effects include iodine, which 
causes apoptosis in cancer cells. Additionally, omega-3 fatty acids such as steari-
donic acid and hexadecatetraenoic acid are found in edible marine algae such as 
Undaria and Ulva up to 40% of total fatty acids [52]. Algal galactolipids found in 
Undaria, Laminaria, Porhphyra, and Cladosiphon include high concentrations of 
the telomerase inhibitor sulfoquinovosyldiacylglyceride (SQDG) [53,54]. Fucoxan-
thins, the carotenoids found in algae, are metabolized to fucoxanthinol and thus 
may exert anticancer effects [55]. Glutathione, an antioxidant, is a constituent of 
all macroalgae (Sargassum thumbergeii and Ishige okamurai contain 1482 and 
3082 mg glutathione�100 g) [56]. Fucan fractions, alginates, and polyphloroglu-
cinols isolated from brown macroalgae have enzyme inhibitory properties against 
hyaluronidase, heparanases, phospholipase A2, and tyrosine kinase, which may 
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also  contribute to the anticancer activity [57–61]. Cyclic and noncyclic nucleotides 
with potential therapeutic value have been identifi ed in Porphyra umbilicalis [62].

There have been a number of human clinical studies involving marine 
algae. In 1968, a fucoidan preparation known as Algosol T 128 was used to treat 
leukemia [63]. Spirulina ingestion was shown to inhibit oral cancer [64]. 
Decreased allergic responses were observed with an alginic acid oligosaccharide, 
which suppressed IgE production by inducing IL-12 production [65]. Similarly, in 
a mouse model, Cladosiphon fucoidan downregulated IL6 (A Th2 cytokine) and 
ameliorated colitis [66]. Interestingly, algal polysaccharides have immune stimu-
latory effects on plants. Sulfated oligo-fucan fractions elicited “systemic acquired 
resistance,” and the accumulation of salicylic acid in tobacco plants [67]. 

14.8.2 DIRECT ANTIPATHOGENIC ACTIVITY

All marine algae contain sulfated polysaccharides. Carrageenans, fucoidans, and 
sulfated rhamnogalactans have inhibitory effects on entry of enveloped viruses 
(such as herpes and HIV) into cells. Some other algal fractions have virucidal and 
enzyme inhibitory activity, or the ability to inhibit syncytium formation [68–74]. 
Pilot studies with Undaria showed inhibitory effects on herpes infections [75]. 
Lambda carrageenan preparations (Carraguardtm) are being tested as vaginal 
microbiocides [76]. Antibacterial activity of marine algae is partly attributable to 
iodine, but some polysaccharides prevent bacterial adhesion. Funoran extracted 
from Gloiopeltis furcata inhibited the adherence of dental plaque [77]. Fucoi-
dan extracts from Cladosiphon (Okinawan “Mozuku”) inhibit adhesion of the 
ulcer-causing bacterium Helicobacter. Human trials in which subjects consumed 
1.5–4.5 mg�kg�day of Cladosiphon fucoidan provided relief for nonulcer dyspep-
sia over 2 weeks [78]. Marine algal lectins provide antibacterial activity against 
marine Vibrios [79], and algal-derived furanones inhibit the ability to form bio-
fi lms, which may be clinically useful in a number of applications [80]. 

14.8.3 ANTI-INFLAMMATORY ACTIVITY

Fucoidans are excellent selectin blocking agents, and have been used experimen-
tally to reduce postischemic leukocyte infl ux, or so-called “reperfusion injury” 
[81]. Fucoidans also have a protective effect on kidney function in animal mod-
els, when orally delivered [82]. Carrageenans may be macrophage toxic, and act 
as infl ammation initiators in animal models [83]. Some carrageenan fractions 
are also anti-infl ammatory [84]. Nori (Porphyra)-fed rats had a higher incidence 
of submucosal edema than the Konbu (Laminaria)-fed rats. However, this may 
have been related to the higher Na�K ratio, rather than any intrinsic infl ammatory 
activity in the Nori diet [85].

14.8.4 HYPERTENSION, SERUM LIPIDS, AND SUGAR METABOLISM

Marine algae come close to being an ideal food to reduce the potential for 
 developing ischemic and cardiovascular diseases. They are nutrient dense, with 
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protein yields exceeding 30% in some cases, containing all essential amino 
acids, omega-3 lipids and plenty of soluble fi ber [1]. In addition, commonly eaten 
 species contain a variety of lipid-modulating, blood pressure–lowering, and glu-
cose metabolism–modifying components. Ethnic communities benefi t from the 
continuing  tradition of algal consumption, which counteracts the atherogenic 
qualities of some Western foods [12].

In the 1950s, there was considerable interest in the antitumor and lipid-
modifying properties of sulfated polysaccharides from seaweeds. Heparin was 
known to clear “lipemia,” but had undesirable anticoagulant qualities. Besterman 
and Evans carried out clinical trials with two relatively low sulfate laminarins 
(0.62 and 0.37 sulfate groups per glucose) produced by the British pharmaceutical 
company, Boots Ltd., in 12 patients with ishemic heart disease. The laminarins 
had low anticoagulant activity (1.4 and 1.3 IU�mg) and had low toxicity in guinea 
pigs in contrast with a high sulfated laminarin. The patients were administered 
100 mg i.v. or i.m. Two patients had a fatty meal prior to the injection, and in 
these patients the visible turbity of the serum was reduced. Only the lower sulfated 
laminarin was active, and no effects were seen via intramuscular injection [86]. 
Despite the apparent success of this trial, in which lipemia-clearing activity with-
out the anticoagulant effects was observed, there were no further published trials.

Since that time, algae and algal fractions delivered orally as well as i.v. have 
shown considerable activity in moderating serum lipid levels. Ingestion of car-
rageenans lowers serum lipid and cholesterol levels [87]. Synergistic effects on 
serum lipids were observed when Undaria and fi sh oils were combined as part 
of an experimental diet [88]. Undaria fucoidan fractions delivered by i.v. resulted 
in rapid clearance of serum lipids [89]. Up to 500 mg�kg polysaccharides from 
Ulva pertusa delivered orally to mice decreased plasma total cholesterol, low 
density lipoprotein (LDL), triacylglycerols and markedly increased high density 
lipoprotein (HDL) [90].

Sterols, which have dietary cholesterol modulating activities, are also found in 
fairly high concentrations in marine algae [91]. The predominant sterol was fucos-
terol in brown seaweeds (83–97% of total sterol content; 662–2320 µg�g dry weight), 
and desmosterol in red seaweeds (87–93% of total sterol content; 187–337 µg�g dry 
weight). Fucosterol has additional antidiabetic properties, which may explain the 
use of high fucosterol seaweeds in traditional diabetes remedies. Fucosterol from 
Pelvetia siliquosa was administered at 300 mg�kg in epinephrine-induced diabetic 
rats. It caused an inhibition of blood glucose level and glycogen degradation [92].

Peptide fractions of Undaria contain angiotensin converting enzyme (ACE) 
inhibitory activity [93,94]. The inhibition of development of cerebrovascular diseases 
in stroke-prone spontaneously hypertensive rats was observed with an Undaria-rich 
diet [95,96]. The polysaccharide components of macroalgae modify the uptake of 
glucose in the gut [97]. Brown marine macroalgae also contain phloroglucinols such 
as “eckol” and “dieckol” in Eisenia bicyclis, which modify glucose metabolism. 
These substances demonstrated inhibition of aldose reductase and glycation [98]. 

Finally, the inhibition of vascular smooth muscle proliferation by fucoidans 
may assist in the arrest or reversal of atherogenesis. Following binding to the 
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cell surface, heparins or high MW fucoidan undergo internalization by receptor-
mediated endocytosis and subsequent breakdown. The largest fucoidan fractions 
remain virtually intact, and have the highest antiproliferative activity [99]. The 
antimitogenic action of fucoidan differs from that of heparin, being effective even 
in “heparin-resistant” vascular smooth muscle cells [100].

14.8.5 EFFECTS ON BLOOD

14.8.5.1 Anticoagulants and Antithrombotic Effects

Fucoidans are intensively researched as heparin replacements. Fucoidans are 
plant sourced (as opposed to porcine gut or lung mucosae for heparin), have good 
potential antithrombotic qualities, and complement inhibitory qualities. These are 
well reviewed by Berteau and Blondin  [101,102]. One attractive feature of algal-
derived fucoidan fractions is their potential stability as compared to heparin. 

Fucoidans appear to act on specifi c parts of the clotting cascade (antithrom-
bin II or to potentiate heparin cofactor II) in similar ways to endogenous sulfated 
polysaccharides such as heparan sulfate and dermatan sulfate. The MW, patterns 
of sulfation, and sugar composition are critical to the activity of the fraction. 
Oversulfated fucoidan had a potent fi brinolytic (clot dissolving) activity, by stim-
ulating the action of tissue plasminogen activator. It also inhibited hyaluronic 
acid–mediated enhancement of clot formation [103]. 

14.8.5.2 Stem Cell Modulation

Hemopoetic stem cells (CD34+ cells) give rise to the different lineages of immune 
cells, and possibly to other tissue cell types. It is sometimes desirable to mobilize 
greater numbers of these cells from the bone marrow stroma into the peripheral 
blood for harvesting and later engrafting. A cytokine called granulocyte macro-
phage stimulating factor (GCSF) is often used for this purpose, but it had been noted 
that heparin had some mobilizing effects. In a clinical study, conventional heparin 
anticoagulation resulted in a 2.49-fold increase in circulating CD34+ HPCs [104]. 
Unfractionated Fucus fucoidan was observed to have a potent, long-lasting mobiliz-
ing effect when injected into mice or primates [105,106]. It is thought that heparin 
and fucoidan mobilize stem cells by displacing growth factor called SDF-1 into the 
serum, thus creating a chemotracting gradient for CXCR4, the cell surface ligand for 
SDF-1. This was confi rmed in a study, which demonstrated increased plasma SDF1 
levels in an ischemic hindlimb revascularization model using a low-molecular-weight 
fucoidan fraction [107]. Pilot clinical studies with orally delivered Undaria fucoidan 
showed a large increase in the expression of CXCR4 on CD34+ cells [108]. 

14.8.6 UPTAKE AND TOXICITY OF MARINE ALGAL POLYSACCHARIDES

Much of this review has considered the immunomodulating, antitumor, and
antiviral effects of algal polysaccharides. Although these materials have a high 
 molecular weight, they exert effects after oral administration. It is not known 
whether  absorption or uptake by the gut lymphatic system occurs. However, other 
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high-molecular-weight sulfated polysaccharides such as chondroitin  sulfate are 
absorbed whole in small amounts in the small intestine [109]. There were no 
 toxicological changes observed in rats given up to 300 mg�kg orally of  fucoidan 
from Laminaria japonica. Anticoagulant effects were observed at doses of
900–2500 mg�kg, but no other signs of toxicity were observed. The composition 
of the fucoidan was fucose 28%, sulfate 29%, fucose:galactose ratio 1:0.24, with 
a molecular weight of 189,000 [110]. No side effects were reported in human 
 clinical studies with algae [108].

Gut permeability is affected by disease. Tight junctions between gut epithe-
lium break down in a variety of disease states, such as irritable bowel syndrome 
and viral infections. Posttransplant cytomegalovirus (even subclinical infections)-
infected patients demonstrated increased gut permeability [111]. HIV-infected 
patients who have progressed to AIDS and have diarrhea also have increased 
bowel permeability [112]. Gut permeability is also different in infants. This pres-
ents an easy route for HIV infection in breast-feeding infants of HIV-infected 
women, but paradoxically, it would also present a route for high-molecular-weight 
HIV inhibitory substances like fucoidans.

The uptake of high MW substances, such as alginates, by Peyers patches (part 
of the gut-associated lymphatic system) is now being exploited to develop orally 
delivered peptide vaccines. Ease of delivery, increased safety, and economic ben-
efi ts make oral delivery of peptide vaccines highly desirable. However, peptides 
are easily degraded in the gastrointestinal tract, and lack the size to produce an 
immune response. Commercial vaccine development based on this technology is 
in progress [113].

14.9 REGULATORY STATUS AND SAFETY

Agar-agar and alginic acid and its salts were granted the GRAS (generally recog-
nized as safe) status by US Food and Drug Administration (FDA). Carrageenan, 
furcelleran, and their salts, as well as propylene glycol alginate are also in the legal 
food additive list permitted for direct addition to food for human consumption. Some 
brown and red algae species are also included in FDAs GRAS list. Carrageenan 
and processed Eucheuma seaweed (a form of carrageenan with a higher cellulose 
content) have a Joint FAO/WHO Expert Committee on Food Additives (JEFCA) 
recommended group allowable daily intake (ADI) of “not specifi ed” [114].

All marine algae sequester ions readily, and depending on their polysaccha-
ride content, and the local environment, heavy metal loading may occur. Marine 
algae contain arsenic as the potentially toxic “inorganic arsenic” and a greater 
part of the possibly benign, “organic arsenic” [115]. The WHO has established 
a “provisional tolerable weekly intake” of 15 µg inorganic arsenic per week per 
kilogram of body weight.

Hijiki, a commonly eaten Japanese seaweed, has a naturally high inorganic 
arsenic content, and is banned in many Western countries [116], and some 
 Porphyra products from China had excessive arsenic levels [117]. The toxicity 
of seaweed-derived arsenic is, to some extent, tested by animals that survive on 
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 seaweed. These include North Ronaldsey sheep [118] that forage almost exclu-
sively on beachcast Laminaria digitata, and a species of deer that has a high 
intake of seaweed [119].

Excessive iodine intake could potentially induce thyrotoxicosis. In a recent 
study of 12 different species of macroalgae, iodine content ranged from 16 mcg�g 
in Nori (Porphyra tenera) to over 8165 mcg�g in kelp granules made from Lami-
naria digitata. Relatively low iodine–containing species included Undaria and 
Sargassum [31]. The maximum tolerated dose of iodine is 1000 mcg�day.

There have been some concerns about radioactivity in macroalgae in the 
northern hemisphere after nuclear accidents have occurred. A survey of  Canadian, 
 Japanese, and European sources of macroalgae found traces of cesium-137 in a 
product from Norway and radium-226 was found in a product from Japan [120].

Although marine algae contain sulfated polysaccharides known to inhibit 
clotting, no reports of clotting inhibition are reported in the literature subsequent 
to ingestion by humans. Marine algae also contain vitamin K (phylloquinone), 
which is a “procoagulant.” One report exists of a 33-year-old woman eating Nori 
(Porphyra), averaging 18.8 mcg�100 g product, which interfered with postopera-
tive warfarin therapy (an anticlotting agent) [121].

14.10 NEW HORIZONS FOR MARINE ALGAE

As outlined in this review, marine algae have great potential for further develop-
ment as products in the nutraceutical, functional food, and pharmaceutical mar-
kets. Patent activity in this area has increased in the last few years, and several 
novel products based on macroalgae have entered the market. Red marine algae 
can be found in several nutraceuticals aimed at ameliorating herpes infections. 
A particularly novel application is found in “Plaque–Offtm,” an orally adminis-
tered macroalgal supplement aimed at decreasing the deposition of calculus, in 
both people and their pets. Fucoidan extracts are well accepted in Japan and are 
included in mainstream functional foods such as yogurts and fruit juices. South 
Pacifi c–derived fucoidan-based liquid preparations are a popular nutraceutical 
offering in the United States.

The development of new products in the pharmaceutical area will depend 
on the ability to isolate well-characterized uniform polysaccharides with defi ned 
activity. Heterogeneous fucoidan preparations, such as that used for selectin 
blocking in many experimental systems [122], will gradually become less attrac-
tive as biological tools.
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15.1 INTRODUCTION

Microbial life has contributed much to the fi eld of pharmacology, with an 
 astonishing one-quarter of all biologically active secondary metabolites derived 
from fi lamentous fungi [1,2]. Marine microbial natural products, produced by 
microorganisms that live in the sea, on the other hand, have only recently received 
attention from chemists and pharmacologists [3–5]. Interest on the part of chem-
ists has been twofold: natural product chemists have probed marine microbes as 
sources of new and unusual organic molecules with novel biological activities, 
while synthetic chemists have followed by targeting these novel structures for 
development of new analogs and synthetic strategies [6].

The rationale for investigating the chemistry of marine organisms has changed 
over the past few decades. Early investigations were largely of a “symbiotic” 
nature, detailing the metabolite profi les of microbes known to be associated with 
novel natural product producing marine organisms [7,8]. However, analogous to 
investigations of marine organisms themselves, more recent studies of marine 
microorganisms have focused on isolations of more unusual microbes from 
extreme environments (the “extremophilic” microorganisms), as well as recent 
attention shifting toward studies of cyanobacteria [9]. Pharmacological evalua-
tions of marine microbial natural products have likewise undergone an evolution: 
beginning with the early investigations of toxins, followed by studies of antitumor 
and anti-HIV activities, to the present day, where a myriad of activities based on 
whole-animal models and receptor-binding assays are being pursued [10]. Indeed, 
even the focus of these studies has altered with time. Today, there is as much 
interest in the derivation of nutraceutical compounds for human consumption as 
there is for pharmaceutical treatments.

The term nutraceutical resulted from the association of the words nutrition 
and pharmaceutical. Some nutraceuticals are midway between food and medi-
cation. Nutraceutical (or nutriceutical) compounds were defi ned in 1994 by the 
U.S. Institute of Medicine’s food and nutrition board as “any substance that is a 
food or part of a food which provides medicinal or health benefi ts including the 
prevention and treatment of disease, beyond the traditional nutrients it contains.” 
They are not the same as pharmaceuticals, not being designed specifi cally for 
medical use under supervision. Similarly, functional foods are defi ned as “prod-
ucts derived from natural sources, whose consumption is likely to benefi t human 
health and enhance performance.” Functional foods and nutraceuticals are gener-
ally used as products to nourish the human body after physical exertion or as a 
preventative measure against ailments.

Consumers are progressively more concerned about debilitating illnesses 
such as cancer, heart disease, cholesterol, and osteoporosis. At the same time, 
many consumers are reluctant to rely only on prescription medications to treat 
or prevent these illnesses, so they are increasingly examining the link between 
diet and health. As their research demonstrates links between nutritional ingre-
dients and better health, food companies are petitioning the U.S. Food and 
Drug Administration (FDA) to permit health claims on the labels of foods that
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contain these benefi cial, functional ingredients. The combination of research with 
 positive results, an increasing number of permissible health claims on functional 
food packaging, and media attention (concerning functional ingredients and dis-
ease prevention) has spurred growth in the nutraceutical industry that has sur-
passed that of the food industry as a whole.

In the United States and Japan, the homelands of these new food philosophies, 
business is booming with estimated nutraceutical sales of US$16.7 billion (estimated 
at US$28 billion by 2006) and US$4.8 billion, respectively, whereas in Europe, 
the current market estimate for nutraceuticals is approximately US$3.2 billion. 
 Conservative assessments of the nutraceuticals market worldwide between now 
and 2010 estimate its worth to be within the vicinity of US$700 billion. In 2002, 
retail sales of functional foods grew by an estimated 9.2%, while the nutraceuti-
cals market as a whole increased in value by 37.7%.

Traditionally, plant-derived nutritional supplements have predominated 
the market. Nevertheless, with the dramatic increase in profi tability within the 
nutraceutical and functional food markets, new environments are being investi-
gated. Recently, the sea is beginning to show promise as an abundant, hitherto 
untapped source of nutraceuticals. Marine microorganisms, in particular, repre-
sent a relatively neglected source of extracts and natural products derived from 
marine macroalgae, microalgae, cyanobacteria (blue-green algae), bacteria, and 
fungi. The health benefi ts of marine microorganisms have been appreciated for 
many years in countries such as Japan, where 21 species of macroalgae are used 
daily for cooking, 6 of which have been used since the eighth century. There are 
also reports that the cyanobacterium, Spirulina was fi rst used as a food source 
in Mexico during the Aztec civilization, some 700 years ago. Furthermore, the 
medicinal qualities of cyanobacteria in continental Europe were fi rst noted as 
early as 1500 BC, when Nostoc species were used to treat gout, fi stula, and sev-
eral forms of cancer. Indeed, there are many areas of the world where microalgae 
are harvested from the wild, such as Nostoc sp. (Bolivia, China, Ecuador, Fiji, 
Indonesia, Mongolia, Peru, Thailand, Japan, and Siberia), Spirogyra sp. (Burma, 
Indochina), Oedogonium sp. (India), Apanothece sacrum (Japan), Chroococ-
cus turgidus (Mexico), Enteromorpha sp. (Hawaii, United States), and Aphani-
zomenon fl os-aquae (Oregon, United States). Meanwhile, the culture of edible 
macroalgae also has a long tradition in the East, particularly the Rhodophyta, 
Porphyra tenera, which is the object of a large trade owing to its larger than 
normal content of proteins. 

While foods with documented health benefi ts have been consumed for cen-
turies (as discussed above), recognized benefi ts associated specifi cally with the 
ingestion of microorganisms have only become relevant, with the introduction of 
probiotic supplements, within the last three to four decades. Recently, the benefi ts 
of these “friendly” bacteria have become recognized by mainstream consumers, 
with annual sales within the manufacture market rising steadily. In this chapter, 
nutraceuticals and functional foods derived from marine microorganisms, includ-
ing macroalgae, microalgae, bacteria, cyanobacteria, and fungi will be discussed. 
It is hoped that this chapter will allow the reader (scientist and lay-person alike) 
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to gain a better understanding of the types of nutraceutical compounds that are 
produced by these microbes and the various benefi cial properties these organisms 
contain either as whole-cell extracts or as their chemical derivatives. 

Marine microorganisms encompass a complex and diverse assemblage of 
microscopic life and occur throughout the oceans, including environments of 
extreme pressure, salinity, and temperature. As a result marine microorganisms 
have developed complex and unique metabolic and physiological capabilities 
that not only ensure survival in highly stressful growth conditions (e.g., highly 
oxidative environments, competition for nutrients, symbiosis, hypersaline, and 
high- and low-temperature environments), but also offer the potential for a unique 
source of novel nutraceuticals that would not be observed from terrestrial sources. 
This chapter is not intended to provide a comprehensive review of marine natural 
products; as there are several that already give such coverage [11,12]. Instead, 
this chapter will focus solely upon various types of natural products that are cur-
rently under consideration as nutraceutical products and their various sources. 
The structure of the main groups of compounds referred to in this chapter are 
shown throughout, as a means of illustrating the complex chemical compounds 
these organisms can produce.

From a look through the scientifi c literature currently available on the subject, 
Table 15.1 lists the main groups of nutraceutical compounds currently known for 
marine microorganisms. For the purpose of this review, macroalgae species will 
also be considered owing to the current ambiguity between what is classifi ed 
like microalgal and macroalgal. Recently, work has been published whereby it is 
possible to culture marine macroalgal species within embryonic forms much as 
microalgae and cyanobacteria [13,14]. Therefore, for the purpose of this review 
we are classifying any organism that can be cultured using standard microbio-
logical techniques as microbial. Furthermore, within this review we will be 
focusing on the various polysaccharide, polyunsaturated fatty acids, and antioxi-
dants currently derived from these marine microorganisms. Moreover, we shall 
also introduce several lesser-known compounds such as sterols and vitamins, as 
well as whole-cell extracts from several microalgal and cyanobacterial species, 
in which the active compound has not been identifi ed, isolated or synthesized 
in vitro (see Table 15.1 for more detail).

15.2 NUTRACEUTICAL COMPOUNDS

15.2.1 MARINE MICROBIAL-DERIVED POLYSACCHARIDES

Polysaccharides are water soluble or insoluble, high-molecular-weight carbo-
hydrates formed by the condensation of monosaccharide, or monosaccharide 
derivative units into linear or branched chains, and include homopolysaccharides 
(composed of one type of monosaccharide only) and heteropolysaccharides (com-
posed of a mixture of different monosaccharides). Homoglycans or homopoly-
saccharides are exemplifi ed by (1) glycans such as cellulose, starch, glycogen, 
charonin, laminaran, and dextran; (2) fructans such as inulin, levan, mannans, 
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and xylans; (3) galacturonans such as pectin; (4) mannuronans such as alginates; 
and (5) N-acetylglucosamine polymers such as chitin. While heteroglycans or 
heteropolysaccharides are exemplifi ed by (1) guaran, mannan, heparin, and chon-
droitin or (2) diheteroglycans including hyaluronic acid, fucoidan, and agarose. 
Both types of polysaccharides are yielded by the cultivation and harvesting of 
various macroalgal, microalgal, and cyanobacterial species (Table 15.1).

Examples of useful polysaccharides produced by macroalgae include linear, 
sulfated polysaccharides, collectively known as carrageenans {1} and chitin {2}. 
These compounds possess potent anticoagulating, blood-purifying, and  antitumor 
activities [15,16]. Carrageenans may be isolated from selected species of brown 
and red macroalgae and some cyanobacteria [17] (Table 15.1). Synthesis of 
 exocellular polysaccharides in microbes plays a major role in protecting the cells 
from stress in extreme habitats and from other harmful conditions, such as anti-
bacterial agents or predation by protozoans. They have the unique ability to form 
an almost infi nite variety of gels at room temperature, rigid or  compliant, tough 
or tender with high or low melting points [18]. The carrageenan family has three 
main branches named kappa, iota, and lambda, which are well  differentiated in 
terms of their gelling properties and protein reactivity [19]. Kappa carrageenans 
produce strong rigid gels while those made with iota products are fl accid and 
compliant [20]. Although lambda carrageenans do not gel in water, they inter-
act strongly with proteins to stabilize a wide range of dairy products [18]. Over 
the past 30 years, the use of carrageenans within foods has grown by 5–7% per 
annum. In addition to their use as bioplastics [21] or wound defenses and stabiliz-
ers [22], sulfated polysaccharides have been demonstrated to provide nutritional 
support for immune health [16,23].

{1}

{2}

{3}

Chitin {2} (alpha- and beta-) is a linear polysaccharide composed of repeat-
ing N-acetyl-d-glucosamine units {3}, whose number can vary widely between 
producers (5000–8000 N-acetyl-d-glucosamine residues in crustaceans to only 
100 in fungi). Traditional sources of chitin for industrial processing are crusta-
cean shells and fungal mycelia. Chitin is the second-most abundant biopolymer 
on Earth, and within the marine environment is found mainly within inverte-
brates, marine diatoms, green macroalgae, and fungi. Annual worldwide synthe-
sis of this polysaccharide in the marine ecosystem has been estimated at about 
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1600 million tons. Recent investigations confi rm the suitability of chitin and its 
derivatives in chemistry, biotechnology, medicine, veterinary, dentistry, agricul-
ture, nutraceutical, environmental protection, and textile production. The devel-
opment of technologies based on the utilization of chitin derivatives (especially 
chitosan and glucosamine) is driven by their unusual polyelectrolite properties, the 
presence of reactive functional groups, gel-forming ability, high adsorption capacity, 
biodegradability, and bacteriostatic, fungistatic, and antitumor infl uence [24–28].

Today there are several companies, mainly within the United States and 
Japan, producing chitin and chitosan on a commercial scale. Within the crusta-
cean shell waste industry, the industrial production of chitin is limited by season, 
limited supply in some countries, and environmental pollution considerations. 
Conversely, as chitin and its soluble derivative chitosan and different acidic poly-
saccharides are the principle components of several fungal species, attention has 
been drawn to fungi as an attractive, alternative source. Specifi cally, the myce-
lia of Allomyces, Aspergillus, Penicillium, Fusarium, Mucor, Rhizopsus, Cho-
anephora, Tamnidium, Zygorrhynchus, and Phycomyes species (members of the 
lower Zygomycetes), as well as higher Basidiomycetes have been documented 
to produce industrially relevant quantities of these products (Table 15.1). Spe-
cies from both orders have been documented within the marine environment, 
although their origin is unknown, and are included here accordingly. In addition 
to being sources of these compounds, many microorganisms (fungi and bacteria) 
are able to effectively degrade crustacean shell waste into chitin and chitosan 
products [29,30].

Chitin is a nontoxic, biodegradable polysaccharide that has been shown to be 
helpful in the prevention and healing of various diseases. Chemical modifi cations 
of this product have improved both solubility and biological activity, and include 
such things as macrophage activation, antithrombogenic properties, stimulation 
of lyzosome secretion, pathogen inhibition, immunoadjuvant, antiurucemic, and 
antiosteoporotic activites [31]. An alternative application of chitin is the produc-
tion of the functional food supplement N-acetyl-d-glucosamine, with evidence of 
glucosamine isolation possible from marine macroalgae, as well as fungal spe-
cies. Glucosamine is sold in various forms including sulfated, hydrochlorinated, 
iodinated, and N-acetylated [32]. It has been suggested that sulfated glucosamine 
is the most effective nutraceutical formulation because sulfate is needed in the 
synthesis of various cartilage compounds [33].

The Kabushiki Kaisha Yakult Honsha company, Japan,* has patented another 
polysaccharide derivative (which contains fucoidan and rhamnan or rhamnan sul-
fate polysaccharides), extracted from the marine macroalgae, Phaeophyceae spe-
cies, Cladosiphon okamuranus, Chordariales nemacystus, Hydrilla sp., Fucus sp. 
and Monostroma nitidum [34]. This compound is used specifi cally as a therapeu-
tic agent for the prevention and treatment of gastric ulcers (specifi cally inhibiting 
the adhesion of Helicobacter pylori) [34] and administered as tablets, granules, 
powders, or capsules. Furthermore, Takara Shuzo Company, Kyoto, Japan has 

* Famous for the invention of the fi rst, internationally sold, probiotic drink—Yakult™.
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developed a medicinal composition exemplifi ed by viscous  polysaccharides 
isolated from red algae (specifi cally: Gelidium amansil, G. japonicum, 
G. pacifi cum, G. subcostatum, Pteocladia tenuis, Acanthopeltis japonica, 
Gracilaria verrucosa, Gr. gigas, Ceramium kondoi, Campylaephora hypnae-
oides, and Gigartinaceae, Solieriaceae, and Hypneaceae species), consisting of 
at least one 3,6-anhydrogalactopyranose, proposed for the treatment or prevention 
of diabetes, rheumatism, cancer, and contains various inhibitory factors. This 
medicinal component is administered as either a food or drink supplement [35].

Recently, Ocean Nutrition Canada has developed several polysaccharide 
complexes (containing glucose and any combination of galactose, rhamnose, 
mannose, arabinose, N-acetyl glucosamide, and N-acetyl galactosamine) having 
immunomodulating properties, specifi cally immune stimulatory  activity, from 
Chlorella pyrenoidosa (and possibly C. ellipsoidea) [36,37]. Chlorella extracts 
may be administered to a mammal to increase proliferation of splenocytes and 
increase production of cytokines and may be administered as a supplement to 
further stimulate the immune response. Further, these complexes were shown to 
inhibit the proliferation of Listeria monocytogenes and Candida albicans [37].

Since the 1950s, many cyanobacteria have been reported to be capable of syn-
thesizing exocellular polysaccharides and, in some cases, releasing them into the 
surroundings. To date, approximately 70 strains, covering subsections I, III, and 
IV of the cyanobacterial classifi cation scheme, have been studied. On the whole, 
only 10 different monosaccharides have been found to be produced by cyanobac-
teria: the hexoses, glucose, galactose, and mannose; the pentoses, ribose, xylose, 
and arabinose; the deoxyhexoses, fucose and rhamnose; and the acidic hexoses, 
glucuronic and galacturonic acids [38]. In a few cases, however, the presence of 
additional types of monosaccharides have also been reported [39,40]. For  example, 
in benthic cyanobacteria, adhesion to sediment is modulated by cell hydrophobicity, 
which is determined by extracellular polymeric substances. These are polysac-
charides bearing nonsugar components. For instance, Phormidium sp. synthesize 
a sulfated heteropolysaccharide, named emulcyan, which contains fatty acids and 
proteins that confer variable degrees of hydrophobicity [41]. 

Moreover, until recently, only eukaryotic cells were believed to be  capable 
of producing sulfated polysaccharides, with sulfation occurring in the Golgi 
apparatus. In the past 10 years, however, an increasing number of cyanobacte-
rial polysaccharides produced by strains isolated from both freshwater and saline 
or hypersaline environments have shown the presence of sulfated groups. The 
current opinion is that sulfated groups may be present also in some prokary-
otic polysaccharides, but only those produced by cyanobacteria or archaea. For 
example, the marine fi lamentous cyanobacterium, Spirulina platensis has been 
shown to produce several antiviral sulfate- and phosphate-bound polysaccharides 
(comprising rhamnose, glucose, fructose, ribose, galactose, xylose, mannose, and 
glucuronic and galacturonic acids). These compounds have recently been pat-
ented by the Nippon Oil Company, Japan, for inclusion as additives within vari-
ous foods and drinks [42]. This is the fi rst instance where an antiviral activity 
has been noted within these compounds, and this patent documents a method for 
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the  prophylactic or therapeutic treatment of various viral diseases via ingestion. 
Spirulina extracts (whereby the main ingredient are these sulfate- and phosphate-
bound polysaccharides) were reported to lower blood sugar level in diabetes 
sufferers; lower cholesterol and alleviate the symptoms of gastritis; as well as 
produce an  antiallergic action on human test subjects [42]. Viruses to be treated 
include the herpes group of viruses and HIV viruses [42]. In this perspective, 
cyanobacterial strains of marine origin, among which the ability to synthesize 
and release sulfated polysaccharides seems to be prevalent, may provide a great 
resource for the production of new bioactive polymers. 

15.2.2 LONG-CHAIN POLYUNSATURATED FATTY ACIDS

Fatty acids are hydrocarbon chains that terminate in a carboxyl group; they are 
termed unsaturated if they contain at least one carbon–carbon double bond, and 
polyunsaturated when they contain multiple double bonds. Long-chain polyun-
saturated fatty acids (PUFAs), especially n-3 and n-6 series fatty acids such as 
eicosapentaenoic (EPA {4}), docosahexaenoic (DHA {5}), and arachidonic (AA 
{6}), are pharmacologically signifi cant and important in dietetics and therapeu-
tics [43]. They are believed to have a positive effect on cardio-circulatory dis-
eases, atherosclerosis, coronary heart diseases, cholesterols, hypertension, and 
cancer treatment [44–48]. They have been used for prophylactic and therapeutic 
treatment of chronic infl ammations, for example, rheumatism, skin diseases, and 
infl ammation of the mucosa of the gastrointestinal tract [49,50]. Currently, the 
main source of PUFAs is fi sh oils, but there are problems with fl avor taint, uncon-
trollable fl uctuations in availability, natural fi sh oil content variability, as well 
as the potential to accumulate harmful environmental pollutants [51]. Therefore, 
alternative sources are being sought and the ease of culture of PUFA-producing 
microorganisms makes them an attractive alternative (Table 15.1).

COOH COOH

{4} {5}

COOH

{6}

Of particular interest is the fact that microbial production is not subject 
to fl uctuations caused by external variables such as weather and food supply. 
 Microbially produced oil is substantially free of contamination by environmental 
pollutants. Originally, it was thought that apart from one group of cyanobacteria 
(Spirulina sp.), bacteria did not contain PUFAs as acyl functions of the  complex 
lipids in their membranes [52]. Today, numerous bacterial species of marine  origin 
have been shown to produce very long-chain PUFAs such as EPA and DHA [53]. 
Such isolates have been found to be particularly ubiquitous in high-pressure, 
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low-temperature deep-sea habitats and permanently cold marine environments, 
and being principally members of the gamma-proteobacteria family (Table 15.2) 
[54]. The prevalence of PUFA-producing strains from these environments has led 
to speculation that PUFA synthesis is an important adaptation for countering the 
effects of elevated hydrostatic pressure and low temperature on membrane fl uid-
ity and indeed there is some evidence to support this hypothesis [55]. In a study by 
Allen and Bartlett, the gamma-proteobacterium Photobacterium profundum SS9 
was found to exhibit enhanced proportions of both monounsaturated and polyun-
saturated fatty acids when grown at a decreased temperature or elevated pressure 
[56]. Furthermore, transcriptional analysis indicated that elevated production of 
PUFAs in response to pressure resulted from posttranscriptional changes and has 
interesting potential for industrial manipulations [55].

Evidence of marine microorganisms (bacteria and prostids) naturally produc-
ing fatty acid has been around for at least 15 years and there are several interesting 
reviews on the topic, notably by Bajpai and Bajpai [53] and Ratledge [57]. Recently, 
fungi have been shown to be the preferred choice for microbial PUFA produc-
tion having a higher PUFA content than other microbes, mainly because of the 
fact that these acids are components of storage oils (e.g., triacylglycerols [TAGs]), 
whereas in bacteria they are bound within membrane lipids. Presently, focus has 
been placed upon the unusual marine prostid group, phylogenetically related to 
microalgae, known as the Thraustochytriaceae, which include PUFA-producing 
species from the Thraustochytrium, Japonochytrium, Ulkenia, and Schizochy-
trium genus [58] (Table 15.2). 

Microalgae are also able to vary PUFA production rates and contents with 
growth phases (possibly being a useful variable for future optimization of desir-
able PUFA content) [59]. This has been exemplifi ed, within a study of differ-
ences in the time course of production and incorporation of DHA and EPA into 
TAGs, when measured in the microalgae Nannochloropsis oculata, Phaeodac-
tylum tricornutum, and Thalassiosira pseudonana, and the macroalga Pavlova 
lutheri [60]. Differences were not only observed between species but also dur-
ing the various growth phases. A much higher percentage of the total cellular 
EPA was partitioned to TAGs in stationary phase cells of N. oculata compared to 
P. tricornutum [60]. While T. pseudonana and P. lutheri produce EPA and DHA 
and partition these to TAGs during the stationary phase of growth [60]. Further-
more, elevation of CO2 within photoautotrophic culture and indeed induction of 
heterotrophic growth in these organisms was shown to both increase and allow 
variations to the PUFA compositions produced by microalgae, such as Nanno-
chloropsis sp. and Crypthecodinium cohnii, respectively (Table 15.2).

A number of sources exist for the commercial production of DHA including a 
variety of marine organisms, oils obtained from cold-water marine fi sh, and egg 
yolk fractions. The purifi cation of DHA from fi sh sources is relatively expensive 
owing to technical diffi culties, making DHA expensive and in short supply. In mac-
roalgae such as Amphidinium sp. and marine prostids such as Thraustochytrium sp. 
and Schizochytrium sp., DHA may represent up to 48% of the fatty acid content of 
the cell. A few bacteria, usual deep-sea bacteria such as Vibrio  marinus, also are 
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reported to produce DHA[61]. For AA, microorganisms including the genera Mor-
tierella, Entomophthora, Phytium, and Porphyridium can be used for commercial 
production (Table 15.2) [62]. Additionally, microbial oil production can be manipu-
lated by controlling culture conditions, notably by providing particular substrates 
for microbially expressed enzymes, or by addition of compounds, which suppress 
undesired biochemical pathways. In addition to these advantages, production of 
fatty acids from recombinant microbes provides the ability to alter the naturally 
occurring microbial fatty acid profi le by providing new synthetic pathways in the 
host or by suppressing undesired pathways, thereby increasing levels of desired 
PUFAs, or conjugated forms thereof, and decreasing levels of undesired PUFAs.

15.2.3 ANTIOXIDANT COMPOUNDS

Oxygen is required for metabolic functions, but it also presents challenges to cells. 
The human organism has a wide range of metabolic enzymes and antioxidants to 
rid its cells of oxygen-derived molecules. This oxidative stress is believed to be 
a contributing factor in conditions such as rheumatoid arthritis, ischemic heart 
disease and stroke, Alzheimer’s dementia, cancer, and ageing [63,64]. Therefore, 
antioxidants have the potential to protect against a wide spectrum of diseases. Sev-
eral antioxidant compounds have been isolated from marine microbial sources; 
these include astaxanthin {7}, beta-carotene and other carotenoids {8}, mycospo-
rines or mycosporinelike amino acids {9}, and dimethylsulfoniopropionate. 

9 10

{8}
O

HO

O

OH

3

3′{7}

Carotenoids are important natural pigments produced by many microorgan-
isms and plants, usually red, orange, or yellow in color. Traditionally,  carotenoids 
have been used in the feed, food, and nutraceutical industries. They are known 
to be essential for plant growth and photosynthesis, and are a main dietary 
source of vitamin A in humans. Dietary antioxidants, such as carotenoids (beta-
carotene, lycopene, astaxanthin, canthaxanthin, capsanthin, lutein, annatto, beta-
apo-8-carotenal, and beta-apo-8-carotenal ester), exhibit signifi cant  anticancer 
activities and play an important role in the prevention of chronic diseases 
[65–67]. Carotenoids are potent biological antioxidants that can absorb the excited 
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energy of singlet oxygen onto the carotenoid chain, leading to the  degradation of 
the carotenoid molecule but preventing other molecules or tissues from being 
damaged. They can also prevent the chain reaction production of free radicals 
initiated by the degradation of PUFAs, which can dramatically accelerate the 
degradation of lipid membranes. In 1999, the world market for carotenoids 
was US$750–800 million and projections estimated around US$1 billion by 
2005 [68].

Carotenoids are a widely distributed group of naturally occurring pigments. 
Common carotenoid sources include various fruits and vegetables. Yet, there 
are over 700 natural lipid-soluble pigments that are primarily produced within 
microalgal, macroalgal, and some bacterial and fungal species, including vari-
ous unique carotenoids. For example, astaxanthin is a high-value carotenoid pro-
duced from microalgae that is achieving commercial success, being very good 
at protecting membranous phospholipids and other lipids against peroxidation. 
In the marine environment, astaxanthin is biosynthesized in the food chain by 
fungi and microalgae. The fungi Phaffi a rhodozyma and the green microalgae 
Haematococcus pluvialis provide the most concentrated source of astaxanthin 
(Figure 15.1). Haematococcus sp. primarily contain monoesters of astaxanthin 
linked to 16:0, 18:1, and 18:2 fatty acids [69]. When nutrients become limiting, 
or the environment begins to dry out, these microbes produce massive amounts 
of astaxanthin. Cells with a high concentration of astaxanthin are more resis-
tant to environmental hazards, such as high light and oxygen radicals, and thus 

FIGURE 15.1 Haematococcus pluvialis hematocysts that have accumulated astaxanthin 
(dark colored cells) as a result of nutritional starvation and sunlight (magnifi cation ×400). 
(Example of commercially available astaxanthin complex from H. pluvialis produced by 
the Solgar Vitamins and Herbs, a division of Wyeth Nutritions, Madison, NJ, USA.)
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strongly suggests that astaxanthin performs a protective role for these organisms. 
Astaxanthin accumulates in the aquatic food chain from microalgae, macroalgae, 
and plankton to zooplankton and crustaceans, and then fi sh, such as salmon or 
trout, where it is deposited and concentrated within the muscle layer, probably 
protecting its lipid tissue from peroxidation. It is an extremely effective antioxi-
dant protector, and is biosynthesized through the isoprenoid pathway, which is 
also responsible for a vast array of lipid-soluble molecules such as sterols, ste-
roids, prostaglandins, hormones, and vitamins D, K, and E. Unlike beta-carotene, 
astaxanthin readily crosses the blood–brain�retina barrier, and therefore also has 
potential to protect from diseases of the brain and the eyes. 

Preclinical studies suggest various benefi cial effects of consuming astaxan-
thin such as: (1) inhibit cancer formation and growth in the bladder, colon, liver, 
mammary, and the oral cavity; (2) protect the retina of the eye from oxidative 
damage and thus has an effect against age-related macular disease; (3) promote 
increased immune activity; (4) provide protection from ultraviolet light damage; 
as well as (5) provide increased muscle endurance. Astaxanthin is currently avail-
able commercially in two forms, as free and esterifi ed astaxanthin (e.g., astaxan-
thin dipalmitate). Free astaxanthin is available as a synthetic substance produced 
by Phaffi a rhodozyma. Esterifi ed astaxanthin, however, is available as a natu-
ral red food dye, isolated from Haematococcus pluvialis (approx. 1.5–3% of dry 
weight) [70]. Haematococcus algae have recently been cleared by the U.S. FDA 
for marketing as a dietary supplement and has been approved in several European 
countries for human consumption. Although currently the astaxanthin market is 
relatively small, it is expected that it could reach several hundred million US dol-
lars within 5–10 years [69].

In addition to Phaffi a rhodozyma and Haematococcus pluvialis, many other 
microorganisms inhabiting shallow water or intertidal marine  environments are 
able to protect themselves from long-term solar damage by producing natural, 
UV-absorbing sunscreens of the generic class known as mycosporine amino acids 
[71]. Many species of marine macroalgae (e.g., Chondrus crispus) and cyanobac-
teria (e.g., Prochloron sp. and Microcoleus chthonoplastes) have been shown to 
be rich in imino-mycosporine or  mycosporinelike amino acids {9} [72–74]. These 
compounds were also demonstrated to be biodegradable into the strong antioxi-
dant precursor 4-deoxygadusol {10} by the marine bacterium  Vibrio harveyi, 
Vibrio sp. (RML017), or by several Pseudoalteromonas sp. [75].  Currently, the 
Japanese noodle  company, Toyo Suisan is investigating the commercial produc-
tion of this precursor for use as a natural antioxidant and chemoprotective com-
pound against neurodegenerative and cardiovascular diseases, in food-processing 
and cosmetic applications.

Other compounds produced by marine microbial sources, such as dimethyl-
sulfoniopropionate (DMSP) and its enzymatic cleavage products (dimethylsul-
fi de [DMS], acrylate, dimethylsulfoxide, and methane sulfi nic acid), have been 
shown to readily scavenge hydroxyl radicals and other reactive oxygen species, 
and thus act as an antioxidant [76]. DMSP occurs at high cellular concentrations 
(100–400 mmol�L) in many marine macroalgae and dinofl agellates, and thus 
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functions as an osmolyte in these algae. DMSP has also been proposed to serve 
as a cryoprotectant in polar macroalgae and as a grazing deterrent via its cleavage 
to acrylate, although its overall physiological functions remain unclear. Interest-
ingly, its cellular concentration increases with light in many macroalgal species 
and may have an additional UV-protective function as mentioned above [77]. 
DMSP and its cleavage products have also been shown to possess antioxidant 
activity greater than other well-recognized antioxidants such as ascorbate. Recent 
literature evidence supports the hypothesis that antioxidant compounds like these, 
may indeed be derivatives of algicolous marine fungi, rather than the macroalgal 
species itself [78,79].

Until recently, marine antioxidant research has largely focused on the 
effects of crude extracts [80], with the resultant substances related mainly to 
plant-derived products. These marine antioxidants include pigments such as 
chlorophylls, carotenoids, tocopherol derivatives such as vitamin E and related 
isoprenoids and various phenolic substances (not to mention those already dis-
cussed above). Within a recent study of antioxidants by researchers at the Uni-
versity of Mississippi and Oregon State University, 130 structurally diverse, 
pure marine microbial-derived, natural products were assembled and evaluated 
for antioxidant activity using a combined solution- and cellular-based assay sys-
tem, to develop a structure-to-function understanding of the antioxidant mode 
of action [81]. Compounds assayed included alkaloids, lipopeptides, furocouma-
rins, phenolics, peptides, and terpenoids. Results showed a number of marine 
cyanobacterial- and macroalgal-derived compounds, such as scytonemin {11} 
from the heterocystous cyanobacterium Scytonema sp. [82], cymopol {12} and 
7-hydroxycymopol {13} from the green macroalga Cymopolia barbata [83], avra-
invilleol {14} from the green macroalga Avrainvillia sp. [84], and aragilamide 
{15} from the red macroalga Martensia fragilis [85].

HO
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15.2.4 OTHER NUTRITIONAL COMPOUNDS

Initial analysis of microalgae for vitamin content frequently presented values for 
vitamin B12 (cobalamin). Recently, however, the method of analysis (typically 
using Lactobacillus leichmanni as a bioassay) was shown to be misleading [86]. 
Modern assay techniques, such as radioassays and clinical observations produced 
data that indicated much of the cobalamin values were actually vitamin B12 ana-
logs [87]. Further research is necessary to adequately understand the metabolic 
consequences of consuming vitamin B12 from algal sources. The cyanobacterium 
Aphanizomenon fl os-aquae (discussed in detail below) was shown to contain 
signifi cant levels of cobalamin (Table 15.1). Additionally, microalgae have been 
found to contain several different types of sterols, including clionasterol (isolated 
from Spirulina sp.) and fucosterol (extracted from brown macroalgae), which has 
been shown to increase the production of plaminogen-activating factor in  vascular 
endothelial cells and thus facilitate cardiovascular disease prevention (Table 15.1). 
Finally, in general, microalgae are viewed as having a protein quality value greater 
than other vegetable sources, for example, wheat, rice, and legumes, but poorer 
than animal sources, for example, milk and meat. Thus, although macro- and 
microalgal proteins are looked upon favorably by researchers,  processing proce-
dures still need to be optimized to extract the greatest possible content of proteins 
possible for nutraceutical adaptations.

15.3 WHOLE-CELL EXTRACTS

Whole-cell extracts of marine microorganisms used within the nutraceuti-
cal industry represent extracts whereby the bioactive molecular responsible for 
its benefi cial properties is either currently unknown, unable to be isolated, or 
 synthesized. Within the marine environment these extracts are usually isolated 
from microalgal and cyanobacterial species. Specifi cally, the freshwater and 
marine-derived fi lamentous [88], heterocystous cyanobacterium Aphanizome-
non fl os-aquae has been commercially available as a functional food source for 
over 20 years (Table 15.2) [49]. It is currently not cultivated but rather harvested 
from a wild, virtually monocultural bloom [49]. Crude extracts of which have 
been shown to contain glycoproteins, vitamin B12, minerals, proteins (approx. 
60–70% of total dry weight), polysaccharides, and PUFAs. Recent studies 
show that Aphanizomenon fl os-aquae extracts have immunostimulant, anti-
infl ammatory, antioxidant, biomodulator, anticancer, and hypochloresterolemic 
properties (Figure 15.2) [89,90].

Chlorella sp. are unicellular green microalgae that are members of the phy-
lum Chlorophyta (Figure 15.3). There are numerous references on the health 
benefi ts of consuming Chlorella sp., including documentary evidence that inges-
tion of Chlorella sp. extracts can lower blood sugar levels, increase hemoglobin 
 concentrations, act as a hypocholesterolemic agent, and a hepatoprotective agent 
during malnutrition and ethionine intoxication [91,92]. Indeed, between 1942 and 
1946, a plankton soup consisting primarily of Chlorella sp. cells was used as a 
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FIGURE 15.3 Bright fi eld light micrograph of Chlorella sp. (in this case C. ellipsoidea) 
(×1000 magnifi cation). (Image courtesy of The Culture Collection of Algae at The Uni-
versity of Texas at Austin, TX, USA.)

FIGURE 15.2 Light micrograph of Aphanizomenon fl os-aquae, as well as a representa-
tion of the wild algae 500 mg capsules harvested from Lake Klamath, Oregon, USA.
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dietary aid for leprosy patients, resulting in dramatic increases in energy, weight, 
and general health of patients [91,92]. In 1954, Japanese researchers developed 
experimental food products using Chlorella ellipsoidea cells. The major focus 
was the enrichment of foods with this species and the overall palatability of pilot 
products such as powdered green tea, soups, noodles, bread and rolls, cookies, ice 
cream, and soy sauce. Results showed that all generated products were deemed to 
be acceptable as food supplements [91,92]. In 1961, human feeding studies were 
carried out on a combination of Chlorella and Scenedesmus sp. extracts, showing 
a similar acceptable level for human consumption. 

Dunaliella sp. (especially D. salina) are rapidly becoming popular as 
food-grade green microalgae. In particular, their beta-carotene content (up to 
4% of dry weight), glycerol concentration, protein content, and unique abil-
ity to grow under brackish conditions have been focal points. They are cur-
rently being cultivated by several companies in both Israel and Australia 
(Figure 15.4) as sources of the aforementioned compounds and as dietary and 
vitamin supplements and powders. Scenedesmus sp. were also previously inves-
tigated as a nutritional food source. Yet, their production on a commercial scale 
currently remains limited. Currently, there are no products presently marketed 

FIGURE 15.4 Left-hand side (top): phase contrast image of Dunaliella sp. (in this case 
D. bardawill) (×400 magnifi cation); middle (top) this picture shows the D. salina 
 production plant operated by Western Biotechnology Pty Ltd at Hutt Lagoon, Western 
Australia. Right-hand side (top): phase contrast image of Scenedesmus sp. (in this case 
S. falcatus) (×1000 magnifi cation). Bottom: an example of two Dunaliella sp. products 
currently available on the nutraceutical market in Japan.
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in North America that contain Scenedesmus sp. as a dietary material. In gen-
eral, Scenedesmus sp. extracts have been found to be an acceptable candidate for 
incorporation into commonly used foods, such as soups, desserts, fruit puddings, 
noodles, and ravioli; however, it seems that at this time this market has been 
underdeveloped.

Spirulina sp. (the two main species being Sp. platensis and Sp. maxima) are 
multicellular, fi lamentous cyanobacteria that have the appearance of coils in cross 
section (Figure 15.5). Spirulina sp. have been used for over 1000 years as a food 
source, having a protein content as high as 55–70% of the total dry weight. The 
Aztecs harvested this cyanobacterium from Lake Texcoco (Mexico), dried it, and 
sold it as small cakes, which was then incorporated into bread. More recently, in 
1940, the use of Spirulina sp., again as small cakes (this time as an ingredient 
in sauces used on millet meals), was used by the natives of Chad. Recently, a 
dietary supplement for promoting healthy hormonal balance in adult human sub-
jects, comprising 7-ketodehydroepiandrosterone in combination with a pituitary 
secretagogue comprising a glycoamino acid complex of l-glutamine, l-arginine 
 pyroglutamate, l-lysine monohydrochloride, glycine, gamma-aminobutyric acid 
as well as omega-3 fatty acid and antioxidant blends was developed by Reliv’ 
International Ltd. [93]. This dietary supplement is an herbal blend of Salsburia 
adiantifl oria, Spirulina plantensis, Lepidium menyii, Dioscorea villosa L., and 
Chlorella powder, to be served as a dry powder daily supplement to drinks [93] 
(Figure 15.5). The use of dietary microalgae has also been reported to increase 
the  number of lactic acid bacteria in the gastrointestinal tract. Preliminary in vitro 
data support the premise that microalgae can enhance the production of lactic 
acid signifi cantly [94].

Furthermore, it has been postulated that the carotenoids found in Spirulina 
sp. and Dunaliella sp. may be more potent anticancer agents than beta-carotene 
[95]. It appears that extracts from these microalgae enhance the antitumor acti-
vity of macrophages. Schwartz et al. [95] have demonstrated excellent results 
in the regression of induced cancers in hamsters with the use of a proprietary 
macro-algal extract called Phycotene™.

FIGURE 15.5 Examples of functional foods (left to right): phase contrast light micro-
graph image of Spirulina platensis (×400 magnifi cation); Source Naturals™ Hawaiian 
Spirulina 500 mg tables; Italian Erba Vita™ Spirulina 400 mg tablets, Nutrex™ Hawaiian 
Spirulina 500 mg tables; Japanese Roibo™ Spirulina/Lime cordial; commercially pro-
duced Hawaiian Spirulina smoothie; Spirulina muffi ns and smoothie; and Spirulina cui-
sine cook book written by Robert Sterbene.
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15.4 THE FUTURE OF MARINE MICROBIAL NUTRACEUTICALS

Interestingly, to date, the majority of nutraceutical compounds derived from 
marine microorganisms have been isolated from the more “primitive” microbes, 
those that are able to take simple carbon sources, such as CO2 and manufac-
ture more complex intermediates (possibly because of an associated abundance 
of both generation and degenerating enzymes). The presence of these proteins 
thus allows these microbes to generate the complex fatty acids, proteins, vita-
mins, and carbohydrates that nutraceutical and pharmaceutical researchers make 
use of.

Furthermore, it has been hypothesized recently that the ultimate source of 
most nutraceuticals from the marine environment are not the larger, more com-
plex animals, but rather those species that are closer to the beginning of the food 
chain. For example, it has been suggested that the PUFAs that characterize oily 
fi sh are actually derived from marine algae (both macro- and micro-) species 
that make up the primary food source for these organisms [96]. To fully exploit 
these inherent abilities within marine microorganisms (especially photosynthetic 
microbes), it will be necessary to determine the mode of synthesis for the various 
complex molecules these organisms produce. Methods such as those that probe 
the exact nature of the biosynthetic genes present within the microorganism 
(exploration) and methods to increase the production of these compounds within 
a laboratory environment (exploitation) will need to be perfected.

15.4.1 EXPLORATION: PROBING METHODS

The probing of suitable microorganisms for cryptic genes shown to be involved 
in the production of a targeted compound within related organisms, has recently 
been demonstrated within the pharmaceutical industry [97]. These methods could 
easily be developed for use within the nutraceutical industry, with similar genes of 
interest and appropriate microorganisms being studied in each case. Specifi cally, 
DNA encoding desired polyketide synthase (PKS)-like genes can be identifi ed in 
a variety of ways. In one method, a source of a desired PKS-like gene, for exam-
ple, genomic libraries from a Shewanella, Thraustochytrium, Schizochytrium, 
or Vibrio spp., are screened with detectable enzymatically or chemically syn-
thesized probes. Sources of open reading frames (ORFs) having PKS-like genes 
are those microorganisms that produce a desired PUFA. For example, marine 
microbes such as Shewanella sp. or Vibrio marinus, which produce EPA or DHA 
also can be used as a source of PKS-like genes. Oligonucleotide probes, based 
on sequences of known PKS-like genes, can also be used to screen sources and 
may include sequences conserved among known PKS-like genes, or on peptide 
sequences obtained from a desired purifi ed protein. The probes can be made from 
DNA, RNA, or nonnaturally occurring nucleotides, or mixtures thereof. Further-
more, probes can be enzymatically synthesized from DNAs of known PKS-like 
genes for normal or reduced-stringency hybridization methods. Oligonucleotide 
probes based on amino acid sequences can be made degenerate to encompass the 
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degeneracy of the genetic code, or can be biased in favor of the preferred codons 
of the source organism. Alternatively, a desired protein can be entirely sequenced 
and total synthesis of the DNA encoding that polypeptide performed [58]. 

15.4.2 EXPLOITATION

15.4.2.1 Fermentation and Bioprocess Intensifi cation

The advantage of microorganisms that can be cultured over more classical 
synthetic production of compounds is that a sustainable supply of a “targeted” 
 compound may be achieved. Thus, the interest in marine microbes as a novel 
source of bioactives is both warranted and opportune. Although there has been 
some interest in the exploitation of cultured microbes to develop pharmaceutical 
and nutraceutical compounds, it is believed that the study of these secondary 
metabolites and their controlled long-term production is still in its infancy. Of 
the limited research that has been undertaken, there has been little concerted 
effort to move the biotechnological process forward beyond the characteriza-
tion phase. Although a number of groups have touched on aspects dealing with 
bioprocess intensifi cation (improvement in process effi ciency and effectiveness) 
[98–103], no program has tried to increase product yield of the relevant marine 
microorganisms via culture and reactor confi guration manipulation, through to 
the commercialization stage. Indeed, the application of such bioprocess intensi-
fi cation methods is likely to become an important strategy for improved supply 
and exploitation of product.

For example, a relatively new fi eld of possible exploitation has arisen in the last 
decade, fueled by the growing industrial interest in polysaccharides of microbial 
origin [104]. Toward this end, cyanobacteria, compared to other bacteria, macro-, 
and microalgae, synthesize more complex polysaccharides, being composed of 
six or more monosaccharides, rather than the up to four monosaccharides usually 
noted within these species [105]. During cell growth in batch cultures,  aliquots 
of the polysaccharide material of cyanobacterial sheaths may be released as 
water-soluble material into the surrounding medium, causing a progressive 
increase in viscosity. These water-soluble polysaccharides, being easily recover-
able from liquid cultures, demonstrate the usefulness of performing fermentation 
and bioprocess intensifi cation procedures for the production of these highly desir-
able industrial polymers. 

Very few studies have been devoted to verifying if these strains produce 
polymers with a stable chemical composition, not changing from batch to batch 
and unaffected by growth conditions (a very important feature for microbial 
strains proposed for industrial applications) [106–109]. This feature is of great 
signifi cance, not just for the production of polysaccharide polymers, but for the 
production of other natural products of industrial interest by microorganisms. 
Furthermore, many microorganisms producing these compounds of interest lose 
this property when cultivated under laboratory conditions, when environmental 
stresses have been removed [104]. 
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Additional considerations include, whether or not the microorganism 
 produces the compound of interest via primary or secondary metabolic pathways. 
These differences have a drastic effect on both the rates of production and exact 
makeup of the compounds produced. For example, with respect to polysaccharide 
production by cyanobacteria, Anabaena halophytica, Spirulina platensis, and 
Cyanospira capsulata produce polysaccharide constituents at rates that consis-
tently parallel biomass production, so that the polymer may be considered a pri-
mary metabolite [107–110]. On the contrary, other cyanobacteria produce these 
polysaccharides as a typical secondary metabolite. Specifi cally, Cyanothece sp. 
BH68K, Nostoc calcicola, and Phormidium J-1 show a signifi cant release of poly-
saccharide only starting from the later exponential growth phase [41,111–113]. In 
contrast, in A. fl os-aquae A37 and A. cylindrica 10C, polysaccharide production 
occurred during all growth phases, with the highest production rates observed in 
the late exponential or stationary phase of microbial growth [104]. These exam-
ples demonstrate quite clearly that each strain should be carefully tested to envis-
age the right culture strategies aimed at optimizing production, within this and 
every production situation.

15.4.2.2 Gene Evolution

For newly discovered microbial sources of nutraceuticals to be introduced into the 
market, it is usually not enough for the organism of choice to be merely identifi ed. 
Various factors need to be optimized before industrial production can begin. Vari-
ous limitations to exploitation can exist, for example, the growth rate of the organ-
ism may be low, or production of the compound of interest is; this compound may 
be unstable or perhaps may be utilized in subsequent metabolic pathways before 
it can be harvested. All of these factors and many more may be responsible for 
the compounds not progressing to market. Today, with the advent of  sophisticated 
cloning and directed evolution techniques these hurdles may be overcome. 
These technologies may be exemplifi ed by the production of novel microbial 
strains that produce the compound of interest in both a high concentration and 
in an easy-to-harvest manner. Alternatively, the produced enzyme can be used 
in vitro as immobilized catalytic systems, independent of the microorganism. This 
section will highlight examples whereby these gene evolution techniques 
could be used to increase the production of long-chain PUFAs and carotenoids 
nutraceuticals.

15.4.2.2.1 Long-Chain Polyunsaturated Fatty Acids
Long-chain PUFAs are critical components of membrane lipids or storage oils 
in most eukaryotes and are the precursors of certain hormones and signaling 
molecules [43]. Known pathways in higher eukaryotes involve the processing of 
saturated products of fatty acid synthase (FAS) genes by elongation and aero-
bic desaturation reactions [96]. Lower eukaryotes and prokaryotes, however, 
use a nonspecifi c (aerobic or anaerobic) PKS-like gene cluster to synthesize 
PUFAs [43,58]. Currently, the exact mechanism by which these PUFAs are 

CRC_DK3287_ch015.indd   391CRC_DK3287_ch015.indd   391 5/31/2007   7:49:30 PM5/31/2007   7:49:30 PM



392 Marine Nutraceuticals and Functional Foods

assembled via the PKS-like system remains unknown. Yet, the relative simplicity 
of these PKS-like systems makes it an attractive target for the transgenic produc-
tion of PUFAs. Various gene evolution methods have been developed toward this 
end and include (1) the establishment of PUFA-specifi c PKS probes (as mentioned 
previously) and (2) the development and use of various non-PUFA  producing 
microorganisms, such as Saccharomyces cerevisiae, Escherichia coli, or Syn-
echococcus sp., as hosts for the heterologous expression of various PUFAs. 

Specifi cally, polyketides are secondary metabolites, the synthesis of which 
involves a set of enzymatic reactions analogous to those of FAS [114,115]. It has 
been proposed to use PKS to produce novel antibiotics [116]. For the most part, 
some or all of the coding sequences for the polypeptides having PKS-like gene 
activity are from a natural source. In some situations, however, it is desirable to 
modify all or a portion of the codons, for example, to enhance expression, by 
employing host-preferred codons. Host-preferred codons can be determined from 
the codons of highest frequency in the proteins expressed within a particular host 
species. Thus, the coding sequence for a polypeptide having PKS-like gene acti-
vity can be synthesized in whole or in part. All or portions of the DNA may also 
be synthesized to remove any destabilizing sequences or regions of secondary 
structure, which would be present in the transcribed mRNA, or alter the base 
composition to one more preferable to the desired host cell. 

Furthermore, in vitro mutagenesis, site-directed mutagenesis, or other means 
can be employed to obtain mutations of naturally occurring PKS-like genes to 
produce a polypeptide having PKS-like gene activity in vivo with more desir-
able physical and kinetic parameters for function in the host cell. For example, a 
longer half-life or a higher rate of production of a desired PUFA. Researchers of 
the Sagami Chemical Research Institute, Japan, have reported EPA production in 
E. coli, which have been transformed with a gene cluster from the marine bacte-
rium Shewanella putrefaciens [117].

15.4.2.2.2 Carotenoids
More than 150 genes encoding 27 different carotenoid enzymes have been 
cloned from bacteria, plants, macroalgae, microalgae, cyanobacteria, and fungi 
[68]. Characteristically, carotenoids are derived from the isoprenoid pathway via 
one of two pathways: (1) the mevalonate pathway in macroalgae, microalgae, 
and fungi and (2) the pyruvate pathway in bacteria, cyanobacteria, and plastid-
containing microorganisms [118]. Presently, various molecular engineering 
groups have been able to clone genes responsible for the formation of the carot-
enoid backbone [119,120], the formation of the acylic xanthophylls enzyme [121] 
and several cyclic carotenoids such as astaxanthin [122]. Most carotenoid genes 
and gene clusters are cloned and expressed in the genetically well-established, 
noncarotenogenic host E. coli.

Despite the recent accomplishments in metabolic engineering of E. coli cells 
for carotenoid production, production levels are not yet competitive with carot-
enoid levels presently produced by fermentation, synthesis, or isolation [123]. 
Carotenoid production levels within such a host have however been typically very 
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low [124]. Compared to the up to several hundredfold higher levels produced by 
carotenogenic microalgae and microbial strains, such as Dunaliella, Haemato-
coccus, and Flavobacterium [123]. In contrast to E. coli, yeast exhibit an effi cient 
isoprenoid metabolism. Although metabolic engineering of recombinant yeasts 
for carotenoid production has not yet been explored widely, the few published 
examples show that this alternative is promising. For instance, the noncaroteno-
genic yeasts Saccharomyces cerevisiae and Candida utilis were successfully 
engineered to produce lycopene, beta-carotene, and astaxanthin by diverting the 
ergosterol pathway with genes derived from Erwinia [125–127].

Metabolic engineering of photosynthetic bacteria could provide an alternative 
route for the heterologous production of carotenoids. With some of the earliest 
examples of rerouting carotenoid pathways coming from Erwinia herbicola and 
Rhodobacter sphaeroides, resulting in the production of the Erwinia carotenoids 
lycopene, beta-carotene, and zeaxanthin in Rhodobacter [128,129]. More recently, 
carotenoid biosynthesis in recombinant Synechocystis sp. has been attempted, 
with overexpression of genes encoding various carotenoid enzyme subunits in 
different combinations cloned into this cyanobacterium. In a different example, 
overexpression of a macroalgal carotene oxygenase within Synechocystis sp. was 
also performed successfully [130,131].

The recombinant production of carotenoids in noncarotenogenic microorgan-
isms allows engineering of new pathways for the production of diverse carotenoid 
structures. Combining identifi ed genes from different organisms into pathways 
and altering the catalytic functions of selected enzymes by in vitro evolution 
can greatly expand the recombinant production capabilities of known and com-
pletely new carotenoid structures as a result of chemical biosynthesis [132,133]. 
Recombinant biosynthesis of carotenoids presently represents the best example 
for combinatorial biosynthesis, which involves the combination of nonmodular 
single enzymes into new pathways. For example, Umeno, Tobias, and Arnold 
have demonstrated the production of asymmetrical C35 carotenoids through the 
coexpression of Erwinia and Staphylococcus aureus carotenoid genes within 
E. coli [134,135]. While this level of metabolic engineering, directed evolution, 
and molecular breeding seems impressive, a systematic fl ux analysis of carot-
enoid biosynthesis, including the determination of individual enzyme activities 
and functional expression levels, has not yet been carried out. Understanding the 
biochemical mechanisms governing carotenoid pathway fl ux, would seem to be 
key to successful future metabolic engineering of commercially relevant micro-
bial carotenoid production.

15.5 CONCLUDING REMARKS

Marine microorganisms have recently become popular as a renewed source of 
both nutraceutical and pharmaceutical compounds. Once isolated they are rela-
tively easy to grow, produce novel classes and types of compounds, and have 
less complex biological systems compared to higher organisms. On the basis 
of their unique phenotypic and genotypic diversity (compared to the terrestrial 
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 environment), and in recognition of the compounds isolated from them, marine 
 microorganisms represent a novel natural products source of high economic value. 
In this postgenomic era, many powerful tools for genetic evolution and metabolic 
engineering have been developed, in addition to bioprocess intensifi cation, to aid 
in our ability to explore, understand, exploit, and even improve nature’s potential 
for human benefi t. Therefore, it is fortuitous for the development of the next gen-
eration of nutraceutical compounds to be sourced from this unique environment 
effectively.
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16.1 INTRODUCTION

Sharks are frequently landed as a bycatch in tuna fi shing. Shark meat has 
 traditionally been utilized as a food ingredient in the forms of fi llet and minced 
meat (surimi), among others. In addition to meat, dried collagenous fi bers 
on both sides of fi n cartilage have been used for high-grade Chinese cuisine. 
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However, skin and cartilages have not been used much as a food ingredient. 
Recently, gelatin and its enzymatically produced hydrolyzates were prepared 
from shark skin and used as a functional food ingredient [1]. From cartilage, the 
acidic polysaccharide referred to as chondroichin sulfate has been prepared after 
degrading the protein by exhaustive proteolytic digestion. The shark condroichin 
sulfate has a long history of use in cosmetics and medicines to treat surgical 
accretion, arthritis, and so on. In addition to chondroichin sulfate, shark cartilage 
has been demonstrated to contain some biologically active components such as 
protease inhibitors, stimulators, and suppressors of cell proliferation [2–4]. As 
most of the shark endoskeleton consists of cartilage, it might serve as a potential 
source for production of cartilage–derived bioactive components. On the basis 
of these fi ndings, dried shark cartilage powder and its water extract have been 
prepared in industrial scale for possible use as functional food ingredients [5,6]. 
However, there is discouraging data on the effi cacy of shark cartilage products in 
human trial [7]. In addition, only limited information is available on biological 
response to oral administration of shark cartilage–based products. In this  chapter, 
recent fi ndings on anticancer effects of shark cartilage extract on the basis of 
in vitro and in vivo inhibition against matrix metalloproteinase-9 are reported.

16.2  IMPACT OF INHIBITION OF MATRIX 
METALLOPROTEINASE ON CANCER PROGRESSION

Folkman [8,9] has demonstrated that malignant tumor induces new blood  vessels 
from preexisting vessels to obtain nutrients from host and waste metabolite, 
which is a critical step for growth of tumor larger than 1 mm. This  phenomenon 
is referred to as tumor-induced angiogenesis. They have also demonstrated that 
tumor-induced angiogenesis is a good target for cancer therapy [10,11]. They dem-
onstrated in their early studies that cartilage implanted near the tumor inhibits 
tumor-induced angiogenesis and consequently tumor growth [12,13]. To identify 
substance(s) responsible for inhibition of tumor-induced angiogenesis,  activity-
directed fractionations were carried out [3], which suggested that collagenase 
inhibitor(s) might play a signifi cant role in the inhibition of tumor-induced angio-
genesis. Some researchers have supported this concept by demonstrating the 
presence of collagenase-specifi c inhibitors, namely, tissue inhibitor of matrix 
metalloproteinase (TIMP)-like proteins, in shark cartilage [2,14]. In addition 
to collagenase inhibition, direct inhibition of signal transmittance triggered by 
angiogenesis stimulators such as vascular endothelial growth factor (VEGF) has 
been proposed as possible mechanism of anticancer effect by shark cartilage 
[15]. However, a considerably high dose of shark cartilage extract is necessary to 
inhibit the signal transmittance even in in vitro cell culture system and the inhibi-
tion of the signal transmittance has not been confi rmed by oral ingestion of shark 
cartilage–based product.

Collagenase has been defi ned as an endoproteinase, which can cleave 
triple helical domain of collagen. Collagen refers to a molecular family con-
sisting of more than 20 types. Collagen can be divided into fi bril-forming and 
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non-fi bril-forming type. Types I, II, III, V, XI collagens are classifi ed as 
fi bril-forming  collagen. Other collagens are non-fi bril-forming ones. Types I, II, 
and III  collagens are the main constituents in skin, tendon, bone, and cartilage. 
Type II and XI are cartilage-specifi c collagen. Type V collagen is preferentially 
distributed in pericellular connective tissue. Type IV collagen forms a netlike 
structure and a main constituent of basement membrane. Other collagens are 
located on the surface of collagen fi brils and between collagen fi brils and base-
ment membrane (see review by van der Rest and Garrone [16]). The tissue type 
collagenases belong to a metalloprotease family referred to as matrix metallopro-
teinases (MMP), which consists of more than 23 distinct enzymes. Two groups of 
MMPs can cleave triple helical domain of collagen. MMP-1 (formerly referred to 
as collagenase in a narrow sense) can cleave triple helical domain of type I col-
lagen, the major constituent of interstitial connective tissues, such as bone, skin, 
and tendon, among others. The second group, MMPs-2 and -9 (formerly referred 
to as gelatinase A and B, respectively) preferentially cleave gelatin (denatured 
form of type I collagen) and triple helical domains of type IV and V collagens, 
major constituents of basement membrane and pericellular connective tissues, 
respectively. MMPs-2 and -9 are secreted as inactive latent forms and activated 
by proteolytic digestion. No signifi cant amounts of active forms of these MMPs 
are observed in normal tissues except for physiological tissue remodeling and 
embryonic development. However, these MMPs are frequently overexpressed and 
activated on tumor cells with high malignancy (Figure 16.1, left). In addition, 
angiogenesis stimulator such as VEGF upregulates MMP-9. Therefore, consensus 
is reached that these MMPs play an important role in the proteolytic destruc-
tion of extracellular matrix near tumor and stimulated endothelial cell, thereby 
promoting tumor invasion, metastasis, and angiogenesis. See recent reviews by 
Curran and Murray [17]; Johansen et al. [18]; McCawley and Matrisian [19]; Foda 
and Zucker [20].

FIGURE 16.1 Gelatin zymographic and real-time reverse zymographic patterns. MMPs 
markers (M) and PBS-Tween 20 extract of normal and cancer legion of hamster pancreas 
were analyzed by gelatin zymography [22]. Serum from hamster-bearing pancreatic duct 
cancer was analyzed by real-time reverse zymography. proMMP represents latent form of 
MMP, MMP represents active form.
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As described above, endogenous MMP inhibitors such as TIMPs-like  proteins 
have been identifi ed in shark cartilage. Recently, we found another type of MMP 
inhibitor in proteoglycan fraction from shark cartilage. More interestingly, we also 
found increased MMP-9 inhibitory activity in serum of animals and humans who 
ingested the proteoglycan fraction [21,22]. In the following sections, we introduce 
in vitro and in vivo inhibition of MMP-9 by proteoglycan fraction from shark car-
tilage and discuss its potential therapeutic effect for cancer therapy. The MMP-9 
inhibitory activity in serum could not be evaluated by conventional method of 
using synthetic peptide. Thus, new approach for evaluation of MMP-9 activity in 
serum is introduced and advantages and disadvantages of the conventional and 
present approaches are discussed.

16.3 EVALUATION OF MMP AND ITS INHIBITORY ACTIVITY

16.3.1 GELATIN ZYMOGRAPHY

MMPs-2 and 9 are secreted as latent forms and converted to active forms on the 
invasive front of tumor. Total content and expression of MMPs can be estimated 
by immunological and molecular biological approaches. It is, however, diffi -
cult to distinguish the latent and active forms of MMPs by these techniques. To 
solve these problems, gelatin zymography has been used extensively. Nonheated 
and nonreduced sample is used for zymography. The sample is loaded onto a gel 
copolymerized with 0.06% (w�v) gelatin. After electrophoresis, using Laemmli’s 
buffer system, the gel is immersed in a nonionic detergent solution such as 2.5% 
Triton-X 100 to remove sodium dodecyl sulphate (SDS) and then incubated in a 
suitable buffer for a whole day. During incubation, renaturation and activation of 
MMPs occur in the gel. The activated MMPs degrade gelatin in the gel. By stain-
ing with Comaassie Brilliant Blue, MMP activity can be visualized as transparent 
bands owing to degradation of gelatin in the gel. As shown in Figure 16.1 (left), this 
technique can distinguish active and latent forms of MMPs-2 and -9. MMP inhibi-
tors, if present, in the sample may be resolved from MMPs (latent and active forms) 
by electrophoresis. MMPs activities would then be observed even in the presence of 
excess amounts of MMP inhibitors. Therefore, this technique cannot evaluate inhibi-
tory activity in the sample for the electrophoresis. Alternatively, another sample, 
which may contain potential MMP inhibitor can be added into the immersing buffer 
for the gel. If the sample contains MMP inhibitor, the inhibitor may penetrate into 
the gel and inhibit MMPs in the gel. By using this approach, some low- molecular-
weight components from foods, such as green tea catechin, have been demonstrated 
to have MMPs-2 and -9 inhibitory activities [23]. However, large molecular protei-
nous inhibitors may not penetrate into the polyacrylamide gel matrix by just immers-
ing. In addition, we found that some proteases and peptidases in human and animal 
serums can degrade gelatin, which may interfere with evaluation of MMP  inhibitory 
activity. Therefore, this approach cannot evaluate total MMP inhibitory activity in 
biological samples containing proteinous inhibitors and proteases.
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For estimation of high-molecular-weight inhibitors, real-time reverse gelatin 
zymography has been developed [24]. The sample is resolved by electrophoresis 
by using the gel copolymerized with fl uorescein isothiocyanate (FITC)-labeled 
gelatin and MMP of interest. The gel after electrophoresis is treated similar to 
that described above. The MMP in the gel cleaves FITC-labeled gelatin in gel, 
whereas the FITC-gelatin near MMP inhibitor cannot be cleaved. Then, MMP 
inhibitory activity can be visualized as band with fl uorescence. As shown in 
 Figure 16.1 (right), this technique can detect inhibitor bands at 27 and 25 kD in 
hamster serum, which may be TIMPs. However, this technique cannot detect 
the inhibitory activity of low-molecular-weight components owing to diffi culty in 
resolution by SDS-PAGE. Therefore, balance of MMP activities and their inhibi-
tory activities of serum and tissue extract cannot be estimated by these tech-
niques. For this purpose, MMP activity or its inhibitory activity must be directly 
determined in the same solvent system.

16.3.2 MMP ACTIVITY ASSAY IN SOLVENT

Type IV collagen is one of the important endogenous substrates of MMPs-2 and -9. 
However, the triple helical domains of type IV collagen are interrupted by globu-
lar domains, which can be degraded by proteases without collagenase  activity. 
To solubilize type IV collagen from tissue, limited digestion by pepsin has 
 extensively been used. Therefore, most of type IV collagen preparation consists 
of some triple helical fragments [16]. By SDS-PAGE analysis, several fragments 
appear depending on the intensity of pepsin digestion. In addition, type IV col-
lagen has inter- and intramolecular disulfi de bonds. Presence of reducing agents 
may affect MMP-9 activity and SDS-PAGE patterns of the degradation products. 
Therefore, it is diffi cult to quantify degradation products of type IV collagen 
by SDS-PAGE. In contrast, type V collagen, which is another endogenous sub-
strate for MMPs-2 and -9, has globular domains only at each end of a triple heli-
cal domain. Therefore, type V collagen has single triple helical domain without 
disulfi de bond even after pepsin digestion. As shown in Figure 16.2 (left), MMP-9 
can cleave specifi c site of triple helical domain of type V collagen. The specifi c 
degradation products can be resolved and determined by SDS-PAGE followed by 
scanning staining intensity. Good linearity was observed between the staining 
intensity of degradation product bands (arrows) and MMP-9 activity (Figure 16.2, 
right). Therefore, the MMP-9 activity can be estimated by using intact type V 
collagen as substrate. MMP-2 activity can also be estimated in the same manner 
(data not shown). However, this assay is extensively time-consuming, as it takes a 
whole day for the reaction and another day for SDS-PAGE analysis.

The MMPs-2 and -9 can degrade gelatin, a denatured form of collagen. 
Therefore, FITC-labeled gelatin can be used as substrate for MMPs-2 and -9. 
After reaction with MMPs, the MMPs activity can be estimated by determining 
fl uorescence intensity in the supernatant after precipitation of nondegraded gela-
tin. Now, some commercial products have been available and used to estimate the 
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MMPs activity and their inhibitory activity. As shown in Figure 16.3A, linearity 
can be obtained between fl uorescence intensity and MMP-9 activity.

For estimation of MMP-9 activity, fl uorescence-quenching synthetic peptides 
such as (7-methoxycoumarin-4-yl)acetyl-l-prolyl-l-leucyl-glycyl-l-leucyl-[Nβ-
(2,4-dinitrophenyl)-l-2,3-diaminopropyl]-l-alanyl-l-arginine amide (Mca-Pro-
Leu-Gly-Leu-Dap-Ala-Arg-NH2) have been used extensively [25]. As shown in 
Figure 16.3B, good linearity can be obtained between fl uorescence intensity and 
MMP-9 activity. This approach is believed to allow specifi c, sensitive, and high-
throughput analysis of the MMPs.

FIGURE 16.3 Standard curves between MMP-9 activity and fl uorescence intensity. 
FITC-labeled gelatin (A) and Mca-Pro-Leu-Gly-Leu-Dap-Ala-Arg-NH2 (B) were reacted 
with human active MMP-9.
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of degradation products of type V collagen (arrows) was plotted against MMP-9 activity. 
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16.3.3  APPLICATION FOR ESTIMATION OF MMP INHIBITORY 
ACTIVITY IN ANIMAL AND HUMAN SERUM 

Serums from human, hamster, rat, and mouse were mixed with type V collagen 
and incubated for 24 h at 37ºC. As shown in Figure 16.4, no degradation products 
were observed (Sato et al., unpublished data). However, addition of these serums 
into the MMP-9-type V collagen reaction mixture resulted in decreased staining 
intensity of degradation products. These facts clearly indicate that these serums 
have no collagenase activity against type V collagen, namely no MMP-2 and -9 
activities but have inhibitory activity against MMP-9. The serums also have 
MMP-2 inhibitory activity (data not shown).

The FITC-gelatin and Mca-Pro-Leu-Gly-Leu-Dap-Ala-Arg-NH2 were mixed 
with the same serum samples. Unexpectedly, these substrates were extensively 
degraded by serum samples, which had no type V collagenase activity (Figure 16.5). 
These facts indicate that these substrates without triple helical structure are degraded 
nonspecifi cally by some serum peptidases that have no collagenase activity. Thus, 
false MMP activity appeared when such substrates were used. Therefore, collag-
enous substrates such as native type V collagen must be used for evaluation of col-
lagenase activity and its inhibitory activity in biological samples.

16.4 IN VITRO INHIBITION OF MMPs BY SHARK CARTILAGE

It has been demonstrated that guanidine chloride and water extracts of shark cartilage 
have inhibitory activities against MMPs [2–4,14]. Recently, occurrence of TIMP-like 
proteins in these extracts has been described [2,14]. In these studies, the extracts were 
prepared from fresh shark cartilage. In contrast, dried shark cartilage preparations 
are produced as by-products from food industry. These products  suffered from heat 

FIGURE 16.4 Effects of human and animal serums on degradation of type V collagen 
in the presence and absence of added MMP-9 (2.5 m units). The reaction mixtures were 
analyzed by 7.5% gel. The proteins in the gel were transferred to PVDF membrane and 
stained with antiserum against type V collagen.
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 treatment at 50–60ºC to remove adherent tissues and  subsequent sun drying. As shown 
in Figure 16.6, water extract of such dried cartilage has inhibitory activity, at least 
against MMPs-2 and -9. These inhibitory activities were stable after heating at 90ºC 
for 10 min. Activity-directed fractionation of the water extract revealed that MMP-9 
inhibitory activity was recovered in acidic (pI < 3.0 by isoelectrofocusing), hydro-
philic (nonadsorbed fraction by reversed phase high performance liquid chrmatogra-
phy (HPLC)) and high-molecular-weight fractions (>450 kD by Superedex 200 size 
exclusion chromatography). Together with compositional features, we concluded that 

FIGURE 16.6 Inhibition of human fi brosarcoma MMPs-2 and -9 by water extract of 
shark cartilage.
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proteoglycan fraction is responsible for the observed MMPs inhibitory activity [22]. 
However, purifi ed chondroichin sulfate C, glucosaminoglycan of shark cartilage 
proteoglycan, has no inhibitory activity. Then, it can be assumed that peptide or pep-
tide–sugar conjugate is MMP-9 inhibitory domain of the shark cartilage proteogly-
can. However, we could not detect MMP inhibitory activity in fraction with neutral 
pI and a molecular weight of less than 40 kD, which may contain TIMP. TIMP-like 
proteins in shark cartilage might lose the MMP-9 inhibitory activity during heat 
and dry treatments. The proteoglycan fraction from raw shark cartilage also has the 
MMP-9 inhibitory activity (data not shown).

The inhibitory activity against MMPs by shark proteoglycan has not been 
observed in previous studies, which can be explained by difference in preparation 
procedures. Lee et al. [4] described that most of proteoglycan remained in the 
residue after their extraction. Recent fi ndings also indicate that water extract of 
shark cartilage is free from proteoglycan [6].

16.5  EFFECT OF ORAL ADMINISTRATION OF SHARK 
CARTILAGE ON SERUM MMP INHIBITORY ACTIVITY

16.5.1 ANIMAL EXPERIMENT

There are some studies demonstrating that oral administration of shark cartilage 
or its extract can delay progression of cancer [26–28]. However, in these studies, 
the effects of oral ingestion of these products on MMPs inhibition in tissue were 
not examined. By using native type V collagen as substrate, we examined the 
inhibitory activity against MMPs-2 and -9 in serum of cancer-bearing animals 
fed basal and experimental diet containing proteoglycan fraction of shark car-
tilage. The proteoglycan fraction was prepared as described elsewhere [22]. The 
dried shark fi n cartilage was cut into small pieces (approximately 5 × 5 mm) and 
milled with dry ice. The fi ne powder was mixed with 5 volumes of cold deion-
ized water and stirred for 30 min and then pressed between cheesecloth. The 
fi ltrate was centrifuged at 5000 g for 20 min. The supernatant was mixed with
3 volumes of ethanol. The resultant precipitate was harvested by centrifugation 
and dried. The dried material was milled and used as shark cartilage proteoglycan 
fraction (SCPG). Hamsters bearing chemo-induced pancreatic duct cancer were 
given with basal and experimental diet containing 0.4% SCPG diet for 50 days. 
As shown in Figure 16.7, administration of 0.4% SCPG diet increased inhibitory 
activity against MMP-9 in the serum [22]. Although no signifi cant change in the 
inhibitory activity against MMP-2 was observed, the same amount of serum could 
inhibit approximately 10 times higher activity of MMP-2 than that of MMP-9 
[22]. Thus it could be anticipated that the increased MMP-9 inhibitory activity in 
serum could be linked to suppression of degradation of basement membrane by 
cancer. Oral administration of the SCPG also suppresses progress of carcinogen-
esis [21,22]. A similar result was obtained by using mice implanted with Ehrich 
ascetic sarcoma (unpublished data). In this animal model, an increased MMP-9 
inhibitory activity with suppression of growth of tumor was also observed.
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16.5.2 HUMAN STUDIES

Recent phase II clinical trial suggested that high dose (240 mL�day) of oral 
 administration of a formulated water extract of shark cartilage shows a survival 
benefi t in renal cell carcinoma [29]. In those studies, effects of oral ingestion of 
shark cartilage–based products on MMPs inhibitory activity in human blood and 
tissues were not examined. Then, we examined serum MMP-9 inhibitory activ-
ity of patients suffering from pancreatic cancer after oral administration of the 
SCPG (2–3 g�day) for 40 days. As shown in Figure 16.8, the inhibitory activity 
increased after 40 days of administration (Sato et al., unpublished data). The serum 
type IV collagen degradation product was also determined by ELISA. As shown 
in Figure 16.9, a higher level of degradation product was observed in the serum 
of cancer patients in comparison with healthy volunteers, indicating degradation 
of type IV collagen, possibly by MMPs, was enhanced in the cancer patients. 
After 40 days of SCPG administration, the degradation product decreased. This 
result is based on only one case owing to diffi culty in preparation of suffi cient 
amounts of SCPG in the laboratory for clinical trial. Therefore, further studies 
are necessary to prove in vivo inhibition of the MMPs in cancer patients by oral 
administration of shark cartilage–based products.

16.6 CONCLUSIONS AND FUTURE PROSPECTS

FITC-labeled gelatin and fl uorescence-quenching synthetic peptide, which are 
designed for evaluation of MMP-9 activity, are nonspecifi cally degraded by 
serum peptidase. Therefore, false MMP-9 activity may be detected in biologi-
cal samples when such substrates are used. To overcome these problems, native 

FIGURE 16.7 Increased MMP-9 inhibitory activity in serum from hamster bearing 
pancreatic duct cancer. The animals were fed diet containing 0.4% SEPG and basal diet. 
NC, negative control consists of substrate; PC, positive control substrate and MMP-9. 
Serums diluted to 1�5 were added to the reaction mixture.

NC PC SCPG Basal

α1(V)
α2(V)

CRC_DK3287_ch016.indd   414CRC_DK3287_ch016.indd   414 5/30/2007   20:59:265/30/2007   20:59:26



Shark Cartilage 415

type V collagen can be used as substrate. By using this approach, we  demonstrated 
that the protein moiety of proteoglycan fraction is responsible for the in vitro 
MMP-9 inhibitory activity in the dried shark cartilage and that oral adminis-
tration of SCPG can increase MMP-9 inhibitory activity in the serum of some 
 cancer-bearing animals. A similar positive result was observed for a cancer 
patient. This preliminary observation has encouraged us to examine the effect 

FIGURE 16.8 Increased MMP-9 inhibitory activity in serum from a patient suffering 
from pancreatic cancer. NC, negative control consists of substrate; PC, positive control 
substrate and MMP-9. Serums before and after administration of SCPG (2 g�day) for
40 days were added to the reaction mixture.

Serum from pancreatic
cancer patient

α1(V)

α2(V)

40 day0 PCNC

FIGURE 16.9 Serum level of type IV collagen fragments in healthy volunteers and a 
cancer patient (same person in Figure 16.8).
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of oral administration of SCPG on MMP-9 inhibitory activity and degradation of 
type IV collagen in other cancer patients. The techniques presented in this chap-
ter for evaluation of inhibitory activity of MMPs-2 and -9 would be a good tool 
in further clinical studies because it requires only blood as sample, which can be 
easily collected from humans and animals.
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17.1 INTRODUCTION

Calcium is known to be an essential element required for numerous functions 
in our body including the strengthening of teeth and bones, nerve function, and 
many enzymatic reactions that require calcium as a cofactor. It is also necessary 
for muscle contraction and regulation of the permeability of sodium ion across 
cell membranes including those of nerve cells. The concentration of calcium in 
the blood plasma remains almost constant and varies only slightly over time for 
a given individual [1,2]. In marine ecosystem, there is a large amount of calcium 
in the major form of calcite (CaCO3) or calcium divalent cation (Ca2+). Moreover, 
calcium with diverse physiological roles such as fertilization of egg, formation and 
growth of skeleton and shell, and nutritional metabolite is widely distributed in var-
ious marine phytoorganisms, microorganisms, invertebrates, and vertebrates. The 
ubiquitous occurrence and plentiful mass of calcium sources in marine ecosystem 

CRC_DK3287_ch017.indd   419CRC_DK3287_ch017.indd   419 5/30/2007   16:45:485/30/2007   16:45:48



420 Marine Nutraceuticals and Functional Foods

have provided a motive for study on utilization in bioavailable calcium supplements 
and fortifi ers. However, studies on application of marine bioresources for bioavail-
able calcium [3–8] are scarce. This chapter focuses on current status of knowledge 
on the utilization of marine organisms for use as calcium supplements or fortifi ers.

17.2  NEEDS FOR ALTERNATIVE CALCIUM SUPPLEMENTS 
OTHER THAN DAIRY PRODUCTS

Except for nutritional and physiological applications, calcium that originates from 
dolomite, bone meal, and oyster shell are also utilized as important ingredients in 
various industries such as food industry, electronic industry, and leather industry, 
among others. For example, calcium is used to produce acryl resin, make emulsion 
coagulants in the rubber industry, to produce additives in pulp and paper industry, 
and to make early strengthening agents (concrete strengthening agent and coating 
material coagulating agent, and others) in the construction industry. Especially 
in food and agricultural industries, calcium is utilized as a foodstuff antiseptic to 
prevent putrefaction of fruits and vegetables and help the process of cheese mak-
ing. Although most people are aware of calcium as an important element in their 
bodies, it is still severely defi cient in most diets. Calcium defi ciency in the United 
States has been considered as a major cause of osteoporosis, affecting approxi-
mately 26 million people annually [9]. In 1994, the National Institute of Health 
(NIH) Consensus panel revised the recommendations for calcium intake [10]. 

As shown in Table 17.1, the optimal calcium intake has been recommended 
to be 800 mg�day during childhood below 5 years of age, 800–1200 mg�day for 
children from age 6 to 10, 1200–1500 mg�day for adolescence or young adults 
from age 12 to 24 and pregnant or lactating women, 1000 mg�day from age 25 to 
the time of estrogen deprivation or age 65, and 1500 mg�day for elderly people. 

Generally, most common and trusted source of calcium (Table 17.2) is 
milk and other dairy products [2] However, some people, especially Asians, do 
not  prefer to take milk because of lactose indigestion and intolerance, which 
make them allergic to milk. Thus, as an alternative, these people prefer to take 
calcium-fortifi ed fruit juice, calcium-rich foods, and calcium salt supplements, 

TABLE 17.1
Recommended Calcium Intake for Various Population 
Groups (NIH Consensus Development)

Age (Years) Calcium Needs (mg/day)

Children 800–1200
Adolescents 1200–1500
Adults 1000
Elderly 1500
<65 on hormonal replacement therapy 1000
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such as calcium fumarate, citrate, lactate, carbonate, di- and tribasic phosphate, 
and gluconate. These salts are available in ingredient forms, each with their own 
calcium content, solubility, taste, and cost issues. Especially, the solubility and 
bioavailability of calcium-containing ingredients are important. Although the 
low pH condition in the stomach renders all calcium into its ionic form, precipita-
tion as insoluble calcium phosphate, depending on the amount of phosphate pres-
ent, can occur in the intestine, where the pH range is 6–7. 

The human body cannot absorb the calcium present in precipitated calcium 
phosphate. To improve solubility and bioavailability of calcium, various propri-
etary blends of calcium salts have been developed with milk protein, food acids 
and sugar, polysaccharides and calcium�amino acid chelate complexes like Ca-
casein phosphopeptides, as specifi c end-use products, depending on their fi nal 
pH [1]. Casein phosphopeptides (CPPs) derived from the intestinal digestion of 
casein have been shown to enhance bone calcifi cation in rats [11,12]. Calcium for-
tifi ers like CPPs, egg yolk phosphopeptides (phosvitin), and some organic ingredi-
ents (citrate, malate, acetate, etc.) have the capacity to chelate Ca ion and to prevent 
precipitation of Ca-phosphate salts at neutral intestinal pH [13], thereby increasing 
the amount of soluble Ca available for absorption across the mucosa [14,15]. 

In the following parts, we introduce dairy foodlike calcium supplements and 
CPP-like fortifi ers derived from marine organisms, and survey current researches 
for bioavailable calcium.

17.3 CALCIUM FROM MARINE ORGANISMS

17.3.1  UTILIZATION OF FISH SKELETAL FRAME IN 
BIOACTIVE CALCIUM SUBSTANCES

Marine capture fi sheries contribute over 50% of total world fi sh production, and 
more than 70% of this production has been utilized for processing [16]. As a 
result, every year a considerable amount of total catch is discarded as processing 

TABLE 17.2
High-Bioavailable Calcium Sources in Foods

Food Source Serving Size Calcium (mg)

Milk and Yogurt 8 oz or 1 cup 300–450
Cheese 3 oz 300–450
Bones in canned sardines and 
salmon

3 oz 181–325

Calcium-fortifi ed foods (i.e., 
orange juice, soy milk, tofu)

8 oz 200–300

Dark green, leafy vegetables 1/2 cup cooked, 1 cup raw  50–100
Nuts and seeds 1 oz 25–75

Source: http//:ag.arizona.edu/pubs/health/az1296.pdf
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leftovers and these include trimmings, fi ns, frames, heads, skin, and viscera. In 
addition to fi sh processing, a large quantity of processing by-products are accu-
mulated as shells of crustaceans and shellfi sh from marine bioprocessing plants. 
Recent estimates revealed that current discards from the world’s fi sheries exceed 
20 million tons equivalent to 25% of the total production of marine capture fi sh-
eries [16]. Therefore, there is a great potential in marine bioprocess industry to 
convert and utilize more of these by-products as valuable products. Majority of 
fi sheries by-products are presently employed to produce fi sh oil, fi shmeal, fertil-
izer, pet food, and fi sh silage [17,18]. However, most of these recycled products 
possess low economic value. Recently, bioactive compounds from remaining fi sh 
muscle proteins, collagen and gelatin, fi sh oil, fi sh bone, internal organs, and 
shellfi sh and crustacean shells were reviewed by Kim and Mendis [6]. Among 
fi sh by-products, fi sh bone or skeleton is considered as a potential source to obtain 
calcium, which is an essential element for the human health. However, only few 
studies have been carried out to identify bioavailability of fi sh bone calcium and 
its potential applications. 

Generally, calcium is obtained from the diet and it is severely defi cient in 
most of the regular diets. Therefore, to improve calcium intake, several calcium-
fortifi ed products are in the market and demand for these products is growing 
continuously. It is well documented that consumption of whole small fi sh is nutri-
tionally benefi cial providing with a rich source of calcium. Calcium in fi sh could 
be absorbed to the body as tested in vivo [3]. However, very little information 
is available on the benefi cial effects of larger fi sh bone and few attempts have 
been made to test their usage for benefi ts of human health. Fish bone material 
derived from processing of large fi sh is a useful calcium source where the quan-
tity of calcium is concerned. To incorporate fi sh bone into calcium-fortifi ed food, 
it should be converted into an edible form by softening its structure. This can 
be achieved utilizing different methods including hot water treatment and hot 
acetic acid solutions. In addition, Ishikawa et al. [19] used superheated steam 
to reduce the loss of soluble components from fi sh tissue and that enabled bet-
ter recovery of bone within a shorter period. Jung et al. [20] performed enzy-
matic degradation in acetic acid solution (pH 2.0) by pepsin to easily dissolve 
both mineral and organic parts of fi sh bone. Pepsinolytic degradation of Alaska 
pollack bone in acidic condition could lead to the highest degree of hydrolysis 
in comparison with those of other enzymes. Moreover, Jung et al. [7,8] isolated 
high calcium- binding  oligophosphopeptide from hoki fi sh skeletons by an enzy-
matic degradation method with carnivorous intestinal crude enzymes in an ultra-
fi ltration membrane bioreactor system. In this study, it has been observed that 
calcium-binding activity of the fi sh bone peptides (FBP) II was similar to that 
of CPP. Further, the pH of the reaction system was maintained at 7.8, because 
low pH could increase the solubility of the insoluble calcium salt. As reported 
by Jiang and Mine [21], the solubility of 36.3 mg�L of Ca could be obtained 
at 200 mg�L of the oligophosphopeptide from egg yolk phosvitin with 35% 
phosphate retention, and the solubility was higher than that of commercial 
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CPP II (Meiji Seika Co., Ltd., Tokyo, Japan). Furthermore, in vivo studies with 
osteoporosis modeling rat have elucidated that the FBP II  fractionated in the 
molecular weight range of 5.0–1.0 kDa increased Ca solubility and bioavail-
ability. Menopause is a time when estrogen defi ciency leads to accelerated bone 
resorption and negative bone balance. Another study has been undertaken to 
evaluate the benefi cial effects of FBP as a Ca fortifi er in osteoporosis induced 
by  ovariectomy and a concurrent low-Ca diet. During the experimental period 
corresponding to the menopause with osteoporosis disease, the loss of bone min-
eral (Ca) was decreased by FBP II supplementation in the ovariectomized rats. 
After the low-Ca diet, the FBP II diet, including both normal levels of Ca and 
vitamin D, signifi cantly decreased Ca loss in feces and increased Ca retention as 
compared with the control. The levels of femoral total Ca, bone mineral density, 
and breaking strength were also signifi cantly increased by FBP II diet to a level 
similar to those of the CPP diet group (no difference; P < 0.05). Based on these 
data, it was suggested that increased Ca retention by FBP II intake may lead to 
the prevention of mineral loss in the osteoporosis-modeling rats. As reported by 
Larsen et al. [3,4], the intake of small fi sh with bones can increase Ca bioavail-
ability, and the small fi sh may be an important source of Ca, especially in popula-
tion groups with low intake of milk and dairy products. Thus, these results prove 
the benefi cial effects of fi sh meal in preventing Ca defi ciency owing to increased 
Ca bioavailability by FBP intake. Furthermore, there is a potential to these fi sh 
peptides to provide a novel nutraceutical with a high bioavailability for Ca to 
Oriental people with lactose indigestion and intolerance and Ca-fortifi ed supple-
ments, such as fruit juice or Ca-rich foods, as alternatives to dairy products.

In the case of marine calcium in medicinal application, attempts have been 
taken to isolate fi sh bone–derived hydroxyapatite and use them as an alternate for 
synthetic hydroxyapatite [22,23]. Recently, hydroxyapatite [Ca10(PO4)6(OH)2] has 
been introduced as a bone graft material in a range of medical and dental applica-
tions because of their similar chemical composition. Generally, bone substitution 
materials such as autografts, allografts, and xenografts are used to solve problems 
related to bone fractures and damages. However, none of these materials provides 
a perfect bone healing owing to mechanical instability and incompatibility. Cur-
rently, calcium phosphate bioceramics such as tetracalcium phosphate, amorphous 
calcium phosphate, tricalcium phosphate, and hydroxyapatite are identifi ed as most 
suitable bone substitution materials to address the demand. Fish bone material may 
serve as an important source for biomedical applications owing to the presence 
of hydroxyapatite as the major inorganic constituent. Unlike other calcium phos-
phates, hydroxyapatite does not break under physiological conditions. In fact, it 
is thermodynamically stable at physiological pH and actively takes part in bone 
bonding. This property has been exploited for rapid bone repair after major trauma 
or surgery. Hydroxyapatite is derived from natural materials such as coral and fi sh 
bone [24]. Generally, very high heat treatment is used for isolation of hydroxyapa-
tite from fi sh bone and this temperature gives a higher strength to hydroxyapatite 
structure [25] and results an excellent biocompatible inorganic substance [26–28].
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17.3.2 HIGH ABSORBABLE CORAL CALCIUM

Ayurveda, an ancient system of Indian medicine has mentioned several calcium 
preparations in the correction of bone metabolic disorders such as  osteoporosis. 
Praval bhasma (PB, Coral calx) a natural source of rich calcium in marine eco-
system, predominantly consists of CaCO3 and is widely used in ayurveda as 
calcium supplement from time immemorial. Moreover, because of appropriate 
ayurvedic processing of PB, it has the advantage of easy absorption from the 
intestine [29].

Reddy et al. [30] evaluated the effi cacy of PB on the progress of bone loss in 
calcium-defi cient diet fed ovariectomized (OVX) rats. According to the results, 
calcium-defi cient OVX rats developed bone changes similar to those seen in 
osteoporotic women as indicated by a decrease in femur weight, density, and 
bone mineral content. Treatment with PB signifi cantly prevented the reduction 
in bone density and bone mineral content, especially in calcium and phosphorus 
levels despite ovariectomy and calcium defi ciency. The unchanged levels of cal-
cium and phosphorus in plasma of sham and Ca-defi cient�OVX (CD-OVX) group 
indicates that homeostatic mechanisms were able to maintain plasma levels of 
these minerals despite ovariectomy. Treatment with PB signifi cantly increased 
and maintained the serum calcium level, thus indicating good absorption from 
the intestine. Fasting urinary calcium excretion is also a useful variable for 
estimating net bone resorption. PB-treated animals showed decreased urinary 
calcium excretion despite elevated serum calcium levels, suggesting that more 
calcium might be deposited in bones. The assumption could be true as it is evi-
dent from the increased ash weight, percent ash, and mineral content in femurs 
of PB-treated group compared to CD-OVX group. In addition, high-resolution 
radiography such as CT-scanning technique employing magnifi cation to assess 
cortical bone loss has indicated a decreased cortical area and increased medul-
lary width and cross-sectional area suggesting increased bone loss in CD-OVX 
animals. In conclusion, the authors have discussed that treatment with PB in the 
adult rat model of osteoporosis exerted desired benefi cial effects on the inhibition 
of bone resorption, thereby justifying its continued use. In addition, a group fed 
with normal calcium diet as a positive control have strengthened the claim that 
the effi cacy of PB in rats is through improvement of calcium absorption. Nev-
ertheless, the results of this study clearly indicate the benefi cial effects of PB in 
preventing bone loss as indicated by various parameters in the PB-treated group 
compared to the CD-OVX group. Furthermore, it is widely believed that calcium 
supplements of natural origin such as PB probably could have trace amounts of 
lead or other toxic substances that may cause concern for safety.

17.3.3 CALCIUM BIOAVAILABILITY OF MARINE ALGAL POWDER

Marine algae have been a valued food in Asia for thousands of years because of 
its highly nutritious qualities. They provide the body with a full array of nutrients 
including complete protein, complex carbohydrates, essential fatty acids, fi ber, 
vitamins, minerals, enzymes, and trace elements. Marine algae are thought to 
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exert medicinal properties to prevent a number of disease complications in the 
human body.

However, marine algal–derived valuable proteins, minerals, and isofl avons on 
bone metabolism has not yet been clarifi ed. Recently, the effect of various algae 
on bone calcifi cation in the femoral-metaphyseal tissues of rats was investigated 
by Yamaguchi et al. [31]. The study was undertaken to determine the effect of 
various marine algae on bone calcifi cation in the femoral metaphyseal tissue of 
rats in vivo and in vitro. Marine algae (Undaria pinnatifi da, Sargassum horneri, 
Eisenia bicyclis, Cryptonemia scmitzana, Gelidium amansii, and Ulva pertusa 
Kjellman), which are utilized in food, have been used in this study. Water suspen-
sions of marine algae powder were orally administered to rats and it was observed 
that bone calcium content was signifi cantly increased by the administration of 
U. pinnatifi da, S. horneri, E. bicyclis, or C. scmitziana. Bone alkaline phospha-
tase activity, which is an enzyme for calcifi cation, was signifi cantly enhanced by 
the administration of S. horneri or G. amansii. Moreover, bone calcium content 
was signifi cantly elevated in the presence of S. horneri extract (25 and 50 μg�mL). 
It was elucidated that S. horneri extract had an anabolic effect on bone calcifi ca-
tion in vivo and in vitro. In this study, it was suggested that prolonged intake of 
S. horneri extract may play a role in the prevention of bone loss with increasing 
age. These data suggest that much more remains to be elucidated in animal mod-
els of osteoporosis. Thus, marine algae (S. horneri) extract has an anabolic effect 
on bone calcifi cation in animal models of osteoporosis and hence may play a role 
in the prevention of osteoporosis.

17.3.4  LOW MOLECULAR PHOSPHORYLATED CHITOOLIGOSACCHARIDES 
DERIVED FROM CRAB SHELL AS A CALCIUM FORTIFIER

Chitosan is a deacetylated polymer of N-acetylglucosamine, which is obtained 
after alkaline deacetylation of the chitin derived from the exoskeletons of crus-
taceans and arthropods. Recently, considerable attention has been given for its 
commercial applications in biomedical, food, and chemical industries. In addition, 
chitosan has been widely used in vastly diverse fi elds such as pharmaceuticals, 
medicine, and biotechnology. However, increasing attention has recently been paid 
to convert chitosan into its oligosaccharides because of their biological activities, 
such as antitumor activity [32,33], immunostimulating effects [34,35], enhancing 
protective effects against infection with some pathogens in mice [36], antifun-
gal activity [37], antimicrobial activity [38–40], angiotensin I converting enzyme 
(ACE)-inhibitory activity [41], and radical scavenging activity [42,43]. Kim and 
Mendis [6], reported that phosphorylated chitooligosaccharides (P-COSs) exhib-
ited inhibitory activity against the formation of insoluble calcium phosphate at 
neutral pH. Furthermore, P-COS with low molecular weight  exhibited the highest 
inhibitory activity of calcium phosphate precipitation. Its inhibitory activity, espe-
cially at concentrations of more than 4 mg�mL, was similar to that of CPP, which 
is widely used as a calcium-fortifying agent that improves calcium absorbability. 
Therefore, this study illustrated that phosphorylated chitooligosaccharides can be 
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considered as potential inhibitors of calcium phosphate precipitation.  Furthermore, 
in vivo effect of COSs was also elucidated by Jung et al. [8]. In this study, 
low-molecular-weight COSs obtained using an ultrafi ltration (UF) membrane 
reactor system, inhibited the formation of insoluble calcium salts in the neutral pH. 
In vivo effects of COSs on Ca bioavailability were further studied in the osteoporosis 
rats model induced by ovariectomy and concurrent low calcium intake. During 
the experimental period corresponding to the menopause with the osteoporosis 
disease, calcium retention was increased and bone turnover was decreased by COS 
IV (molecular mass of <5.0 kDa) supplementation in the OVX rats. After a low-Ca 
diet, COS IV diet including both normal level of calcium and vitamin D signifi -
cantly decreased calcium loss in feces and increased calcium retention compared to 
the control diet. The levels of femoral total calcium, bone mineral density (BMD), 
and femoral strength were also signifi cantly increased by the COS IV diet in a simi-
lar level to those of CPP diet group. In the study, the results proved the benefi cial 
effects of low-molecular-weight COS IV in preventing negative mineral balance.

In addition, Kim et al. [44] previously reported that COSs do not exert any 
toxic effects in experimental diet groups of Sprague–Dawley rats fed with 500, 
1000, and 2000 mg�kg�day. This suggestion was made observing weight change, 
general symptoms, food consumption, urinalysis, hematology, blood biochemis-
try, and relative organ weights of COS-treated rats. Further, this study states that 
further studies are needed to confi rm the bioavailability of the chitosan deriva-
tive, P-COS using in vivo studies and it may serve as potential inhibitors of cal-
cium phosphate precipitation.
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18.1 INTRODUCTION

It has become increasingly accepted that nutrition and health are closely 
 interconnected. There has also been a shift in the concept of optimal nutrition 
from simply preventing diseases stemming from malnutrition, to reducing the risk 
of chronic disease [1,2]. Intense research has focused on the effect that nutrition 
has on the immune system and its proper functioning, and also on the changes in 
nutrient utilization caused by immune response [3–6]. Consequently, a great deal 
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of attention has been paid to the management of chronic disease involving the 
immune system and naturally, to agents capable of modifying immune response, 
also known as immunomodulators.

Immunomodulators drive the host’s biological response and thus provide 
therapeutic effects by stimulating the immune system, or in some cases suppress-
ing aspects of immunity such as allergic response. These agents can induce the 
body’s own defense mechanisms in both a specifi c and nonspecifi c manner, but 
only have a weak antigenic effect. They generally infl uence the proliferation of 
immunocompetent cells without leaving behind any memory reaction. The pri-
mary targets of the immunomodulatory substances are macrophages, granulo-
cytes, as well as T and B lymphocytes. Their effects may be direct or indirect, for 
example, via the complement system or the lymphocytes; via the production of 
interferon or lysosomal enzymes; as well as via an increase in macrophagocytosis 
and microphagocytosis.

The agents that enhance host resistance could potentially prove effective 
in the prevention of opportunistic infections in patients at risk, in treatment of 
chronic, persistent, chemotherapy-resistant bacterial and viral infections, cancer, 
immunodefi ciency disease, generalized immunosuppression, and as adjuvants 
for vaccines. The agents that suppress immune reactions are used in managing 
autoimmune disease, gastrointestinal tract diseases, and transplantation surgery. 
The complex interplay between specifi c and nonspecifi c defense mechanisms 
produces cascade effects and simultaneous infl uences on defense mechanisms 
of a different nature. Immunomodulators are, along with vaccines, part of a fast 
growing category of new bioactives.

18.2 IMMUNOSTIMULANTS OF MARINE ORIGIN

The marine environment is a rich source of materials with incredible structural 
diversity [7–9]. In the past few years, more than 3000 compounds have been iden-
tifi ed and some have entered clinical trials [10]. These chemical entities are prime 
candidates for the development of new drugs and nutraceuticals. Much atten-
tion has been paid to seaweed and algae, traditionally food sources, since it was 
observed that some have not only nutritional effects, but are also important for 
maintaining good health and even curing disease [11–14]. Indeed there is much 
scientifi c evidence that certain materials of marine origin contain substances that 
exhibit major physiological effects, including immunomodulatory activity.

Emerging scientifi c evidence that supports the benefi t of nutraceuticals for 
the prevention of disease and improvement of health is a strong factor in the 
growth of this industry. The immune system by its very nature holds the key to 
optimum health, and therefore considerable attention has been paid to immuno-
modulators. This chapter will discuss sources and chemical nature of marine-
based immunomodulators, preparations that enhance host resistance or decrease 
aspects of immunity such as infl ammatory or allergic response. Two of Ocean 
Nutrition Canada’s products, ONC-106, a material isolated from shark cartilage 
and  Respondin™ (ONC-107), a proprietary potent immune response modifi er 
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extracted from an edible green microalga Chlorella pyrenoidosa will be  discussed 
in some detail later in the chapter.

18.2.1 LOW MOLECULAR MASS IMMUNOSTIMULANTS

18.2.1.1 Omega-3 Polyunsaturated Fatty Acids and Alkylglycerols

There is some evidence that fi sh and plant seed fatty acids have anti-infl ammatory 
and immunomodulatory properties [15]. However, a great deal of work is needed 
to develop a better understanding of their effects on the immune system. Some 
data suggest that they could serve as a base for the development of more benign 
therapy for rheumatoid arthritis. For instance, studies show that fi sh oil prepara-
tions (1.7 g-EPA-dose spiked with DHA) have the capacity to reduce nonsteroi-
dal anti-infl ammatory drug (NSAID) or disease modifying antirheumatic drugs 
(DMARD) requirements [16].

Marine- and plant-derived omega-3 polyunsaturated fatty acids (PUFA) 
(Figure 18.1) also had an effect on T cell-mediated immune response in zyno-
molgus monkeys. Animals were fi rst fed a 14-week baseline diet; then for two 
consecutive 14-week periods, two groups of animals were fed diets containing 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and two groups 
were fed a diet containing α-linolenic acid (ALA). Both types of diet signifi cantly 
decreased the percentage of T cells, T helper cells, and T suppressor cells. In both, 

FIGURE 18.1 Structures of ALA, DHA, EPA, and ITA.
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proliferative response of lymphocytes to T-cell mitogens and levels of IL-2 were 
signifi cantly increased in the group of animals receiving diet containing a higher 
dose of EPA and DHA. No signifi cant changes in mitogenic response or IL-2 pro-
duction were found among animals receiving ALA diets [17]. There is emerging 
evidence that PUFA control the normal infl ammatory process by acting as signal 
modulators, which regulate specifi c enzymatic activities typically elevated dur-
ing infl ammation at the infl ammation site. For instance, E-SAR 94010, a marine 
fi sh extract, lowered triglyceride plasma levels of mice pups and their mothers. 
Lymphocyte cell studies revealed a clear immune activation as measured by the 
increased levels of CD25, CD28, CD54, CD56, and CD62 markers on lympho-
cytes derived from both E-SAR 94010–treated mothers and their newborns. The 
study concluded that E-SAR 94010 dietary supplementation improved the quality 
of immune surveillance [18].

Mohgaddam et al. [19] reported the fi rst isolation of 12-(S)-hydroxy-5,8,10,14-
eicosatetraenoic acid (ITA) (Figure 18.1) from a plant, the tropical marine alga 
Platysiphonia miniata (C. agardh) Borgesen. This potent mammalian immune 
hormone is a 12-lipoxygenase metabolite of arachidonic acid that is widely
distributed in animal tissues. It is produced and secreted by platelet cells and 
elicits both  chemotactic and degranulatory responses in target neutrophils. This 
immune hormone has previously been found in animal tissues only, but this is the 
fi rst time it has been found in plants.

The oils from the ratfi sh (Chimera monstrosa) liver have been used as a folk 
remedy by Scandinavian fi shermen for centuries. They were used for  maintaining 
general health as well as for specifi c purposes, including wound healing and 
the treatment of irritation. These oils are particularly rich in O-alkylglycerols. 
O-alkylglycerols were also isolated from other sources, including oil from shark 
and fl at fi sh liver [20]. There is a great deal of evidence in the scientifi c litera-
ture demonstrating the immunomodulatory activity of O-alkylglycerols and their 
derivatives.

O-alkyldiacylglycerols and O-alkylglycerols obtained from bone marrow and 
shark liver oil, respectively, were effective in the treatment of leukopenia caused 
after irradiation and were also benefi cial in the treatment of thrombocytopenia. For 
instance, in one trial, 100 patients suffering from irradiation leukopenia were exam-
ined and a selected cohort received O-alkylglycerols. Seventy-fi ve percent of these 
patients showed a signifi cant increase in leukocyte count. The leukocyte count was 
also boosted in patients with cervical cancer receiving radiotherapy in another trial 
[21]. In another study, patients with cervical cancer were vaccinated against typhus-
paratyphus (TABC) on the day before and after implantation of radium. The treat-
ment group (O-alkylglycerol + radiation) was receiving 0.3 g of O-alkylglycerols 
immediately after the fi rst vaccination. The serum samples were taken before the 
vaccination and after 3 weeks, that is, before the second implantation of radium. 
The formation of antibodies was more pronounced for the alkoxyglycerol group 
than for the group subjected to the standard treatment of radiation only [22].

Complex injuries due to the cancer growth and radiation were reduced 
to about one-third in a group receiving daily dose of 0.6 g of alkylglycerols 
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 prophylactically [23]. In a trial in which patients with cancer of the uterine cer-
vix were treated with preparations from Greenland shark liver oil in combination 
with radiation, mortality was reduced to 50% after 36 months of treatment, com-
pared to the group that received radiation only. The general immune response 
of the alkylglycerol-treated group was enhanced [21]. A functional response in 
human neutrophils was stimulated with O-alkylglycerols as well [24]. The data 
on immune boosting potential of O-alkylglycerols should be interpreted with 
caution since apart from a few studies conducted by other groups [25–28], most 
of the data come from studies carried out by one group led by The Brohults. In 
addition, The Brohults has attempted to commercialize an O-alkylglycerol prod-
uct through AB Astra Pharmaceuticals. Between 1958 and 1975, The Brohults 
published data on 841 patients who have received radiotherapy together with 
O-alkylglycerols. The results showed signifi cant statistic improvement with a 12.1% 
reduction in advanced cancers, compared to the group not receiving prophylactic 
O-alkylglycerol treatment. However, rigorous evaluation of their method-
ologies and results’ interpretation leaves many unanswered questions and per-
haps undermines to some extent evidence for the signifi cance of alkylglycerol
treatment [29].

In relation to the work of The Brohults, it should be pointed out that others 
found immunomodulating activity in structurally relevant materials. For instance, 
Homma and Yamamoto [30] found that a brief in vitro treatment of peritoneal cells 
with 50 ng�mL of dodecylglycerol signifi cantly enhanced Fc-receptor-mediated 
ingestion activity of macrophages. Dodecylglycerol alone in combination with 
lysophosphatidylcholine enhanced antibody production in mice and may have 
practical use as an adjuvant [31]. Interestingly enough, alkyl-lysophospholipids 
that have been developed for combating cancer are synthetic, and coincidentally, 
platelet activating factor (PAF) is a phospholipid with almost identical structure 
to that of the most active synthetic preparations [32]. There is also scientifi c evi-
dence that biosynthesis and metabolism of O-alkylglycerols is strongly associated 
with oncogenic transformation of cells [33]. For instance, cells with high levels 
of diacyl alkylglycerols generate more tumors when transplanted to mice than 
neoplastic cells with low levels of these molecules [34].

18.2.1.2 Other Low-Molecular-Weight Immunostimulants

Bryostatin 1, a member of a family of structurally related macrocyclic lactones, 
has been shown to impact the steady-state expression of the human immuno-
defi ciency virus (HIV) receptor, CD4, produced by normal peripheral blood 
T lymphocytes. Incubation of the cells with 5 nM of bryostatin 1 caused a sub-
stantial loss of CD4 from the cell surface and the modulation of CD4 expression 
was not due to a cytotoxic effect. In accordance with previous fi ndings by May 
et al. [35] and Hess et al. [36] showing that bryostatin 1 promotes the develop-
ment of murine bone marrow progenitor stem cells and secretion by T lympho-
cytes, bryostatin 1 also elevated the expression of the IL-2 gene. The data also 
 indicate that bryostatin 1 inhibits the glycosylation and expression of CD4 similar 
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to  tunicamycin [37], and the study indicates that the compound could be useful in 
restorative immunotherapy. Bryostatin 1 also induces cytokine release and expan-
sion of tumor-specifi c lymphocyte populations [38,39] (Figure 18.2).

Two novel steroids with an unusual carboxyl group at the C-14 site, penas-
terone, and acetylpenasterol, isolated from the Okinawan marine sponge Penares 
incrustans inhibited histamine release from rat peritoneal mast cells induced by 
anti-IgE in a dose-dependent manner. Penasterone was markedly more potent 
than cromolyn (Aventis, Bridgewater, NJ), a popular antiallergy medicine [40]. 

Another Okinawan sponge Agelas mauritianus contains antitumor immuno-
stimulants called agelaspins. These marine natural products are glycolipids with 
a characteristic α-galactosylceramide structure [41,42], and exhibit potent immu-
nostimulatory activity in a mixed lymphocyte reaction assay. This discovery led 
to the development of KRN7000, a new type of antitumor immunostimulant [43] 
(Figure 18.3). The drug is a dendritic cell activator, it fi rst stimulates antigen-
presenting cells and natural killer T (NKT) cells and then activates natural killer 
(NK) cells, macrophages, and T cells.

18.2.2 BIOPOLYMER IMMUNOSTIMULANTS

18.2.2.1 Peptides and Proteins

Eisenin (l-pyroGlu-l-Gln-l-Ala) is a tripeptide extracted from a brown marine 
algae known as arame (Eisenia bicyclis Setchell) (Figure 18.4). This algae has 
been used as a folk remedy for human cancers, and eisenin together with fucoidan 
are the known principles responsible for its bioactivity. Kojima et al. [44] dem-
onstrated in a 51Cr release assay that this peptide enhanced natural cytotoxicity 
of peripheral blood lymphocytes (PBLs) in humans, and the effect was attrib-
uted to NK cells activity. Eisenin made K-562 target cells resistant to lysis by 
PBL. Interestingly, both l-pyroglutamic acid and l-alanine, or a mixture of all 

FIGURE 18.2 Structure of bryostatin 1.
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FIGURE 18.3 Structures of penasterone, acetylpenasterol, and KRN7000.
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three building blocks of eisenin could augment the NK cell activity in the assay 
as well. Eisenin is similar in composition and its behavior in certain biologi-
cal assays to a familiar immunostimulator N-acetylmuramyl-l-alanyl-d-isoglu-
tamine, muramyldipeptide (MDP). Eisenin also resembles in size and bioactivity 
the immunostimulatory tetrapeptide tuftsin [45]. However, contrary to tuftsin, 
which stimulates NK cells directly, eisenin needs assistance from accessory cells 
for augmentation of natural cytotoxicity of PBL.

In 1976, a paper appeared [46] reporting on a preparation, sea star factor, 
isolated from the echinoderm Asterias forbesi celomycetes. The study demon-
strated that the factor was a potent inhibitor of the primary immune response 
to T-dependent antigens and a suppressor of concavalin A (Con A)–induced 
mitogenesis. A later study revealed that macrophages obtained from rats receiv-
ing i.p. injection of 0.2 mg of the factor suppressed proliferation of tumor cells 
in vitro [47]. The cytostatic effect of these macrophages was demonstrated 
against syngenic, allogenic, or xenogenic (murine origin, P815-X2 of DBA�2 
strain)  targets and was not immune specifi c. The data indicate that the cytostatic 
effect is manifested in three major stages: cyto-adhesion, macrophage-dependent 
state, and macrophage-independent state. Suppression of tumor cell division by 
the sea star factor–activated macrophages required direct contact between viable 
effector macrophages and tumor target cells for a relatively prolonged period to 
achieve maximum cytostatic effect. The main active component of the sea star 
factor is a 38 kDa protein consisting of a heavy chain (25.3 kDa) and a light chain
(12.7 kDa) [46]. 

Lectins are well known for their immunostimulatory effects, and they have 
been in use as specifi c lymphocyte stimulators [48]. They have also been recently 
isolated from algae [49]. Amansin, a lectin from Amansia multifi da stimulated 
proliferation of human peripheral mononuclear cells at concentrations as low 
as 3.12 µg�mL. The activity was signifi cantly reduced at the concentration of
12.5 µg�mL and particularly at 50.0 µg�mL. Amansin stimulated production of 
IFN-γ, particularly at concentrations as low as 6.25 mg�µL [50].

Several studies support claims that keyhole limpet hemocyanin (KLH), a 
protein widely used as hapten carrier, is also a nonspecifi c immune stimulant. 
The fi rst clinical use of KLH in immunotherapy was for posttreatment of bladder 
cancer after radiotherapy and was reported by Olsson 30 years ago. This study 
showed a decreased rate of recurrence of the disease in the group using KLH [51]. 
In a later clinical trial, patients were fi rst given an injection to evoke an immune 
response, followed by 18 monthly intravesical instillations in saline solution. The 
trial included 101 patients, and signifi cantly higher numbers of patients receiv-
ing KLH had complete response or some degree of improvement, compared to a 
number of patients in the study arm receiving Mitomycin C, indicating response 
rates comparable to Bacille Calmette-Guérin (BCG), though those using KLH 
reported fewer side effects. No systemic toxicity or other adverse side effects were 
observed in subjects using KLH [52]. KLH was also shown to produce a more 
predictable behavior than BCG, with similar results and fewer side effects [52,53]. 
The advantage of KLH is its apparent lack of toxicity. Lamm et al. compared KLH 

CRC_DK3287_ch018.indd   438CRC_DK3287_ch018.indd   438 6/18/2007   7:49:04 AM6/18/2007   7:49:04 AM



Immunoenhancing Preparations of Marine Origin 439

and Immucothel®, a form of KLH modifi ed for clinical use (Biosyn  Arzneimittel 
GmbH, Fellbach, FRG) and concluded that both crude KLH and Immucothel 
appear to be effective immunomodulators in the treatment of transitional cell 
carcinoma [54]. Immucothel is primarily used for treatment of bladder cancer and 
has received marketing approval in the Netherlands, Austria, and Korea.

The best responders to KLH immunotherapy are patients with refractory car-
cinoma in situ (CIS), which is a more diffi cult form of transitional cell carcinoma 
(TCC) to treat. For instance, in a study by Lamm et al. [55], 11 of 19 CIS patients, 
10 of 20 patients with papillary TCC, and 4 of 12 patients with both forms of 
bladder cancer showed a positive response. KLH has been shown to be effective 
against tumor recurrence in bilharzial bladder with papillary TCC. The immu-
notherapy resulted in the reduction of the recurrence rate to 15.4% compared 
to 76.9% not receiving KLH therapy [56]. KLH enhances the host’s immune 
response by interacting with T cells, monocytes, macrophages, and polymorpho-
nuclear macrophages. It induces both a cell-mediated and humoral response in 
both animal and man. Other multicenter clinical trials have confi rmed the benefi -
cial effect of KLH given intravesically for 6 weeks to patients with various stages 
of bladder cancer and a variety of genitourinary tumors [57,58].

In addition, multiple cancer cell lines were tested for their responsiveness, 
including estrogen-dependent breast (MCF-7), estrogen-independent breast 
(ZR75-1), pancreas (PANC-1, MIA-PaCa), and prostate (DU145). Growth of can-
cer line ZR75-1 was slowed by 43% at 72 h, whereas treated MCF-7 cells had an 
average of 40% growth inhibition at the equivalent dosing. Treated PANC-1 cells 
had a mean growth inhibition of 19% at 72 h, and the DU145 prostate cancer cell 
line averaged a 6% growth inhibition over the concentrations tested [59]. The 
authors found in previous experiments that KLH induces changes in IL-2 and 
IL-12 produced by cancer cells. 

Use of KLH as an immunomodulator is interesting since it is very popular as 
a hapten carrier to help trigger production of antihapten antibodies, that is, it is 
an antigenic material. It is not a typical immunomodulator since immunomodula-
tors are predominantly preparations displaying very low degree of antigenicity. 
KLH are blue copper proteins, which serve as oxygen carriers in the blood of the 
keyhole limpet Megathura crenulata, a marine gastropod. KLH occurs as two 
distinct isoforms. Each of these molecules is based on a very large polypeptide 
chain, the subunit (molecular mass ca 400 kDa), which is folded into a series of 
eight globular functional units (molecular mass ca 50 kDa each). Twenty copies 
of this subunit form a cylindrical quaternary structure with molecular mass of 
about 8 MDa [60].

18.2.2.2 Protein Polysaccharide Complexes

Cho et al. [14] discovered an antitumor activity of the protein–polysaccharide 
fractions from sea staghorn and laver toward sarcoma-180 cells. The polysaccha-
ride contents of these extracts were above 60% and fructose was the most common 
sugar. Similar to the immunomodulators ONC-106 and Respondin™ developed by 
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Ocean Nutrition Canada, which also contain protein and polysaccharide active 
components (see Sections 18.2.4 and 18.2.5), the amino acids of the protein 
 portion of the extracts were mostly acidic or neutral; the major amino acids were 
Asp, Glu, Gly, and Cys. Dose of 50 mg�kg of sea staghorn extract inhibited the 
tumor growth by more than 50% and increased life span (ILS) after laver extract 
administration was extended by about 17% at that dose. Also, the number of total 
peritoneal exudate cells in the group with administered sea staghorn extract was 
increased signifi cantly in comparison with that of the control group. 

18.2.2.3 Nonglucan Polysaccharides

More than 3600 varieties of marine macroalgae and seaweed are known. Some 
of the bioactivities are clearly attributed to the polysaccharides they contain, 
 particularly to those that are sulfated [8]. For instance, the effects of carra-
geenan on the immune system have been known for many years; the polysac-
charide has been used as an immunosuppressant in renal transplant management 
[61].  Immunoadjuvant, immunostimulant, and immunosuppressant activity of 
carrageenans were observed in multiple studies [62,63]. It was discovered that 
 carrageenans act as T-cell mitogens [64], induce production of granulocyte mono-
cyte colony stimulating factor (GM-CSF) [65], and stimulate proliferation of 
mouse B cells [66].

Chitosan oligosaccharides are also known for their immunostimulatory 
 activity. Chitosan is a deacetylated form of chitin, a naturally occurring linear 
polysaccharide component of the shells of crustaceans, invertebrates, and fungi 
(Figure 18.5). Chitin is a heteropolymer composed of N-acetyl-d-glucosamine 
units, typically with less than 15% being deacetylated, whereas chitosan is typi-
cally deacetylated chitin containing usually not more than a 15% of acetyl groups. 
Although most chitosans are manufactured from chitin, naturally occurring chi-
tosans exist as well. Cellulase digestion of chitosan followed by acetylation of the 
hydrolysate resulted in a mixture of chitosan oligomers that stimulated prolifera-
tion of humanlike macrophages. A sample with 100% acetylation level stimulated 

FIGURE 18.5 Structures of chitin (left) and chitosan (right).
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cell proliferation most effectively. Also the levels of serum immunoglobulin G 
(IgG) and immunoglobulin M (IgM) were signifi cantly higher with the totally 
acetylated preparation. The product also enhanced the Con A- and lipopoly-
saccharide (LPS)-induced proliferation of mouse lymphocytes [67]. It was also 
discovered that intranasal application of chitin microparticles down-regulates 
symptoms of allergic hypersensitivity to Dermatophagoides pteronyssinus and 
Aspergillus fumigatus in murine models. Previous studies have demonstrated that 
chitin in the form of microparticles that can be phagocytosed is a potent macro-
phage stimulator and promotes a Th1 cytokine response. It has been shown that 
oral administration of chitin microparticles is effective in down-regulating serum 
IgE and lung eosinophilia in a mouse model of ragweed allergy. The intranasal 
application of chitin microparticles effectively reduces serum IgE and periph-
eral blood eosinophilia, airway hyperresponsiveness and lung infl ammation in 
both allergy models. It results in elevation in Th1 cytokines IL-12, IFN-γ, and 
TNF-α and reduction in IL-4 production during allergen challenge. The stimula-
tion of the nasal-associated lymphoid tissue with chitin microparticles could offer 
a natural approach to treating human allergies [68].

Okai et al. [11,69] observed stimulation of murine spleen cells with poly-
saccharide fractions from seaweed, an edible marine algae Hizikia fusiformis. 
The extract stimulated the release of TNF-α from macrophages of endotoxin- 
non-responder C3H�HeJ mice. The activity was not only detected in both the poly-
saccharide and nonpolysaccharide fractions but was associated primarily with the 
polysaccharide components. The extract displayed stimulation of B cells and it 
was not effective in T-cell stimulation. The active components in the carbohydrate 
fractions are polysaccharides with molecular masses of about 2000 and 70 kDa. 
The smaller polysaccharide was much more stimulatory with regard to the release 
of TNF-α from macrophages. The authors did not specify the compositions of 
the polysaccharides, but indicated that they primarily contained galactose and 
mannose but did not contain signifi cant amount of glucuronic and mannuronic 
acid. These polysaccharides, particularly the smaller-sized one, also enhanced 
macrophage-dependent suppression against the growth of EL-4 tumor cells in an 
in vitro culture experiment. The immune boosting properties of the polysaccha-
rides may play a signifi cant role in the prevention of and protection from cancer. 
The polysaccharide fraction was further refi ned using an anion exchanger and the 
purifi ed fraction stimulated the production of IgG and IgM, and release of IL-1α 
and TNF-α from the macrophages of endotoxin nonresponder mice. 

Yoshizawa et al. [70,71] demonstrated in both in vivo and in vitro models, 
macrophage-stimulating activity of fractions predominantly composed of poly-
saccharides isolated from edible marine algae Porphyra yezoensis. The average 
molecular mass of these polysaccharides was 400 kDa and 1.73 MDa, respec-
tively. The polysaccharides were made of a signifi cant number of largely sulfated 
3,6-anhydrogalactose units and porphyran was the main component. Both poly-
saccharides stimulated production of TNF-α and nitric oxide by macrophages but 
the larger one was a better stimulator. The larger polysaccharide also stimulated 
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secretion of IL-1, and the smaller polysaccharide fraction had a stronger effect on 
carbon clearance activity of phagocytes of the injected mice.

Liu et al. [72] observed that certain seaweed stimulate proliferation of mouse 
B cells in vitro, including those of LPS nonresponder C3H�HeJ mice strain. The 
production of immunoglobulins by B cells was also enhanced, and the extracts 
also stimulated production of TNF-α by mouse macrophages. The most potent 
extracts were those of Hizikia fusiformis and Meristotheca papulosa. A glycopro-
tein from Meristotheca papulosa with molecular mass of 100 kDa was respon-
sible for the activity of the extract, but no information on the composition of 
polysaccharide portion was given. The effect of the extracts on human lympho-
cytes in vitro was also studied [73]. The extracts of Hizikia fusiformis and Meris-
totheca papulosa (green) greatly stimulated proliferation of human lymphocytes, 
whereas Eucheuma muricatum and Meristotheca papulosa (red) were not found 
to be strong stimulators. T cells purifi ed by sheep red blood cell (SRBC) rosette-
formation were signifi cantly stimulated, but B cells were not. The extracts also 
enhanced the induction of cytotoxic T lymphocyte activity, but they did not 
enhance NK cell activity. They also had a stimulatory effect on  immunoglobulin 
production by B cells and TNF-α production by monocytes. There was no detailed 
discussion on the composition of the immune principles but the activity of Hizikia 
fusiformis was found to be associated with polysaccharides of average molecular 
weight of 100 kDa.

Itoh et al. [74] discovered that marine algal polysaccharide, GIV-A from 
 Sargassum thunbergii, signifi cantly inhibited the growth of Ehrlich ascites car-
cinoma at the dose of 20 mg�kg�day with no sign of toxicity in mice. GIV-A is a 
fucan sulfate (fucoidan) with a molecular mass of 19 kDa. A carbon-clearance test 
demonstrated that the fucoidan activated the reticuloendothelial system (RES), 
enhanced the phagocytosis and chemiluminescence of macrophages. Binding of 
the complement cleavage product C3 to macrophages and the proportion of C3 
positive cells were stimulated. 

Fucoidans isolated from marine algae such as Laminariales, Chondariales, 
Fucales, Echinodermata, Echnoidea, and Asterozoa are described as therapeutic 
or prophylactic agents for diseases requiring regulation of cytokine production, 
nitric oxide production, and allergic diseases in which they act as IgE produc-
tion suppressors. The molecular mass of the fucoidans is around 200 kDa. For 
instance, the fucoidans from Kjellmaniella crassifolia are mixtures of U-fucoidans 
(20% sulfated polysaccharides) containing mostly fucose, mannose, galactose, 
and glucuronic acid, and F-fucoidans (50% sulfated polysaccharides) containing 
mostly fucose and galactose [75].

Funoran, a polysaccharide isolated from Gloiopeltis tenax, signifi cantly 
inhibited the growth of Ehrlich ascites carcinoma, solid Ehrlich, Meth-A fi brosar-
coma, and Sarcoma-180 tumors. It also signifi cantly induced the enhancement of 
delayed type hypersensitivity (DTH) response to SRBC in tumor-bearing mice. 
When administered i.p., funoran increased the spleen weight of mice. In addi-
tion, changes in the T-cell subsets in the spleen, thymus, and peripheral blood 
were monitored and it was found that the percentages of L3T4 and Lyt 2 T-cells 
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were markedly increased in the peripheral blood. The percentages of asialo CM1 
cells in the thymus and peripheral blood were signifi cantly increased as well. The 
results suggest that the antitumor effect of funoran is associated with the augmen-
tation of T-helper, T-cytotoxic, and NK cells [76].

A novel sulfated polysaccharide (p-G603) was isolated from red-tide micro-
alga Gyrodinium impudicum. The activities of peritoneal macrophages and NK 
cells isolated from mice and treated with a single dose of 100 mg or 200 mg/kg 
of p-G603 were increased. In addition, plaque forming cell response to SRBC, 
as well as the levels of IgM and IgG were enhanced. The material also stimu-
lated production of IL-1β, IL-6 and TNF-α. [77]. The average molecular mass is
187 kDa, with galactose as a main sugar and the degree of sulfation of 10.3% [78].

A polysaccharide fraction corresponding to a sulphated xylomannan obtained 
from water extracts of the red seaweed Nothogenia fastigiata effi ciently inhibited 
the replication of Herpes simplex virus (HSV)-1. The preparation also selectively 
inhibited the replication of several other enveloped viruses including HSV-2 
(human cytomegalovirus [HCMV]), respiratory syncytial virus, infl uenza A and 
B virus, Junin and Tacaribe virus, and simian immunodefi ciency virus, but was 
only marginally effective against HIV-1 and HIV-2. The preparation inhibited 
HSV-1 and HCMV viruses via adsorption [79].

Viva-Natural, is a cold water extract from Undaria pinnantifi da, a dietary 
seaweed from the Phaeophycophyta algae family. The extract contains a 
 macrophage-activating polysaccharide (80% by weight), it is noncytotoxic in 
KB cell cultures, enhances the cytolytic activity of peritoneal macrophages and 
activates immune system [80] in a nonspecifi c manner. The material was also 
shown to be active against Lewis lung carcinoma and spontaneous AKR T-cell 
leukemia. The anti-Lewis lung carcinoma (LLC) activity of Viva-Natural was 
stronger than that of isoprinosine and weaker than that of pyran copolymer, but a 
crude polysaccharide fraction of the extract demonstrated curative activity simi-
lar to that of pyran copolymer. Viva-Natural also reversed the amplifi cation of 
cyclosporin effect on the development of leukemia in AKR mice at preleuke-
mic stage [81]. Antileukemic activity of Viva-Natural was also confi rmed against 
spontaneous AKR T-cell leukemia in mice and it was the only immunomodulator 
active against AKR T-cell leukemia, while all standard immunomodulators such 
as pyran copolymer, tilorone, isoprinosine, and levamisole were not active [82]. 
Viva-Natural was found to be therapeutically very effective (347% ILS) against 
mice in advanced stage of leukemia, and induced complete clinical remissions. 

18.2.2.4 Glucans

Signifi cant immunomodulating activity was found in an aqueous extract of the 
most popular edible seaweed in Japan, Laminaria japonica (Makonbu). The 
extracts exhibited a stimulation of DNA synthesis of spleen cells from C3H�HeJ 
mice. The polysaccharide fraction of the extract stimulated activity of mouse 
phagocytes against Staphylococcus aureus and the release of IL-1α and TNF-α 
from the same cells, and also exhibited enhancing effects on polyclonal  antibody 

CRC_DK3287_ch018.indd   443CRC_DK3287_ch018.indd   443 6/18/2007   7:49:05 AM6/18/2007   7:49:05 AM



444 Marine Nutraceuticals and Functional Foods

(IgM and IgG) production in spleen cells. No details on the composition of the 
polysaccharides were given, except for the note that they did not contain a sig-
nifi cant amount of galacturonic or mannuronic acid [83]. The paper cites work of 
Kato and Owen [84] who discussed possibilities of immunological regulation of 
epithelial mucosa of the intestinal tract and suggested, that M cells in the Peyer’s 
patches capture macromolecules, which were transported to the enfolded mac-
rophages and lymphocytes. It is believed that some β-glucans work in a simi-
lar fashion [85]. Another study concluded that Laminaria is an important factor 
contributing to the relatively low breast cancer rates in Japan [86]. Laminaria 
may either prevent the commencement of breast cancer or inhibit cancer develop-
ment by endogenous physiological factors. Several factors could contribute to this 
anticancer effect. Laminaria is a source of nondigestible fi ber, thereby increas-
ing fecal bulk and decreasing bowel transit time. It also changes the posthepatic 
metabolism of sterols and contains an antibiotic substance that may infl uence 
fecal ecology. Laminaria contains β-(1-3)-d-glucan (laminarin) and ((1-4)-d-
mannuronan (alginate). Okai employed gentle extraction methodology that left 
most of the alginate unextracted [83] possibly leaving β-(1-3)-d-glucan as the 
main component. β-(1-3)-d-Glucans form the backbone of a number of immu-
nomodulators, including Lentinan (Yamamouchi�Ajinomoto, Japan) and SPG 
(schizophylan) Sonfi lan® (Kaken�Taito, Japan), two of the most successful anti-
cancer immunostimulants currently used in clinics in Japan and Korea. It is also 
known that β-(1-3)-d-glucans alter enzymatic activity of fecal fl ora and stimulate 
the host-mediated immune response.

A Russian group isolated bioglycans from marine invertebrates that had an 
effect on the humoral and cellular immunity when administered parenterally in a 
single dose. They increased the level of the rosette-forming cells (primarily T2- and 
B-subpopulations) in the spleen of the mice and enhanced titers of serum anti-
bodies. They were administered at different periods with respect to immuni-
zation and infl uenced the DTH induced by SRBC [87]. Later on they isolated 
three immunostimulatory bioglycans: mitilan (isolated from mussel Crenomyti-
lus grayanu), a glycoprotein, containing α-(1-4)-d-glucan, (mol. mass 3 MDa); 
translam β-d-(1-3); β-1-6-) -d-glucan, isolated from Laminaria cichorioides (mol. 
mass 8–10 kDa), and zosterin, a low-methoxylated pectin isolated from marine 
plant of genera Zosteraceae [88] (Figure 18.6). The immunomodulatory activity 
of the bioglycans was based on a complex interaction of immune cells involving 
cytokines. All bioglycans produced changes in immune system, such as enlarge-
ment of spleen mass, redistribution of lymphocyte subpopulations, enhancement 
of nonspecifi c T-suppressor activity, an increase of interferon content in blood 
serum in mice. The immunomodulatory effects of the investigated biopolymers 
are because of the polysaccharide nature and are in relation to their stereochem-
istry and size. Translam also demonstrated potent healing effect in experimental 
radiation disease, exhibited preventing effect at experimental bacterial infections, 
stimulated hematopoiesis, infl uenced humoral and cell immunity, and factors of 
nonspecifi c resistance [89]. The same research group found that fucoidan was able 
to markedly inhibit the growth of Gram-negative and Gram-positive organisms, 
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while stimulating immune response of the humoral and cellular types, as well as 
phagocytosis. Fucoidan seems to be a good candidate for a development of a drug 
combining antibacterial and immunomodulating activity [90].

Phycarine, β-(1-3)-D-glucan, isolated from sporophytes of Laminaria  digitata 
was found to enhance phagocytic activity and stimulated production of  IL-1,
IL-6 and TNF-α. It also increased NK cell-mediated killing of tumor cells both 
in vitro and in vivo while acting via complement receptor type 3 (CR3) receptors 
[91]. Phycarine also amplifi ed potency of cyclophosphamide in the treatment of 
LLC and increased the speed recovery form leucopenia caused by chemotherapy 
or irradiation. The glucan stimulates both cellular and humoral immunity [92]. 
Laminarin and its hydrolysates also stimulated proliferation of thymocytes. A 
mouse cDNA microarray showed induction of genes, coding for proteins involved 
in immune response [93].

18.2.3 NONCHEMICALLY DEFINED IMMUNOSTIMULANTS

Just a few examples will be given in this review to illustrate this category. An 
unidentifi ed extract derived from the seaweed Ascophyllum nodusum signifi cantly 
improved growth performance of pigs challenged with Salmonella typhimurium. 
This was demonstrated in a 28-day study involving 95 pigs. However, except for 
activation of alveolar macrophages in vitro leading to secretion of  prostaglandin 
E2 (PGE2) by high dose of the extract, no infl uence on immune response was 
observed [94]. Wakame (U. pinnatifi da) seaweed is known to suppress the 
proliferation of 7,12-dimethylbenz(a)-anthracene-induced mammary tumors 
in rats [95]. Filtrates of marine bacterium Vibrio anguillarum culture are also 
known to exhibit immunostimulatory effects [96]. There are likely many exam-
ples of products of this subcategory, however, owing to their lack of structural 
characterization they are not well described in the scientifi c literature and more 
extensive review of these products is out of the scope of this review.

FIGURE 18.6 Structure of translam.
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18.2.4 SPIRULINA AND CHLORELLA

18.2.4.1 Spirulina

Microalgae are a promising source of leads for new drugs. Many isolated 
 compounds have novel structures and exhibit potent physiological activity. In 
terms of drug discovery, most efforts in the past revolved around the investigation 
of blue-green algae [97]. Spirulina and Chlorella are edible algae that have been 
widely studied both in terms of their component molecules and their biological 
activities. Owing to the traditional role they have played in nutrition in Far East 
for millennia, they have been primarily investigated for their potential as nutri-
tional supplements and adjuvants to drug therapy [98,99].

Spirulina, some blue-green algae, and Chlorella were all shown to contain 
large polysaccharides with immunostimulatory activity. Spirulina is a marine 
plant that grows in salt water. It is a genus of the phylum Cyanobacteria and 
exists as several species. The most popular, in terms of human consumption, are 
Spirulina platensis and Spirulina maxima. These species have been used as food 
supplement in Asia for many years and are becoming popular in North  America. 
However, in addition to its nutritional value, Spirulina boosts the immune  system, 
helping to prevent both viral infection and cancer. For instance, the NK cells 
 isolated from the blood of volunteers after oral administration of  Spirulina pro-
duced IL-12, IL-18 and increased level of IFN-γ. These cells were also more 
responsive to BCG stimulation in vitro, as indicated by an increased production of 
IL-12. Spirulina may be involved in the signaling responses through Toll in blood 
cells when orally administered and it acts in humans directly on myeloid linkages 
and either directly or indirectly on NK cells [100]. Other Spirulina preparations 
were found to inhibit mast cell–mediated immediate type allergic reactions in 
rats. Spirulina may amplify mast cell degranulation, possibly by affecting the 
mast-cell membrane [101]. In addition, extracts of Spirulina platensis enhance 
macrophage function in cats [102] and enhanced humoral and cell-mediated 
immune functions in chickens [103]. An extract of Spirulina inhibited in vitro 
replication of HSV-1 [9]. A recent study showed a benefi cial effect of Spirulina 
on asthma indicating Th2 suppression [104]. The best-characterized biopolymer 
component of Spirulina is a polysaccharide called spirulan [105]. It consists of 
two types of sulfated disaccharide repeating units, O-hexuronosyl-rhamnose and 
-rhamnosyl-3-O-methyl-rhamnose. The known bioactivity of this polysaccharide 
is associated with inhibition of cultured bovine aortic endothelial cell prolifera-
tion and anti-HSV and anti-HIV activity [106]. C-phycocyanin, a protein pigment 
isolated from Spirulina platensis is another component of the alga with a signifi -
cant medical and pharmacological importance [107,108].

18.2.4.2 Chlorella

18.2.4.2.1 Summary of the Key Findings
Chlorella is a unicellular plant with size similar to that of human erythrocytes, 
growing in both fresh and marine waters. It is one of the most widely cultivated 
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species of microalgae and widely used as a dietary supplement. It shows excel-
lent utilization effi ciency of sunlight and other light energy, shows more rapid 
proliferation than other conventional plants and it is a valuable protein source and 
contains all the essential amino acids [109]. Chlorella has a strong cell wall that 
prevents its native form being adequately digested. However, the cell wall can be 
broken down using processes such as Dyno-Mill processing, so that the cellular 
components can be digested by humans [110].

Original scientifi c reports on immunostimulatory properties of Chlorella 
preparations came from Kojima et al. [111] isolated from Chlorella cells, a sub-
stance exhibiting accelerating effect to the phagocytic function of RES. Later, 
a paper appeared describing antibody modulation effect by Chlorella [112]. 
 Several years ago, a polysaccharide demonstrating immunostimulatory activity 
in a transcription factor–based bioassay for nuclear factor kappa B (NF-kappa B) 
activation in THP-1 human monocytes was isolated. In this assay, the  Chlorella-
 originating polysaccharide was 1000 times more active than schizophyllan, 
lentinan, krestin and acemannan, the major commercial immunostimulatory 
 polysaccharides [113]. Most biological studies focused on antitumor effects stem-
ming from the immunostimulating activity of Chlorella. An acidic polysaccharide 
isolated from Chlorella pyrenoidosa showed life-prolongation effects in mice with 
sarcoma 180, IMC carcinoma, Meth-A fi brosarcoma, B 16 melanoma and LLC. 
It stimulated proliferation of lymphocytes, had carbon clearance activity, and no 
direct cytotoxic effect [114]. Chlorella cells or relevant extracts also exhibited a 
tumor-suppressing effect on mammary carcinoma (MM-2, CA-755, Ehrlich) and 
mouse leukemia (EL-4), and again there was no direct cytotoxicity against the 
tumor cells in vitro and the effect was mediated by host immune response [115]. 
Tanaka et al. [116] found signifi cant suppression of Meth A tumor in mice fed 
with a Chlorella extract and concluded that its antitumour resistance was medi-
ated through cytostatic T cells and not through NK cell activity. A novel glyco-
protein exhibiting an antimetastatic effect was isolated by the same group [117]. 
There is ample additional evidence from animal models that immunostimulating 
activity of Chlorella is effectual in suppressing various forms of cancer.

Immunomodulatory effects of Chlorella extracts were demonstrated in other 
models as well. Enhanced resistance to pathogen invasion was demonstrated in a 
number of animal models. For instance, Chlorella extracts had no direct  antibacterial 
activity in E. coli model, but the protective effect was mediated through the acceler-
ation of superoxide generation and chemokinesis in  polymorphonuclear leukocytes 
[118]. Also, resistance to E. coli of mice having undergone cyclophosphamide treat-
ment was restored when treated with a Chlorella extract [119]. In another study, a 
benefi cial effect on mice with mouse AIDS (MAIDS) infected with Listeria mono-
cytogenes was observed. The study suggests that the treatment could be benefi cial 
as a prophylactic therapy of patients with a high risk of septicemia [120]. 

Hasegawa et al. [121] demonstrated that hot water extract of C. vulgaris 
enhanced resistance to Listeria monocytogenes via augmentation of Th1 
responses producing IFN-γ. Oral administration of the extract resulted in sup-
pressing the production of IgE against casein antigen, accompanied by increased 
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IFN-γ, IL-12, and mRNA expression. Oral administration of the extract enhanced 
Th1 response to casein in the spleen of immunized mice and it may be useful 
for prevention of allergies with a predominant Th2 response. An effect on bone 
marrow progenitor cells of mice infected with this pathogen was also demon-
strated [122]. Hot water extracts of C. vulgaris increased physical stamina in 
mice [123].

Price tested methanolic extracts of taxonomically diverse algae for their ability 
to infl uence release of histamine by mast cells. A Chlorella extract was one of the 
extracts tested and it exhibited potent anti-infl ammatory activity. LH-20 chroma-
tography yielded two active fractions [124]. Recently, Guzman et al. [125] isolated 
polysaccharides exhibiting anti-infl ammatory and immunomodulatory proper-
ties from marine algae Chlorella stigmatophora and Phaeodactylum tricornu-
tum. The anti-infl ammatory effect was demonstrated in the carrageenan-induced 
paw edema test and was superior to that of indomethacin. C. stigmatophora was 
immunosuppressive in DTH tests and stimulated phagocytocic activity in vitro 
and in vivo whereas P. tricornutum did not. The C. stigamtophora polysaccha-
ride was of 22 kDa size, whereas the C. tricornutum contained three polysac-
charide fractions with molecular mass of 27, 408, and 449 kDa, respectively. The 
C. stigmatophora polysaccharide contained glucose, glucuronic acid, xylose, 
and ribose�fructose, whereas P. tricornutum contained glucose glucuronic acid 
and mannose.

Several clinical trials were conducted to study the benefi cial effects of Chlo-
rella supplementation on humans. For instance, Merchant et al. [126] demon-
strated that glioma patients may have benefi ted from adding C. pyrenoidosa 
to their diet. However, the researchers cautioned that it was a limited study, so 
further work was required to confi rm that longer survival and fewer infections 
related to an improved immune status. Another study performed by this group 
suggests that Chlorella supplementation may help relieve the symptoms of fi bro-
myalgia in some patients [127]. 

18.2.4.2.2 Respondin™

18.2.4.2.2.1 In Vitro Studies and Animal Models
Respondin™ is a proprietary preparation discovered and developed by Ocean 
Nutrition Canada Ltd. It is composed of a mixture of biopolymers, predominantly 
polysaccharide-based complexes with molecular mass of the main immunoactive 
principles in excess of 100 kDa.

Initial in vitro studies demonstrated that Respondin™ stimulated prolifera-
tion of mouse spleen B cells and did not have a stimulatory effect on T cells
(Figure 18.7). Figure 18.8 shows a comparison of Respondin™ with other Chlo-
rella preparations and the popular immune herbal supplement Echinacea in their 
capabilities to stimulate proliferation of B cells in vitro. The data demonstrate 
superior performance of Respondin™ over the other tested materials. Respon-
din™ is also a powerful stimulator of peritoneal mouse macrophages and mac-
rophage cell lines. It stimulates production of several cytokines, including IL-6, 
IL-12, and nitric oxide by peritoneal macrophages [128–130]. Comparison of 
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Respondin™ with selected products in stimulation of mouse macrophages mea-
sured as NO production is illustrated in Figure 18.9. Respondin™ was also exam-
ined in vivo in mouse models and was found to signifi cantly augment resistance 
toward infection with bacterium Listeria monocytogenes, as well as with the fun-
gus Candida albicans. Figure 18.10 illustrates the effect of Respondin™ on the 
development of Listeria monocytogenes in mice.

Allergies are a widespread problem particularly in the industrialized world, 
and immunomodulators may be benefi cial in their prevention or treatment. How-
ever, compounds that impact immunity could potentially also trigger or promote 
allergies. To confi rm whether Respondin™ has any antiallergy activity, it was 

FIGURE 18.7 Stimulation of B cells and T cells by Respondin™.
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FIGURE 18.8 Comparison of Respondin™ with other Chlorella preparations and Echi-
nacea in their capabilities to stimulate proliferation of mouse splenic B cells in vitro.
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tested in an in vivo allergy model. This model involved inducing experimental 
allergy with mercuric chloride in the lupus mouse. However, in this model no 
effect on disease progression was observed, as demonstrated in the immune 
 complex deposits and immunoglobulin levels in the mercuric chloride treated 
group, and in terms of immune complex deposits and mortality in the lupus 
model. We also investigated effect of Respondin™ on development of allergic 
airway disease. We initially evaluated the effect of Respondin™ on degranulation 
of mast cells and  production of cytokines [131] and later also challenged mice 
with airway stimuli and measured cytokine levels in bronchoalveolar lavage fl uid 

FIGURE 18.10 Effect of Respondin™ on the development of Listeria monocytogenes 
in mice.
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FIGURE 18.9 Comparison of Respondin™ with selected products in stimulation of 
mouse macrophages measured as NO production.
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(BALF) and lung tissues as well as RNA expression of various cytokines and che-
mokines in the lung. Respondin™ exhibited signifi cant effects on reduction of IL-
5 levels. Its mechanism of action is similar to Mepolizumab (GSK), a monoclonal 
anti-IL-5 antibody; an effective anti allergy drug. However, Mepolizumab therapy 
might induce partial maturational arrest of the eosinophil lineage in the bone mar-
row. The effect of Respondin™ on airway infl ammation was assessed as well and 
the data showed that both myeloperoxidase (MPO) and eosinophil peroxidase 
(EPO) activity in the BALF from Respondin™-treated mice was lower than that 
from the control mice, suggesting that Respondin™ treatment reduced allergen 
(OVA)-induced neutrophil and eosinophil infi ltration into the airway. Thus, 
Respondin™ demonstrated a potential for treatment of asthma and relevant air-
way diseases [123].

18.2.4.2.2.2 In Vitro Experiments with Human Cells; Clinical Trial
Series of in vitro experiments with human blood cells, examining production of 
cytokines revealed a stimulatory effect, similar to that seen in the mouse model. 
Figure 18.11 demonstrates effect of Respondin™ on the stimulation of peripheral 
blood mononuclear cells measured as production of IFN-γ.

Effect of Respondin™ on antibody response to infl uenza vaccination was 
 studied recently in a randomized, placebo-controlled, double-blind clinical trial. 
Adults over 50 years of age received a 200 mg or 400 mg dose of Respondin™, or a 
placebo capsule. The medication was taken for 28 days; after 21 days, participants 
were immunized with a commercially available, inactivated, split virion  infl uenza 
vaccine. Measuring antibodies to the three infl uenza virus strains before, 7 and 
21 days after immunization assessed antibody response to the immunization. 

FIGURE 18.11 Effect of Respondin™ on the stimulation of human peripheral blood 
mononuclear cells measured as the production of IFN-γ.
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Respondin™ signifi cantly increased the antibody response to infl uenza  vaccine 
as measured at 7 days in participants of 55 years of age or younger. There was a 
consistent trend for all three viruses, and this could be seen with both the 200 and 
400 mg dose, but was more consistently apparent with the higher dose [129].

18.2.4.2.2.3 Chemical Makeup of Respondin™
The main active principles of Respondin™ are polysaccharide-based  complexes. 
Although the basic extract contains almost 50% glucose, other monosaccharides 
comprise major immunoactive polysaccharide fractions. GC-MS and GC-FID 
of the most active fractions showed that the major monosaccharides are Ara, 
Gal, and Rha, suggesting that arabinogalactans- and rhamnose-rich biopoly-
mers, possibly rhamnogalacturonans and glucorhamnans are major polysac-
charides comprising the immunoactive principles. More  comprehensive studies, 
involving ethanol and Cetavlon precipitation, size  exclusion chromatography 
(SEC), anion  exchange chromatography (AEC), and hydrophobic interaction 
chromatography (HIC) revealed that the larger polysaccharide�protein com-
plexes were of arabinogalactan nature whereas the smaller ones were polysac-
charides containing high content of rhamnose. A unique arabinogalactan with 
–2)-α-L-Araf-(1-3)-D-L-araf-(1-4)-β-D-Galp-1- repeating unit with molecu-
lar mass of about 47 kDa was isolated but was not immunoactive [132]. Later
1→2-linked α-D-galactofuranan with molecular weight of about 15 kDa as well 
as arabinogalactans were isolated but only larger arabinogalactans (188 ± 109 
kDa and 1020 ± 370 kDa) were immunoactive [133]. Chlorella cells are known 
to contain LPS, which have been shown to be structurally and functionally 
similar to LPS of Gram-positive bacteria or endotoxins. Like LPS from gram-
negative bacteria, the algal molecule stimulates exocytosis of the Limulus 
blood cell and the clotting of coagulin [134]. Unlike bacterial LPS they inhibit 
release of TNF-α from macrophages of the infected host and thereby inhibit 
sepsis [135–137]. Thus, it is important to realize while testing for immunoactiv-
ity that if the tests are not executed with caution, presence of LPS-like materi-
als in Chlorella preparations could lead to false positives suggesting bacterial 
contamination.

18.2.5 SHARK CARTILAGE

Shark cartilage has traditionally been associated with a number of medical ben-
efi ts and particularly with anticancer effects [138–142]. The basis of shark carti-
lage cancerostatic activity is antiangiogenesis [143–145] and several clinical trials 
have been conducted or are underway [146–149]. 

There has been speculation, rather than scientifi c evidence, that the cartilage 
may stimulate both the cellular and humoral branches of the immune system, 
presumably making it effective against tumor growth, bacterial, viral, and fungal 
infections. In this context, a Canadian patent application was issued describing 
the use of shark cartilage as a component of a medicine that could be used to 
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treat, alleviate, prevent, restore, or preserve health from various diseases, such 
as hepatitis C., chronic fatigue syndrome, arthritis, bacteria, viruses, and fungal 
infections, but unfortunately the document lacks any data [150]. An interesting 
work examining the immunosupportive properties of shark cartilage and rice 
bran supplements using a rat model was presented at a Society for Neuroscience 
meeting several years ago [151]. Male Lewis rats were divided into three groups, a 
control group fed only oatmeal, a shark cartilage group fed oatmeal mixed with a 
commercially available shark cartilage supplement, and a third group fed  oatmeal 
mixed with a commercially available rice bran supplement. Rice bran and shark 
cartilage combo increased splenic NK-cell activity and lymphocyte prolifera-
tion challenged with Con-A, phytohemagglutinin (PHA), and toxic shock syn-
drome toxin (TSST). However, we were the fi rst to publish scientifi c evidence 
on immunostimulatory properties of shark cartilage extracts in a peer-reviewed 
journal [152]. Soon after our fi ndings were published, a paper appeared supplying 
additional evidence for the immunostimulatory activity of shark cartilage, that 
is, modulation of antitumor immunity through infi ltration by CD4+ and CD8+ 
lymphocytes [153].

The same group published a paper on immunoactivity of a shark cartilage 
fraction composed of two low molecular weight proteins. This fraction enhances 
DTH response against SRBC in mice, and decreases the cytotoxic activity of NK 
cells. It also increases T cell infi ltration into the tumor, and decreases the tumor 
lesion size. Additionally, this fraction has strong inhibitory effect on HBMEC 
proliferation and migration in fi brin matrix [154].

18.2.5.1 ONC-106

We have tried a number of methods for extracting immunostimulatory prin-
ciples from shark cartilage, and for some time extraction using buffered 2 M 
 guanidine was our method of choice. The guanidine extraction was later replaced 
with a simple water extraction at 80ºC that led to producing an immunostimula-
tory preparation known as ONC-106. Both ONC-106 and guanidine preparations 
equally stimulated proliferation of splenocytes in vitro, but hot water extrac-
tions delivered products in higher yields (7.4% versus 4.9%). Although ONC-106 
has a lower content of proteoglycans than guanidine extracts (in average about 
43% of that of guanidine extracts), it displayed comparable immunostimulatory
activity. In our in vitro tests, both types of shark cartilage extracts behaved similar to 
Respondin™. They are B-cell proliferation stimulators and macrophage activators.

The patterns of production of a number of cytokines induced by activation 
with our shark cartilage extracts were examined, and an increase in production 
of IL-1, IL-6, IL-10, IL-12 and IFN-γ was seen [152]. Stimulation of macrophage 
activity was also demonstrated by generating elevated levels of nitric oxide upon 
the macrophage challenge with ONC-106.

ONC-106 also stimulated activity of the NK cells isolated from spleen cells 
(Figure 18.12). The activity was measured in terms of killing YAC-1 target cells. 
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Although no signifi cant increase in killing was seen using the whole spleen cells, 
the separated NK cells showed a signifi cant increase in killing when incubated 
with either water- or guanidine-based shark cartilage extracts. In addition to in 
vitro studies, our shark cartilage preparations were also tested in various models 
in vivo and it was discovered that ONC-106 and selected extracts had a signifi cant 
inhibitory effect on proliferation of Listeria monocytogenes in mouse cells [155]. 
The material was also effective in reducing tumor mass of MCA-38 mouse colon 
adenocarcinoma (Figure 18.13).

FIGURE 18.13 Effect of shark cartilage (sc) and two ONC-106 preparations on the 
growth of MCA-38 mouse carcinoma (dw stands for the untreated control).
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FIGURE 18.12 Stimulation of the activity of mouse spleen NK cells by two different 
preparations of ONC-106 (YAC-1 as the target cells).
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Shark cartilage extracts are complex mixtures of molecules; the main immune 
principles of ONC-106 and our guanidine-based extracts are proteoglycans and 
collagen with molecular mass greater than 100 kDa. Owing to a very complex 
interplay among the molecules, it is premature to speculate on molecular mecha-
nisms of these immunomodulators.

18.3 DISCUSSION

The rationale behind the idea of immunomodulators is to assure a proper response 
to a series of stress factors, which continuously attack human body, weaken the 
function of the immune system (immunosuppression), and consequently cause 
illness. Immunosuppression can be generated by severe bacterial and viral 
infections, cancer, environmental agents such as pesticides or allergens, long-
term chemo- or radiotherapy, malnutrition, psychological stress, or endogenic 
autoimmune reaction. There has been dramatic increase in a number of new 
 antibiotic-resistant microorganisms, proliferation of AIDS, and return of old affl ic-
tions. Many chronic diseases are the consequence of an unbalanced or impaired 
immune system. Among them, recurrent opportunistic infections, and skin and 
intestine infl ammations are the most important ones, and it is hypothesized that the 
incidence of some severe infections such as AIDS might be positively infl uenced by 
restoration of the chronically suppressed immune system. Although Japanese have 
used clinical immunostimulants for a number of years, this has not been the case in 
North America. Therapeutic BCG (ImmmunoCysts©, Connaught Laboratories Ltd., 
Willowdale, ON), was the fi rst immunomodulator licensed in the United States and 
Canada. Similar to PSK, OK-432, lentinan and SPG Immmunocysts is intended for 
cancer therapy, namely for treatment of carcinoma of the urinary bladder. The prod-
uct license was granted following the conduct of a well-designed, multicentered, 
independent, and controlled effi cacy study with well-defi ned end points and long 
follow-up period [156]. All new immunomodulator products should be standardized 
and have adequate postmarketing surveillance to determine their toxicity.

Knowledge of which specifi c cell types were being stimulated is important 
for designing potential combination therapies. Combining substances that give 
complementary stimulation, rather than those that simply stimulate the same 
cells, are more likely to succeed. Activated macrophages produce nitric oxide, in 
the form of a free radical with antimicrobial activity, and since some of the prod-
ucts, including ONC-106 and Respondin™, stimulated production of nitric oxide 
by macrophages, they could potentially play an important role in enhancing the 
body’s defense against bacteria. The capacity to stimulate production of certain 
cytokines by macrophages brings important insights with respect to the under-
lying mechanisms involved in the immunostimulating activities of some of the 
mentioned materials including Respondin™ and ONC-106. IL-6 is an important 
effector molecule involved in B-lymphocyte activation and stimulation of antibody 
production, while IL-12 plays a major role in stimulation of NK cells and in 
affecting the balance of Th1 and Th2 cells [157]. This is important because Th1 
cells are primarily involved in cellular immunity and Th2 cells appear  primarily 
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involved in humoral immunity. Immunomodulators stimulate at one dose and 
inhibit at another, usually at a higher dose. However, any substance at high 
enough dose can be inhibitory, thus it is important to know whether the inhibition 
represents activation of suppressor mechanisms, antiproliferative effects on lym-
phocytes, specifi c immunotoxic effects, or nonspecifi c toxicity. Persistent effects 
on the immune system by immunomodulators are very rare, which is contrary to 
many cases of conventional pharmaceuticals.

Some of the nutraceuticals, including shark cartilage products and Chlorella 
have been introduced as dietary supplements or even tested in clinical practice; 
however, many of the claims of purity, bioactivity, and clinical effi cacy are not 
backed by rigorous scientifi c investigation. A variety of marine-based pharmaceu-
tical products and nutraceuticals have been developed as marine by-products. Chi-
tosan, glucosamine, PUFA concentrates, and protamines are good examples [10]. 
Except for a few preparations, they are sometimes semipurifi ed preparations or 
mostly crude extracts. However, more sophisticated products, particularly those 
intended for pharmaceutical use, are now under development. The area has been 
greatly advanced by improvements in technologies involved in deep-sea sample 
collection and large-scale drug and nutraceutical production through aquaculture. 
Immunomodulators appear to play a very important role in future medicine since 
the objective of their use is not only to enhance the immune response, but also to 
help manage the immunosuppressive consequence of stress [158].

Naturally, the fact that the majority of marine-based immunomodulators have 
large molecular masses raises questions regarding effi cacy after oral administra-
tion. Some studies demonstrated evidence that certain proteins modulate intesti-
nal epithelium permeability and thus enhance the intestinal absorption of orally 
administered macromolecules through the paracellular pathway [159]. The fact 
that some large biopolymer immunostimulants are bioactive after oral admin-
istration is supported by a number of examples. Perhaps the most compelling 
evidence for oral effectiveness of large immunotherapeutics comes from two of 
the most clinically successful immunostimulants, PSK and SPG [160,161]. High-
molecular-mass substances may be absorbed from the lymphoid nodules and PP 
of the gut via the lymphatic pathway [162,163]. It is assumed that pinocytotic 
cells or follicle-associated epithelial cells of PP present in the intestinal epithe-
lium engulf large molecular mass molecules, bacterial cells, and viruses that have 
entered the intestinal cells [164]. Interestingly, glucans of high molecular mass 
seem to be more immunoactive than those with low molecular mass and they are 
more active at lower dosage and vice versa. This dose–effect relationship bears 
some relationship to the immunobiological reactions of the host [165].

Crude extracts of complex natural products are generally associated with a 
degree of compositional variability, depending on the differences in the genetic 
makeup, seasonal, and environmental factors. It is clear from our study that a 
 complex mixture of molecules is responsible for the immunostimulatory activity of 
the above-described crude extracts and more refi ned fractions. Isolation,  purifi cation, 
analysis, and standardization of these complex materials are still extremely chal-
lenging, and therefore it is of the utmost importance to identify  markers associated 
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with a particular bioactivity. That would serve as a basis of effective quality control 
of marketed nutraceuticals and alternative medicine products, and ensure consis-
tent performance. Therefore, one of our current research priorities is a detailed 
characterization and a quantitative determination of the representative biomarkers 
for immunostimulatory activity of marine-based nutraceuticals.
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cardiovascular health, 333–4
characterized, 322, 372, 380–2, 393
chemistry of, 322–6
future directions for, 336
harvesting, 327
human health applications, 330–5

immunomodeling properties, 332–3
monoesters, 323
neurodegenerative disease, 334–5
photoprotective properties, 331–2
production from Haematococcus pluvialis, 

326–9
safety of, 330–1

asteris forbesi celomycetes, 438
asterozoa, 442
asthma, 44–5, 93, 332
astrocytes, 95–6, 98
astrocytoma cells, 159
atherogenesis, 355
atherosclerosis, 34, 160, 162, 191, 333, 376
ATPase activity, fi sh protein hydrolysates 

(FPH), 234–5
attentional set-shifting test, 97
attention defi cit disorder (ADD), 73–4
attention defi cit hyperactivity disorder 

(ADHD), 73–4, 77–8
Australia, TipTopUp bread, 142
autistic spectrum disorders, 77
autocrine, 95
autografts, 10
autoimmune diseases/disorders, 32, 93–4,

96, 432
autoimmune reactions, 455
avoidance learning, 99
avrainvilleol, 373, 384
avrainvillia sp., 384
azobacter, 201, 249
azocoll, 232–3
azoxymethane, 281

B
baby food, 140
Bacille Calmette-Guérin (BCG), 438
bacillus subtilis, 189
bacteria, photosynthetic, 393
bacterial contamination, 452
bacterial infections, 19, 330, 432, 444, 453
bait, types of, 26
baked goods, 32, 140–2
basidiomycetes, 374
batch cultures, 390
Bax expression, 102
B cells, 440, 442, 448, 453
Bcl-2 protein, 303–5
beaked whales, 29
beef products, 234
berardius, 29
β-actin levels, 304, 312
beta-carotene, 174, 283, 301–2, 332–3, 373, 

380, 382, 387, 393
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β-carotene ketolase, 325
beta-secretase (BACE1) activity, 100
β-sitosterol, 274
beverages, 140, 200–1, 305
BH68K, 391
bile acids, 166–7, 170–2, 176, 281
bilirubin, 45
binding, saturated fatty acids, 51
Bio-Technical Resources, 201
bioactive materials

identifi cation of, 3
marine, development of, see Marine 

bioactive materials development
nature of, 3
synthetic, 3
types of, 1–2

bioactive molecules, 298, 385
bioactive peptides, characterized, 247–8
bioavailability, 136, 330–1, 421, 424–6
bioceramics, 11–3
biofi lms, 354
bioglass bonding, 12
bioglycans, 444
biological value (BV), 239
biomarkers, 39, 457
biomodulator activity, marine microbes, 385
biomolecules, 194
Biopolymer Engineering, 201, 205
biopolymers, 121–2, 155–6, 448, 452
bioprocess intensifi cation methods,390–1, 394
bioresources, types of, 2
Biosan Activa, 142
biosynthesis, 382, 389
bipolar disorder, 68
bitter fl avors/bitterness, 238
bladder cancer, 382, 439
blanched algae, 260
blood, see peripheral blood; red blood cells 

(RBCs)
coagulation, 16, 19
glucose levels, 278
lipid disorders, 51
MMPs inhibitory activity, 414
pressure, see blood pressure; Hypertension
sugar levels, 215, 376, 385

blood-brain barrier, 93, 331, 335, 382
blood pressure, 2, 5, 17, 167, 191, 241, 355
blubber(s), see Marine mammals, oil from 

blubbers of
blue-green algae, 369
blue shark, fatty acid composition, 28
body mass index (BMI), 167
Boldo, 350
bone

calcifi cation, 425
characterized, 421

marrow, see Bone marrow
meal, 420

bone marrow
functions of, 356
progenitor stem cells, 435

bone mineral density (BMD), 426
bonito, ACE-inhibitory and antihypertensive 

activities, 254
borderline personality disorder 

(BPD), 77–8
Botts Ltd., 355
bovine serum albumin, 35
bovine spongiform encephalopathy, 4
bradykinesia, 101
brain

adult human, 46
blood-brain barrier, 93, 331, 335, 382
frontal cortex, 69, 95
health of, see Brain health
nigrostriatal degeneration, 102
substantia nigra (SN), 94–5, 101, 105

brain-derived neurotrophic factor (BDNF), 
95, 101

brain health, omega-3 impact on
gene expression, 72–3
infl ammation, 68–9
ion channel and enzyme regulation, 72
membrane fl uidity, 70–7, 105
neurological disorders, 77–8
neuropsychiatric disorders, 73–7
neurotransmitters, 69–70
overview of, 63, 68, 78–9
oxidative stress, 71–2
phospholipase A2 (PLA2), 68

brassica olearaceae, 175
bread, omega-3 fatty acid content, 67
breast cancer, 39–40, 352–3, 439, 444
brevoortin tyrannus, see Menhaden
bright fi eld light micrography, 386
British Nutrition Foundation Task Force on 

Unsaturated Fatty Acids, 65
bromophenols, 285, 288, 291
bronchial infl ammation, 44–5
bronchoalveolar lavage fl uid 

(BALF), 450–1
brown adipose tissue (BAT), 305–10
brown algae

amino acid profi les, 266 
carcinogenesis, 281 
commercial uses of, 346
composition of, 263
fatty acid profi les, 270–1
mineral content, 285–6
vitamin content, 283
water-holding capacity, 278

brown kelp(s), 260, 275, 277–9
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brown macroalgae, 353, 385
brown seaweeds, 298, 300, 355
bryopsis, 352
bryostatin I, 435–6
butter, 126
butternuts, 67
butylated hydroxytoluene (BHT), 6–7

C
Ca-ATPase, 72
Caco-2 cell lines, 37–9, 302–5
cadmium, 134, 288
caffeic acid, 290
caffeine, 305–6
CAG repeat expansions, 103–4
calcite (CaCO3), 419
calcium

absorption, 2, 15, 191
alternative supplements other than dairy 

products, 420–1
bioavailability of, 424–6
characterized, 174, 352, 419–20
coral, 424
defi ciency, 420, 424
fi sh skeletal frame in bioactive calcium 

substrates, 421–3
high-bioavailable sources, 421
intake recommendations, 420
ions, 278 
lipid microencapsulation, 125
marine algal powder, 424–5
from marine organisms, 421–6

calcium alginate, 352
calcium oxide, 15
calcium phosphate, 11–3, 421
caloric intake, 172
campylaephora hynaeoides, 375
Canadian diet, 4, 260
Canadian Food Inspection Agency, 120
cancer, see Carcinogenesis; Carcinoma; 

specifi c types of cancers
asaxanthin and, 331
characterized, 19
chitin and chitosan and, 160, 162 
fl ucoxanthin effects, 300–1
glucosamine production, 198
immunomodulation, 432
marine algae, therapeutic, 368
marine microbes, 380
matrix metalloproteinase (MMP) 

inhibition, 406–8
omega-3 oils, 36–40
progression of, 332, 406–8

cancer magister, see Dungeness crab

candida spp., 375, 393, 449
canine studies, glucosamine formulation, 212–3
canola oil, 24, 67
canthaxanthin, 333, 380
capelin/capelin oil, 24, 26–7, 234–6
capsanthin, 380
captopril, ACE-inhibitory and antihypertensive

activities of, 254–5
carbohydrate(s)

characterized, 1, 93, 191
complex, 424
immunomodulation and, 441
in marine microbes, 389
metabolism, 166
shell materials, 118, 122–5

carbon-centered radicals, 191–2
carbon-clearance test, 442
carbon dioxide (CO2), 206, 328, 389
carboxyl groups, 232, 436
carboxylic groups, 166 
carboyxl terminal tripeptides, 6
carboxymethylcellulose (CMC), 122, 125
carcinogenesis, 191, 301, 335
carcinonoma in situ (CIS), 439
cardio-circulatory disorders, 376
cardiovascular disease (CVD), 34–6, 155, 161, 

169, 198, 261, 269, 333, 354–5
Cargill Inc., 201–2, 205
carnitine, 172
carotene hydroxylase, 325
carotenoids

astaxanthin, 323
benefi ts of, 298, 300, 312
biosynthesis, 393
chitin and chitosan, 162, 174
marine algae, 353, 380–1, 392–3
marine algal constituents, 282, 284
types of, generally, 302

carphophyllum maschalocarpum, 300
carrageenans, 121, 124, 276–8, 298, 347–9, 

352, 354–5, 357, 371, 440
cartilage, see Shark cartilage

degradation, 219
destruction, 217
development, glucosamine formulation, 

212–3
rebuilding, see Cartilage rebuilding
synthesis, 217

cartilage rebuilding
clinical studies, 208–11
degenerative process and, 198
preclinical studies, 207
repair strategies, 218

casein, 239, 447
casein phosphopeptides (CPPs), 9, 421, 425
Castleman’s disease, 162
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catabolic cytokines, 198
catabolism, 104
cataracts, 331
catechins, 290, 305, 312, 408
catecholamine, 305–6
catfi sh, 27, 237, 240
cations, metal, 163
caulerpa lentillifera, 268
CD8+ lymphocytes, 453
CD40, 99
CD4 cells, 434
CD4+ lymphocytes, 453
cDNA microarrays, 445
CD34+ cells, 356
Celebrex®, 217
Celecoxib, 211
cell, see specifi c types of cells

cycle, 301–2
death, 95, 303, 335. See also apoptosis
growth, 241
immunity, 444–6
necrosis, 35–6
proliferation, 406
viability, 97, 302–3

cellular receptors, 39
cellulase, 440
cellulose, 120, 124–5, 170, 274, 277, 347, 370
central nervous system (CNS), 92–4
ceramium kondoi, 375
cereals, 145
cerebrovascular disease (CVD), 333
chalcones, 289
charge-coupled device (CCD) camera, 132
Charles University, Institute of Rheumatology 

and the Department of Medicine and 
Rheumatology, 210

charonin, 370
cheese, 420–1
chelation, 159, 421
chemical biosynthesis, 393
chemical bonding, 12
chemokines, 39
chemoprotective compounds, 382
chemotherapy, 445, 455
chenodeoxycholic acid, 281
chi-square tests, 46
chicken

ACE-inhibitory peptides, 254
astaxanthin benefi ts, 329–30, 336

children
autistic, 77
baby food, 140
infant formula, 140–1
GRAS guidelines for, 200

Chimera monstrosa, 433
China, 3, 17, 203, 205, 261, 357

chinese hamster ovary (CHO)-7 cells, 273
chinese medicine, 351
chitin

anticarcinogenic activity, 160, 163
antimicrobial activity, 159–60
antioxidant activity, 160, 162–3, 176
antiulcer activity, 160, 164, 176
characterized, 18, 155–7, 175–6, 183–4, 

372, 374, 440
chemical structure of, 156, 184
cholesterol reduction, 155, 161, 170
dietary fi ber, 159, 163, 170, 176
fungal, physiochemical properties of, 202
glucosamine production, 218
marine sources of, 157
molecular weight, 158, 164, 175
nutraceutical properties of, 159–76

chitinase, 186
chitoligosaccharides, as calcium fortifi er, 

425–6
chitosan

anticarcinogenic activity, 155, 160, 163
anti-infl ammatory activity, 155, 159–61
antimicrobial activity, 155, 158–60
antioxidant activity, 155, 160, 162–3, 176
antiulcer activity, 155, 160, 164, 176
biological activities of, 18–9
characterized, 155–6, 158, 175–6, 183–4, 

374, 440
chemical structure, 156, 184
cholesterol reduction, 155, 161, 166–72
derivation of, 3
dietary fi bers, 158–9, 163, 165–6, 170, 176
hydrosoluble (HC), 175
marine sources of, 156–7
molecular weight, 160, 163–4, 172, 175
nutraceutical products on market, 172–4
oligomers, 187
oligosaccharides, production of, see

chitosan oligosaccharides (COSs)
production costs, 174–5
renal disease prevention and recovery, 155, 

161, 164–5, 176
side effects of, 168, 174–5
type II diabetes prevention, 161
weight reduction, 161, 166–72

chitosan oligosaccharides (COSs)
antibacterial activity, 188–9
antifungal activity, 191, 193
antioxidant activity, 191
antitumor activity, 189–91
bioactive, production of, 185–7
biological activities, 18–9, 187–91
characterized, 183–4
low-molecular-weight, 191
medium-molecular-weight, 191
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molecular weight, 2
radical scavenging activity, 191
safety of, 194
source for nutraceuticals, 184–5

chitosanase, 185
Chlorella spp., 375, 385–8, 446–52, 457
chlorophyceae, 259, 262, 265, 267–9, 272, 278, 

282, 284–5, 289–91, 347
chlorophyll, 285
chlorophyta, 346
Choanephora, 374
cholesterol

biosynthesis, 49, 273
disorders, 51
esters (CE), 28, 74
fi sh protein hydrolysates (FPH), 241
levels, implications of, 28, 34, 51, 93, 99, 

104, 278, 368, 376
marine algae, 273
reduction strategies, 155, 161, 166–72

cholestyramine, 170
cholic acid, 166, 281
chondariales, 442
chondrocytes, 198
chondroichin sulfate, 200, 207, 211, 217,

406, 413
chondrus spp., 283, 291, 347–8, 350, 374, 382
chordariales nemacystus, 374
chrococcus turgidus, 369
chromatography, 17, 252. See also gas 

chromatography; size exclusion 
chromatography

chronic diseases, diet-related, 2, 261
chronic fatigue syndrome, 453
chymotrypsin, 249, 251
cinnamic acid, 289–90
citric acid, 126, 202
cladosiphon spp., 353–4, 374
clams, 66, 157
clean rooms, 205
cleavage, enzymatic, 382, 384
clinical trials

glucosamine effects, 211, 218–9
placebo-controlled, 165
weight studies, 171–2

clionasterol, 385
cloning, 393
clostridia spp., 291
clustering, 393
coA thioesters, 51
coacervation, 124–5. See also complex 

coacervation
cobalamin, 385
cod, 66, 232
cod liver oil, 13, 26, 30, 67, 137–8
cod skin collagen, 14

codons, 392
coeliac disease, 124
coextrusion, 128
cognitive impairment, 74
cold water fi sh, 231
colitis, 41. See also ulcerative colitis
collagen

characterized, 3–4, 455
fi bers, 405
fi bril-forming, 406–7
synthesis, 213
type V, 409–11, 413, 415
type IV, 414

collagenases, 14–5, 406–7
colon

cancer, 38–9, 261, 302–3, 382
tumorigenesis, 305

colorectal carcinoma, 38
complement receptor type (CR3) 

receptors, 445
complex coacervation, 126, 129–30, 138
complex fatty acids, 389
concavalin A (Con A), 438, 441, 453
confocal laser scanning microscope (CLSM), 

132–3
conjugated linoleic acid (CLA), 305
Connaught Laboratories Ltd., 455
connective tissues, 206, 230, 281, 407
copper, 126, 134, 163, 165, 288
coprostanol, 281
coprostanone, 281
coral calcium, 424
corallina offi cinalis, 352
corn starch, 122
corolase, 232–3
coronary artery disease, 32
coronary heart disease (CHD), 34–5, 165, 261, 

334, 376
cortical bone, 11
cortico-hippocampal glutathione levels, 99
corticosterone secretion, 103
cosmetics, 3, 382
Council for Responsible Nations (CRN), 119
cow’s milk, 140
crabs/crab shell, 18, 66, 156–7, 

202–3, 425–6
cranberry pomace, 239
crassostrea gigas, 17
crawfi sh, 157, 324
crayfi sh, 157
C-reactive proteins (CRP), 334
creatinine levels, 45, 165, 200
crenomytilus grayanu, 444 
Crohn Disease Activity Index, 41–2
Crohn’s disease, 41–2, 160, 162
cross-linking agents, 126
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crustaceans, 2–3, 18–9, 156, 174–5, 201, 
203–4, 371, 382, 422, 440

crypthecodinium cohnii, 33, 377
cryptonemia scmitzana, 425
C-terminal, 238, 241
Cultural differences, 2
CXCR4, 356
cyanobacteria/cyanobacterium, 369, 371, 382, 

384–5, 388, 390–1, 393, 446
cyanothece sp., 391
cyclic AMP response element binding protein 

(CREB), 307
cyclic dextrin, 135
cyclodextrins, 125, 238
cyclooxygenase (COX) enzymes, 35, 37–9
cyclooxygenase 1 (COX-1), 198
cyclooxygenase 2 (COX-2)

characterized, 39, 95, 103
inhibitors, 198–9, 216
medications, 217

cyclophosphamide, 445
cymopol, 373, 384
Cymopolia barbata, 384
CYP4A2 gene, 49, 51
cytokines

anti-infl ammatory, 93, 100
glucosamine and, 198
immunomodulators, 436, 441, 448, 450
infl ammatory arthritic diseases and, 43, 46
production of, 40, 44–5, 47, 69, 452–3
proinfl ammatory, 95, 97–8, 104, 159

cytomegalovirus (CMV), 357
cytophora retrofl exa, 300
cytotoxic T cells, 190, 353

D
dairy products, 32, 121, 140
deacetylation, 18–9, 170, 175–6, 183, 188, 

191–3, 202, 440
degenerative diseases, 4, 198. See also 

neurodegenerative diseases
degenerative joint disease, 198
deglycosylation, 290
dehydroxylation, 291
delayed type hypersensitivity (DTH), 442, 

444, 448
delisea pulchra, 352
delphinus longirostris, see Dolphins
dementia, 74–5, 380
demethylation, 291
demineralization, glucosamine

production, 203
denaturation, 234
deodorization, of fi sh oils, 119

deoxycholic acid, 281
depression, 46–8, 76–7
deproteination/deproteinization, 

175, 202–4
depsipeptide, 352
Dermatophagoides pteronyssinus, 441
desmosterol, 273
dexamethasone, 95
dextran, 370
d-glucosamine, 186, 199
d-glucosamine hydrochloride

chemical and physical properties of, 201
chemical manufacturing, 203
chondroitin sulfate, and manganese 

ascorbate (GCMA formulation), 212–3
manufacturing in North America, 205

%DH, 232, 234–6, 238, 240
diabetes, 34, 142, 191, 215, 305, 307
diacyl alkylglycerols, 435
diacylglycerols (DG), 28, 126, 305
dieckol, 281
diemethylsulfoniopropionate, 380
Diet and Reinfarction Trial (DART), 36
dietary fi ber(s)

chitin and chitosan, 158–9, 163, 165–6, 
170, 176

edible marine algae, 262
functions of, 163

Dietary Guidelines for Americans, 116
dietary restriction, 171
dietary supplementation, 40, 42, 74–5, 77–8, 

93, 104
differential scanning calorimetry (DSC), 122
digestive system, 163–4, 172, 241
dihomo-γ-linolenic acid (DGLA), 93
3,4-dihydroxyphenylacetic acid

(DOPAC), 103
Dillehay, Tom, 350
dimeric protein, 307
dimethyl acetals, 30
dimethylbenzl[α]anthracene (DMBA), 281
dimethylsufonioproprionate (DMSP), 373, 

382, 384
dimethylsulfate (DMS), 216, 373, 382
dimethylsulfoxide, 382
dinitropyrene, 163
dinofl agellates, 382
dioscroea villosa, 388
dipeptides, 238, 253
dipeptidylcarboxypeptidase, 191
disaccharides, 446
DLD-1 cells, 302
DNA

binding affi nity, 48
encoding, 389–90
fragmentation, 301–5
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microarrays, 104
mutagens, 160, 163
synthesis, 434

docosahexaenoic acid (DHA), 24, 26, 30,
35–6, 38–40, 44–7, 51, 63–78, 93, 
99–101, 105, 116–7, 119, 120, 122, 131, 
137–8, 142–5, 306, 376–7, 389, 433, 435

docosapentaenoic acid (DPA), 24, 34–5
dodecylglycerol, 434
dolomite, 420
dolphins, 29
domoic acid, 351
dopamine (DA), 69–70, 94–5, 98, 104
double emulsifi cation, 130
down-regulation, 39, 72–3, 103, 441
DPPH, 191–2
dried bonito, ACE-inhibitory activities, 

antihypertensive activity of 
thermolysin digest, 249–52

drug addiction, 78
drug carriers, 3
dry n-3 5:25 (BASF), 141
dual reactor system, COS production, 187
dulse protein extract, 260, 267
dunaliella sp., 346, 387–8, 393
dungeness crab, 156
durvillaea spp., 283, 347, 350–1
dwarf sperm whale, 29
dyslexia, 77
dyspepsia, 354
dyspraxia, 77–8

E
echinodermata, 442
echnoidea, 442
ecklonia spp., 300, 347, 351
egg(s)

products, 140
egg white proteins, 122, 236
omega-3 fatty acid content, 67

ehrlich ascites carcinoma, 442
eicosanoids, 43, 45, 69, 93
eicosapentaenoic acid (EPA), 24, 26, 30, 

35–6, 40–1, 43–5, 51, 63–70, 72–8, 93, 
99–101, 104–5, 116–7, 119–20, 137–8, 
142–3, 145, 306, 376–7, 389, 433, 435

eisenia bicyclis, 355, 425
eisenin, 436–8
eisosapentaenoate, 103
Elations®, 200
electromicrograms, 213
electron spin resonance (ESR) spectroscopy, 

134, 191
electron transport system, 325

electrostatic interactions, 166
EL-4 tumor cells, 441
ELISA, 414
emulcyan, 375
emulsifi ers, low-molecular-weight, 122
emulsion, fi sh protein hydrosylates (FPH), 

235–6
enalapril maleate, 241
endopeptidase activities, 238
endoproteinase, 406
endothelial cells, 313, 385
endotoxin-induced uveitis (EIU), 313
endotoxins, 441, 452
England, food additives, 4, 158
engraulis encrasicholus, see Anchovy
enolase, 99
enriched foods, 172, 387
enterohepatic circulation, 167
Enteromorpha spp., 282, 284, 349, 369
entomophthora, 380
environmental hazards, 381
enzymatic hydrolysis, 241
enzyme(s)

calcium and, 424 
degeneration of, 389
digestive, 274
peroxisomal, 93
regulation, omega-3 impact, 72

eosinophil peroxidase (EPO), 451
epicathetin gallate (ECG), 290
epigallocatechin (EGC), 290
epigallocatechin gallate (EGCG), 305
epinephrine, 355
EPO, 78
ergosterol pathway, 393
erwinia sp., 393
E-SAR 94010, 433
escherichia coli, 189, 392–3, 447
eskimo paradox, 34–5
essential amino acids, 264, 266
essential fatty acid γ-linolenic acid (ALA), 24, 

36, 39, 41, 49, 51, 63–7
Essential fatty acids, 424
esters, 347
estrogen levels, 423
ethanol

characterized, 272
HCl treatment, 164
washing, 204

ethyl cellulose, 125
ethylenediaminetetraacetic acid (EDTA), 126
eucheuma spp., 282, 347–8, 357, 442
eukaryotes, 48, 378–9, 391
European diet, 260
European Union (EU), 120
exopeptidase activities, 238
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extracellular signal-related kinase (ERK), 101
extremophilic microorganisms, 369

F
fat absorption, 158
fatty acids

chitin and chitosan, 176
direct binding of, 73
n-6, 41, 94, 105
n-3, 65–7, 99–101
oxidation, 48
synthase (FAS), 391–2

Fazer bakeries, 142
fermentation, 17, 205, 277–9, 390–1
ferrous sulfate, 213
fertilizers, 239, 422
ferulic acid, 290
fi ber, 424. See also dietary fi ber(s)
fi bromyalgia, 448
fi brosarcoma, 412
fi lefi sh, 4, 14
Finland, glucosamine sulfate production, 205
fi sh, see specifi c types of fi sh

aquacultured, 239
bone, 10–3
canning, 203
cold water, 231
consumption of, 65
freshwater, 24
meat, 38
oils, see fi sh oil 
processing industries, 27
silage, 422
skeletal frame, 421–3
skin, see fi sh skin

fi sh bone peptides (FBP), 422–3
fi sh frame protein

ACE-inhibitory activity and antioxidant 
activity, 8–9

calcium absorption acceleration effect, 
9–10

characterized, 7–8
fi shmeal, 26, 239, 422
fi sh oils, 32, 38, 40, 67, 119–20,

306, 422
fi sh protein hydrolysates (FPH), 2, 230–1, 

233, 241
fi sh skin

collagen, 3–4
gelatin, 4–7, 16

fl avanones, 289–91
fl avan-3-ol, 289–90
fl avobacterium, 393
fl avones, 289

fl avonoids, 163, 289–90
fl avonols, 289–91
fl avononols, 289
fl avorings, 238, 251
fl avor taint, 376
fl avorzyme, 233
fl ax oil, 30
fl axseed/fl axseed oil, 24, 32, 67, 143
Flex-A-Min, 200
fl oridoside, 277
fl ucoxanthinol, 311
fl uidized bed coating, 126, 128–9
fl uorescein isothiocyanate (FITC)-labeled 

gelatin, 409–10, 412, 414
fl uorescence

intensity, MMP inhibitory activity, 411–2
quenching, 134

food
additives, see food additives
delivery, microencapsulation of marine 

lipids, see microencapsulation of 
marine lipids in food delivery

industry, 4
preparation, 163
preservation, 17, 126, 159
processing, physical properties, 131–3 
storage, 163
supply, 376
texture, 117

food additives
generally recognized as safe (GRAS), 120, 

173, 200, 357
types of, 4, 158, 347–9, 375

Food and Agriculture Organization, 2
Food Standards Agency (FSA), 289
formaldehyde, 126
fortifi ed foods

bread, 141–2
calcium, 421–2
with DHA, 116, 138
with EPA, 116, 138
microencapsulated marine lipids and, 136
with omega-3, 116

Fourier transform infrared spectroscopy 
(FTIR), 134

Foxc2, 307
free fatty acids (FFAs), 28–9, 119, 307
free radicals, 18–9, 71, 162–3, 191, 329, 335
freeze drying, 124
fresh algae, 260
freshwater environment, 375
freshwater fi sh, 24
fruanones, 352
fructans, 370
fructose, 202, 375
fruit preservation methods, 125
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fucales, 442
fucoidans, 275, 298, 347, 349–51, 353–4, 

356–8, 436, 442
fucose, 357, 442
fucosterol, 273–4, 355, 385
fucoxanthin

anticancer effect, 300–5
anti-infl ammatory effect, 313
antiobesity, 305–12
in brown seaweeds, 300
characterized, 284, 298–30 
reducing effect on adipocyte 

differentiation, 311–2
structure of, 299

fucoxanthinol
in brown seaweed, 300
characterized, 299, 313
structure of, 299

fucoxanthins, 353
Fucus spp., 280, 300, 349, 374
functional fi sh proteins, 234
functional foods

defi ned, 369
production of, 2

functional gene groups, 39
fungal infections, 453
funoran, 442–3
furcellaria spp., 348–9
furcelleran, 349
furnoran, 354
furocoumarins, 384
fusarium, 374

G
galactans, 276, 347
galactolipids, 353
galactosamine, 207
galactose/galactose groups, 277, 375, 441–2
galacturonans, 371
galacturonic acid, 375
gallbladder, 166
gamma-aminobutyric acid, 388
γ-linolenic acid (GLA), 24, 49, 74
gas chromatography, 134
gas chromatography-mass spectroscopy 

(GC-MS), 135, 452
gastric mucosal injury, 160, 164
gastric ulcers, 160, 164, 374
gastritis, 159
gastrointestinal system, 172
gastrointestinal tract, 165, 165, 432
gel electrophoresis, 267, 408
gelatin

ACE-inhibitory activity, 5–6

antioxidant activity, 6–7
characterized, 4–5, 406–7
FITC-labeled, 409–10, 412, 414
microencapsulation of marine lipids, 121, 

123, 125, 130
gelation/gelation point, 123, 235
gelidium spp., 275, 285, 291, 375, 425
gene(s)

clusters, 393
evolution, 391–3
expression, 47–51, 72–3

generally recognized as safe (GRAS) 
ingredients, 120, 173, 200, 357

genetic predisposition, 34
genomic libraries, 389
genotoxicity, 163
GFA Brands, Inc., 144
gigartina skottsbergii, 347–8
gigartinaceae, 375
GISSI-Prevenzione study, 36
glass transition temperature (Tg), 122–3
glass-ceramics (G-C), bonding strength, 11
gliadin, 124
glial cell line-derived neurotrophic factor 

(GDNF), 95
glial cells, 94
Global Organization for EPA and DHA omega 

3 (GOED omega 3), 119
gloiopeltis spp., 354, 443
glucans, 443–5, 456
glucocorticoids (GCs), 94, 97, 105
glucocorticoids receptors (GRs), 95
glucomannan, 167, 170, 172
glucorhamnans, 452
glucorolactone, 207
glucoronic acid, 215, 375
glucosamine

administration, distribution, metabolism, 
and elimination (ADME) 
study, 206–7

anti-infl ammatory activity, 219
biology of, 206–11
characterized, 198–9, 216–9
chemistry of, 200–1
as drug or supplement, 199–200, 206–7
formulations, 212–4
hydrochloride, 200, 205, 211
ibuprofen vs., 211–2
immunomodulation, 457
insulin resistance, 215
manufacturing in North America and 

Japan, 205–6
marine microbes, 372, 374
production processes, 201–5
side effects of, 218
sulfate, 200, 202, 205, 215–6
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Glucosamine Arthritis Intervention Trial 
(GAIT), 211

Glucosamine/Chondroitin Arthritis 
Intervention Trial, 217

glucose
marine algal constituents, 277
marine microbes, 375
metabolism, 215
oxidase, 126

glucuronic acid, 442
glutamate, 72
glutamine fructose-6-phosphate 

aminotransferase (GFAT), 206
glutaraldehyde, 126
glutathione, 353
glutathione reductase, 99
glutenin, 124
glycans, 370
glycation, 355
glycemic control, 166, 215
glycemic index, 161
glycine, 4, 388
glycogen, 202, 370
glycolipids, 298–9, 308, 436
glycoproteins, 277, 385, 442, 

444, 447
glycosaminoglycan (GAG) synthesis, 198, 

206–7, 216
glycosides, 290
glycosylation, 435
glycouronogalactofucans, 275
goat nutrition, 267
gonarthritis, 210, 212
G proteins, 72
gracilaria spp., 275, 283–4, 347–8, 

350, 375
gracukarua asiatica, 290
gram-negative

bacteria, 188–9
organisms, 444

gram-positive
bacteria, 188–9, 452
organisms, 444

granulocyte macrophage stimulating factor 
(GCSF), 356

granulocyte monocyte colony stimulating 
factor (GM-CSF), 440

green algae
amino acid profi les, 266
commercial uses of, 346
composition of, 263
drug development and, 352
fatty acid profi les, 270–1
mineral content, 285 
polysaccharides, 350
vitamin content, 283

Greenland
Inuits, 34, 37
shark liver oil, 434

green macroalgae, 371, 384
green tea polyphenols, 126
growth factors, 39
growth media, 239
guanidine, 453, 455
guanadine chloride, 411
guluronic acid, 275, 278, 348
gum arabic, 121–2, 124–5
gums, 274
gyrodinium impudicum, 443

H
haddock, 66
haematoccus spp., 323–34, 326–9, 336, 

381–2, 393
hai dai, 260
halibut-liver oil, 30
Hamilton rating scale, 77
hamster studies

oral mucous membrane irritation test, 13
pancreatic duct cancer, 407, 413–4

Hans Continental Smallgoods, 144
Harmosira banskii, 300
harp seal blubber oil, 32
Health and Human Services (HHS), 116
health care system, 198
Health Professionals Follow-Up Study, 37
heart attack, 160, 162, 217, 333–4
heart disease, 368. See also cardiovascular 

disease (CVD)
heat shock proteins, 93
heavy metals, 163
helicobacter pylori, 164, 332, 374
hematopoietic activity, 163
heme proteins, 230
hemicellulose, 274
hemoglobin, 165, 230, 385
Hemopoetic stem cells (CD34+ cells), 356
Hep-G2 cells, 37
heparanases, 353
heparin, 192–3, 356
hepatic nuclear factor

4α (HNF4α), 50–1
4 (HNF-4), 73

hepatitis C, 453
herbs, 200
herpes simplex virus (HSV), 354, 443
herring, 23–4, 235–6
herring oil, 27–8, 67, 137
hesperidin, 290–1
hetero-COSs, 188, 191
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heteropolysaccharides, 371
hexadecatetraenoic acid, 353
high blood pressure, 334
high-density lipoprotein (HDL) cholesterol, 

172, 272, 241, 280, 333, 355
highly branched cyclic dextrins (HBCDs), 137
high-performance liquid chromatography 

(HPLC), 203, 412
high-throughput analysis, 410
hijiki, 260–1, 289, 311, 357–8
himanthalia elongata, 269–70
hippocampus, 98–100, 194
histamines, 230
hizikia fusiformis, 442
HL-60 cells, 301–2
HMG-CoA reductase, 273
hoki, 9, 14
hoki frame protein (HFP), 9–10
homeostasis, 72, 215
homogenization, 231–2
homoglycans, 370
homopolysaccharides, 370
homovanillic acid (HVA), 103
hormone levels, 93–4, 382
hormone-sensitive lipase (HSL), 307
host cells, 392
hostility, 77–8
HT-29 cell line, 39, 302
human cytomegalovirus (HCMV), 443
human embryonic kidney (HEK) 293 cells, 50
human immunodefi ciency virus (HIV), 353–4, 

357, 376–435
human serum, estimation of MMP inhibitory 

activity, 411
humoral immunity, 444–6, 456
Huntington’s disease (HD), 95, 103–4
hyaluronic acid, 206, 356
hyaluronidase, 281, 353
hybridization methods, 389
hydrilla sp., 374
hydrocarbons, 28–9
hydrochloric acid, glucosamine production, 

202–4
hydrocolloids, 352
hydrogen

donors, 162
fl uoride, 202
peroxide (HOOH), 71

hydrolysis, 8, 13, 18, 185, 202, 231–6
hydrophile-lipophile balance (HLB), 122
hydrophilicity, 121
hydrophobic interaction chromatography 

(HIC), 452
hydrophobic interactions, 166
hydrophobicity, 121
hydropropylcellulose (HPC), 125

hydroxyapatite, 11–3, 423
6-hydroxydopamine (6-OHDA), 102
hydroxyl radicals ( OH), 71, 191–2,  329
7-hydryoxycymopol, 384
hygroscopy, 127
hypercholesterolemia, 49, 161, 

167, 169–71
hypercholesterolemic diet, 272
hyperlipidemia, 49, 167
hyperoodon, 29
hypersaline environment, 375
hypertension, 6, 19, 32, 165, 240–1, 305, 

354–5, 376
hypertensive heart disease, 34
hyperuricemia, 165
hypneacea sp., 375
hypocaloric diets, 167
hypocholesterolemia, 171–2, 175, 385
hypolipidemic properties, 175
hypothalamic-pituitary-adrenal (HPA) axis, 

94, 98, 105

I
ibuprofen, 102, 211–2
icosatetraenoic acid (ITA), 433, 435
IMC carcinoma, 447
immucothel, 439 
immune modulation activity, marine algae, 

353–4
immune system, 68–9, 92–4, 190, 241
immunization, 452
immunocompetent cells, 432
ImmunoCysts©, 455
immunodefi ciency disease, 432. See 

also human immunodefi ciency
virus (HIV)

immunoenhancing activity, 18
immunoglobulins

IgE, 354, 441
IgG, 441, 443
IgM, 441, 443

immunomodulators, 432–3
immunostimulants of marine origin

biopolymer, 436–45
calcium and, 425
characterized, 432–3, 455–7
Chlorella, 446–52
low molecular mass, 433–6
marine microbes, 385
nonchemically defi ned, 445
shark cartilage, 452–5
Spirulina, 446

immunosuppressants/immunosuppression, 
432, 440
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increased life span (ILS), 440
inducible nitric oxide synthase (iNOS), 94, 

97, 313
industrial chemicals, 18
infant formula, 140–1
infl ammation, exercise-induced, 332
infl ammatory arthritic disease, 43
infl ammatory bowel disease (IBD), 40–1, 45
infl ammatory disease

allevation of, 162
prevention of, 162
types of, 40–5, 68–9, 93–4

infl ammatory disorders, 32, 96
infl uenza A/B virus, 443, 452
insoluble dietary fi ber (IDF), marine algae, 

274–5, 277, 279
insulin

levels, 170
resistance, glucosamine and, 215, 219

interferon (IFN)
characterized, 97, 444
IFN-γ, 98–9, 104, 353, 441, 446,

448, 453
interleukins

characterized, 94–5
IL-18, 446
IL-4, 159 
IL-6, 40, 101–2, 104, 159, 162, 

354, 453, 455
IL-1, 97–8, 102–3, 442–3, 453
IL-1β, 40, 101, 104
IL-12, 354, 439, 441, 446, 448, 453
IL-10, 40, 453
IL-2, 433, 435, 439

International League Against Rheumatism 
(ILAR), 199, 212

International Society for the Study of Fatty 
Acids and Lipids (ISSFAL), 116

International Union of Pure and Applied 
Chemistry (IUPAC), 117

Intestinal carcinogenesis, 261
Inuit population, 34, 37
inulin, 370
in vitro studies

Alzheimer’s disease, 97–9, 101
anti-infl ammatory effects, 313
aquatic food proteins, 241
astaxanthin, 333 
bone calcifi cation, 425
chitin, 160–1
chitosan, 160–1 
chitosan oligosaccharides (COSs), 185
COSs, 164 
fi sh protein hydrolysates (FPH), 240–1
glucosamine effects, 216, 218 

immunomodulators, 441
marine algae, 266, 279
MMP inhibitory activity, 406, 411–3, 415
ONC-106, 453
Parkinson’s disease, 101–2
Respondin™, 448
tumor cell suppression, 438

in vivo studies 
Alzheimer’s disease, 96–7
antihypertensive activities in ACE-

inhibitory peptides, 253–4 
antiobesity effects, 312
bone calcifi cation, 425
calcium in fi sh, 422–3
chitin and chitosan, 160–1
chitosan oligosaccharides (COSs), 185
edible seaweed, 265, 267
glucosamine effects, 219
immunomodulators, 441
MMP inhibitory activity, 414–5
ONC-106, 454
Parkinson’s disease, 101–2
Respondin™, 450

iodine, 260, 269, 351, 358
ion channels, 72, 94
iota carrageenans, 371
iron, 126, 134, 163, 174–5
irradiation, 264–5, 445
ischemic heart disease, 34–6, 

354, 380
ishige okamurai, 353
isochrysis galbana, 33
isolectric point (IP), 121
isoelectrofocusing, 412
isofl avones, 289
isoprenoids/isoprenoid pathways, 382, 384, 393

J
Japan

cancer immunostimulants, 444
chitin and chitosan nutraceutical products, 

172
coronary heart disease (CHD), 261
diet, 3, 17, 41, 66, 259–61, 298
food additives, 158
FOSHU, 202, 251
glucosamine production in, 205–6
industrial production processes, 392
population characterized, 35
seaweed consumption, 261

Japanese Kombu, 353
Japanese seaweed, 357–8
japonochytrium, 377
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johnius belegeri, see hoki
Joint FAO/WHO Expert Committee, 357
JointJuice, 200
juice, 32, 421

K
Kabushiki Kaisha Yakult Honsha, 374
kainic acid, 351
kappa carrageenans, 371
kappaphycus alvarezii, 347
karengo, 260
katsuobushi-oligopeptide, antihypertensive 

activity of thermolysin digest, 249–52
kelp, 281, 351. See also specifi c types

of kelp
keratitis, posttraumatic, 206
7-ketodehydroepiandrosterone, 388
ketones, 119
keyhole limpet hemocyanin (KLH) 

immunotherapy, 438–9
K-562, 436
kidney(s)

disease, see Renal disease
microscopic view of, 193
transplants, fi sh oil supplementation 

studies, 43
kim, 260, 281
kjellmaniella crassifolia, 442
klason Lignin, 377
knee osteoarthritis, 211
knockout mice, 101
koi, 336
Korea

cancer immunostimulants, 444
diet, 2–3, 17, 259–60, 298

krill, 25, 156–7, 249–50, 323–4
KRN7000, 436–7

L
lactic acid bacteria, 175, 188
lactobacillus spp., 175, 385
lactose indigestion, 423
Laemmli’s buffer system, 409–10
lambda carrageenans, 371
laminarans, 275, 370
laminaria spp., 280–1, 289, 300, 347, 349, 

352–3, 358, 443–5
laminariales, 442
laminarin, 347
langenorynchus acutus, 29
laplace pressure, 121
l-arginine pyroglutamate, 388

l-ascorbic acid, 282
laser beam diffraction, 132
laver, 260, 439–40
laxatives, 175, 351
LCPUFA defi ciency, 74, 76
lead, 134, 288
lecithin, 125
lectins, 216, 438
Leite Omega Plus, 143
lentinan, 444–5
lepidium menyii, 388
leprosy, 387
Lequesne (LQ) index, 209–10
lessonia, 347
leucocytes, 190
leucopenia, 445
leukemia, 443
leukocytes, 40
leukocytogenesis, 163
leukotrienes, 69, 93, 97
levan, 370
Lewis rats, 453
l-glutamine, 388
LH-20 chromatography, 448
life span, 332
light scattering, 132
lignans, 289
lignins, 274, 289
limanda aspera, see Yellowfi n sole
limbic system, 98
linear polysaccharides, 371
linoleic acid (LA), 24, 166
linoleic acid-oxidizing system, 6
linolenic acid (LNA), 30, 49, 65, 74, 

77, 166
linseed, 24
lipid(s), see marine lipid-fortifi ed foods

absorption, 168, 170
defects, 74
degradation, 117
marine algae, 268–73
marine mammal, 26
mechanism, 306
metabolism, 49
oxidation, 51, 117, 123, 162, 233, 236
peroxidation, 5, 103, 164, 323, 326, 335
quality, for microencapsulation, 119–20
serum, 354–5
as shell materials in microencapsulation, 

119
lipid hydroperoxide (LOOH), 71
lipogenesis, 49
lipolysis, 305
lipooxygenases, 39
lipopeptides, 384
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lipopolysaccharides (LPS), 95, 99–100, 102, 
313, 441–2, 452

LipoSan Ultra™, 167
liposome entrapment, 130–1, 137–8
lipoxygenase, 241
listeria monocytogenes, 375, 447, 449, 454
lithocholic acids, 166
liver

cancer, 382
damage, 261
microscopic view of, 193
transaminase, 45

liver X receptors (LXR/LXRα/LXRβ), 50, 
73, 273

livestock diets, 260
LKP, ACE-inhibitory and antihypertensive 

activities, 254–6
LKPNM, ACE-inhibitory and 

antihypertensive activities, 252–6
l-leucine alkyl ester (Leu-Ocn), 4
l-lysine monohydrochloride, 388
LNCaP cells, 37
Lobsters, 18, 66, 156, 202–3, 238, 323
Logic Juice4Joints (The Health Company), 200
long-chain fatty acids (LCFAs), 116
low-density lipoprotein (LDL)

cholesterol, 51, 167–8, 170–2, 272, 280, 
333, 355

oxidation, 241
LTB4, 40
lungs

infl ammatory disease, 44
infections, 352
microscopic view of, 193

lupus, 450
lutein, 174, 284, 380
lycopenes, 302, 380, 393
lymphatic system, 356–7
lymphocyte cell studies, 433, 456. See also 

T lymphocytes
lymphokines, 189
lyprinol supplementation, 45
lysophosphatidylcholine, 434–5
lysophospholipid, 68
lysozyme, 186

M
McAlindon, T., 208
McHugh, Dennis, 346
mackerel, 14, 23–4, 66, 238–9
mackerel intestine crude enzyme (MICE), 

9, 14
macroalgae, 351–3, 369, 371, 382, 393
macrobiotic diet, 353

Macrocystis, 346–7
macrophage activity, 174, 313, 333, 354, 374,

434, 438, 441–3, 448–50, 453
macrophagocytosis, 432
macular disease, 382
mad cow disease, 4
magnesium

bromide, 205
characterized, 174
chloride, 205

Maillard reaction, 172
major depressive disorder, 76
major histocompatibility complex II, 99
Makonbu, 434
malnutrition, 455
malondialdehyde (MDA), 6
maltodextrins, 122, 125, 137
mammary cancer, 261, 382. See also breast 

cancer
mammary tumors, 281, 445
mammuronic acid, 348
Mann-Whitney U test, 252
mannans, 277, 370
mannitol, 275
mannose, 375, 441–2
mannuronans, 371
mannuronic acid, 275, 278, 444
MAPK-p38 expression, 98
marine algae

biological activities, 353–7
calcium and, 424–5
characterized, 346
commercial uses of, 346
consumers of, disease incidence in, 352–3
drugs in development, 352
future directions of, 358
hypolipidemic effi cacy, 273
macroalgae applications in medicine, 

351–2
medicinal applications history, 350–1
microalgae, 346
polysaccharides in, 347–50. See also

polysaccharides of marine algae
regulatory status, 357–8
safety of, 357–8

Marine bioactive materials development
crustacean exoskeletons, 18–9
fi sh bone, 10–3
fi sh frame protein, 7–10
fi sh internal organs, 13–4
fi sh skin, 3-7, 16
shellfi sh, 14-8

marine ecosystem, 371, 419
marine lipid-fortifi ed foods

baked goods, 141–2
infant formula, 140–1
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milk/milk-based products, 142–3
nonmilk beverages, 143
nutritional bars, 142
processed meats, 144
spread, 144

marine mammals, oil from blubbers of, 28–30
marine microbes/microorganisms

characterized, 368–70, 393–4
future directions for, 389–93
types of, 372–3
whole-cell extracts, 385–8

Martek Biosciences Corp., 141
martensia fragilis, 384
mast cells, 162
matairesinol (MAT), 291
matrix metalloproteinase (MMP) inhibition

evaluation methods, 408–11
impact on cancer progression, 406–8
in vitro, by shark cartilage, 411–3
serum, oral administration of shark 

cartilage, 413–4
MaxEPA, 76
mayonnaise, 135
mazzaella laminaroides, 347
M cells, 444
MCF-7 cells, 439
MDA-MD-435 cells, 40
Meadow Lea-Hi Omega margarine, 144
meat products, 121
MEDG 3, 32
mediterranean diet, 36
medium-chain triacylglycerols (MCT), 305
MEG-3 powder (ONC), 141–2
meganyctiphanes norvegica, see Northern krill
megathura crenulata, 439
melting temperature (Tm), 122
membrane reactor, three-step recycling, 5–6
memory impairment, 97
menhaden, 25–26
menhaden oils, 25, 27, 67, 137
meningitis, 159
menopause, 423
mental health, 46–7
mera growth module, 327
Merck, 199, 217
mercury, 134, 231, 288
meristotheca papulosa, 442
meta-analyses, 176
metabolic engineering, 393
metabolic regulation, 93
metabolic syndromes, 305
metabolites, 312
metal

chelators, 162
halides, 216
ions, 119, 126, 162–3

metastasis, 407
methanol, 273
methylene cholesterol, 274
3, 4-methylene-dioxymethamphetamine 

(MDMA), 307
3-methyldodecanoic acid, 29
1-methyl-4-phenyl-1,2,3,

6-tetrahydropyridine 
(MPTP), 95, 101, 103

mevalonate pathway, 393
Micap PLC, 126
microalgae, 323, 327, 346, 369, 371, 382, 393
microbial activity, hydrolyzed aquatic food 

proteins, 230
microbial growth, 391
microbiological techniques, 370
micrococcus luteus, 189
microcoleus chthonoplastes, 382
microencapsulation of marine lipids in

food delivery
chemical processes, 129–31
chemical properties, 133–4
core-shell assemblies, 117
current status, 136–45
defi ned, 117
mechanical processes, 127–9
mechanical strength, 133
microencapsulation materials, 117–26
microencapsulation technologies, 118, 

126–31
physical properties, 131–3
multiple-layer shells, 117–8
structure, single-core/multicore, 118

microfl ora activity, 174, 267
microglia, 97–8, 102
microphagocytosis, 432
mifepristone, 103
milk/milk-based products

characterized, 32, 141–3, 420–1, 423 
microencapsulation, 124
milk substitutes, 234
omega-3 fatty acid content, 67

minerals
characterized, 285, 288–9, 424
defi ciencies, 174
encapsulation of, 128
mineral salts, 174

mini-mental state examination (MMSE), 74–5
mitomycin C, 163, 483
MMP-2 activity

assay in solvent, 409–11
cancer progression, 416
characterized, 408
serum inhibitors, 413

MMP-9 activity
assay in solvent, 409–11
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MMP-9 activity (contd.)
cancer progression, 413–6
characterized, 408
in vitro inhibition, 412–3
serum inhibitors, 413–4

modifi ed starch, 120, 122, 125, 137
molecular engineering, 393
molecular mobility, 123
molecular weight

COSs, 189
signifi cance of, 18

molecular weight cutoff (MWCO), 5, 8
mollusks, 156
monoacylglycerols, 28, 126
monoamine transporter-2, 101–2
monomethyl branched fatty acids, 29
monosaccharides, 370, 375
monostroma spp., 282, 291, 374
monounsaturated fat, 14
monounsaturated fatty acids 

(MUFAs), 24, 29–30, 32, 37, 
50, 268–9

mood disorders, 68–9
mortierella, 380
mouse AIDS (MAIDS), 447
mouse studies

Alzheimer’s disease, 95, 97–8
amyotrophic lateral sclerosis, 104
antitumor activity of COSs, 189–90
astaxanthin, 333, 335
breast cancer, 40
calcium fortifi ers, 425
citosan, 163
fucoxanthin, 307–11
glucosamine, 207
immunomodulators, 441–2
immunostimulants, 434–5
leukemia, 443
marine algae, 353
marine carotenoids, 313
MCA-38 mouse colon adenocarcinoma, 

454
Morris water maze, 98, 335
Parkinson’s disease, 101
Respondin™, 448–9
sterol regulatory element binding proteins 

(SREBPs), 49–50
MPP+, 101–2
mRNA, 49–50, 73, 93, 103, 218, 308, 392, 

448, 451
MTT conversion, 97
Mucor sp., 201, 374
multicore microencapsulations, 129–30
muramyldipeptide (MDP), 438
murine studies, see mouse studies

muscle damage, 332
mussels, 45, 66
mutagenesis, 392
mutagens, 163
mycosporine-like amino acids (MAAs), 265
mycosporines, 373, 380
myeloperoxidase (MPO), 451
myocardial infarction, 36
myocardial sarcolemma, 35
myofi brillar proteins, 234
myoglobin, 230
myricetin, 290
mytilus edulis, see Capelin

N
N-acetylglucosamine (NAG), 202
NADPH, 102
NAG (N-acetylated form of 

glucosamine), 216
NA + K + ATPase, 72
nannochloropsis oculata, 377
nanochochleates, 131
nanotechnology, 205
National Center for Complementary and 

Alternative Medicine and the 
National Institute of Arthritis and 
Musculoskeletal and Skin Disease 
(NIAMS/NCCAM), 211

National Institutes of Health (NIH), 217,
219, 420

native proteins, 4
Natrel, 143
natural killer (NK) cells, 190, 353, 436–7, 

442–3, 445–6, 453
naxopren, 332
NBTY, 200
nerve growth factor (NGF), 95, 98, 100
nervous systems

central, 92–4
omega-3 fatty acids, 68
sympathetic, 307

Nestle USA, 143
net protein ratio (NPR), 239
neural function, 46–7
neurodegenerative diseases

animal models, 96–104
astaxanthin and, 334–5
future research directions, 105
infl ammation and cytokines, 94–6
n-3 fatty acid benefi ts, 104–5

neurodevelopmental disorders, 68–9
neuroendocrine system, 105
neuroinfl ammation, 94, 104
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neurological disorders, 77–8
neuroprotective effects, 105
neuropsychiatric disorders, 72–7
neurotoxicity, 96
neurotransmitter systems, 69–70, 93–4, 98, 

105
neurotrophic factors (NTFs), 95
neurovascular dysfunction, diabetes-caused, 

334
neutral lipids, 28
Neutrase®, 14 
neutrophils, 313, 433
New Zealand green-lipped mussel, 45
Newlase, 231
niacin, 283–4
Nippon Oil Company, 375
nitric oxide (NO), 39, 41, 94, 97, 99, 313, 441, 

450
4-nitroquinoline-N-oxide, 163
NMDA receptor, 72
nonessential amino acids, marine algae,

264, 266
nonglucan polysaccharides, 440–3
nonischemic myocardial heart disease, 34
nonmilk beverages, 141–3
nonsteroidal anti-infl ammatory drugs 

(NSAIDs), 198–9, 207–9, 211, 216–7, 
219, 332, 433

noradrenaline, 305
norepinephrine (NE), 78
nori, 249–50, 260, 281, 354
northern blotting, 39
northern krill, 25
nostoc spp., 369, 391
nothogenia fastigiata, 443
novoden modestrus, see Filefi sh
Novo Nordisk, 238
nuclear accidents, 358
nuclear factor kappa B (NF-kappa B), 447
nuclear magnetic resonance (NMR), 134
nuclear receptors, 39
nucleic acids, oxidation of, 162
nucleotides, cyclic and noncyclic, 354
nucleus accumbens (NAc), 103
Nurses Health Study, 39, 44
nutraceutical companies, omega-3 

consumption guidelines, 116
nutraceuticals

benefi ts of, 369–70
characterized, 370
compounds, 370–85
defi ned, 369
historical perspectives, 370
production of, 2

nutrient utilization, 431

nutrition bars, 32, 141–2
nuts, 67, 421

O
O-alkyldiacylglycerols, 434
O-alkylglycerols, 434
obesity, risk reduction strategies, 161
obsessive compulsive disorders (OCD), 77–8
Ocean Nutrition Canada Ltd., 32, 138, 212–3, 

432, 440
Offi cial Methods and Recommended Practices 

of the American Oil Chemists’ Society 
(AOCS Methods), 119

oil-in-water (O/W) systems, 121–2
oil-water-oil (O/W/O) system, 130
oils, encapsulated, 138–40. See also specifi c 

types of oils
oily fi sh, consumption recommendations, 65–6
OK-432, 455
oleic acid, 7, 37, 49, 166
oligomer analysis, 2, 204
oligonucleotides, probing methods, 389–90
oligophosphopeptides, calcium-binding, 

422–3
oligosaccharides, 18, 353
olive oil, 43
omega-6 fatty acids, 24, 74–5
omega-3

commercially available enriched foods, 67
concentrated oils, 30
distribution of global food categories, 140
fatty acids, see omega-3 fatty acids
impact on brain health, see Brain health, 

omega-3 impact on
oils, see omega-3 oils, polyunsaturated 

fatty acids (PUFAs)
in treatment of neurodegenerative diseases, 

91–105
omega-3 fatty acids

characterized, 353
polyunsaturated, see omega-3 

polyunsaturated fatty acids
recommended dietary allowance (RDA), 

116–7
omega-3 oils, polyunsaturated fatty acids 

(PUFAs)
algael oils, 30, 33
from blubber of marine mammals, 28–30
from by-products, 26–8
characterized, 23–6
content of, 24
distribution of, 25–6
food applications, 30–2
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omega-3 oils, polyunsaturated fatty acids 
(PUFAs) (contd.)

health effects of, 32–47
nutraceutical applications, 30–2

omega-3 polyunsaturated fatty acids (PUFA)
daily consumption recommendations, 116
low molecular mass immunostimulants, 

433–5
ONC-106, 432–3, 439, 453–5
ONC-114, 213–5
On the History of Plants (Gerard), 350
open reading frames (ORFs), 389
oral cavity cancer, 382
organ transplantation, 43–5
ornamental fi shes, 329
Osteo Bi-Flex®, 200, 213–5
osteoarthritis (OA)

characterized, 159–60, 198–200, 211, 215
glucosamine effects, 208–9, 217–8
posttraumatic, 206

osteoporosis, 368, 423, 425
ovalbumin, 124, 254
oxidants, 96–7
oxidation, 6–7, 119, 134, 230–1, 241, 310
oxidation test, 135–6
oxidative stability, 134, 137
oxidative stress, 71–2, 163, 282, 334
oxidoreductases, 126
7-oxo-desmosterol, 274
oxygen, see oxidation

permeability of, 123
radicals, 381

oxyradicals, 72
oysters, 14, 17, 66, 156–7, 175, 420

P
pacifi c diets, 259
packaging, 119
p-coumaric acid, 290
palmaria spp., 262, 264, 270, 284
palmitic acid, 166
PANC-1 cells, 439
pancreatic cancer, 413–5, 439
pandalus borealis, see shrimp
papain, 14
paracellular pathways, 456
paracrine, 95
Parkinson’s disease (PD), 94–95, 101–3, 334
Parmalat Finanziaria S.P.A., 142
pastas, 32
patents, 129, 202, 212–3, 452
pathogenic bacteria, 188
pavlova lutheri, 33, 377
payload, 134, 137

PC60, 241
PC-3 cells, 37
pectins, 121, 125–6, 274, 371, 444
pelvetia siliquosa, 355
penaeus semisulcatus, see shrimp
penares incrustans, 436
penasterone, 437
penicillium sp., 201, 374
pepsin, 251, 409, 422
peptide(s)

ACE-inhibitory, 13, 17
amino acids, 241
antioxidant properties of, 7, 237
bioactive, 1–2, 13, 191
biopolymer immunostimulants, 436–7
fi sh, 241
fl uorescence-quenching synthetic,

410–1, 414
gelatin, 15–6
low-molecular-weight, 239–40
marine algae, 355
marine microbes, 384
nonphosphorylated, 9
phosphorylated, 9
prodrug-type inhibitor, 254
soup, 250

perilla/perilla oil, 24, 41
peripheral blood

lymphocytes (PBLs), 436
mononuclear cells, 332, 438
T lymphocytes, 435

peroxidation, 5, 103, 131, 164, 323, 326, 335, 
382

peroxide value (PV), 119
peroxisome proliferated activated gamma 

receptor (PPARγ), 31
peroxisome proliferated activated receptors 

(PPARs), 48–9, 51, 73, 93
peroxisome proliferator response elements 

(PPREs), 48
peroxyl radicals, 71, 329
pesticides, 455
pet food, 140, 422
petalonia binghamiae, 300
peterocladia spp., 291
Peyer’s patches, 444
pfaffi a rhadozyma, 382
Pfanstiehl Laboratories, 205
Pfi zer, 217
PGI2, 35
pH, signifi cance of, 13, 18, 121, 231
phaecophyceae, 262, 265, 269, 282, 290–1
phaecophycophyta, 443
phaeodactylum tricornulum, 337, 448
phaeophyceae, 259, 268, 272, 275, 277–9, 

284–5, 289–91, 298, 347–8
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phaeophyta, 346
phaffi a spp., 323–24, 381–2
pharmaceutical industry, 4
pharmaceutical products, 163
pharmacokinetics, 165, 206
phase contrast light micrographs, 388
phase separation, see Complex coacervation
phenol groups, 162–3, 285, 291
phenolic acids, 126, 289, 384
phenolic compounds, 191, 239
phenolic lipids, 312, 384
pheophyceae, 280, 284
Philippines, diet in, 259–60
phlorofucofuroeckol, 281
phlorotannins, 281, 289
phormidium J-1, 391
phosphate, characterized, 238
phosphatidylcholine (PC), 74
phosphatidylserine, 131
phospholipase A2 (PLA2), 68, 94, 96, 

102–3, 353
phospholipases, 93
phospholipids (PL), 35, 44, 74, 93, 125–6, 

130–1, 298, 381, 435
phosphopeptides, 421
phosphorylated chitoligosaccharides 

(P-COSs), 425–6
phosphorylated hoki frame protein(PHFP), 10
phosphorylation, 206
photobacterium profundum, 377
photobioreactor, 327
photoinduced oxidation, 119
photooxidation, UV-induced, 332
photosynthesis, 268, 346, 389
photosynthetically active radiation (PAR), 

264, 285
phromidium sp., 375
phycarine, 445
phycocolloids, 298
phycomyes sp., 374
Phycotene™, 388
phyllophora, 347–8
phylloquinone, 358
physeter catodon, see Sperm whale
physeteridae, 29
physical inactivity, 34
physiological functional foods, 2
phytium, 380
phytochemicals, 163, 239
phytofl uene, 302
phytohemagglutinin (PHA), 453
phytoplankton, 29, 323
pig/piglet studies, 4, 69, 445
pike, 66
pink salmon, 26
plankton, 385

plants
cell walls, 274
growth, hydrolyzed aquatic food proteins, 

239-40
lignins, 291
oils, omega-3 fatty acid content, 67

plastids, 393
platelet activating factor (PAF), 435
platysiphonia miniata, 433
polar lipids, 299
pollutants, types of, 376
polyacrylamide gels, 39, 408
polycationic shell materials, 125
polychlorinated biphenyls (PCBs), 134
polyclonal antibody production, 443–4
polyketide synthase (PKS)-like genes,

389, 392
polymerization, 187
polypeptides, 392
polyphenols, 162–3, 347
polyphloroglucinols, 353
polyps, 38
polysaccharides

algal, 267
anticoagulant, 192
of marine algae, see polysaccharides 

of marine algae
marine microbial-derived, 370–1
microencapsulation, 122, 137, 166
nonglucan, 440–3 
seaweed carotenoids, 298
water-soluble, 390

polysaccharides of marine algae
bile acid binding, 274–5, 279
carcinogenesis effects, 280–1
cholesterolemic effects, 279–80
fermentation, 277–9
glycemic effects, 280
ion exchange capacity, 274, 279
total dietary fi ber (TDF), 274–8, 292
water-holding capacity (WHC), 274,

278, 280
polysiphonia urceolata, 285
polyunsaturated fat, defi ned, 14
polyunsaturated fatty acids (PUFAs)

Alzheimer’s disease and, 100
antiobesity activity, 306–7
arachidonic acid, 68
characterized, 23–4, 37, 41, 44, 159, 385, 

456
degradation of, 323, 381
functions in central nervous and immune 

systems, 92–3
industrial applications, 298
long-chain, 376–7, 380, 391–2
marine algae, 262, 268–9

CRC_DK3287_index.indd   487CRC_DK3287_index.indd   487 6/25/2007   5:07:12 PM6/25/2007   5:07:12 PM



488 Index

polyunsaturated fatty acids (PUFAs) (contd.)
marine microorganisms, 378–9, 389
microencapulation of, 125–6
n-6, 41
n-3, 73
oxidative stability of, 120 
phospholipid, 72, 125–6

porcine renal proximal tubule cells, 165
porphyra, spp., 262, 264, 270, 283, 285,

291, 350–2, 358, 369, 411. 
See also nori

porphyridium spp., 269, 380
porphyrin, 285
Positive and Negative Syndrome Scale 

(PANSS), 75–6
postpartum depression (PPD), 76–7
posttranscription, 377
potassium

hydroxide, 202
salts, 347
sulfate, 205

poultry, see chicken
hypocholesterolemic effects, 261
marine algae diet, 269, 272

powdered algae, 278
praval bhasma (PB), 424
prawns, 157
precipitation, 421, 426
prednisolone, 313
pregnancy, 174, 200
prenatal development, 46
prepared foods, 260
pessure, multicore encapsulations,

133
primary antioxidants, 162–3
primary oxidation products, 119
primitive microbes, 389
probing methods, 389–90
processed fi sh, 140
processed foods, 2, 46, 260
processed meats, 140–1, 144
prochloron sp., 382
procoagulants, 358
proinfl ammatory agents, 159
proinfl ammatory cytokines, 93
prokaryotes, 378–9, 391
proline, 4
pronase, 267
pronase-E, 14
prooxidants, 126
propylene glycol alginate, 347
prostaglandin E2 (PGE2), 97–100, 102, 105, 

332, 445
prostaglandins (PG), 69, 93–4
prostate cancer, 37–8, 301, 335, 439

ProSure, 143
protamex, 233
protamines, 457
protease

characterized, 256
gastrointestinal, 251
inhibitors, 406

protein(s)
ACE-inhibitory activities of enzymatic 

digests, 248–249 edible 
seaweeds, 267

in algae, 264–8
based shells, 126
biopolymer immunostimulants, 436–7
as emulsifi er, 121–2 
fermentation of, 17
fi sh muscle, 422
gelation, 235 
macroalgal, 385
microalgal, 385
nonglycosylated, 334
oxidation of, 162
polysaccharide complexes, 439-40
shell materials, 118–9, 123-4
substrate, 256
synthesis, 73, 93
terrestrial plant, 265
tissue inhibitor of matrix 

metalloproteinase (TIMP)-like,
406, 408, 411, 413

protein effi ciency ratio (PER), 239, 267
protein kinase, 307
protein kinase C, 72
protein milk, 142
proteoglycans, 213, 217–8, 408, 413, 455
proteolysis, 17
protista taxonomies, 259
protozoans, 371
provitamin A, 284
Pseudoalteromonas sp., 189, 352, 382
PSK, 455–456
psoriasis, 159
psychiatric disorders, 198
pterocladia spp., 285, 375
pulmonary infl ammation, 159
pyruvate

ester, 275
kinases, 51
pathway, 393

Q
quinacrine, 103
quinolinic acid (QA), 103
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R
rabbit studies, cholesterol levels, 279–80
radiation therapy, 455
radical scavenging activity, 425
radioactive tracers, 134
ratfi sh, 433–4
rat studies

Alzheimer’s disease, 97, 99
antiangiogenesis, 453
aquatic food proteins, 241
astaxanthin, 332
calcium-defi cient diet, 15–6, 424
calcium fortifi ers, 426 
carcinogenesis, 281
chistosan supplementation, 174
cholesterol levels, 280 
cholesterol reduction, 169–70
colon cancer, 38
coronary artery obstruction, 35
COSs, 194
fi sh protein hydrolysates (FPH), 239, 241
fucoxanthin, 308
hydroxyapatite effects, 13
hypertension, 241
Liver X receptors, 50
marine algae, 267, 272, 354, 425
neurotransmitters, 69–70
spontaneously hypertensive 

rats (SHR), 17 
Sprague-Dawley (SD) models, 9–10
thermolysin digest of dried bonito, 

antihypertensive activities, 
249–50, 253

ulcerative colitis, 41
reactive oxygen species (ROS), 94, 96, 162, 

324, 329, 382
real-time reverse zymography, 407
recombinant biosynthesis, 393
recommended dietary allowance (RDA), 

116–7
recycle membrane reactor, 1
red algae

amino acid profi les, 266
carcinogenesis, 281
commercial uses of, 346
composition of, 260, 262
fatty acid profi les, 270–1
ion exchange capacity, 279
mineral content, 286
vitamin content, 283
water-holding capacity, 278

red blood cells (RBCs), 73–5, 77–8, 206
red hake, 238
red macroalga, 384

red sea bream, 329
red yeast rice extracts, 312
redox state, 73
reference memory, 99
Reliv’ International Ltd., 388
renal disease, prevention and recovery, 155, 

161, 164–5, 176
renal transplants, 440
renin angiotensin system, 5–6
research methodologies 

case control studies, 44
clinical trials, 171–2, 211, 218–9
cross-cultural studies, 37
double-blind, placebo-based studies, 

40–2
double-blind, placebo-controlled studies, 

weight studies, 167–8
double-blind  randomized crossover

study, 252
double-blind, randomized studies, 171
double-blind, randomized trial, 168–9 
epidemiological studies, 74
multicenter clinical trials, 439
multicentered controlled studies, 455
multicenter open-labeled trial, 209
multicenter placebo-controlled trials, 217 
placebo-controlled clinical controls, 165
placebo-controlled double-blind 

randomized clinical trial, 215
randomized clinical trials, 207–9 
randomized double-blind placebo-

controlled study, 210–1
randomized double-blind parallel group 

single-center trial, 209
randomized placebo-controlled clinical 

trial studies, 217
randomized placebo-controlled, double-

blind study, 209
randomized trials, placebo-based, 45
unblinded clinical trials, 161

respiratory sycytial virus, 443
Respondin™

animal models, 439–40
characterized, 432, 439–40, 455
chemical makeup of, 452
in vitro studies, 448–9, 451–2

reticuloendothelial system (RES), 442, 447
retinal damage, 160, 162
retinoic acid, 301
retinoic X receptors (RXRs), 48
retinoids, 163
reverse transcriptase-polymerase chain 

reaction (RT-PCR), 39
Rexall Sundown, 200
rhamnogalacturonans, 452
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rhamnose groups, 277, 375, 452
rheumatism, 376
rheumatoid arthritis, 42–3, 93, 159–60, 162, 

380
rhizopsus, 374
rhodobacter, 393
rhodophyceae, 259, 262, 264–5, 267–9,

272–3, 275–6, 278, 280–2, 284–5, 
289–91, 347

rhodophyta, 346
ribofl avin, 283–4
ribose, 375
RNA polymerases, 39
rockfi sh, 236
rodent studies, see mouse studies; rat studies

fucoxanthin, 309
hypocholesterolemic effects, 261

rofecoxib, 104
Rossen, Jack, 350
rotating disk, 128–9
Rottapharm Laboratorium, 207, 216
Rotta Research Laboratory, 208
roughy, 66
RU486, 103
rutin, 291

S
saccharomyces cerevisiae, 392–3
sacchorhiza polyschides, 269, 285
saffl ower oil, 41
Sagami Chemical Research Institute, 392
salmo gairdneri, see salmon
salmon, 24–6, 66, 231, 234–5, 249, 323, 329, 

336, 382
salmon oil, 67
salmon pyloric caeca enzyme extract,

233, 236
salmonella spp., 188–9, 445
salmonid feed, 329
salsburia adiantifl oria, 388
salt, characterized, 238
sand eel oil, 137
sarcoma-180 cells, 439
sarcothalia crispata, 347
sardine oil, 67, 120
sardine pilchardus, see sardines
sardines, 24–5, 234, 236, 239, 249
sargassan, 350
sargassum spp., 282–3, 290, 300, 350–3, 425, 

442
saturated fats, 14
saturated fatty acids, 269
scallops, 66
scanning electronic microscopy (SEM), 12

scapharca broughtonii, 16
scenedesmus sp., 387–8
Schiff™, 213–5
schizochytrium spp., 33, 377, 389
schizophrenia, 46–8, 68, 75–6
scomber japonicus, see Mackerel
scytonema sp., 384
scytonemian, 373
scytonemin, 384
scytosiphon lamentaria, 300
SDS-PAGE, 236, 409
sea algae, multicellular, 29
seabass, 66
sea bream, 241, 336
seafood, see specifi c types of seafood

demand for, 2
extracts, 238

seals
blubber, 23, 28, 31, 30
liver of, 29
oil supplementation, 30, 34

Sears, Dr. Barry, 142
seasonal industries, 27
sea staghorn, 439–40
sea star factor, 438
sea vegetables, 259
seaweeds

chemical composition, 297–8
edible, 259–60
harvest, 346
industrial applications, 297–8
lipids, 298
research studies, 298

SECO, 291
secoisolariciresinol diglucoside 

(SDG), 291
secondary antioxidants, 162
secondary oxidation products, 119, 236
seeds, 67, 421
seizures, 334
sensory tests, 135
septicemia, 447
serotonin, 69–70, 98
serotonin reuptake inhibitors (SSRIs), 78
SH-SY5Y, 102–3
shallow water microorganisms, 382
shark

cartilage, see shark cartilage matrix 
mellatoproteins (MMPs) inhibition; 
shark cartilage proteoglycan fraction 
(SCPG)

fi n, 413
fi sh protein hydrosylates (FPH), 235
liver oils, 26, 29
meat, 405
products, therapeutic value of, 26
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shark cartilage matrix mellatoproteins 
(MMPs) inhibition

characterized, 405–8
evaluation methods, 408–11
future directions for, 414–6
in vitro studies, 411–3
oral administration of shark cartilage, 

413–4
shark cartilage proteoglycan fraction (SCPG), 

413–4, 416
shear force, 133
sheep red blood cells (SRBC), 333, 442–4
shelf life, 135–6, 145, 162
shellfi sh, 66–7, 156, 174–5, 201, 218, 422
shell materials, lipid microencapsulation

emulsifi cation/emulsion stability, 121–2
glass transition temperature, 122–3
organoleptic acceptance, 121
permeabilities, oxygen and water vapor, 

123
requirements for, 120–1

shewanella spp., 389, 392
shrimp, 18, 66, 156–7, 175, 203, 240,

323, 329
signal transduction, 93
silica columns, 252
single-core microencapsules, 129
singlet oxygen quenchers, 162
size exclusion chromatography (SEC), 412, 

452
skeletonema costatum, 33
skim milk powder, 137
skin

carcinogenesis, 261, 331
diseases, 376
lotions, 3

skipjack tuna, 25
slaughterhouses, 27
small intestine

functions of, 164, 357
microscopic view of, 193

smoking behavior, 34
SoBe Sport System®, 200
sodium

alginate, 347, 352
ascorbate, 174
bromide, 205
caseinate, 137
chenodeoxycholate, 279
chloride, 205
deoxycholate, 279
dodecyl sulphate (SDS), 408.

See also SDS-PAGE
intake, 34
octenyl succinate starch, 125
tripolyphosphate, 126

sole, 8, 241–2
solieriaceae, 375
soluble dietary fi ber (SDF), marine algae, 

274–5, 277–8, 292
soluble fi ber, 165–6
solvent evaporation, 124
South American diet, 143
Southeast Asian diet, 2–3, 17, 143
soy

isofl avones, 159
milk, 421
protein isolates (SPI), microencapsulation, 

121–2, 124
sroteins, 234

soybean oil, 43, 67
soybeans, 24
spatial memory, 97–8, 335
sperm whale, 29
SPG Immunocysts, 455
SPG Sonfi lan®, 444
spices, 159
spinning disk, 128
spirogyra sp., 369
spirulina, 346, 354, 369, 376, 385, 388, 446
spleen/splenic cells, 441, 443–4, 448, 453
spongomorpha arcta, 349
spontaneously hypertensive rats (SHR), 249, 253
Sprague-Dawley rats, 194, 426
spray chilling process, 123, 127–8
spray drying

emulsions base, 118
of marine lipid emulsions, 127–8
process, 124, 135, 137, 328
technology, 125

spreads, 141, 144
squalene, 29
squid, 156–7, 175
Staphylcoccus spp., 188–9,  393, 443
starches

characterized, 120, 122, 124–5, 370
fl oridean, 277
glucosamine production, 202

stearic acid, 37, 166
stearidonic acid, 353
stem cells, 356, 435
stereochemistry, 444
sterol regulatory element binding proteins 

(SREBPs), 49–51, 73
sterols, 162, 170, 172, 312, 355, 373, 385
stictosiphonia arbuscula, 282
stimulants, 172, 239
stomach, functions of, 166, 172
stress, see oxidative stress

management, 34, 455–6
reduction, 241

strokes, 160, 162, 217, 334, 380
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strontium, 352
student t test, 253
substrate peptides, 253–4
subtilisin, 249
sugars

marine algae, 277
metabolism, 354–5
microencapsulation, 121
oxidation of, 162
weight-loss strategies, 170

sulfated rhamnogalactans, 354
sulfate hemiester groups, 347
sulfoquinovosyldiacylglyceride (SQDG), 353
sulfuric acid, 202
sunlight exposure, 331–2
Super Glucosamine and Glucosamine Drink 

Mix (ActionLabs), 200
supercritical CO2, 328
superoxide radicals, 191–2
surface oil, 134
surfactants, low-molecular-weight, 121
sushi, 260
swordfi sh, 66
Sympathetic nervous system, 307
symrise, 143
synaptogenesis, 46
synaptophysin, 98
syncytium, 354
synechococcus sp., 392
synechocystis sp., 393
synovial joints, 198
Syrian hamsters, 13
systolic blood pressure (SBP), 17, 249, 252–3

T
Takara Shuzo Company, 374
tamnidium, 374
tannic acid, 312
tannins, 289
tardive dyskinesia, 68
tau, 98–9
T cells, see T lymphocytes

activation, 332
characterized, 439–40, 442–3
helper, 433

temporomandibular degenerative joint
disease, 212

“10” n-3 INF (DSM ROPUFA), 141
terpenoids, 384
terrestrial environment, 393–4
tetracalcium phosphate, 11
Tg2576 transgenic mouse, 97–8
thalassiosira pseudonana, 377
The Brohults, 434

therapeutic BCG, 455
“Theriaca” (Nicander), 350
thermodynamic stability, 13
thermogenesis, 307
thermolysin, 249–52
thiamine, 284
2-thiobarbituric acid (TBA), 8 
thiobarbituric acid reactive substances 

(TBARS), 47, 236
Th1

cells, 455
cytokines, 441
responses, 93, 447

thraustochyrium sp., 377
thraustochytriaceae, 377
thraustochytrium spp., 33, 389
3T3-L1 cell differentiation, 311–2
thrombosis, 34, 36
thromboxanes (TXs), 69, 93
Th3 cells, 104
Th2

cells, 455
response, 448

thunnus thynnus plyoric caeca, 14.
See also tuna

thymocytes, 445
tidal fl uctuations, 261
tilapia, 237
tissue inhibitor of matrix metalloproteinase 

(TIMP), 413
T lymphocytes, 190, 332, 435, 442
tobacco plants, 354
tocols, 283
tocopherols, 162, 230, 283–4, 289
tocotrienols, 284
tofu, 421
total dietary fi ber (TDF), 274–8, 292
total fatty acids, 268
total oxidation (Totox), 119
Towheed, T.E., 208
toxicity, 289, 356–7, 455, 457
toxic shock syndrome toxin (TSST), 453
Toyo Suisan, 382
trace elements, 424
trace metals, 159, 174
transcription, 39, 50–1, 73
trans fat, 34
transferrin, 51
transgenic mice, 49–50, 97–100 
transglutaminase, 122, 126
translam, 445
transplantation surgery, 432
trans-3-hexadecenoic acid, 268–9
trans-3-tetradecenoic acid, 268–9
trauma, 334
TREK-1, 72
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triacylglycerols (TAG)
biosynthesis, 49–50
characterized, 26, 28–30, 32, 34, 51, 

169–71, 272, 355, 377
tricalcium phosphate, 11
triglycerides, 175
trinitrobenzenesulfonic acid, 41
tripeptides, 253
troglitazone, 305
trout, 66, 329
trypsin, 14, 249, 251, 267
tryptophan, 104, 241
T-suppressor activity, 444
tubinaria ornata, 291
tuftsin, 438
tumor

cell suppression, 438
growth factor, see tumor growth factor
growth suppressor, 413
malignant, 37
necrosis, see tumor necrosis factor
suppressors, 39
transport studies, 40

tumor growth factor 
TGF-β, 104
TGF-β1 mRNA, 218

tumorigenesis, 162
tumor necrosis factor (TNF)

characterized, 69, 94–5, 332
TNF-α, 40, 97, 99, 102, 104, 159, 162, 

441–3, 452
tuna, 13–4, 24, 66, 250
tuna oils, 120
tuna pyloric caeca, 8
tuna pyloric caeca crude enzyme (TPCCE), 15
TUNEL (terminal deoxynucleotidyl 

transferase-mediated dUTP nick
end labeling), 302

TV, defi ned, 119
TXA3, 35
type 2

diabetes/diabetes mellitus, 161, 165, 198, 
215

helper T cells (Th2), 159, 162
type IV

cancer, 415
collagen, 416

typhoid fever, 188
typhus-paratypus (TABC), 434
tyrosine kinases (Trk), 95, 101, 353

U
UF membrane reactor system, 13
UHT milk, 142, 144

ulcerative colitis, 40–2, 159
ulcerous infections, 331
ulcers, 164, 332
ulkenia, 377
ultrafi ltration (UF), 5, 8, 186, 236, 251
ultrasonic absorption, 134
ultraviolet (UV)

detection, 204
irradiation, 264–5, 273, 282, 331
light injury, 382
light photooxidation, 331
protection, 384

ulva spp., 283, 349, 355, 425
uncoupling protein 1 (UCP1)

characterized, 305, 307
up-regulation in WAT by fucoxanthin, 

307–10
uncoupling protein 3 (UCP3), 307
uncoupling protein 2 (UCP2), 307, 310
undaria spp., 300–1, 308–9, 311, 353–4, 425, 

445. See also wakame
UNESCO, 350
United Kingdom, Warburtons Women’s bread, 
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United States, see specifi c government 

departments
food additives, 4, 158
microencapsulated oils, 120

U.S. Department of Agriculture (USDA), 
Dietary Guidelines for 
Americans, 116

U.S. Federal Standard 209E Class of 
Cleanliness, 205

U.S. Food and Drug Administration (FDA), 
120, 158, 200, 357, 368, 382

U.S. Institute of Medicine, 368
unsaturated fatty acids, 27
up-regulating gene expression, 72–3, 335
urea, 165
uric acid, 165
uronic acid, 275, 277–9
uterine cervix carcinoma, 189–90
UV-A/UV-B irradiation, 264–5, 282, 331

V
vaccines, 239. See also immunizations
value-added products, 2
valvular heart disease, 34
vascular endothelial growth factor (VEGF), 

406–7
vegetable oils, 26, 65, 306
vegetables
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very low-density lipoproteins (VLDLs),
175, 330

Viatril-S®, 212
vibrio spp., 189, 377, 382, 389, 445
Vioxx®, 199, 217
viral infections, 432, 453
viruses, 354. See also specifi c types of viruses
visual acuity, 46, 48
visual analogue scale (VAS), 211
visual development, 48
vitamin(s)

benefi ts of, 28, 389, 424
carotenoids, 282–4
defi ciencies, 174
encapsulation of, 128
fat-soluble, 30
supplements, 200
tocopherols, 282–4
vitamin A, 26, 30, 174, 284, 310, 346
vitamin B, 284–5
vitamin B12, 373, 385
vitamin C, 125, 230, 281–3, 334
vitamin D, 26, 174, 382
vitamin E, 74, 104, 174, 334–5, 382, 384
vitamin K, 174, 358, 382

Viva-Natural, 443

W
wakame, 249–50, 260, 299–300, 308, 353
walleye, 66
walnut oil, 67
walnuts, 24, 67
warfarin therapy, 358
waste streams, 175
WAT, 307–8
water-in-oil (W/O) systems, 121–2 
water-oil-water (W/O/W), system, 130
water vapor, permeability of, 123
waxes, 125, 143, 274
wax esters, 28–9
weather conditions, impact of, 376
weight-loss

strategies, 161, 166–72
supplements, 161

western blot analysis, 304
western diet, 41, 44, 100
Western Ontario-McMaster University 

(WOMAC), 209–11
whale oils, 34
whales, 23, 29
wheatgerm, 67
whey

characterized, 121–2, 236
powder, 137

protein concentrate (WPC), 123, 137
protein isolate (WPI), 122
proteins, microencapsulation, 124

whitefi sh, 66
white lean fi sh, 23
whitlockite phase, 11
whole-cell extracts, 385, 387–8
wild game consumption, 65
wolffi sh, 66
wollastonite, 12
women’s health 

breast cancer, 39–40, 352–3, 439, 444
calcium supplements, 423 
gonarthritis, 210
osteoporosis, 423, 425
postpartum depression, 76–7
pregnancy, 76–7, 174, 200

working memory, 97–8
World Health Organization (WHO), 141
wounds

dressing, 352
healing, 433

X
xanthine, 47
xanthophyllomyces dendrorhous,323
xenografts, 10
xylans, 276–8, 371
xylofucoglycuronans, 275
xylomannan, 443
xylose groups, 277, 375

Y
YAC-1 cells, 453–4
yellowfi n sole, 8, 240–1
yogurt, 32, 421

Z
zamene, 29
zeaxanthia, 174
zeaxanthin, 284
zinc, 175, 288
ziphius, 29
ZonePerfect Nutrition, 142
zooplankton, 323, 382
zosteraceae, 444
zosterin, 444
Z-VAD-fi nk, 305
zygorrhynchus, 374
zymography, 407
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