


Antioxidant Nutraceuticals 

 



Nutraceuticals: Basic Research 
and Clinical Applications

Series Editor: Yashwant Pathak, PhD

Herbal Bioactives and Food Fortification: 
Extraction and Formulation,

D. Suresh Kumar

Nanotechnology in Nutraceuticals: 
Production to Consumption, 

edited by Shampa Sen and Yashwant Pathak

Handbook of Metallonutraceuticals,  
edited by Yashwant V. Pathak and Jayant N. Lokhande

Nutraceuticals and Health: Review of Human Evidence,  
edited by Somdat Mahabir and Yashwant V. Pathak

Marine Nutraceuticals: Prospects and Perspectives,  
Se-Kwon Kim

Nutrigenomics and Nutraceuticals: 
Clinical Relevance and Disease Prevention, 
edited by Yashwant Pathak and Ali M. Ardekani

Food By-Product Based Functional Food Powders, 
edited by Özlem Tokuşoğlu
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Foreword

Promotion of longevity, vitality, strength, mental health and  wellness 
in general, are all rooted in food.

Charaka Samhita 1.25.350

Charaka (2000  BCE), the father of Ayurveda, the science of life, has 
propounded the wisdom that food sustains life, augments health and 
wellness, and prevention of disease. Hippocrates (460 BCE), the father 
of modern medicine, had echoed the same insight into food in his oft-
quoted teaching, Let food be thy medicine and medicine be thy food. This 
wisdom of yore has developed the concept of a new class of food supple-
ments termed nutraceuticals, which bridged together foods and drugs.

To start with the understanding of nutraceuticals, they are categories 
of food, which not only provide necessary nutrition but also act to pre-
vent diseases and promote strength and vitality. Nutraceuticals over the 
course of the past two decades have grown exponentially and have cur-
rently reached the US$200 billion mark. It is further expected to reach 
the approximately US$300 billion mark in the next 10 years. With this 
stupendous growth, the precise definition of nutraceuticals has become 
fuzzy and now includes multiple categories of food comprising a wide 
variety of classifications that includes food additives that provide medi-
cal or health benefits; products isolated or purified from food; medicines 
that are not associated with food; isolates that provide concentrated 
nutrients in the form of pills, tablets or other forms; commodities derived 
from foods in the form of medicines with demonstrated physiological 
benefits; and a range of products that have properties of health promo-
tion, including the concept of enhanced performance. With commercial 
growth of this range of food supplements, regulatory processes have 
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also developed with a good deal of variations across countries and even 
within a  country as applied to particular types of nutritional supple-
ments. This has led to efforts to redefine nutraceuticals and classify them 
on pharmaceutical, physiological, and therapeutic grounds. Some of the 
classes are already well-recognized, such as antioxidants, probiotics, 
phytopharmaceuticals, energy foods, and so on. Defining these classes 
with scientific precision and using this research as guidelines for regula-
tory purposes will serve to address the present chaotic stage of the vast 
ocean of nutraceuticals that are emerging.

This book, Antioxidant Nutraceuticals: Preventive and Healthcare 
Applications, usefully bridges present gaps in the literature on this sub-
ject. The content by experienced authors portrays a wide view of the 
topic in a total of 19 chapters. The authors discuss diverse topics ranging 
from historical perspectives and traditional systems to antioxidant nutra-
ceuticals in the prevention and treatment of acute diseases. The chapter 
on current status of market and future trends illustrates the background 
of the topic. This book addresses many clinical specialties like cancer, 
dementia, diabetes, preeclampsia, heart diseases, depression, inflamma-
tory diseases, skin care, ocular diseases, and lung diseases. A chapter 
on pharmacology and pharmacokinetics provides an in-depth analysis 
of possible mechanisms of natural antioxidants. The topic also covers 
pharmaceutics approach through probiotic applications as health drinks 
for disease prevention.

An important chapter of this book, “Antioxidant Nutraceuticals: Historical 
Perspective and Applications in Various Traditional Systems Worldwide,” 
is particularly noteworthy. Ayurveda, in particular, is known across the 
world for its fundamental contributions on concepts of health and per-
sonalized therapeutic approaches. The theory of Ayurveda and Yoga 
suggests that nutrition is not only for nourishment of the body but also 
to nourish mind and spirit. Charaka Samhita, Sushruta Samhita, and 
many other classics are resources for discovery of new nutraceuticals 
and health supplements. Ayurveda has described properties of fruits, 
spices, herbs, animal products, minerals, and medicated recipes for spe-
cific diseases. An effort to integrate such research with modern medical 
practices is the need of the hour.

The methodology for research investigating nutraceuticals has posed a 
challenge on the background of nutritional genomics that decodes varia-
tions of nutritional effects. We know that reactive oxygen species (ROS) 
play a major role in the pathogenesis of several diseases. There is lack 
of clarity in the role of ROS in origin and progression of many diseases. 
Another challenge is antioxidant paradox that several clinical trials have 
reported. Antioxidant supplements have demonstrated little or no pre-
ventative, or therapeutic effect in large doses. There is a need to revisit 
traditional knowledge and practices and support them with current 
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advances of biology and medicine. Ongoing and  prospective research 
worldwide on this important subject can only enhance the future edi-
tions of this book.

Dr. Patil, Dr. Pathak, and Dr. Cao have to be commended in coordinat-
ing this effort to produce this publication, which addresses a felt need of 
defining application of antioxidants in wide-ranging clinical conditions.

This book makes useful reading not only for stimulating research on 
this important subject for scientists but also provides useful guidance for 
practitioners of medicine and medical students.

Dr. Gururaj Mutalik
Former Director of the World Health Organization 

at the United Nations
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Series Preface

In biology, both in plant and animals, abiotic components or abiotic 
factors are nonliving chemical and physical parts of the environment 
that affect living organisms and the functioning of ecosystems. Abiotic 
factors and the phenomena associated with them underpin all biological 
systems. Abiotic stress is defined as the negative impact of nonliving fac-
tors on the living organisms in a specific environment. Various abiotic 
stress processes lead to the overproduction of reactive oxygen species 
abbreviated as ROS. These are highly reactive species causing damage to 
proteins, lipids, carbohydrates, and other biological systems leading to 
low—severe toxicity. These also damage the tissues and cells resulting 
in a large number of diseases and disorders.

Many natural cellular processes in our bodies lead to formation of free 
radicals that are also part of the ROS. If these highly reactive substances 
aren’t neutralized, they can cause damage in our bodies, which can lead 
to inflammation. A consistently high state of inflammation is considered 
to be a precursor to many common conditions in older adults, such as 
cardiovascular diseases, neurodegenerative diseases, and various types 
of cancer.

Our bodies do have a mechanism to create antioxidants to balance this 
damage due to free radicals or ROS. Antioxidants bind to free radicals 
and suppress their damage. However, since we are exposed to additional 
free radicals from pollution, cigarette smoke, pesticides, radiation, and 
some processed foods, we need to also take, in addition, antioxidants to 
neutralize the free radicals.

In recent years, increasing attention has been given to understand 
the  abiotic stress processes and how the nature is dealing with such 
 processes. This led to looking at various natural components, which 



xvi Series Preface

have exhibited protective effects that have been ascribed often as anti-
oxidant effects. Traditionally, reactive oxygen intermediates (ROIs) were 
considered to be toxic by-products of aerobic metabolism, which were 
disposed of using antioxidants. However, in recent years, it has become 
apparent that plants actively produce ROIs as signaling molecules to con-
trol processes such as programmed cell death, abiotic stress responses, 
pathogen defense, and systemic signaling.

Recent technological advances in understanding these processes includ-
ing microarray studies and the development of mutants with altered 
ROI-scavenging mechanisms provide new insights into how the steady-
state level of ROIs is controlled in cells. These raise several intriguing 
questions about the relationships between ROI signaling, ROI stress, 
and the production and scavenging of ROIs in the different cellular 
 compartments; several researchers are dedicating their time and efforts 
in this area and many of them are focusing significantly on natural 
antioxidants.

New insights from genetic analyses of ROS detoxifying and signaling 
mutants are shedding light on the complexity and roles that ROS plays 
in plants. Considering recent ROS-induced genome-wide expression 
analyses, the possible functions and mechanisms for ROS sensing and 
signaling in plants are comparable to those in animals.

A variety of antioxidant compounds derived from natural products 
(Nutraceuticals) have demonstrated neuroprotective activity in either 
in vitro or in vivo models of neuronal cell death or neurodegeneration, 
respectively.

The World Health Organization reported that cardiovascular disease 
(CVD) is the leading cause of death globally, resulting in 17.5 million 
deaths in 2012. Antioxidants may benefit many health factors that lead 
to CVD, including blood pressure, cholesterol, and circulation.

Arthritis and diabetes, two significant concerns for the aging popula-
tion, involve inflammatory processes that generate extra free radicals. 
The antioxidant nutraceuticals have been shown to improve joint health 
by reducing inflammation caused by free radicals and may also help to 
reduce blood sugar among diabetics.

The antioxidant nutraceuticals market is growing significantly. The 
2014 data reported 14.8 million for vitamin A, 331 million for vitamin C, 
green tea supplements over 60 million, and so on, and it is growing 
day-by-day.

The scope of the CRC series on Nutraceuticals: Basic Research/Clinical 
Applications aims at bringing out a range of books edited by distin-
guished scientists and researchers who have significant experience in 
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scientific pursuit and critical analysis. This series will address various 
aspects of the nutraceutical products, including the historical perspec-
tive, traditional knowledge base, analytical evaluations, green food to 
processing, and applications. This series will be very useful to not only 
the researchers and academicians but also as valuable reference books 
for personnel in the nutraceuticals and food industries.

The purpose of the inclusion of this particular book titled Antioxidant 
Nutraceuticals: Preventive and Healthcare Applications in the series is 
to cover the recent trends in this area, which is significantly enhanced 
with the advent of understanding about the ROS and related pre-
ventive processes as mentioned earlier. This series has successfully 
included several titles in the area of nutraceuticals and functional foods, 
 including Handbook of Metallonutraceuticals, Marine Nutraceuticals, 
Nutraceuticals and Human Health: Review of Human Evidence, Herbal 
Bioactives for Food Fortification, Handbook of Nutraceuticals Volume I: 
Ingredients, Formulations, and Applications, Handbook of Nutraceuticals 
Volume II, Scale-Up, Processing, and Automation, and Nanotechnology 
and Nutraceuticals: Production to Consumption.

The forthcoming titles in the series include Seaweed Bioactives: Health 
Benefits and Potential Applications, Nutrigenomics and Nutraceuticals: 
Recent Developments and Market Trends, and Food By-Product Based 
Functional Food Powders.

Antioxidant Nutraceuticals: Preventive and Healthcare Applications 
is edited by three scientists: Dr. Chuanhai Cao, PhD, Dr. Sarvadaman 
Pathak, MD, and Dr. Kiran Patil, MD. Some of the top-ranking scientists 
in this field have contributed to this book and I am sure this book will 
be very useful to the academicians and industry people equally.

This series has proven to be a very good resource to the academicians, 
industrial scientists, and students in the area of nutraceuticals basic 
research and clinical applications. We request scientists and academi-
cians working in this field to contribute to this series.

Yashwant Pathak
College of Pharmacy, University of South Florida Health
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Preface

The term antioxidant refers to a substance that inhibits oxidation, 
 especially to counteract the deterioration of stored food products. The 
term nutraceutical refers to a food-based substance with potential health 
benefits. Nutraceuticals cover a broad spectrum of substances, includ-
ing antioxidants. Antioxidant nutraceuticals have been used widely in 
ancient medical systems for preventive and curative ailments. In today’s 
modern medical system, nutraceuticals are considered beneficial but 
have unsubstantiated claims with regard to specific ailments, thus fur-
ther research needs to be conducted in this area. It is also important to 
determine if nutraceuticals are necessary in western populations with 
adequate nourishment from food.

This book further explores the antioxidant properties and benefits 
of nutraceuticals and expert authors and scientists have contributed 
chapters based on their research. This book covers historical aspect 
and development, current and future market trends, prostate can-
cer, general cancer prevention, Alzheimer’s disease and dementia, 
Parkinson’s disease, general well-being, obstetric applications, and 
ophthalmic applications, among others. It also covers research, both 
epidemiological and scientific, based on each organ system, as well 
as novel delivery approaches for enhanced absorption for antioxidant 
nutraceuticals.

This book will be a good resource for students, clinicians, researchers, 
public health officials, and the general public, who are all interested in 
the area of nutraceuticals and their application in human health and 
disease.

Sarvadaman Pathak
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Editors

Chuanhai Cao is an experienced and independent neuroimmunolo-
gist, vaccinologist, and a dedicated nutraceutical researcher with a tenure-
track assistant professor position in the Department of Pharmaceutical 
Sciences at the College of Pharmacy, University of South Florida (USF), 
Tampa, Florida. Dr. Cao has been working with the clinical core of the 
Florida Alzheimer’s Research Center (FADRC, NIH funded center) for 
more than 8  years and has combined his contemporary immunology 
and vaccine skills with molecular biology to search for novel biomark-
ers and therapies for neurodegenerative diseases. He believes that most 
diseases occur due to changes in the immune  system, and that targeting 
the immune system is a promising solution to diseases.

Sarvadaman Pathak went to the University of Houston for undergrad-
uate studies with a concentration in biochemistry and premedicine. 
Following that, he pursued a doctor of medicine degree from Avalon 
University School of Medicine, Youngstown, Ohio, summa cum laude. 
He was educated partially in Belize and Mexico with all clinical expe-
rience in Chicago, Illinois. After graduating from medical school with 
honors, he focused on research and worked at the University of South 
Florida, Tampa, Florida. In 2013, he completed a 1-year clinical fellow-
ship in traditional Chinese medicine, including Chinese herbalism, with 
a focus on eastern–western integrative medicine at the Dalian Medical 
University in Dalian, Liaoning province in Mainland China. In 2017, he 
completed a master’s level program and graduated from the Harvard 
Medical School, Boston, Massachusetts, with a focus on clinical tri-
als and drug development. Currently, he works as a clinical research 
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director in a hospital and outpatient setting. Sarvadaman has traveled to 
over 35 countries and has had a fascination with traditional medicines of 
the world since his childhood. 

Kiran Patil was trained in both the United States and India and has 
a lot of interest in the Ayurvedic system of medicine, which has been 
practiced for more than 3000 years in India. He is currently working 
as a neurologist in Pittsburg, Pennsylvania, with more than 15 years of 
experience in research and medical practice.
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2 Antioxidant Nutraceuticals

1.1 Introduction
1.1.1 Nutraceuticals definition
Different definitions for the term nutraceutical have been described over 
time. It is hard to gauge how big the nutraceutical market will be because the 
definition itself can be taken vaguely. For example, a nutraceutical could be 
described as something that has both nutritional and medical benefit. To this 
point, all foods could be considered nutraceuticals.

Nutraceuticals were first described by Dr. Stephen DeFelice and the Foundation 
for Innovation Medicine in 1989 in New York due to the heavily increasing 
number of research done in this area (Andlauer and Furst 2002; Kalra 2003; 
Pathak 2009). This research was believed to develop foods for the future, 
where the lines were obscure between food and drug. DeFelice described the 
term as, “a substance that is a food or part of food and provides medical and 
health benefit.” At this time, nutraceuticals were used to describe nutrients 
that were isolated from foods, dietary supplements, genetically engineered 
foods, and specific diets designed to increase a specific nutrient intake. The 
described nutraceutical food itself may be medically active, such as garlic or 
soybeans, or components of the food may be active, such as omega-3  fatty 
acids found in salmon and other fish.

This later portion was described further by Zeisal in that this was a “diet 
supplement that delivers a concentrated form of a presumed bioactive agent 
from food” (Zeisel 1999). These bioactive agents are those normally present in 
the foods we eat, but are increased in concentration and delivered as an object 
that people would not consider being a food.

The definition was updated in 2007 when Dr. Lockwood slightly redefined 
nutraceuticals using previous definitions as something that “describes a 
medicinal or nutritional component that includes a food, plant, or naturally 
occurring material which may have been purified or concentrated, and that is 
used for the improvement of health by either preventing or treating disease” 
(Lockwood 2007).

So then we can describe nutraceuticals as following the concurrent two defi-
nitions: nutraceuticals (1) are nutrition derived from food or plants that are 
naturally occurring, and that they (2) are specifically used for the prevention 
or improvement of disease or well-being. It is the combination of nutrients 
and their use as pharmaceuticals.

The term that is commonly heard today is referring to superfoods, or those 
which are nutrient rich and are particularly beneficial toward health. Most of 
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these foods you find will be rich in flavonoids, antioxidants, and specific fatty 
acids that many say can prevent or treat chronic conditions, such as cancer or 
heart disease (Gebauer et al. 2006). Some of the most beneficially described 
nutrients are those that are labeled as antioxidants (Shibamoto et al. 2008; 
Caffrey 2015) (Table 1.1). 

Table 1.1 Nutraceutical Categories/Examples

Category Title
Nutrient or 
Supplement Foods Containing Nutrient

Isoprenoids (Terpenoids) Carotenoids Carrots, carrot juice, sweet potatoes, apricots

Saponins Soybeans, legumes, and garlic

Tocopherols Oils, nuts, seeds, whole grains

Phenolic compounds Isoflavones Berries, coffee, tea

Lignin Whole grains, wheat, legumes, nuts, seeds

Proteins/Amino acids Amino acids Meats, chia seeds, soybeans, spirulina, pumpkin, almonds, avocados

Indoles Cruciferous vegetables: collard and mustard greens, broccoli, kale, 
cabbage, turnips

Choline Egg yolk, beef, fish, pork, soybean oil, chicken

Folate Spinach, turnips, broccoli, bokchoy, parsley, romaine lettuce

Carbohydrate 
derivatives

Ascorbic acid 
(vitamin C)

Citrus fruit, strawberries, sweet peppers, broccoli

Oligosaccharides Leeks, onions, asparagus, Jerusalem artichoke

Fatty acid and lipids N-3 PUFA Oils (flaxseed, walnut, and canola), nuts, seeds (Vesper et al. 1999)

MUFA Olive oil, canola oil, avocados, olives, peanut oil, nuts (Vesper et al. 
1999)

Sphingolipids Dairy products, eggs, soybeans (Ferreyra et al. 2012)

Lecithin Soy, egg yolk, vegetable oils

Minerals Calcium Dark green vegetables, dairy products, okra, almonds, fish

Potassium Beans, dark green vegetables, potatoes, squash, bananas, 
mushrooms

Zinc Oysters, beef, wheat germ, spinach, nuts, pumpkin, and squash 
seeds

Microbial Probiotics Yogurt, sauerkraut, sourdough bread, miso, kimchi

Prebiotics Garlic, onions, leeks, asparagus, bananas

Antioxidants Chocolate, pomegranates, cranberries, blueberries, beans, 
artichoke, pigmented potatoes

Source: Crowe, K. M. and Francis, C., J. Acad. Nutr. Diet., 113, 1096–1103, 2013.
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1.1.2 Antioxidant nutraceuticals
Antioxidant is a broad term that is used to describe any substance (vitamin, 
mineral, or enzyme) that can protect the cells of the body from oxidative 
 damage, usually due to free radicals (Hart and DeAngelo 2013).

Free radicals are produced for a variety of reasons within the body and can be 
produced through radiation, environmental stress, or by the normal process of 
mitochondrial and cells. Early on in life, the enzymes and processes of the body 
are better able to handle the production of free oxygen radicals, but as the 
body ages, so does the handling of these components. This develops the need 
for a higher intake of antioxidants so that a person’s body is better equipped to 
handle the ever increasing number of free radicals produced in the slowly fail-
ing system. These chemicals produced are highly reactive and can interact with 
a number of components in the cells, such as deoxyribonucleic acid (DNA), 
ribonucleic acid (RNA), cellular proteins, and the lipids of the membranes.

Aging itself and almost every disease state that can affect the human body is 
thought to be caused, in part, by oxidative damage and the buildup of free 
radical damage over one’s lifetime. Therefore, all problems associated with 
aging should receive some benefit, if we could just learn how to utilize anti-
oxidants efficiently to reduce oxidative stress (Bourassa and Tardif 2006).

1.1.3 Antioxidant nutraceuticals categories and examples
There is some classification of antioxidant molecules. Within the body there 
exist a number of enzymatic antioxidants, which have the ability to break 
down and remove free radicals. Most of these go through the process of con-
verting the free radical into an intermediary, hydrogen peroxide, and then 
will convert this into water. Many of these enzymes utilize metal atoms, such 
as zinc, copper, and iron.

Other antioxidants that are not enzymatic in nature are molecules that have 
the ability to negate the action of free radicals. Most of this is due to the struc-
ture of the molecules, and many are large with phenolic groups to engage the 
effect of the free electrons in the radicals. Some of these important antioxidant 
molecules include vitamin E, vitamin C, and beta-carotene (Table 1.2). 

1.1.4 Biochemical components of antioxidant nutraceuticals
The stresses of an oxidative environment have led to organisms developing 
these defense mechanisms (Zipperer 1902). As mentioned previously, there 
are the enzymatic antioxidants such as superoxide dismutase, glutathione per-
oxidase, and catalase. However, we are interested in the nonenzymatic nature 
of the nutraceutical antioxidants.

Chocolate and derivatives from the cocoa bean contain some of the highest 
concentrations of phenolic antioxidants in foods, and because of this, cocoa 
products have some of the highest antioxidant activity (Figure 1.1; Table 1.3). 
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Figure 1.1 (a) Picture of cocoa pods ready for harvest on a cocoa tree; each pod can 
contain 30–50  cocoa beans to be used for further processing (From Katz, D. L. 
et al., Antioxid Redox Signal 15, 2779–2811, 2011.); (b) structure of procyanidin; 
and (c) structure of catechin. The structures in Figure 1.1a and c are biochemical, 
phenolic antioxidant molecules found in cocoa products. (From Kukongviriyapan, U. 
et al., Can. J. Physiol. Pharmacol. 90, 1345–1353, 2012.)

Table 1.2 Antioxidant Examples

Type Function Current Research

Flavonoids In plants, these molecules protect against 
UV-B radiation and pathogen infection 
(Muhamad et al. 2010)

Possible antiviral action in humans (Peterson et al. 
2012), lower coronary heart disease, and stroke 
(Johnson 2002)

Beta-carotene, 
carotenoids, vitamin A

Precursor to vitamin A; ability to absorb UV 
and light energy

Slows cognitive decline, decreases risk of certain 
cancers and eye disease (Valko et al. 2015)

Vitamin E (tocopherol) Fat-soluble antioxidant; natural antioxidant in 
the body protecting tissues from oxidative 
damage and upkeep of immune health

Some protection of arteries against damage, some 
protection to toxins, eye disorders, neurological 
disease, and diabetes

Vitamin C (ascorbate/
ascorbic acid)

Water-soluble antioxidant; aid in growth and 
repair of body tissues (collagen) and to heal 
wounds

Boosts immune system, strengthens blood vessels, 
increases levels of glutathione, and restores active 
vitamin E

CoQ10, glutathione Master antioxidant molecules in the body, 
similar to vitamin E; prevent free radical 
damage in cytosol and mitochondria

Lower risk of cancers, cardiovascular disease, and 
inflammatory diseases (Cadenas 1997; 
McCarty and DiNicolantonio 2015)

Source: Crowe, K. M. and Francis, C., J. Acad. Nutr. Diet., 113, 1096–1103, 2013.
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These phenolic compounds of flavonoids, such as catechin and procyanidin, 
are composed of tricyclic structures that act as free radical scavengers during 
periods of oxidative stress. These molecules can also chelate iron and cop-
per atoms, inhibit other enzymes, and can upregulate the body’s antioxidant 
defenses. Both catechin and epicatechin have shown to increase nitric oxide 
production, impacting the vascular endothelium, and these polyphenols have 
also shown anti-inflammatory function (Kukongviriyapan et al. 2012).

A couple of other well-known antioxidants are berries, such as blueberries, cran-
berries, and pomegranates (Figure 1.2; Table 1.3). These foods have been shown 
to be high in other flavonoids, such as quercetin and anthocyanins. Quercetin in 
the animal model has been shown to reduce oxidative stress brought on by the 
release of a toxic protein, lipopolysaccharide (LPS), by harmful bacteria (Richter 
et al. 1999). These nutraceuticals worked to alleviate lipid peroxidation and was 
able to restore the cell’s antioxidant capacity. Quercetin also has shown activ-
ity in the cell related to antiproliferative and antineoplastic capabilities. It can 
induce apoptosis and arrest the cell cycle in the early G1 phase (Choi et al. 2001; 
Murphy et al. 2003). Anthocyanins also work as powerful antioxidants. These 
molecules are thought to inhibit some of the oxidative processes linked to the 
creation of tumors and cancers (Kaspar et al. 2011). 

Other examples of antioxidant foods besides cocoa products and berries are 
those of green and root vegetables, such as artichokes and Russet potatoes. 
Both the artichoke’s leaves and head are rich in phenolic compounds such as 
benzoic derivatives, flavonoids, and tannins.

Also, potatoes are one of the highest consumed vegetables per capita in the 
American diet. Pigmented potatoes, such as sweet, and especially, purple 
potatoes (Figure 1.3), contain high numbers of phenolic acids, anthocyanins, 
and carotenoids. Knowing each of these facts, scientists have been research-
ing for years the protective effects of the molecules within these vegetables 
(Zeisel 1999; Teow et al. 2007). 

Table 1.3 Foods Highest in Antioxidants

Food

Antioxidant Ability (Total Oxygen 
Radical Absorbance Capacity—Mean 

Value per 100 g)

Baking chocolate, unsweetened (1 square) 14479 µmol TE

Cranberry (1 cup) 10542 µmol TE

Blueberry (1 cup) 9621 µmol TE

Wine, table, red (5 oz.) 5693 µmol TE

Gala apple (1 apple) 5147 µmol TE

Source: Haytowitz, D. and Bhagwat, S., USDA database for the oxygen radical absorbance capacity (ORAC) of selected 
foods, release 2, Agriculture and Agricultural Research Service (Ed.), USDA National Nutrient Database for 
Standard Reference, Washington: DC, 2010.
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Figure 1.2 (a) Cranberries off the vine, (b) split pomegranate with seeds, (c)  general 
structure of anthocyanin, and (d) structure of quercetin. The structures in 
Figure 1.2c and d are biochemical phenolic antioxidant molecules found in many 
berry products, and there is a noticeable similarity to the tricyclic flavonoids found 
in cocoa in Figure 1.1.
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Figure 1.3 (a) Typical coloring of a sweet potato, (b) coloring of purple potatoes, and 
(c) structure of beta carotene found in these root vegetables.
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In almost all foods, some nutrients can be found acting as antioxidants. Plants 
themselves produce these molecules to protect against their forms of oxida-
tive damage, and this protection can be passed onto humans through inges-
tion for the most part. Phenols, flavonoids, and carotenoids are among the 
most common, and in effect with vitamins C and E, these molecules can help 
to clear the body of these oxygen radical waste products.

When radical waste products begin to build up, they can cause many kinds 
of disease as you will explore throughout the remaining chapters. However, 
these nutrients can act to halt and even regress the disease progression in 
some cases. This is the use of nutrients or functional foods as a means of treat-
ing diseases and disorders; the very definition of nutraceuticals.

1.1.5 Regulation of nutraceuticals
Within the past decade, the marketplace of nutraceuticals has grown so vastly 
that it is hard for the U.S. government to regulate all the products coming 
onto the market. Many of the more advocated products, such as fish oils, 
amino acids, ubiquinol, and glucosamine, can be found in an aisle in the local 
pharmacy or wellness store. Even if you go to a vitamin marketplace online, 
you can find a selection of all kinds of supplements, and most likely, they will 
have a section for antioxidants as well.

U.S. Congress, through the Dietary Supplement Health and Education Act 
(DSHEA) in 1994, made up the framework for the regulation of all dietary 
supplements. The FDA required that for the supplement to be on the market, 
it must be labeled as such. The manufacturer must also place a disclaimer 
stating that the supplement has not been evaluated by the FDA, and that it 
is “not intended to diagnose, treat, cure, or prevent any disease.” Because of 
this, manufacturers have relatively free reign on what they put or how much 
or little they put into their products (Zeisel 1999). More recently, investiga-
tions have been carried out on some of the top national retailers, studying 
the concentration of the advertised supplement within each pill. The finding 
was that almost four out of five products did not contain any of the herbs on 
their label, and even prompted the NY State attorney general to get involved 
(O’Connor 2015).

Although maybe not to the level of strict regulation that the FDA puts on 
prescription drugs and food additives, people are wondering if tighter control 
on the supplement industry might do more good than harm. People tend to 
assume that these supplements are relatively safe, as they are not prescribed; 
however, for example, an excess of vitamin B6 found in many vitamin B com-
plexes, exceeding a dose of 300 mg per day can cause a level of nerve dam-
age in some cases with people experiencing numbness in their extremities 
(Schaumburg et al. 1983; Smith 1990). It is true that too much of one thing is 
not good for anyone and in the case of supplements, studies done to examine 
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the minimal levels of toxicity and side effects, approved by the FDA, would at 
least offer another degree of protection to people who take them at will.

Aside from regulation, further studies on nutraceuticals would only help to 
show that these molecules have benefit in the human body, and cement the 
position that nutraceuticals can be beneficial. These molecules and beneficial 
foods have been used for thousands of years by ancient cultures all over the 
world. You can find foods in the paintings, sculpture, and art of the previous 
societies, and some even worshiped the food by presenting it as one of the 
highest offerings in their religions. Some foods are sacred, only to be eaten 
on special occasion. In all of these examples, there is an understanding in 
these ancient societies that certain foods could have more benefit as others.

1.2 Nutraceuticals and historical perspectives

In all species, food equates to life. The use of nutraceuticals can be found 
throughout the history. The father of modern medicine, Hippocrates, stated, 
“Let food be thy medicine, and medicine be thy food.” Humans have always 
cared and taken an interest in the integrity of what they were eating. Important 
minds such as Hippocrates were watching what people were eating and the 
effect these foods would have on the person. He stressed that “differences of 
disease depend on nutriment” (Jones 1923). This was the thinking in 377 B.C. 
In the societies before modern time, people came to realize this after years 
and years of studying what people eat and what it does to them. Here, we 
will examine the historical perspective of the various antioxidant foods and 
nutraceuticals used over the history of mankind.

1.2.1 Ancient India
Much of the culture of ancient India was put down in texts called the Vedas, 
which is Sanskrit for knowledge. These texts are some of the oldest in the 
Indian world and are some of the oldest scriptures of Hinduism. Mentioned 
multiple times within these texts are descriptions of food, and as they believed, 
food was thought to be the source of physical survival, stamina, and strength. 
Food was also seen to have medicinal and healing attributes. “Therefore, even 
now when one who is afflicted gets better he asks for food. Then they are 
hopeful for him thinking, ‘He asks for food; he will live.’” This was described 
in the Vedas when Prajapati (the lord of people) was weary from fighting off 
death and evil, and he asked for food to be revitalized (Wujastyk 1995).

Within the ancient sanskrit works, there is also the description of various 
plants and vegetables, and the works go into detail on how to use different 
parts of the plants for medicinal purposes. A selection of the hundreds of 
medicinal plants used is mentioned in Sections 1.2.1.1 through 1.2.1.3 (Grover 
et al. 2002; Ravindran and Babu 2004).



10 Antioxidant Nutraceuticals

1.2.1.1 Castor oil

Much of the ancient Indian medicinal text is written in the Susruta Ayurveda, 
which was compiled around 2000 BCE. It is the ancient writings of the tradi-
tional Hindu medicines native to the Indian region. Castor oil is mentioned 
within these writings for its use as a stimulant laxative to treat constipation. 
Another close Asian country, China, used the castor bean plant to restore the 
body’s chi, and the thinking was that this product could be used by the body 
where it was needed most.

The high concentrations of vitamins in castor oil, especially vitamin E, make 
for its use as a potential antioxidant when treating gastrointestinal problems.

1.2.1.2 Ginger

Many of the ancient people and monks of the Indian region looked for roots to 
use as medicinal products. Roots are fairly stable and can be used and stored 
for a lifetime. These medicinal products were usually never taken as a solid 
or soft food themselves but were added to other nutrition as a medicinal addi-
tive. One of the earliest conceived uses of what we call today a nutraceutical.

The people viewed ginger as the healing gift from their creator, and this plant 
was found throughout the ancient Indian and Chinese systems (Mehlhorn 
et al. 2014). Today, India is the largest cultivator of the ginger plant, contrib-
uting to about 30%–40% of the world production. It was not typically used 
as a spice, as it is more commonly today, but was seen as a medicine. In the 
ancient Indian language, it was called mahahbheshaj, mahaoushadhi, which 
means the great cure, the great medicine. In the ancient ayurvedic text, the 
use of the ginger root was recommended for elephantiasis, gout, and impair-
ment of the body due to indigestion. In fact, when European explorers were 
scouting the region, they found that the native people had large cultivations 
of aloe, pepper, ginger, cinnamon, and myrobalan plum plants.

Ginger contains a large concentration of gingerol, an antioxidant compound 
chemically related to capsaicin in chili peppers and piperine in black pepper. 
These compounds give the relative spiciness to each of these plants and plant 
roots. In animal models, this compound has been shown to induce hypother-
mia and treat rheumatoid arthritis, as well as being cytotoxic to blood and lung 
cancer cell lines.

1.2.1.3 Pomegranate

The earliest cultivation of the pomegranate was in the Indus Valley, at the 
foothills of the Himalayan mountains. In Sanskrit, this fruit is called dadima 
and in Hindi and Urdu it is called anar.

In the Ayurveda texts, its mentioned use is to treat heart and blood condi-
tions, to stimulate one’s appetite, as an antiemetic, and as an antidiarrheal. 
The fruit is also a symbol of fertility and prosperity. When ripe, the fruit is 
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described as resembling a heart, and it may be that is why it was used for car-
diovascular conditions, along with the juice and seeds resembling blood. The 
fruit, as described previously, has immense antioxidant potential and is one of 
the earliest examples of an antioxidant nutraceutical (Figure 1.4). 

1.2.2 Ancient Chinese
Traditional Chinese medicine (TCM) goes back to 2000 BCE and encompasses 
many of the traditional practices such as acupuncture, tai chi, and moxibustion 
and herbal medicine. In the United States alone, more than an estimated 5  million 
people according to the National Health Interview Survey have used these types 
of treatment. One of the major herbal texts, Shennong’s Materia Medica, was 
thought to be about by one of China’s first herbalists, Shennong, who lived around 
2800 BCE and allegedly had tried hundreds of Chinese plants, and later imparted 
his knowledge of medicinal and poisonous plants to other farmers.

Another Chinese text is Huangdi Neijin or The Yellow Emperor’s Inner 
Canon. It was written in 500–200 BCE and in the format of a question and 
answer-type piece between the mythical emperor Huangdi and his ministers. 

(a) (b)

(c) (d)

Figure 1.4 (a) Picture of a typical castor plant, (b) castor seeds on the castor plant, 
(c) cultivated castor seeds ready for processing, and (d) typical picture of a 
 ginger root.
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The first text of the two-part series, Suwen, gives the foundation of Chinese 
medicine and its diagnostic foundings.

Finally, one of the oldest clinical textbooks in the world comes from ancient 
China, at the end of the Han dynasty in 220 CE. The Shanghan Lun is known 
in English as the Treatise on Cold Damage Disorders, and many traditional 
Chinese medical students still learn from this today. The text combines the 
Yin and Yang of the body with five phases of possible drug therapy. It is one 
of the earliest Chinese medical texts describing symptoms as clinically use-
ful patterns that herbalists and ancient medical personnel could target for 
treatment.

1.2.2.1 Astragalus (huangqi)

Traditionally, astralagus was used to balance the life force, or qi, within 
the human body. The plant is harvested after 4 years, and the flat, yellow-
ish roots are used medicinally. This herb is used to enhance a person’s 
overall health and is supposed to increase resistance to disease. It is also a 
noted antioxidant, antiviral, and antibiotic. Clinically, it is used on people 
who show general weakness, diarrhea, fatigue, lack of appetite, chronic ill-
nesses, and to increase once vitality and levels of qi. Today, this is one of 
the largest health-related plants used in China and other countries of Asia 
(Biggs 1995).

This herb contains unique polysaccharides that are thought to stimulate the 
immune system (Figure 1.5). These compounds also show strong antioxidant 
and antitumor activity within an animal model (Ramesh et al. 2012). 

Figure 1.5 The plant products, mainly the roots of the astragalus plant, are used to 
generally make a tea marketed for immune health.
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1.2.2.2 Licorice (gancao)

Another plant used for its roots, licorice, has been used through the ancient 
civilizations of China, India, Egyptians, and Romans. Its sweet tasting root 
was used for its rejuvenating properties, and in TCM, it was clinically used 
for sore throats and bouts of food poisoning. In China today, licorice is the 
second most prescribed herb (McCoy 2013).

Compounds of this plant root have been shown to be effective against forms 
of LDL oxidation when tested in the lab (Sipos et al. 2004). LDL oxidation is a 
key factor in the early formation of atherosclerotic lesions, and use of licorice 
may be used to curb or prevent such processes (Figure 1.6).

(a)

Figure 1.6 (a) Picture of a typical Glycyrrhiza uralensis licorice plant. (Continued)
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1.2.2.3 Ginseng (renshen)

The term was given to the ginseng plant because its roots sometimes resem-
bled the shape of a man. In Chinese, the term ginseng means man root or 
essence. Because of the peculiar shape, the plant and its roots were thought 
to be divine, and these plants were extremely valuable. The demand in China 
was so high at one point in 200  CE that it nearly exterminated the wild 
Chinese ginseng supply. The herb was thought to increase energy, enhance 
athletic performance, improve mental function, and enhance immunity.

In the animal model, when fed a steady diet of red ginseng water extract, these 
animals tended to show significantly less oxidative damage (Figure 1.7). The 
method of action is thought to be a reduction in the lipid peroxidation and 
restoration of antioxidant capacity, curbing the processes of oxidative stress 
(McGovern et al. 2009). 

1.2.2.4 Wolfberry (goji)

Mentioned in Shennong’s Materia Medica, wolfberry or goji berries have been 
used for millennia in ancient China. Over time, people began to think and 
watch that the people who would routinely drink a goji tonic would tend to 
live longer. The fruit and its plant were correlated to vitality and longevity in 
ancient China.

The, usually dried, red berries have high concentrations of vitamin C, beta-
carotene, and other phenolic compounds, making this fruit an early used 
antioxidant that is still widely used today (Figure 1.8). 

(b)

Figure 1.6 (Continued) (b) Dried licorice root that was often chewed for its sweetness 
and medicinal properties.
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(a) (b)

Figure 1.7 (a) Picture of a typical ginseng plant, from root up to the red flower and 
(b) packaged ginseng roots for sale, resembling shapes of little persons.

Figure 1.8 Picture of a typical ripened goji berry or wolfberry plant. The red berries 
are usually harvested and dried out.
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1.2.3 Ancient Egyptians
The medical advances in ancient Egypt were some of the best in the world. 
They were renowned for their knowledge and application of bandages, rec-
ognizing infection and inflammation, and their use as various medicinals and 
herbs. The Ebers Papyrus was the standard medical text in this civilization, 
written in about 1500 BCE (Rajasekaran et al. 2005). Although most of the 
Egyptian medical practice was based around the idea that magic and spirits 
caused illness, the study of illness and symptoms lead to a system of treat-
ment. Different herbal treatments, consisting of plants and tree resins, were 
put into the wine (Miladi and Damak 2008).

1.2.3.1 Aloe vera

One of the plants from the Ebers Papyrus originated from the Middle East and 
Arab regions and was carried to the Asian continent around 600 BCE by the 
Arab traders. The Egyptians thought that this plant was a religious icon, and 
would often hang it in their doorway to protect themselves from evil. You can 
find the drawings of the aloe plant on the walls of their temples and tombs, 
mainly shown being used to treat different burns. In the Indian Ayurveda 
texts, it is mentioned to help manage pain and painful conditions.

The Egyptians used the plant to aid in the preparation of the papyrus scrolls 
and was used medicinally for early treatment of tuberculosis. The plant was 
recommended for wounds due to its analgesic and antibacterial properties 
and was used externally to treat rashes, burns, and sunburns.

The antioxidant potential of aloe vera has been studied extensively over recent 
years. The plant, when fed to diabetic rats at concentrations of 300 mg/kg, 
has shown to decrease levels of blood glucose, glycosylated hemoglobin, and 
increased hemoglobin numbers (Saada et al. 2003). Overall, the free radical 
potentials of the plant have been assayed by multiple research teams, and 
this may be why it is so effective to treat irradiation and burns (Chithra and 
Leelamma 1999) (Figure 1.9). 

1.2.3.2 Coriander

Coriandrum sativum was thought to aid in digestive problems, and all parts 
of the plant were utilized. Mainly used as a tea, coriander helped for stomach 
pain and urinary problems, such as cystitis. Its fruits were found in the tomb 
of the King Tutankhamun and other ancient Egyptian graves. Externally, cori-
ander was used to treat ulcers and other skin conditions. The oil derived from 
the plant was useful as an antibacterial.
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(a)

(b) (c)

Figure 1.9 (a) The Ebers Papyrus writing, (b) temple carvings of the ancient Egyptian 
medical devices and plants, and (c) drawing of a typical aloe vera plant.
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In an animal model, the coriander seeds were found to decrease the levels of 
lipid peroxidation, and overall the activity of antioxidant enzymes increased 
when compared to the control (Morrow 2011) (Figure 1.10). 

1.2.3.3 Honey

In ancient Egypt, the bee was thought to grow from the tears of the sun god, 
Ra, and land on the sands of Egypt. The bee’s by-product, honey, was used 
to treat many infections, and the Ebers Papyrus mentions the value of add-
ing honey, wine, and milk to most food products. The substance was added 
to bandages and dressings because of its antimicrobial abilities. One specific 
patient found with ankylosing spondylitis or inflammatory arthritis of the 
spine and joints was found to have consumed honey in his last days as a form 
of medication (Youdim and Deans 2000) (Figure 1.11). 

(a) (b)

Figure 1.10 (a) Coriander leaves and (b) coriander seeds used for their oils.

Figure 1.11 Shown is the common hieroglyph for the bee in ancient Egypt.
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Today, honey is still known for its various antimicrobial properties, but the 
compound also has some different antioxidant substances. There are a num-
ber of different polyphenols, carotenoids, and flavonoids.

1.2.4 Ancient Sumerians
These ancient people lived in Mesopotamia, located at current day Syria, Iraq, 
and Turkey, between the Tigris and Euphrates rivers. Much of the source text 
from this period comes in the form of cuneiform tablets, and many of these 
have been destroyed or not well preserved. As the government during this 
time took the form of a theocratic culture, healers and priests took on the role 
of healing the people. Illness was seen as being sent by the gods and was car-
ried by demons and other evil spirits. However, different forms of empirical 
therapies took aim at combating these spirits and helping the lessening of the 
patient’s symptoms (Cumo 2013).

1.2.4.1 Acacia

It is also known as the thorn tree and produces gum arabic and a polyphenol 
known as tannins. These substances today are used in adhesives, pharmaceu-
ticals, and various dyes and inks. These plants tend to grow in environments 
with little water, making them a hardy plant in ancient Egypt. The plant’s 
resin is mentioned in the Ebers Papyrus as being used in various eye prob-
lems, as well as put into the wounds and applied to skin diseases. It was also 
used surgically to set broken bones (Figure 1.12).

The acacia tree and its resin have large antioxidant potentials. The tree bark 
was found to reduce the number of superoxide radicals and reduced intracel-
lular hydrogen peroxide when coincubated with a human leukemia cell line 
(Golbidi et al. 2011).

1.2.4.2 Myrrh

This is another gum resin that is obtained from different thorny, flowering trees, 
all related to the species genus Commiphora. The substances were  mainly 
used in the ancient times as a medicinal and embalming ingredient.

In modern medicine, myrrh can be used as an analgesic for a toothache and as 
an antiseptic in toothpaste and mouthwashes, among other things. It has vari-
ous antioxidant properties, and compounds known as sesquiterpenes have 
been shown to inhibit tumor growth (Brower 2005).

1.2.4.3 Thyme

Thyme is a common herb used in many different food dishes today. This plant 
was majorly used for embalming by the ancient Egyptians. Medicinally, its oil 
can be extracted and is utilized as an antiseptic, and can be found today in 
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(a)

(b)

Figure 1.12 (a) A common picture of an acacia tree in Africa and (b) a drawing of 
the birds of ancient Egypt in what is depicted as an acacia tree.
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many types of mouthwashes. Oil of thyme was placed on bandages to help 
heal wounds, and the active nutraceutical, thymol, can be effective against 
different types of fungi. The plant could be boiled and drunk as a tea to treat 
bronchitis and cough.

Thyme oil contains different terpenoid molecules, such as myrcene, lin-
alool, thymol, and carvacrol. Thymol is a known antioxidant and has been 
widely studied in different application systems. Significant declines were 
found in the aging rat brain with regards to the levels of superoxide dis-
mutase and glutathione peroxidase when fed with thymol oil (Wolfe 2003) 
(Table 1.4). 

1.3 Nutraceutical application in worldwide traditional systems
1.3.1 Asian medicine and nutraceuticals today
The modern market of nutraceuticals as it is known today took its start in 
1980s in Japan, where the modern technologies began to infiltrate the ancient 
uses of folk medicine (Jones 1923). Although nutraceutical use has always 
been a primary market in the Asian–Pacific region, the use of these products 
today is ever more important. Over the past couple of decades, the eating hab-
its of the region have changed to a more Western diet in some areas. Analysts 
are beginning to see patterns of irregular eating, increases in junk food con-
sumption, and poor lifestyle habits starting to affect the lives of these people. 
With the increase in these pitfalls comes the increase in a number of diseases 
caused by stress and poor eating habits, and these can be accompanied by 
relations to nutritional deficiencies.

Products such as green tea and omega-3 fatty acids are taken for weight loss 
and cardiovascular health. With the buying habits of the people causing a rise 
in demand for dietary supplements and preventative nutraceuticals, more and 
more manufacturers are coming to these markets to provide the supply.

Table 1.4 Antioxidants in Ancient Civilizations

Ancient 
Civilization Ancient Text Medicinal Products Used

India Ayurveda texts, Suśrutasamhitā, 
Carakasam· hitā

Castor oil, ginger, pepper, cinnamon, 
garlic, pomegranate

China Huangdi Neijing, The Emperor’s 
Inner Canon

Ginseng, astragalus, cinnamon, ginger, 
licorice, rhubarb, wolfberry

Egypt Ebers Papyrus Honey, garlic, hibiscus, onion, castor oil, 
coriander

Sumerian Cuneiform tablets Acacia, aloe vera, balsam apple, myrrh, 
onion, poppy, thyme
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1.3.2 Nutraceuticals in western medicine
It was the father of western medicine, Hippocrates, who saw the value in 
food and food products. This proves to be true in the United States and 
Europe over the past couple of decades, as these are some of the largest 
markets for nutraceuticals. A 2001 Harris Interactive poll showed that 72% of 
Americans surveyed take supplements, and 53% of those surveyed believed 
that taking nutraceuticals offered some benefit that they could not get from 
pharmaceuticals or conventional medicine. Out of all the people questioned, 
95% of the people were satisfied with the supplements they were taking 
(Brower 2005).

However, regulation of these products is becoming more and more of a debate. 
Many advocacy groups are pushing for tougher oversight of these products, 
especially after the case of ephedra. The FDA allowed ephedra to remain on 
the market, despite there being more than 100 cases of serious side effects 
such as heart attack, stroke, and death (Wolfe 2003). With the popularity of 
these products growing, nutraceuticals may come to play a key role in the 
treatment of various diseases.
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2.1 Introduction

In 1989, Stephen DeFelice coined the term nutraceutical by combining both 
nutrition and pharmaceutical to describe any substance that is considered 
food or part of a food that may provide health benefits, including the preven-
tion or the treatment of the disease (Andlauer and Fürst 2002). Since then, the 
global nutraceuticals market has increased so significantly that it is predicted 
to reach a value of US$278.96 billion by 2021 as stated in a market report 
from Transparency Market Research (Nutraceuticals Market 2015e). The shift 
in outlook among the population from seeking a cure for diseases to seeking 
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methods of prevention has aided the growth of the nutraceuticals market. It 
is expected for pharmaceutical companies and nutraceutical companies to 
combine in order to revolutionize the way current treatments for prevalent 
diseases are approached.

Humans have used nutraceuticals for thousands of years as remedies for ail-
ments. However, today very few unindustrialized countries rely solely on this 
traditional medicine for the healthcare of their populations. Regions such as 
the United States, Europe, and the Asia–Pacific have successfully incorporated 
modern medicine into their healthcare system and are now looking to com-
bine the two forms to achieve the best outcome for patients.

2.2 Global markets

Nutraceuticals have a large global market that is expected to continuously 
increase as the healthcare system shifts to methods of prevention rather than 
waiting for the disease onset. The nutraceutical market consists of many 
categories of products ranging from supplements used to improve health, 
prevent chronic diseases, and postpone the aging process (Meštrović 2015). 
Although nutraceuticals have existed in some form throughout the world, 
market growth has varied among global regions.

2.2.1 United States
The use of dietary supplements in the United States (U.S.) has increased over 
the past 30 years and currently more than one half of adults report using one 
or more dietary supplements (Joshi 2015; Nicastro et al. 2015). This could be 
partly due to the population becoming increasingly concerned with living a 
healthy lifestyle in order to combat the rising cost of healthcare. According to 
the data in the 2007–2010 National Health and Nutrition Examination Survey, 
a national representative, cross-sectional, population-based survey, the actual 
reason for which most consumers reported to using dietary supplements was 
to improve (45%) or maintain (33%) overall health (Bailey et al. 2013). This 
trend of increased health promotion is likely to remain the same due to the 
increase in health education throughout the population. The nutraceutical 
industry is contributing to, and exploiting, this health trend by seeking to 
continually expand its prevalence in the U.S. market by promoting healthy 
living and disease prevention.

2.2.2 Europe
Contrary to the market in the United States and other parts of the world, Europe 
has much more stringent regulations regarding the control of nutraceuticals. 
These rigid regulations often force companies to make major reformulations 
of their products in order to distribute their products to countries such as part 
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of the European Union (EU) (Ottaway 2002). Given the many pieces of legisla-
tion applying to the process of having functional foods or nutraceuticals ready 
for the market, significant time and money must be invested (Coppens et al. 
2006). These European legislations regarding nutraceuticals are increasing the 
safety of the supplements and are also adding to the increase in popularity of 
the supplements by establishing credibility. Regardless of the stiff nutraceuti-
cal regulations, Europe is still expected to grow at a compound annual growth 
rate (CAGR) of 7.2% from 2014 to 2019 (Europe Nutraceuticals Market 2015c).

The nutraceutical market in the EU is not evenly distributed among its coun-
tries being that Italy, Germany, the United Kingdom, and France make up 
two-thirds of the market (Heller 2008). Thus, these companies have the lever-
age to impact further nutraceutical development and research on the remain-
ing one-third of the European nutraceutical market.

2.2.3 Asia–Pacific (India, Japan, and China)
The nutraceuticals market in the Asia–Pacific is estimated to grow at a CAGR 
of 7% from 2014 to 2019 (Asia Pacific Vitamins 2015a). Accompanying the 
global trend of the increasing nutraceutical market, the Asia–Pacific market is 
expected to continue to expand. This growth is due, in part, to the increased 
education about health and nutrition as well as the proliferating middle-class 
population capable of purchasing nutraceutical products (Asia Pacific Vitamins 
2015a). Given the improving standard of living of the Asia–Pacific market, 
consumers are making the switch to healthier diets and are seeking affordable 
products such as nutraceuticals, which have the ability to prevent or ameliorate 
common health issues as well as promote longevity.

2.3 Growth of nutraceuticals

Nutraceuticals vary widely in their potential health benefits to their consumers. 
A reason the nutraceutical industry has seen such growth is the wide variety 
of products available that may be beneficial to vastly different lifestyles. From 
protein powders that aid in recovery for athletes, to probiotics for individuals 
with poor gastrointestinal health, there is an applicable nutraceutical product.

In conjunction to their wide ranging applicability, physicians, the media, and 
research data have played a critical role in the nutraceutical market by increas-
ing public awareness about the benefits nutraceuticals may have on healthy 
living and preventative care. The nutraceutical industry has also increased its 
market growth by appealing to consumers concerned with cancer prevention, 
as well as brain and cardiovascular health.

Nutraceuticals hold promise for the treatment as well as the prevention of 
many diseases because of their many nutritional properties. The more edu-
cated Americans depend on preventive measures for healthcare maintenance. 
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If more research is conducted on nutraceuticals, it may further enhance under-
standing and increased usage for preventive health.

Physicians and scientists are under pressure to provide the best possible 
care for the population. As modern treatments are unable to provide cures 
for various ailments, these professionals are seeking the use of nutraceu-
ticals to bridge a gap in healthcare to provide better preventative care for 
the  population. This shift in mindset among professionals contributes to the 
growth of the nutraceutical industry as they are informing patients of their 
wide-ranging benefits.

The media is the primary source of information for most of the population in 
industrialized countries. The media has had both beneficial and detrimental 
effects on the nutraceutical industry, but it has recently demonstrated a posi-
tive impact in their role in medicine. This growth of nutraceutical use has 
required many food, beverage, and supplement entities to alter their slogans 
in order to adapt and contribute to the movement.

The food industry is on its way to becoming a research-oriented industry 
similar to the pharmaceutical industry (Pandey et  al. 2010). Due to the 
increase in research, food companies are now modifying their products to 
be more  nutritionally dense. In doing so, it ensures the consumers will meet 
all the nutritional needs in one meal. The promulgation of higher quality 
of sustenance per capita can potentially boost sales in such a competitive 
market. Adding nutraceuticals into the field can give a company a fairly 
large advantage due to its proclaimed health advantages. One division of 
foods that partook in the nutraceutical expansion is breakfast cereals. With 
enriched and fortified cereals, consumers can receive proper sustenance in 
their meals.

Applying science-based research into the nutraceutical and functional food 
industry will make companies and the industry as a whole more competitive 
by building the confidence of the consumers (Matthyssens et al. 2008). By 
commercializing the science of nutraceuticals, consumers will have the abil-
ity to make conscious decisions in health in regards to food. Furthermore, it 
would benefit the uninformed consumer by meeting their nutritional needs. 
One such example is the consumption of thiamine-enriched rice by persons 
in underdeveloped countries who no longer have to be concerned with a 
thiamine-deficient diet (Salcedo et al. 1950).

2.3.1 Cancer prevention
Noteworthy research conducted by Dr. Jed Fahey, a nutritional biochemist, and 
a faculty research associate at Johns Hopkins School of Medicine, Baltimore, 
Maryland specifically investigates the chemopreventive properties of crucifer-
ous vegetables. He discusses diets rich in crucifers mentioning that they effec-
tively aid in preventing cancer as well as other chronic diseases due to their 
very high concentrations of glucosinolates (Fahey et  al. 2012). In  a clinical 
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study conducted in Qidong, China, he and his team were able to analyze 
 broccoli sprout-derived drinks and how sulforaphane, the chemoprotective 
agent in the broccoli sprouts, was metabolized by the body via urine samples 
of the local population (Egner et al. 2011). In addition to broccoli, Fahey stud-
ied the Moringa oleifera tree, which has been gaining rapid popularity in the 
nutraceutical world due to its anti-cancer, hypotensive, hypoglycemic, and 
antibiotic properties. Dr. Fahey comments that without clinical studies being 
conducted on actual individuals—rather than in vitro—it’s “impossible to 
specify the dose necessary to produce a specific beneficial effect in humans” 
(Olson and Fahey 2011). This statement emphasizes the need for clinical stud-
ies in the nutraceuticals research world.

2.3.2 Brain health
Many neurodegenerative diseases still have no successful cure and scientists 
are looking to nutraceuticals for potential methods of prevention and treat-
ment. As the population reaches higher ages due to better standards of living 
and healthcare, these late onset diseases are becoming increasingly prevalent 
and if nutraceuticals are demonstrated to be efficacious against these disor-
ders, the nutraceutical market can expect continued growth.

Alzheimer’s disease (AD) is a neurodegenerative disorder caused by oxida-
tive stress leading to the aggregation of the endogenous protein amyloid 
beta. Research using antioxidant nutraceuticals for treatment of AD has shed 
light on their potential in disease treatment and prevention. Specifically, 
research on a transgenic mouse model for AD has demonstrated that treat-
ment with caffeinated coffee has the ability to reduce both brain and plasma 
amyloid beta levels (Arendash and Cao 2010; Cao et  al. 2009). A similar 
study included treatment of APP  +  PS1 double transgenic mouse model 
with the common nutraceutical and endogenous hormone, melatonin. The 
findings in the study provide support for the long-term melatonin therapy 
as a primary or complementary strategy diminishing the progression of AD 
(Olcese et al. 2009).

Similar to AD, Parkinson’s disease (PD) is also a proteopathic disease. It is 
theorized that the etiology of PD is caused by the aggregation of the endog-
enous protein alpha-synuclein forming plaques (Lewy bodies) leading to the 
death of dopaminergic neurons in the substantia nigra (Hsu et al. 2000). It 
is suspected that the protein aggregation is caused by an imbalance in the 
immune system. It is known that the immune system degrades with increas-
ing age and maintaining the immune system in a balanced form found at 
younger ages may be the solution for disease prevention. Nutraceuticals 
found to affect or strengthen immune function might play a critical role in 
the prevention of debilitating neurological diseases such as PD. Antioxidant 
nutraceuticals such as epigallocatechin 3-gallate (EGCG) (Tan et  al. 2008), 
quercetin (Haleagrahara et  al. 2013), and rosmarinic acid (Ren et  al. 2009) 
have shown potential in the treatment of PD. Continued future investment in 
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research on the manner antioxidant nutraceuticals impact brain health will 
benefit the nutraceutical market and offer promising preventative measures 
for these diseases.

2.3.3 Cardiovascular health
A significant antioxidant nutraceutical market exists in the prevention of heart 
disease, which is responsible for nearly every one in every four deaths occur-
ring in the United States (Heart Disease Facts 2015d). According to 2009–2012 
data, 32.6% of U.S. adults more than 20 years of age have elevated blood pres-
sure (Mozaffarian et al. 2015). Currently, coronary artery disease (CAD) is the 
most common type of heart disease in the United States and can cause heart 
attacks by affecting blood flow to the heart (Coronary Artery Disease 2015b). 
Various antioxidant components in nutraceuticals can reduce the risk for heart 
disease, including flavonoids and coffee.

Flavonoids are a group of polyphenols derived from plants that have antioxi-
dant capabilities. They can be found in many fruits and vegetables as well 
as in many beverages such as cocoa, tea, and wine (Zuchi et al. 2010). It has 
been demonstrated that people with very low dietary intakes of flavonoids 
have increased risk of coronary heart disease (Knekt et al. 1996), and flavo-
noid consumption is inversely correlated with mortality from coronary artery 
disease (Hertog et al. 1995).

Specifically, the wine market has taken advantage of the wine’s ability to 
improve heart health since the 1970s. Moderate wine consumers, in juxtaposi-
tion to those who abstain or to those who drink in excess, have been associ-
ated with a lower risk of death as a result of cardiovascular diseases (Klatsky 
1999). If further research is conducted supporting the use of flavonoids in 
promoting cardiovascular health, more foods and supplements containing fla-
vonoids can be expected to reach the market.

Coffee is one of the most commonly consumed beverages worldwide and 
is one of the top sources of caffeine and polyphenols in the American diet 
(Bhatti et al. 2013). The effect of coffee and cardiovascular disease has been a 
topic of much controversy, but recent further research has swayed toward the 
demonstration of the cardiovascular benefits of coffee. In particular, a recent 
study concluded that moderate coffee consumption was inversely associated 
with cardiovascular disease risk with the lowest risk at a consumption of 
three to five cups of coffee per day (Ding et al. 2014).

People currently use coffee on a daily basis in order to take advantage of its 
caffeine, which acts as a stimulant to maintain wakefulness and focus. Many 
companies have been very successful in marketing for coffee to the point 
where coffee consumption has become a trend among much of the popula-
tion. If continued research is released in support of coffee consumption, it 
is expected for the market to continue to rise as more companies enter the 
market.
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2.4 Nutraceuticals market

As mentioned previously, nutraceuticals are not regulated in the same man-
ner as pharmaceuticals. A reason that they are not regulated the same is that 
nutraceuticals do not, and cannot, make claims to prevent much less cure for 
any disease. Because the nutraceutical industry experiences less regulation, 
it may be inferred that it is easier for them to be profitable and expand their 
use. However, there is a need for tighter nutraceutical regulation in order to 
undergo similar development of pharmaceuticals.

2.4.1 Nutraceutical regulation
Legislative regulation plays a significant influence in the nutraceutical market. 
Minimal regulation of the nutraceutical market is beneficial to nutraceutical 
companies by reducing costs, but can potentially be harmful to consumers 
due to a lack of product research. Contrarily, tighter regulations benefit con-
sumer health but raise product costs compared to less researched nutraceuti-
cals. In the pursuance of taking full advantage of the many potential benefits 
of nutraceuticals, it is necessary to enforce stricter regulations of products 
reaching the market.

Nutraceuticals have undoubtedly gained popularity in recent years in an effort 
to bridge a perceived gap in the healthcare system left by modern medicine. 
However, in order for nutraceuticals to continue their momentum and become 
an integral part of modern day health systems, it is necessary to put them 
under the same scrutiny as pharmaceuticals. By investing the research of 
these products, nutraceutical companies gain the ability to prove that their 
products may be a staple to maintaining health and wellness and not just a 
complement to a normal diet. Without the well-established validation of these 
products consumers cannot justify the added expenditure associated with 
functional food products compared to the conventional ones.

Ensuring the safety of nutraceutical products entering the market comes 
with the need for a development process parallel to that of pharmaceuti-
cals. Currently, pharmaceutical development requires identification of mecha-
nisms of action and active constituents, chemical standardization based on 
the active compounds, biological standardization based on the pharmacologi-
cal activity, preclinical evaluation of toxicity and potential for drug–botanical 
interactions, metabolism of active compounds, and finally, clinical studies 
of safety and efficacy (van Breemen 2015). Unfortunately, manufacturers of 
dietary supplements have little incentive to invest in further product research 
because the natural raw materials for the dietary supplements generally can-
not be patented (Umhau et al. 2012). Although, if these dietary supplements 
can be proven to be effective through research, consumers will benefit from 
cost savings as well as health benefits (Umhau et al. 2012). The lack of polic-
ing and the lower market barrier to the entry of nutraceuticals compared to 
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pharmaceuticals many times diminish their reputation among scientists and 
consumers. In order for nutraceuticals to continue to compete against or work 
in conjunction with the pharmaceutical industry they must increase the devel-
opmental regulations of supplements.

Other factors hinder nutraceutical advancement in the health system such as 
the National Institutes of Health (NIH) budget cuts leading to decreased fund-
ing for nutrition research (Davis and Ohlhorst 2014). These budget cuts may 
act as a driving force for nutraceutical companies to merge with pharmaceuti-
cal companies in order to remain a part of the health market.

2.4.2 Future of nutraceuticals
The future of nutraceuticals continues to be promising as increasing amounts 
of people seek out the benefits of natural products for preventative care. 
Natural products bode well with the population, as they are many times 
believed to be a better alternative to modern medicine even when they have 
not proved to be advantageous. This expanding progression toward natural 
products and healthy lifestyles is not going to diminish as the population 
becomes more knowledgeable and the proliferation of the nutraceutical mar-
ket is expected to follow the suit.

Many common nutraceuticals are naturally occurring products that have the 
capacity to be produced at a much more affordable rate compared to phar-
maceuticals. Pharmaceutical products typically entail high costs due to the 
amount of money and time required in research and development. The cur-
rent cost-effectiveness development of nutraceuticals contributes to the overall 
growth and expansion of the nutraceutical industry. However, if nutraceutical 
development costs begin to mimic the price of pharmaceutical drug develop-
ment, it is expected for the industries to merge. The affiliation of the two 
industries will act to mitigate costs and provide better products for consumers 
due to more demanding legislative regulations.

2.5 Merging nutraceuticals and pharmaceuticals

With the increase in research in nutraceuticals, they have recently become 
more credible, intercalating themselves as a potentially prominent source 
of medicine. However, the disparity between nutraceuticals and pharma-
ceuticals is that one is more natural and the other is synthetically based, 
respectively. Albeit, for years, it has been considered the alternative to the 
traditional medicine, it may be more efficacious to amalgamate the two enti-
ties. Given this, it is expected for the nutraceutical industry to combine with 
the pharmaceutical industry in order to become a more powerful component 
of the healthcare sector. The merging of the two industries is also advanta-
geous to patients due to the cost of disease prevention being much more 
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affordable compared to the curing after the disease onset. The potential 
synergistic effects of the collaboration of the two industries would only add 
to the efficacy of healthcare by promoting disease prevention and decreasing 
drug interactions.

2.5.1 Disease prevention
The cooperation of the two industries is essential for the better health out-
comes of consumers. Research regarding antioxidant nutraceuticals addresses 
the prevention and the remedying of the existing conditions by the exploita-
tion of natural bioactive components through sustenance, whether be it foods, 
drinks, or supplements. Utilizing these studies can be advantageous when 
addressed to disease prevention.

Many current diseases (aging, endothelial degeneration, autoimmune disor-
ders, etc.) are due to the accumulation of free radicals. Subscribing and imple-
menting antioxidants as a prescribed daily regimen can act as a remedy to the 
said ailments. From brain health to heart health, nutraceuticals are a potential 
way to provide disease prevention.

2.5.2 Drug interactions
Currently, a lack of regulation within the nutraceutical industry is leading to a 
promotion of products of questionable effects with potentially dangerous drug 
interactions with established pharmaceuticals. These negative effects may be 
negated by increasing research funding to nutraceuticals to create a syner-
gistic effect between the two industries. Without the investigation of drug 
interactions between nutraceutical supplements and pharmaceutical products, 
healthcare providers suggesting nutraceuticals may be causing harm to their 
patients. Nonetheless, many preventative nutraceutical supplements are safe 
to consume, but caution must be observed when introducing a new supple-
ment to the current regimen.

2.6 Conclusion

Nutraceuticals hold great potential in becoming an integral part of the 
 modern healthcare system. In order for the nutraceutical industry to accom-
plish a supportive reputation, products need to undergo more vigorous 
research and investigation before being introduced to the market. As further 
research is conducted on antioxidant nutraceutical efficacy, it is expected 
that the market size will continue to expand. Currently, many antioxidant 
nutraceuticals have demonstrated correlation with better health, but due 
to the many contributing factors more research needs to be conducted to 
establish causation.
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3.1 Introduction
3.1.1 Benign prostate hyperplasia
Benign prostate hyperplasia (BPH) is one of the leading causes of urinary 
dysfunction in men. It is a noncancerous, chronic, and progressive uro-
logical disease that primarily affects aging males. While less than 10% of 
men under the age of 40 years suffer from BPH, the frequency increases 
to 70% in 61–70-year-old men (Berry et al. 1984). Most males will develop 
histological features of BPH and enlargement of the prostate gland with 
advancing age.

The etiology for BPH is unclear. It is possibly caused by imbalanced sex hor-
mones. Prostate growth is dependent on intact testes because patients who 
undergo castration prior to puberty do not develop BPH (Rand 1895). The 
hallmark characteristic of BPH is an abnormal overgrowth of the prostate. 
The development of BPH entails static and dynamic mechanisms. The static 
process involves the bladder outlet obstruction (BOO) due to the enlargement 
of the prostatic tissue, which constricts the prostatic urethra and the neck of 
the bladder. The dynamic process involves constant stimulation of the pros-
tate by dihydrotestosterone (DHT), resulting in increased smooth muscle tone 
and hyperplasia. Adrenergic stimulation of α1 receptors in the prostate further 
causes smooth muscle contraction and constricts the urethral lumen (Lepor 
et al. 1988, Kobayashi et al. 1993). DHT stimulates prostate growth by modulat-
ing stromal cell insulin-like growth factor (IGF) axis (Le et al. 2006). The prolif-
eration of smooth muscle and epithelial cells results in subsequent enlargement 
of the prostate gland and causing lower urinary tract symptoms (LUTS) (Lee 
et al. 1997). LUTS include urinary urgency and frequency, nocturia, incomplete 
voiding of the bladder, and weak urinary stream. BPH can impact the quality 
of life but is not typically considered a life-threatening condition.

The diagnosis of BPH and prostate cancer is based on the evaluation of LUTS, 
digital rectal examination (DRE) and physical examination, urinalysis, and the 
presence of the prostate specific antigen (PSA), and urinary frequency and 
volume (Abrams et al. 2013).

3.1.2 Prostate cancer
Prostate cancer is the second-leading cause of cancer death among males in the 
United States (Siegel et al. 2013). Constant PSA screening and surveillance may 
prevent long-term prostate cancer metastases and reduce mortality (Schroder 
et al. 2009 and 2012, Vickers et al. 2013, Amin et al. 2014). In the United 
States, there are 220,800 new cases of prostate cancer and 27,540 deaths in 
2015 (Howlader 2015). The 5-year survival rate from 2005 to 2011 was 98.9%. 
There is a 14% lifetime risk of developing prostate cancer for men. The median 
age of diagnosis is 66 years. Since 1992, there is a downward trend of new 
cases and deaths from prostate cancer. The overall trend for prostate cancer 
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incident mirrors to all cancers in men (Figures 3.1 and 3.2, [Howlader 2015]) 
and about 26% of all cancers in men in 2015 is due to the malignancy of the 
prostate.

Several factors are associated with an increased risk of prostate cancer devel-
opment. These include heredity, ethnical group, age, inflammation, obesity, 
and daily habit (smoking, dietary, exercise, and so on) (Aune et al. 2015). There 
is a genetic component associated with prostate cancer. Men with first-degree 
relatives afflicted with prostate cancer have a two-to-four fold higher risk 
than the general population (Goldgar et al. 1994, Johns and Houlston 2003). 
The homeobox HOXB13 gene has been postulated to predispose patients 
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to prostate cancer (Ewing et al. 2012). The pathology of prostate cancer is 
complex and may involve a number of molecular mechanisms. The androgen 
receptor (AR) is a nuclear receptor that, when stimulated by testosterone or 
DHT, translocates to the nucleus to stimulate gene transcription (Suzuki et al. 
2003). AR’s function is to stimulate normal prostate growth during develop-
ment (Yeh et al. 2002). However, AR intracellular signaling has also been 
implicated and is crucial during the pathogenesis of prostate cancer (Ryan and 
Tindall 2011). This is the rationale for the development of drugs that reduce 
the concentration of androgens that stimulate AR signaling.

The decision to treat is based on the patient’s overall life expectancy, assess-
ment of risks, tumor staging, PSA, and Gleason score (Thompson et al. 2007). 
Watchful waiting for low-grade cancer (6  or lower Gleason score) has an 
18%–30% 15-year mortality rate (Albertsen et al. 1998). This rate jumps to 
over 60% in patients with Gleason scores above 6. There are currently no 
FDA-approved drugs for the prevention of prostate cancer. Chemoprevention 
of prostate cancer is based on empirical treatment with androgen deprivation 
and/or antioxidant therapy to minimized DNA damage (Walsh 2010).

3.1.3  Pharmacotherapy for benign prostate 
hyperplasia and prostate cancer

The treatment of BPH is reliant on the evaluation of LUTS. If LUTS is bother-
some, pharmacotherapy along with modifying fluid and food intake is the 
standard of treatment (McVary et al. 2011). Drugs available for the treatment 
of BPH are listed in Table 3.1.

Initial management of prostate cancer is active surveillance (Parker 2004). For 
localized prostate cancer, treatment options include radical  prostatectomy, 
hormone therapy/androgen deprivation therapy (ADT), and radiation 
(Thompson et al. 2007). ADT includes AR inhibitors, luteinizing hormone-
releasing hormone (LHRH) agonist, and antagonists (Table 3.2). However, 
after several years of ADT, patients may develop androgen-independent 
progression of prostate cancer (Feldman and Feldman 2001). Prostate cancer 
may eventually progress to become androgen resistant or castration resis-
tant. In advanced or metastatic prostate cancer, chemotherapy agents are 
used (Table 3.2).

Table 3.1 Drugs Used in the Treatment of Benign Prostate Hyperplasia 

Drug Category Examples

α1-Adrenergic receptor blockers Alfuzosin, doxazosin, silodosin, tamsulosin, terazosin

5-α-Reductase inhibitors Dutasteride, finasteride

Anticholinergic agents Tolterodine
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3.1.3.1 α1-Adrenergic receptor blockers

Prostatic smooth muscle contraction is stimulated by the activation of 
α1-adrenergic receptors (Lepor et al. 1988, Kobayashi et al. 1993). The 
 predominance of α1-adrenergic receptors localized on the prostate smooth 
muscle is the rationale for the use of α1-adrenergic receptor blockers 
(Table 3.1) (Walden et al. 1999). α1-Adrenergic receptor blockers (α-blockers) 
have been the mainstay of BPH therapy for decades (Caine et al. 1976). 
Antagonism of the α1-adrenergic receptors reduces smooth muscle tone 
and improves urinary flow rate and LUTS. A meta-analysis indicates simi-
lar efficacy across the class of α1-adrenergic receptor blockers (Djavan and 
Marberger 1999, Boyle et al. 2001).

A Cochrane review of eight clinical trials using 5-α-reductase inhibitors in the 
prevention of prostate cancer was performed (Wilt et al. 2010). The results 
showed a risk reduction in being diagnosed with prostate cancer. However, 
the effect of 5-α-reductase inhibitors on all-cause mortality was inconclusive.

3.1.3.2 5-α-Reductase inhibitors

The conversion of testosterone to DHT is mediated by the enzyme 
5-α-reductase. DHT is a potent stimulant of prostatic growth. Finasteride and 
dutasteride inhibit 5-α-reductase and therefore reduce DHT levels (Bramson 
et al. 1997, Bartsch et al. 2002, Gormley et al. 2002). Both drugs are indicated for 
the treatment of BPH (Gormley et al. 2002, Roehrborn et al. 2002). However, 
sexual dysfunction is associated with the use of 5-α-reductase inhibitors 
(Gacci et al. 2014). The use of 5-α-reductase inhibitors in the prevention of 
prostate cancer is controversial. In a randomized, placebo-controlled trial 

Table 3.2 Drugs Used in the Treatment of Prostate Cancer

Chemotherapy Hormone Therapy Vaccine Others

Cabazitaxel Androgen receptor inhibitors Sipuleucel-T Abiraterone acetate 
with prednisone

Ketoconazole
Carboplatin Bicalutamide

Docetaxel Enzalutamide

Doxorubicin Flutamide

Estramustine Nilutamide

Etoposide LHRH/GnRH agonists
Mitoaxantrone Goserelin

Paclitaxel Histrelin

Vinblastine Leuprolide

Vinorelbine Triptorelin

LHRH/GnRH antagonists
Degarelix
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(Prostate Cancer Prevention Trial), the appearance of prostate cancer was 
prevented or delayed in patients receiving finasteride (Thompson et al. 2003 
and 2013). Unfortunately, the development of high-grade prostate cancer 
was more prevalent in the finasteride treatment group.

3.1.3.3  Hormone therapy/androgen deprivation therapy

ADT has been employed in the treatment of BPH and prostate cancer since the 
1970s (Caine et al. 1975). ADT reduces the amount of testosterone production.

AR inhibitors are nonsteroidal anti-androgens (Table 3.2). AR antagonists 
competitively inhibit the binding of testosterone and DHT on nuclear AR in 
prostatic tissue. This results in reduced gene expression; therefore, decreasing 
prostatic growth (Feldman and Feldman 2001).

LHRH, also termed gonadotropin-releasing hormone (GnRH), overstimu-
lates LHRH receptors in the pituitary gland, causing desensitization and 
 downregulation of the LHRH receptors. Subsequently, the release of follicle 
stimulating hormone (FSH) and luteinizing hormone (LH) are suppressed and 
decreasing testosterone release from the gonads (Tolis et al. 1982, Engel and 
Schally 2007). LHRH antagonists block LHRH receptors in the pituitary gland, 
decreasing the release of FSH and LH (Schally et al. 2001).

Clinical guidelines do not recommend ADT as a standard therapy for localized 
prostate cancer, but rather as an adjuvant therapy following radical prostatec-
tomy or radiation (Thompson et al. 2007).

3.2 Antioxidant nutraceuticals and mechanisms of action
3.2.1 Reactive oxygen species and free radicals
Reduction and oxidation (redox) are two typical chemical reactions in many 
essential biological processes, such as cellular respiration, immune response, 
metabolic functions, and energy generation (Fox et al. 2005, Bindoli and 
Rigobello 2013, Manda et al. 2015). Redox reactions involve the transfer of 
electrons between elements: oxidation is the loss of electrons or an increase 
in oxidation state, whereas reduction is the gain of electrons or a decrease in 
oxidation state (Bindoli and Rigobello 2013).

Reactive oxygen species (ROS) and free radicals are produced as natural by-
products of the normal metabolism during the redox reactions in biological 
systems (Gupta et al. 2012b, Phaniendra et al. 2015, Salisbury and Bronas 
2015). A free radical is an atom or a molecule that has one or more unpaired 
electrons, whereas ROS is a chemically reactive molecule containing oxygen. 
Oxygen radicals, or radical ROS, are the most common free radicals in the 
biological system. ROS can also be non-radical, such as hydrogen peroxide, 
organic hydroperoxide, and ozone.



43Antioxidant Nutraceuticals and Prostate Cancer

ROS and free radicals can be a double-edged sword in cellular processes 
depending on their cellular levels. In biological systems, they are critical for 
normal body functions and play important roles in various cell-signaling path-
ways at their normal physiological concentrations (Oberley 2002). However, 
at higher levels, ROS and free radicals can be toxic and may damage cells by 
causing oxidative stress. The main harmful effects of ROS and free radicals are 
DNA damage, oxidations of polyunsaturated fatty acids in lipids, oxidation of 
amino acids in proteins, and deactivation of specific enzymes by oxidation of 
their cofactors (Byersdorfer 2014, Giancaspero et al. 2014, Kermanizadeh et al. 
2015). The damaged cells can release more free radicals and create additional 
oxidative stress to surrounding cells. Interestingly, it has been found that a 
modest level of ROS/free radicals can promote tumor cell growth (Gupta et al. 
2012b, Gupta-Elera et al. 2012), whereas at excessive levels they can inhibit 
tumor growth or induce cell apoptosis/necrosis (Renschler 2004).

3.2.2  Oxidative stress and prostate cancer
Free radicals and ROS are essential in the stimulation of signaling pathways 
in response to changing intra- and extracellular environmental conditions. 
Elevated free radical and ROS levels caused by an increased ROS generation 
or loss of antioxidant defense may result in cellular oxidative stress. Oxidative 
stress is associated with several pathological conditions, including inflam-
mation, infection, and carcinogenesis (Khandrika et al. 2009). In particular, 
chronic elevated levels of ROS are known to induce somatic mutations and 
neoplastic transformations, which may stimulate normal cells into cancerous 
cells. Superoxide, hydrogen peroxide, and hydroxyl radicals are the most stud-
ied and common ROS/free radicals involved in cancer development, including 
prostate cancer (Gupta et al. 2012b, Gupta-Elera et al. 2012).

As free radicals and ROS can cause cell senescence and their levels increase 
with age, the risk of developing prostate cancer increases dramatically for 
men over 50, and about 60% cases are diagnostic in men older than 65 
(Stangelberger et al. 2008, American Cancer Society 2015). It has been found 
that oxidative stress is required for the aggressive phenotype of prostate can-
cer (Sauer et al. 2001). Thus, antioxidants may protect the human body against 
prostate cancer. The general mechanisms of developing prostate cancer by 
oxidative stress include DNA damage, aging, involvement of androgen activ-
ity, and activating nuclear receptors (androgen receptor), although the exact 
cellular mechanism is still poorly understood.

3.2.2.1 DNA damage

DNA impairment is one of the major damages caused by ROS and free rad-
icals, which can directly interact with DNA molecules and cause damage 
to cell function. These include modification of bases, DNA strand break, 
DNA–DNA cross-link, and DNA–protein cross-link (Maynard et al. 2009, 



44 Antioxidant Nutraceuticals

Scott et al. 2014). Cells possess cellular repair systems to protect them-
selves from oxidative lesions. However, if cells fail to effectively repair 
damaged DNA due to deficient DNA repair capability, the DNA damage 
can remarkably affect its structure and function, leading to cell muta-
tion. Physiologically, the body has the ability to remove mutated cells 
by inducing cell apoptosis or necrosis. However, if mutated cells elude 
the body’s defensive system, they can become cancerous and may further 
develop into cancer. The exposure of prostate cells to abnormal level of 
free  radicals/ROS has been found to play an important role in the initia-
tion of prostate cancer ( Jena 2012).

3.2.2.2 Aging

As mentioned earlier, prostate cancer is a highly age-related disease. Increasing 
evidence has shown that a high level of free radicals and ROS is associated 
with the aging process (Minelli et al. 2009). Thus, cell senescence induced 
by ROS/free radicals may contribute to the initiation of prostate cancer. The 
mitochondrion is the main organelle in eukaryotic cells for energy conver-
sion by producing ATP via cellular respiration, which releases ROS. Excessive 
ROS may cause the mutation of mitochondrial DNA (mtDNA), and the accu-
mulation of such somatic mutations may cause deficiencies in the electron 
transport chain and further increase in the production of ROS (Slimen et al. 
2014, Pinto and Moraes 2015). The accumulation of mtDNA somatic mutations 
appears to be an indicator of human age-related diseases, including prostate 
cancer (Khrapko and Turnbull 2014).

3.2.2.3 Androgens

Androgens play an important role in the progression of prostate cancer and 
the imbalance of androgen levels may cause carcinogenesis (Attard et al. 
2015). Androgen signaling is one of the major pathways of ROS generation in 
prostate epithelial cells. ROS produced by the androgen signal pathway may 
contribute to the development of prostate cancer (Chignalia et al. 2015).

Androgens can activate the activator protein 1 (AP-1) transcription factor 
JunD and form androgen–JunD complex. The latter can induce spermidine/ 
spermine N1-acetyl transferase (SSAT), which initiates a major polyamine 
 oxidation pathway and generates excessive hydrogen peroxide in polyamine-
rich prostatic epithelial cells. The inhibition of androgen–JunD complex can 
downregulate the transcription of SSAT, resulting in a decrease of cellular ROS 
(Mehraein-Ghomi et al. 2014). The increase in ROS by the androgen pathway 
was also related to the elevation of p66Shc protein levels. p66Shc is an oxi-
dase, which can increase ROS levels by oxidizing Cyt C in the mitochondria or 
through SOS-mediated Rac1 activation at the cell membrane. Excessive ROS 
can inactivate prostatic acid phosphatase, leading to the activation of ErbB-2. 
This subsequently promotes the proliferation of prostate cells. The addition of 
antioxidants can suppress cell proliferation (Veeramani et al. 2012).
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Fatty acids are an important source of energy in cells. Its oxidation in the 
mitochondria can generate ATP with ROS as the by-product. Androgens 
have been found to increase the uptake of fatty acids in prostate cancer 
cells, and to induce the transcription of carnitine palmitoyltransferase, 
which is the rate-limiting enzyme in the oxidation of mitochondrial fatty 
acids (Lin et al. 2010).

3.2.2.4  Nuclear receptor

AR and estrogen receptor β (ERβ) are the two main steroid hormone receptors 
expressed in prostate epithelial cells. AR is a ligand-dependent nuclear recep-
tor, which can be activated by androgenic hormones such as testosterone, 
DHT, and androstenedione, whereas ERβ is one of two main types of estrogen 
receptor.

Hyperactivation of AR is associated with prostatic inflammation and carcino-
genesis. Upon activation, AR translocates to the nucleus and binds specific 
androgen response element in the promoter area of its downstream genes. One 
of the most well-known genes is the PSA gene. It has been found that hydro-
gen peroxide production by flavin-dependent monoamine oxidase KDM1A is 
necessary for the activation of PSA transcription, although the specific mecha-
nism is unclear. Oxidation inhibition was found to reduce AR-dependent PSA 
expression and such reduction was reversed by the addition of hydrogen per-
oxide (Shiota et al. 2011).

In contrast to AR, ERβ may have beneficial effects of suppressing cancer 
development. Studies have shown that ERβ is sensitive to ROS and its 
activity can be inhibited by ROS (Grubisha and DeFranco 2013). When sub-
jected to ROS such as hydrogen peroxide, its second zinc finger motif can 
be oxidized and is unable to form a homodimer, and thus cannot activate 
the transcription of E-cadherin. The suppression of E-cadherin transcrip-
tion has been reported to be related to prostate carcinoma progression 
(Rubin et al. 2001).

3.2.2.5  Mechanisms of antioxidation

Controlling and maintaining ROS and free radicals within the normal con-
centration range is very important for cellular homeostasis. To maintain 
such balance, cells possess an antioxidant system to scavenge ROS and 
free radicals. Antioxidants play important roles in the cellular defense sys-
tem against oxidative stress. Antioxidants are molecules, which can safely 
interact with free radicals/ROS and terminate the chain reaction before vital 
molecules are damaged by removing free radical intermediates or inhibiting 
other oxidation reactions. The interaction can be via a simple chemical reac-
tion for nonenzymatic antioxidants or by stimulating antioxidant enzymes 
for enzymatic oxidants ( Jiao and Wang 2000, Mancuso et al. 2007, Liu et al. 
2014) (Figure 3.3).
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3.2.2.6 Nonenzymatic antioxidants

Vitamin C and E are the major antioxidants in the biological system. Vitamin C is 
a water-soluble antioxidant that can neutralize free radicals and ROS, whereas 
vitamin E is the major lipid-soluble antioxidant, which protects  cellular mem-
branes from oxidative damage by trapping peroxyl radicals (Odin 1997).

Glutathione (glutamyl–cysteinyl–glycine tripeptide) is another important 
intracellular antioxidant. The free –SH group in cysteine is highly reactive and 
can remove radicals effectively by oxidizing itself. The oxidized glutathione 
can be reduced via a redox cycle involving NAPDH (Shen et al. 2010, Yusuf 
et al. 2010, Singh et al. 2015).

3.2.2.7 Enzymatic antioxidants

Three main enzymes involved in the enzymatic antioxidant system include 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 
(GPx) (Weydert and Cullen 2010). SODs catalyze the conversion of two 
 superoxide molecules into hydrogen peroxide and oxygen. SODs are metal-
containing enzymes that depend on bound manganese, copper, or zinc for 
their antioxidant activity. In human, the manganese-containing enzyme is the 
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Figure 3.3 The generation of ROS/free radicals and the mechanisms of  antioxidant 
nutraceuticals. ROS/free radicals are usually produced in mitochondria, 
 endoplasmatic reticulum, and peroxisome by both exogenous and  endogenous 
stimuli. Nutraceuticals can eliminate ROS/free radicals by stimulating the 
 enzymatic  system or scavenging radicals.
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most abundant in the mitochondria, whereas the zinc or copper forms are 
predominant in the cytoplasm. SODs are highly inducible enzymes, and thus 
are important targets for many antioxidant nutraceuticals (D’Alessandro and 
Zolla 2011). Catalase is located in peroxisomes in eukaryotic cells. It degrades 
hydrogen peroxide to water and oxygen. Hydrogen peroxide can be generated 
by SODs and other signal pathways. GPx is a group of enzymes, the most 
abundant of which contain selenium. These enzymes can also degrade hydro-
gen peroxide. GPx can also reduce organic peroxides to alcohols, providing 
another antioxidant mechanism for eliminating toxic oxidants. In addition to 
these enzymes, glutathione S-transferase, ceruloplasmin, hemoxygenase, and 
possibly several other enzymes may participate in the enzymatic control of 
oxygen radicals and their products.

A number of nutraceuticals have been identified to induce the expression 
of antioxidant enzymes. Bilirubin, uric acid, flavonoids, carotenoids, rain-
bow trout (Oncorhynchus mykiss) extract supplemented with sage, mint, and 
thyme oils can stimulate the activity of SOD, G6PD, and GPx (Sönmez et al. 
2015). Soy isoflavones can protect cells from free radical-induced DNA dam-
age in both normal and cancerous prostate tissues by upregulating antioxidant 
enzymes such as glutathione reductase, glutathione S-transferase, and SODs.

Although the specific mechanisms for the induction of enzymatic activ-
ity have not been identified, the role of the activation of nuclear factor- 
erythroid-2-related factor 2 (Nrf2, also known as NFE2L2), a transcription 
factor, has been well studied. Nrf2 is an important cell-defensive gene regu-
lating  cellular redox homeostasis. Under normal conditions, Nrf2 is located 
in the cytoplasm and is degraded rapidly by Kelch-like ECH-associated pro-
tein 1 (Keap1) and Cullin 3 by ubiquitination (Cheung and Kong 2010, Ma and 
He 2012, Lee et al. 2013). In response to oxidative stress, Nrf2 relocates to the 
nucleus where it binds to the promoter region and induces the transcription 
of antioxidative genes such as SOD, GPx, glutathione S-transferase, NAD(P)
H:quinone  oxidoreductase-1, and phase-II drug-metabolizing enzymes (Lee 
and Surh 2005, Hu et al. 2010).

Other than regulating antioxidant enzymes, several factors can regulate ROS 
activity in normal cells. NF-κB transcription factors (nuclear factor kappa-
light-chain-enhancer of activated B cells) are also redox-related factors, which 
were found to play a role in promoting prostate cancer (Acharya et al. 2010). 
NFκB transcription factors are protein complexes composed of homodimers 
or heterodimers of NF-κB and Rel proteins. NF-κB regulates the expression 
of multiple genes involved in cell proliferation, apoptosis, angiogenesis, and 
metastasis. The NF-κB dimers are sequestered in the cytoplasm by a family of 
IκB inhibitors. In response to stimulation, such as proinflammatory cytokines 
(e.g. tumor necrosis factor, interleukin-1, and bacterial lipopolysaccharide) 
and free radicals/ROS, IκBs are rapidly phosphorylated and then undergo 
ubiquitination and proteolysis by the 26S proteasome, resulting in activa-
tion of NF-κB. The activated NF-κB translocates to the nucleus and promotes 
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transcription of its target genes. It has been reported that intracellular ROS 
can regulate NF-κB activity, although the exact molecular mechanism remains 
to be elucidated. The inhibition of NF-κB may block ROS damage.

Mitogen-activated protein kinases (MAPKs) are involved in cellular response 
to various stimulations such as heat shock, proinflammatory cytokines, and 
oxidative stress. Three subgroups of MAPKs exist in human, i.e., extracel-
lular signal-regulated kinases (ERKs), c-Jun N-terminal kinases ( JNKs), and 
p38 MAPKs. Growth factors and mitogens can prevent cell apoptosis under 
normal condition via the Ras/Raf/MEK/ERK signaling cascade. ROS can regu-
late MAPKs to stimulate cell growth or cell death, depending on the signal 
intensity and duration (Eguchi et al. 2003).

In summary, the mechanisms of antioxidants involved in the prevention of 
prostate cancer remain to be fully elucidated. Nrf2 is the main cell-signal 
pathway regulating antioxidant systems, but other cellular mechanisms such 
as NF-κB and MAPK pathways are also involved (Figure 3.4).

3.3 Examples of antioxidant nutraceuticals for prostate health

Herbs have a long history of being used for the prevention and treat-
ment of human diseases. Many of them have been recently developed into 
a class of dietary supplements termed nutraceuticals. Antioxidant activ-
ity is one of the most outstanding properties of nutraceuticals. Because 
of the complex nature of their composition and property of each of the 
compound contained within, nutraceuticals usually display a spectrum of 
activities, collectively contributing to their beneficial effects (Wang et al. 
2013a). Preclinical and clinical studies of antioxidant nutriceuticals in the 
prevention of prostate cancer are summarized in Table 3.3 and Table 3.4, 
respectively.

Antioxidant nutraceuticals

Prostate cancer
development

Cell apoptosis
proliferation

MAPK

NF-κB

ROS

Nrf2

SOD
GPX
Catalase
...

DNA damage
Aging
Androgen
Androgen receptor

Figure 3.4 The potential mechanisms of antioxidant nutraceuticals in the prevention 
of prostate cancer: elimination of ROS or inhibition of MAPK and NFκB.
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3.3.1 Saw palmetto
Saw palmetto (Serenoa repens) is a commonly used over-the-counter 
 nutraceutical for the prevention and treatment of BPH and prostate cancer 
(Barnes et al. 2004). Saw palmetto inhibits 5-α-reductase and antagonizing the 
androgen receptors (Sultan et al. 1984). Multiple clinical trials have examined 
the effectiveness of saw palmetto in treating the symptoms of BPH. Some clini-
cal trials have shown effectiveness (Champault et al. 1984, Carbin et al. 1990, 
Descotes et al. 1995, Gerber et al. 2001), whereas others have shown minimal 
or no improvements (Smith et al. 1986, Gerber et al. 1998, Marks et al. 2000, 
Willetts et al. 2003, Bent et al. 2006, Barry et al. 2011).

The American Urological Association (AUA) does not support the use of saw 
palmetto in the treatment of LUTS in BPH (McVary et al. 2011). This is due to 
the lack of controlled clinical trials to validate its effectiveness. A Cochrane 
systemic review of saw palmetto did not show a significant difference in the 
improvement in LUTS or maximal urinary flow rate (MacDonald et al. 2012), 
although the review concluded that the adverse reactions of saw palmetto 
appear to be mild.

In vitro studies of saw palmetto showed potential in the treatment of prostate 
cancer by inducing apoptosis and inflammatory response (Hostanska et  al. 
2007, Yang et al. 2007, Baron et al. 2009, Petrangeli et al. 2009, Silvestri et al. 
2013). However, dietary supplements containing saw palmetto may radio-
sensitize normal prostate cells and thus should be discontinued in patients 
undergoing radiotherapy (Hasan et al. 2010). A prospective cohort study in 
more than 35,000 males did not show an association between the use of saw 
 palmetto and the risk of prostate cancer (Bonnar-Pizzorno et al. 2006).

The multicenter PROCOMB trial examined the use of saw palmetto, lycopene, 
and selenium (SeR–Ly–Se) as one combination and in conjunction with tam-
sulosin (SeR–Ly–Se + tamsulosin) (Morgia et al. 2014). The regimen of SeR–
Ly–Se + tamsulosin significantly improved International Prostate Symptom 
Score (IPSS) and urine volume (Qmax) compared to individual therapies of 
SeR–Ly–Se or tamsulosin.

3.3.2 Lycopene
Lycopene, a carotenoid contained in tomatoes (Lycopersicum esculentum), 
may lower risks of prostate cancer (Clinton et al. 1996, Gann et al. 1999, Lu 
et al. 2001). Lycopene is found in high levels in prostate tissue and may have 
chemoprotective effects. In vitro studies in cancer cell lines have shown 
that lycopene can inhibit cancer cell growth (Campbell et al. 2004) due to 
 proapoptotic (Lee et al. 2011) or antioxidant actions (Zhang et al. 2010). 
Patients who have lowered serum levels of lycopene have a higher risk of 
prostate cancer (Vogt et al. 2002). The use of lycopene in the prevention 
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of prostate cancer has produced mixed clinical results. Patients with high-
grade prostate intraepithelial neoplasia (HGPIN) showed lowered progres-
sion to prostate cancer when taking lycopene compared to the placebo 
(Mohanty et al. 2005). Oral lycopene was given to African–American veter-
ans who were at risk for BPH or prostate cancer in a randomized, double-
blind, controlled trial (van Breemen et al. 2011). Following 21  days of 
lycopene therapy, prostate biopsy revealed significantly higher levels of 
lycopene levels in the treatment group compared to the placebo group. 
However, clinical trials using lycopene supplementation did not prevent 
the progression of HGPIN to prostate cancer (Mariani et al. 2014).

Two meta-analyses showed that lycopene consumption may only have a mod-
est effect in the prevention of prostate cancer (Dagnelie et al. 2004, Chen et al. 
2013), whereas another meta-analysis showed that a diet high in lycopene may 
be effective (Etminan et al. 2004). The Prostate Cancer Prevention Trial and the 
Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial did not support 
the use of lycopene (Kirsh et al. 2006, Kristal et al. 2011). Furthermore, there 
were no associations with reduced prostate cancer risk in patients exhibiting 
higher serum lycopene levels (Chang et al. 2005, Peters et al. 2007, Beilby 
et al. 2010). Lycopene administration did not demonstrate positive effects in 
hormone-refractory prostate cancer ( Jatoi et al. 2007, Schwenke et al. 2009). 
In a phase-II clinical trial, patients taking lycopene alone or lycopene with soy 
isoflavones showed stabilized PSA levels, suggesting some beneficial effects 
in delaying disease progression (Vaishampayan et al. 2007). In another study, 
increasing lycopene intake was safe in patients, but did not improve PSA 
scores (Clark et al. 2006).

The addition of lycopene prior to orchiectomy reduced the size of primary 
and secondary tumors compared to orchiectomy alone (Ansari and Gupta 
2004). A similar result was found in the supplementation of lycopene prior to 
radical prostatectomy (Kucuk et al. 2001).

3.3.3  Green tea
Green tea (Camellia sinensis) is one of the most extensively studied  antioxidant 
nutraceuticals for cancer prevention. It contains a number of  polyphenol 
 catechchins, including the most abundant (−)-epigallocatechin-3-gallate 
(EGCG). The green tea polyphenols act on several targets in the pathways 
of prostate carcinogenesis and show potential in its prevention and therapy. 
The activities include antioxidation, inhibition of inflammation via NF-kB, 
cyclooxygenase 2 (COX-2), and insulin-like growth factor (IGF), and andro-
gen blockage (Yang et al. 2009). More recently, tea polyphenols were found 
to inhibit class 1  HDAC and induce p53-dependent and p53- independent 
apoptosis in prostate cancer cells (Gupta et al. 2012a, Thakur et al. 2012). 
Many animal studies have demonstrated both the effectiveness and nontoxic 
nature of tea polyphenols in carcinogen-induced tumor models, xenograft 
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and transgenic adenocarcinoma of the mouse prostate (TRAMP) models, and 
healthy animals (Yang et al. 2009, Kim et al. 2014). Nanoformulation of EGCG 
improved its efficacy, possibly due to enhanced and sustained oral absorption 
of the compound (Khan et al. 2014).

In contrast to the consistently positive results in animal models, the effect of 
tea polyphenols for prostate cancer prevention and treatment from human 
studies are mixed (Wang et al. 2013a, Yuan 2013). Epidemiologic studies do 
not provide strong evidence for the chemopreventive effect of green tea intake 
against the development of prostate cancer. In a prospective cohort study with 
49,920 men conducted in Japan, green tea consumption was found associated 
with a dose-dependent decrease in the risk of advanced prostate cancer, but 
not with localized cancer (Kurahashi et al. 2008). In another clinical study of 
19,561 Japanese men, no association was found between green tea and pros-
tate cancer risk (Kikuchi et al. 2006).

Several phase-II  clinical trials have shown an efficacy of green tea extract 
against the progression of prostate premalignant lesions to malignant tumors 
(Wang et al. 2013a, Yuan 2013). A 1-year proof-of-principle double-blind, 
 placebo-controlled study was conducted in 60 men with HGPIN who received 
600 mg green tea catechins or the placebo daily. After 1  year, only 3% of 
catechins-treated men were diagnosed with prostate cancer, in comparison 
to 30% in the control group. However, there was no difference between the 
total PSA in the two groups, but catechins-treated men showed lower values. 
In addition, no significant side effects or adverse effects were noted in the 
catechins-treated group (Bettuzzi et al. 2006). A follow-up study after 2 years 
showed that the chemopreventive effect of catechins was long-lasting, even 
after the termination of drug administration (Brausi et al. 2008).

Most recently, a placebo-controlled, randomized clinical trial of Polyphenon E 
(PolyE), containing 400 mg EGCG per day was completed in 97 men with 
HGPIN and/or atypical small acinar proliferation (ASAP) for a 1-year period. 
The study found no differences in the number of prostate cancer cases. 
However, the cumulative rate of prostate cancer plus ASAP among men with 
HGPIN without ASAP at baseline was decreased in treated group. A decrease 
in serum PSA was also observed, whereas there was no difference in adverse 
events between the two study groups. The authors concluded that daily intake 
of the study agent for 1 year accumulated in plasma and was well tolerated but 
did not reduce the likelihood of prostate cancer in men with baseline HGPIN 
or ASAP (Kumar et al. 2015).

3.3.4  Broccoli
Isothiocyanates, which are converted from glucosinolates, are found in cru-
ciferous vegetables such as broccoli (Clarke et al. 2008). Isothiocyanates, 
including sulforaphane (SFN) and phenethyl isothiocyanate (PEITC), exhib-
ited in vitro and in vivo activities against prostate cancer with promising 
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results (Clarke et al. 2008). SFN from broccoli is an important and well-
studied chemopreventive isothiocyanate. It may affect the progression of 
various types of cancers, including prostate cancer (Appendino and Bardelli 
2010). SFN is a potent inhibitor of members of the cytochrome P-450 fam-
ily (Fimognari et al. 2008b) and it can block cancer initiation via inhibit-
ing phase-I enzymes that activate carcinogens and by inducing phase-II 
enzymes that detoxify carcinogens (Wang et al. 2013b). In  addition, SFN 
targets the Nrf2 pathway to enhance cell-defense mechanisms against oxi-
dative damage and promotes the removal of carcinogens ( Juge et al. 2007). 
SFN induced the apoptosis of prostate cancer cell by activating caspases, 
ERK1/2, and Akt, and increasing the protein level of p53 and bax (Fimognari 
et al. 2008a). SFN can inhibit histone deacetylase (HDAC) activity in LNCaP 
and PC3 cells without cytotoxic effects to normal prostate epithelial cells 
(Ho et al. 2011). More recently, a cell-based study showed that exposure of 
prostate cancer cell lines (LNCaP, 22Rv1, C4-2, and PC-3) to SFN (2.5 and 
5 µM) could downregulate CXCR4 expression (Sakao et al. 2015). It was also 
reported that PEITC could reduce the migration of PC-3  human prostate 
cancer cells by inactivating Akt and suppressing VEGF, epidermal growth 
factor (EGF) expression, and granulocyte colony-stimulating factor (G-CSF) 
secretion (Wu et al. 2009).

Epidemiological studies suggest that consumption of broccoli is inversely 
related to prostate cancer risk, particularly during the early stage (Cohen et al. 
2000, Kolonel et al. 2000). To date, a few pilot and phase-I clinical trials have 
been conducted to evaluate the effect of SFN on cancer outcomes (Table 3.4). 
A study was performed in Qidong, China in a randomized, placebo-controlled 
trial to test whether drinking hot water infusions of 3-day-old broccoli sprouts, 
containing defined concentrations of glucosinolates, could alter the disposition 
of certain carcinogens (Kensler et al. 2005). An inverse association between 
the excretion of SFN metabolites and carcinogen–DNA adducts was observed. 
Moreover, it was found that there is a strong interindividual difference in the 
bioavailability of SFN metabolites. Shapiro et al. conducted a double-blind, 
placebo-controlled, randomized phase-I clinical study of sprout extracts con-
taining either glucosinolates (principally glucoraphanin, the precursor of SFN) 
or isothiocyanates (principally SFN) in healthy volunteers (Shapiro et al. 2006). 
Three dose groups of broccoli sprout extracts, including 25 µmol of glucosino-
late (the precursor of SFN, cohort A), 100 µmol of glucosinolate (cohort B), 
or 25 µmol of isothiocyanate (principally SFN, cohort C), were administered 
orally at 8-h intervals for 7 days (total 21 doses). The mean cumulative excre-
tion of dithiocarbamates, the SFN metabolites, as a fraction of dose was very 
similar in cohorts A and B and much higher and more consistent in cohort C. 
No significant toxicity associated with any of the sprout extract ingestions was 
observed in the study.

Another study was conducted to validate the new mechanism of SFN on epi-
genetics in human subjects (Myzak et al. 2007). HDAC activity was signifi-
cantly inhibited in peripheral blood mononuclear cells 3 and 6 h following 
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consumption of a single dose of 68 g broccoli sprouts. A more recent clinical 
study was conducted to determine the effect of dietary intervention of broccoli 
or peas (as negative control) on the changes of gene expression in prostate 
tissue in men diagnosed with HGPIN (Traka et al. 2008). Consuming Broccoli 
consumption was shown to interact with glutathione S-transferase μ1 (GSTM1) 
genotype on the TGF β1 and EGF signal pathways. For individuals consum-
ing the pea-rich diet, there were no differences in gene expression between 
GSTM1 positive (with at least one allele) and null individuals (with the gene 
deletion), whereas significant differences between GSTM1  genotypes were 
found for subjects consuming the broccoli-rich diet. The broccoli-rich diet 
induced more changes of gene expression in prostate tissue than the pea-rich 
diet. This may be mediated through the chemical interaction of isothiocyanates 
with signaling peptides in the plasma. Currently, a number of clinical trials on 
SFN and broccoli sprout extracts are ongoing for their chemotherapeutic and 
chemoprevention effects (Table 3.4).

3.3.5  Grape skin
Resveratrol (trans-3,5,4′-trihydroxystilbene) is a compound found largely 
in red grape skins. It has broad-spectrum beneficial activities such as anti- 
infective, antioxidant, and cardioprotective functions, and its potential cancer 
preventive effects have been widely investigated in recent years (Khan et al. 
2010, Huang et al. 2011). The underlying mechanisms for the chemopreven-
tion effect of resveratrol include antioxidation, anti-inflammation, cell cycle 
and androgen receptor modulation, and epigenetic regulation (Aggarwal et al. 
2004, Cimino et al. 2012, Wang et al. 2013b). It was reported that resveratrol 
could inhibit growth of LNCaP, DU145, and PC-3 cells, and it lowered both 
intracellular and secreted PSA in LNCaP cells (Hsieh and Wu 1999). An in vivo 
study using transgenic rats as a model for adenocarcinoma of prostate found 
that resveratrol could suppress prostate cancer growth (Seeni et al. 2008). The 
preclinical and clinical studies of resveratrol on several types of cancer were 
summarized in a recent review (Subramanian et al. 2010). However, pharma-
cokinetic studies showed that resveratrol has poor bioavailability (about 1%) 
due to extensive phase-II metabolism (glucuronidation and sulfation) as well 
as metabolism by gut bacterial enzymes. Oral consumption of 5 g resveratrol 
could only generate a peak plasma concentration of 500 ng/mL, which is much 
lower than the concentrations used in most in vitro experiments. Therefore, 
the challenges in drug formulation and bioavailability need to be solved to 
achieve effective concentrations in human subjects for  chemoprevention (Scott 
et al. 2012). Presently, no clinical trials of resveratrol for prostate cancer pre-
vention have been completed.

Muscadine grape is another type of grape distinct from the more common 
red grape and its main bioactive components are anthocyanins. Anthocyanins 
have strong antioxidant activity (Ichikawa et al. 2001) and show anti-tumor 
activities by inhibiting DNA synthesis (Singletary et al. 2003), suppressing 
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carcinogen-induced DNA adduct formation (Jung et al. 2006), and retarding 
blood vessel growth in some tumors (Hudson et al. 2007). Muscadine grape skin 
extract (MSKE), containing no resveratrol, has been found to inhibit cell growth 
and promote apoptosis in prostate cancer cells that represent different stages of 
prostate cancer progression without affecting normal  epithelial cells (Hudson 
et al. 2007). In contrast to MSKE,  resveratrol arrested cell growth at G1-S phase 
but did not induce apoptosis, which indicated that MSKE and resveratrol target 
distinct pathways to inhibit prostate cancer cell growth. MSKE could revert epi-
thelial to mesenchymal transition (EMT) and ROS-mediated tumor progression 
in human prostate cancer cells (Burton et al. 2014). A recent study showed that 
MSKE could  antagonize Snail-Cathepsin L-mediated invasion, migration and 
osteoclastogenesis in LNCaP and ARCaP-E prostate cancer cells (Burton et al. 
2015). Therefore, MSKE may be an  important source for further development of 
chemopreventive agents against prostate cancer. A cohort phase-I study found 
that 4,000 mg of muscadine grape skin was safe in men with biochemically 
recurrent prostate cancer. However, no decline in serum PSA from baseline was 
observed (Paller et al. 2015). Since 2011, the Department of Defense Prostate 
Cancer Consortium has initiated a randomized, multicenter, placebo- controlled 
phase-I/II study of two doses of Muscadine Plus (muscadine grape skin extract, 
which does not contain resveratrol) for men with biochemical recurrence of 
prostate cancer (NCT01317199) (Table 3.4).

3.3.6 Soy
Soy and soy-based products are rich in phytoestrogens, which are a group of 
phytochemicals with estrogen-like structures. Soy isoflavones, a class of phy-
toestrogens, have been suggested to have chemopreventive and anti- cancer 
activity (Adlercreutz 2002). The predominant and most biologically active 
isoflavones in soy products are genistein and daidzein, which can inhibit 
the growth and induce apoptosis of prostate cancer cells (Davis et al. 2002, 
Swami et al. 2005). Possible mechanisms include estrogen receptor modula-
tion, tyrosine protein kinase inhibition, antioxidation, anti-angiogenesis, and 
inhibition of 5α-reductases (Wang et al. 2013b). In vitro and animal studies 
have yielded evidence in support of the chemopreventive effect of isoflavones 
in prostate cancer (see Bemis et al. 2006, Van Poppel and Tombal 2011 for 
extensive review). However, findings from epidemiologic studies indicate that 
there is a lack of association between isoflavones intake and prostate cancer 
risk (Table 3.4). Most trials employed serum PSA levels as an end point and 
showed inconsistent results (Mahmoud et al. 2014). In a double-blind clinical 
trial, men who received prostate biopsies, but were not found to have prostate 
cancer, were given a daily supplement containing isoflavones and curcumin 
or placebo (Ide et al. 2010). The PSA level was measured before and 6 months 
after treatment. It was found that the combined treatment of soy isoflavones 
and curcumin could significantly decrease serum PSA levels. Other results also 
demonstrated the ability of soy isoflavones to reduce serum PSA in subsets 
of men with localized prostate cancer with high PSA levels prior to therapy 
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(Hussain et al. 2003, Dalais et al. 2004, Lazarevic et al. 2011). In contrast, other 
trials showed that isoflavone supplements had no effect on serum PSA levels 
in healthy men (Adams et al. 2004, Miyanaga et al. 2012) or men with high 
risk of prostate cancer (Hamilton-Reeves et al. 2008). In a recent randomized, 
double-blind, placebo-controlled phase-II trial, isoflavone (60  mg/day) was 
orally given to healthy men between 50 and 75 years of age with rising PSA 
for 12 months (Miyanaga et al. 2012). The PSA level showed no significant dif-
ference before and after treatment, and there was no significant difference for 
the incidence of biopsy detectable prostate cancer between the isoflavone and 
placebo groups. However, for patients aged 65 years or more, the incidence of 
prostate cancer in the isoflavone group was significantly lower than that in the 
placebo group. In another study, men with HGPIN or low-grade prostate cancer 
were divided into three groups for receiving three different protein prepara-
tions: (1) soy protein (107 mg isoflavones/day), (2) alcohol-washed soy protein 
(<6 mg isoflavones/day), or (3) milk protein (no  isoflavones/day) (Hamilton-
Reeves et al. 2008). It was found that consumption of soy protein preparations 
did not alter any of the prostate cancer tumor markers, including PSA. However, 
there was a significantly lower rate of prostate cancer developed in the soy pro-
tein groups compared with the milk protein group. Other studies showed that 
dose-dependent serum isoflavone levels were associated with a decreased risk 
for prostate cancer (Van Poppel and Tombal 2011). A case-controlled study of 
Japanese men involving 200 patients and 200 age-matched controls showed that 
the odds ratio for the highest isoflavone intake category (≥89.9 mg/day) com-
pared with the lowest isoflavone intake category (<30.5 mg/day) was 0.42 (95% 
CI = 0.24–0.72, p < 0.01), indicating isoflavones might be an effective dietary 
protective factor against prostate cancer (Nagata et al. 2007).

3.3.7 Quercetin
Quercetin is a natural flavonoid compound found in various fruits and 
 vegetables, including onions, broccoli, apples, grapes, and  soybeans (Wang 
et al. 2013b). Quercetin is well known for its antioxidant, anti-inflammatory, 
and immunomodulating activities. Recently, its anti-cancer effects have been 
widely investigated (Cimino et al. 2012). When applied in vitro, whether alone 
or in combination, quercetin greatly inhibited cell  proliferation and induced 
cell apoptosis in various prostate cancer cells. When applied in vivo, quercetin 
could effectively inhibit prostate cancer cell xenograft tumor growth (Yang et al. 
2015). Quercetin acts on prostate cancer via multiple mechanisms, including 
induction of cell cycle arrest, inhibition of PI3K/AKT and IGF  signaling path-
way, reversal of EMT, suppression of angiogenesis, and downregulation of 
the matrix metalloproteinases (Yang et al. 2015). In addition, quercetin was 
reported to downregulate AR function in prostate cancer cells (Yuan et al. 
2010). The pharmacokinetics of quercetin in the human body was studied in 
15 volunteers (Egert et al. 2008). After taken orally for 2 weeks, the plasma 
concentration of quercetin increased in a dose-dependent manner. However, 
similar to resveratrol, the main issue concerning quercetin utilization is its low 
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bioavailability. Quercetin is present in the glycosylated form, which can be 
easily metabolized by specific enzymes present in the gut and liver resulting 
in low blood concentrations (Nemeth et al. 2003). In epidemiologic studies, 
quercetin has been demonstrated to have a negative association with pros-
tate cancer incidence. In two clinical studies, no drug-related toxicity or side 
effects were observed in chronic prostatitis patients taking quercetin (500 mg, 
twice daily) for a month or healthy adults taking 1000 mg daily for 3 months 
(Shoskes et al. 1999, Cialdella-Kam et al. 2013). The results of a case-controlled 
study involving 433 men with primary, histologically confirmed prostate can-
cer and 538 population-based controls in western New York showed that con-
sumption of at least 24 mg of quercetin daily reduced 27% prostate cancer risk 
with an odd ratio of 0.64 (95% confidence interval [CI]): 0.44–0.92) (McCann 
et al. 2005). A clinical trial on prostate cancer prevention titled Prostate Cancer 
Prevention Trial with Quercetin and Genistein (QUERGEN) (NCT01538316) 
was initiated in 2012.

3.3.8 Propolis
Propolis (also known as bee putty or bee glue), a resinous substance collected 
by bees from various trees and shrubs, is enriched with salivary and enzy-
matic secretions (Pietta et al. 2002). The chemical composition of propolis is 
complex. The main phenolics found in propolis are phenolic acids and various 
flavonoids (Maciejewicz et al. 2001, Szliszka et al. 2013). It has a long history 
of being used as a folk medicine since 300 BC (Ghisalberti 1979). Propolis 
is extensively used in food or drinks to improve human health and prevent 
disease. Numerous studies have reported a broad spectrum of biological activi-
ties for propolis such as antibacterial, antifungal, antiviral (Kujumgiev et al. 
1999), antioxidant (Russo et al. 2004), anti-inflammatory (Park and Kahng 
1999, Borrelli et al. 2002), immunomodulatory (Bratter et al. 1999), and anti-
cancer properties (Banskota et al. 2001). An in vitro study showed that the 
ethanol extracts of Brazilian propolis could significantly inhibit cell growth of 
 metastasis-derived human prostate cancer cell line (DU145  and PC-3) and 
primary human prostate cancer-derived cell line (telomerase immortalized 
RC-58T/h/SA#4) (Li et al. 2007). The cytotoxic and apoptotic activities of 
Brazilian ethanolic extract of propolis on hormone-sensitive LNCaP cells were 
also observed (Szliszka et al. 2011 and 2013). Phenolic components contribute 
to the major cancer preventive and anti-tumor properties of propolis. Caffeic 
acid phenethyl ester (CAPE) is one of the major biologically active phenolic 
components extracted from propolis. Several studies reported its anti-cancer 
activity in multiple cancer models in vitro and in vivo (Hung et al. 2003, 
McEleny et al. 2004, Watabe et al. 2004, Chuu et al. 2012, Lin et al. 2012). 
CAPE was shown to suppress oxidative stress and inflammation that play cru-
cial roles in the pathogenesis of prostate cancer (Sugar 2006, Battisti et al. 
2011). CAPE is a well-known NF-κB inhibitor and a 5α-reductase inhibitor 
(Natarajan et al. 1996, Hiipakka et al. 2002). At concentrations of 50–80 µM, it 
could inhibit the activation of NF-κB, which regulates the expression of many 
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genes involved in inflammation and cancer. CAPE dose-dependent suppressed 
cell growth of androgen-dependent LNCaP 104-s and AR-negative PC-3 cells 
in vitro and in vivo by suppressing c-Myc and Akt-related protein signaling 
networks (Chuu et al. 2012, Lin et al. 2012). Lin et al. further investigated the 
possibility of using CAPE as an adjuvant therapeutic agent for treatment of 
patients with advanced prostate cancer (Lin et al. 2013a). After 96 h with CAPE 
treatment, the EC50 to cause growth inhibition in advanced human prostate 
cancer cell lines was approximately 0.7–18.7 µM (Lin et al. 2012). Oral adminis-
tration of CAPE (10 mg/kg per day) for 6 weeks inhibited 50% in tumor growth 
of LNCaP xenografts, whereas IP injection 10 mg/kg of CAPE (10 mg/kg per 
day) for 5 weeks inhibited 33% in tumor growth of PC-3 xenografts. A recent 
study suggested that CAPE treatment might be a potential therapy for patients 
with castration-resistant prostate cancer (CRPC) (Lin et al. 2015). Treatment 
with CAPE could induce cell cycle arrest and growth inhibition in CRPC cells 
via regulation of Skp2, p53, p21Cip1, and p27kip1. The achievable concentration 
of CAPE in human serum is approximately 17 µM (Celli et al. 2007), whereas 
CAPE treatment at 10–20 µM can effectively suppress the survival and prolifer-
ation of CRPC cells; therefore, administration of CAPE is a possible therapeutic 
agent for CRPC. Furthermore, CAPE exhibited a chemopreventive effect. It has 
been found to sensitize cancer cells to chemotherapeutic drugs and radiation 
procedures (Akyol et al. 2012). Co-treatment of CAPE (2.5–20 µM) with chemo-
therapeutic drugs vinblastine, paclitaxel, or estramustine demonstrated syner-
gistic suppression on PC-3 cells and may reduce the dosage of chemotherapy 
drug required (Lin et al. 2012). Tolba et al. (2013) reported that CAPE synergis-
tically enhanced docetaxel and paclitaxel cytotoxicity in prostate cancer cells 
through augmentation of docetaxel and paclitaxel proapoptotic effects in addi-
tion to CAPE-induced alterations in ER-α and ER-β populations in PC-3 cells. 
Therefore, CAPE may enable lower doses of chemotherapy or radiotherapy to 
achieve a clinical response and lower the associated toxicities (Ozturk et al. 
2012). Moreover, in vitro and in vivo usage of CAPE prevent the chemotherapy 
induced damage and side effects in experimental animals, which makes CAPE 
to be a promising protective agent in clinical trials during chemotherapy regi-
men (Garg et al. 2005, Akyol et al. 2012).

3.3.9 Vitamin D
Vitamin D, as a biologically inactive prohormone, is produced by enzymatic 
modification of cholesterol after exposure to ultraviolet B radiation in the skin 
(Favus and Langman 1986). Vitamin D is metabolized to 25- hydroxyvitamin D3 
in the liver, then to 1α,25-dihydroxyvitamin D3 (calcitriol) mainly in the kid-
ney before it exerts its functions (DeLuca 2004). Vitamin D receptor (VDR) is 
widely distributed in tissues, including the prostate gland, as well as in benign 
prostate hyperplasia and prostate cancer cells (Berger et al. 1988, Wang et al. 
2012). Vitamin D may exert its anti-tumor effect through  binding of the bio-
active form (calcitriol) to VDR. Many studies showed that calcitriol inhib-
its proliferation, invasion, metastasis, and angiogenesis as well as increases 
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apoptosis and differentiation of several cancers cells (Shabahang et al. 1993, 
Simboli-Campbell et al. 1996, Wang and Studzinski 2001, Ylikomi et al. 2002, 
Chen and Holick 2003). Chronic inflammation has been implicated in the 
development and progression of prostate cancer (Sfanos and De Marzo 2012). 
It was reported that vitamin D or calcitriol exhibits anti- inflammatory actions 
by inhibiting proinflammatory cytokine production (Zhang et al. 2012) and 
targeting COX-2, NF-κB, and TGF-β (Welsh 2012). Many epidemiologic, cel-
lular, and animal studies have shown compelling evidence for the benefit of 
vitamin D or calcitriol on prostate cancer prevention or chemotherapy (Swami 
et al. 2011, Welsh 2012, Giammanco et al. 2015). For example, a chemopreven-
tion study in an animal model showed calcitriol delayed the onset of HGPIN 
(Banach-Petrosky et al. 2006). The clinical studies for the effect of vitamin D 
or calcitriol on prostate cancer are summarized in Table 3.4. A clinical study 
showed that UVR exposure has a significant protective effect in prostate can-
cer. Although the protective mechanism is unclear, it is likely that increased 
synthesis of vitamin D3 increases the concentration of calcitriol in the prostate 
(Luscombe et al. 2001). In a nested case-controlled study based on a 13-year 
follow-up of approximately 19,000 middle-aged men, decreased serum level 
of 25-hydroxyvitamin D was associated with an increased risk of early onset 
and more aggressive progression of prostate cancer (Ahonen et al. 2000). 
A phase-II dose-escalation study of calcitriol (daily dose of 0.5–1.5 µg) showed 
that only 2 of 14 prostate cancer patients displayed a 25% and 45% decrease of 
PSA levels, and calcitriol did not show any anti-cancer activity in this small-
scale study. Hypercalcemia was the dose-limiting toxicity in this study (Osborn 
et al. 1995). A phase-I trial utilizing a combination of calcitriol and paclitaxel 
in advanced cancer patients did not show signs of additional toxicity. Very 
high doses of calcitriol up to 38 µg were administered for three consecutive 
days and achieving plasma concentrations of 600–1440 pg/mL (Muindi et al. 
2002). In a recent open-label clinical trial, subjects with a diagnosis of low-risk 
prostate cancer under active surveillance were given vitamin D3 supplemen-
tation at 4000 international units per day for 1 year (Marshall et al. 2012). No 
adverse events associated with vitamin D3 supplementation were observed 
and PSA level showed no difference after treatment. However, 55% of sub-
jects showed a decrease in the progression of prostate cancer with decreased 
Gleason scores compared to their biopsies a year before (Marshall et al. 2012). 
Two trials have evaluated the effects of vitamin D, calcitriol, or vitamin D 
metabolites, alone or in combination with chemotherapeutic agents, in men 
with prostate cancer, but the findings have been disappointing despite pre-
clinical data strongly suggesting a benefit for the treatment of prostate cancer 
(Swami et al. 2011, Wang et al. 2013b). A few clinical trials are ongoing focus-
ing on the effects of vitamin D on prostate cancer  prevention. For example, 
in NCT00953225, the effect of vitamin D3 was examined on veteran subjects 
diagnosed with early stage, low-risk prostate cancer, who elected to have their 
disease monitored through active surveillance. Patients who were given vita-
min D3 did not demonstrate significant changes on PSA levels and number of 
positive biopsy cores compared to baseline levels. More clinical investigations 
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are needed to determine the effect of vitamin D on prostate cancer chemopre-
vention for patients without clinical cancer.

3.3.10  Others
In addition to the above-mentioned examples, a number of other herbs and 
nutraceuticals have also been reported with potential antioxidant activity, 
such as β-carotene, α-tocopherol, rainbow trout, ganoderma tsugae, picro-
rhiza kurroa, flumbagin, and many flavonoids identified in herbal medicines 
(Kandaswami et al. 2005, Powolny and Singh 2008, Rajkumar et al. 2011, 
Dolara et al. 2012, Lin et al. 2013b, Patel 2014). Such compounds or raw 
extracts may have the chemopreventive effect of prostate cancer and promote 
the prostate health. However, most of the evidence was based on in vitro 
studies. Their definitive clinical effects need to be investigated.

3.4 Conclusion

Although many antioxidants in nutraceuticals showed in vitro benefits for 
prostate cancer prevention and treatment in preclinical model systems, their 
clinical outcomes remain controversial. In one recent study, high doses of 
lycopene, green tea catechins, and selenium in men harboring high-grade 
prostatic intraepithelial neoplasia and/or atypical small acinar proliferation 
was associated with a higher incidence of prostate cancer at rebiopsy and 
expression of microRNAs implicated in prostate cancer progression at molecu-
lar analysis (Gontero et al. 2015).

Several issues need to be addressed in using nutraceuticals for the  prevention 
and treatment of human diseases. First of all, all preparations need to be 
standardized. This enables the comparability of results from different  studies. 
Second, the bioavailability of most antioxidant nutraceuticals is limited. 
Phenolic compounds undergo extensive first-pass metabolism such as gluc-
uronidation and sulfation, leading to poor absorption and low bioavailability. 
Novel formulation and prodrug approaches are urgently needed to effectively 
deliver the drug to the plasma and the target tissue, that is, the prostate. Third, 
a better understanding of the role of drug metabolism needs to be achieved. 
Some metabolites may be equally active as the parent nutraceutical, whereas 
some may be inactive. Finally, there is a molecular distinction between cancer 
prevention and cancer treatment. Some nutraceuticals may be effective for the 
prevention of prostate cancer; however, they may have opposite effect for the 
treatment of prostate cancer.

In conclusion, antioxidant nutraceuticals show great potential for prostate 
cancer prevention and treatment. However, more research work especially 
clinical trials need to be performed for the safe and effective use of antioxi-
dant nutraceuticals against prostate cancer.
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Natural Antioxidants in 
General Cancer Prevention
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4.1 Introduction

Pharmaceutical plus nutrition combines to form nutraceutical. Nutraceuticals 
are known to be portions of certain food items or food as a whole, which 
participate in altering and managing physiological functions of human beings 
and keeps them healthy. The recent fitness trends, as well as the contem-
porary population, are the prime reasons that lead to the enhancement of 
nutraceutical market. Nutraceuticals used in food merchandise are character-
ized as probiotics, polyunsaturated fatty acids, and dietary fibers along with 
antioxidants and prebiotics. It also includes various usual plant-derived foods. 
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These facilitate to fight against major health difficulties of recent times, includ-
ing cancer, obesity, cardiovascular diseases, diabetes, osteoporosis along with 
arthritis and cholesterol, and so on. Summing up, a new epoch of medication 
and well-being has been opened up by nutraceutical, which therefore now 
includes food sector within the research-based zone (Das et al. 2011). There 
has been an increase in the popularity of both nutraceuticals and functional 
foods in the global market. In 2011, the worldwide market of nutraceuticals 
reached US$142.1 billion dollars, which is likely to reach US$204.8 billion dol-
lars by 2017 (Albany 2013). Table 4.1 illustrates the dietary factors linked to 
diseases and the role of antioxidants to combat these dreaded diseases. The 
“+” sign denotes that antioxidants work positively on the diseases and the “−” 
sign denotes the negative effects of total and saturated fats.

4.1.1 Causes of chronic disease: Cancer
Most of the common chronic disorders can be accredited to a catalog of 
principal risk issues and according to the Centers for Disease Control and 
Prevention, the universal risk factors to which most of the common people 
have been exposed to include the following: 

• Disproportionate alcohol use
• Tobacco exploitation with exposure to passive smoking
• Nutrition high in sodium and saturated fats
• Physical idleness
• High blood pressure
• Diets low in fruits and vegetables
• Obesity (high body mass index)

Chronic diseases can be averted in most cases. The mechanistic properties that 
form a link between well-being and diet require more research but the available 
observations endow with adequately strong and credible basis to rationalize tak-
ing action. The civic health advance for initial prevention is reasonably priced, 

Table 4.1 Dietary Fat Linked to Diseases

Total or Saturated Fat Antioxidants

Cancer − +
Cataract − +
Immune function − +
Obesity − +
Birth outcomes − −
Diabetes − +

Source: Kramer, K. et al., Nutaceuticals in Health and Disease Prevention, Marcel Dekkar, New York, 2001.
Note: The “+” sign denotes that antioxidants work positively on the diseases and the “−” sign denotes 

the negative effects of total and saturated fats.



83Natural Antioxidants in General Cancer Prevention

expenditure efficient, as well as sustainable compared to medial management 
for those who have already developed the disease, which makes it more suit-
able to deal with the unremitting disease outbreak globally (Choi et al. 2001).

The U.S. financial system has suffered a yearly loss of US$70 billion in remedial 
and production costs due to unremitting disorders that are related to diet, which 
includes stroke, arteriosclerosis, heart disorders, without even including the 
premature deaths allied with these infirmities (Frazão 1999). Diet, with a specific 
mention to food constituents having a role in influencing the health has been 
addressed and recognized officially by the U.S. government in the conference on 
Food, Nutrition and Health in 1969 organized by The White House. Keeping 
the health benefits in mind, the middle of the 1980s saw food processors such 
as Kellogg and National Cancer Institute collaboratively started marketing 
certain foods mainly those rich in fiber that prevents colorectal cancer.

4.2 Antioxidant nutraceuticals

A list of diseases are claimed to have been managed and inhibited by antioxi-
dants. In a broader sense, coronary disease can be inhibited by antioxidant 
combinations present in red wine and other valuable assistance as a blend 
in cosmetics. Other well-recognized information suggests that aspirin and 
anti-inflammatory nonsteroidal pills inhibit colon cancer (Giovannucci et al. 
1995). Similarly, α-tocopherol has beneficial properties that lead to cardiopro-
tection (Stampfer et al. 1993). Uncertainty lies in the mechanistic behavior of 
how these antioxidants work. Recently, it was more evident that antioxidants 
also contain other significant properties, including gene expression, signal 
transduction, as well as certain enzymes, phosphatase and kinase activation. 
Figure 4.1 illustrates in brief the functions of antioxidants.

Antioxidants

Anti-obesity
Improves

kidney
function

Supports
immune system
and enhances
defense power

Supports
respiratory

system
Anti-aging

Figure 4.1  Functions of antioxidant nutraceuticals.
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4.2.1 Natural antioxidants
Natural antioxidants can be found in large amounts within aquatic algae that 
has negative effects on the pathogenesis of various disorders with compara-
tively less costly extraction techniques (Lordan et al. 2011). These antioxidants 
play a  pivotal role against diseases and aging by inhibiting oxidative damage 
in the cells (Kim et al. 2006; Karawita et al. 2007). Recent explorations have 
revealed some prospective novel sources that have elevated free radical quench-
ing property, which includes industrially produced Pheodactylum tricornu-
tum, Botryococcus braunii, Himanthalia elongate, Neochlorisoleo abundans, 
Chondrus crispus, Isochrysis sp. Gayralia oxysperma, Undaria pinnatifida, 
Chlorella vulgaris, and more (Kelman et  al. 2004; Plaza et  al. 2008; Goiris 
et al. 2012). Antioxidant suppliers such as plums, strawberries, grapes, broccoli, 
blueberries, and spinach have been included in the diet due to their enhanced 
scavenging capacity (Grossman 1994; Cao et al. 1998). Moreover, distinct antiox-
idants, novel antioxidant (NAO), have been discovered in the aqueous extracts 
of spinach leaf. NAO consists of flavonoids and p-coumaric acid derivatives that 
help to inhibit prostate cancer (Grossman et al. 2011). Table 4.2 discusses the 
natural antioxidants against cancer and their source.

4.3 Functions of antioxidant nutraceuticals

Antioxidant nutraceuticals are utilized for combating diseases such as cancer, 
diabetes, aging, and other cardiovascular diseases without much side effects. 
The efficiency of these has led to the extensive research involving this class 
of nutraceuticals and it is observed that they are quite efficient in managing 
a number of diseases.

4.3.1 Anti-aging
Recently, the relationship between reactive oxygen species (ROS) and difficul-
ties of aging has been observed; and hence, nutraceuticals were considered 
as a requisite to prevent and manage aging along with the endorsement of 
healthy aging. ROS plays a pivotal role in diseases such as cancer, hyperoxia, 
hepatitis, arthritis, dermatitis, and few others. Probable negative effects of 

Table 4.2 Anti-cancer Antioxidants and Their Source

Serial no. Natural Antioxidants Source

1. Vitamin C Red algae, brown algae, citrus foods

2. Vitamin E Brown algae, green algae

3. Beta-carotene Red, green, and brown algae, cyanobacteria

4. Curcumin Turmeric

5. Lycopene Tomatoes are the main sources, gac, watermelon, 
autumn olive, pink guava, papaya, wolfberry

Source: Shebis, Y. et al., Food and Nutrition Sciences, 4, 643, 2013.
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ROS are nullified by the body with the help of enzymes such as glutathi-
one peroxidase along with glutathione catalase and superoxide dismutase. 
Recently, the nutrition patrons across the globe have made the nutraceuticals 
a top drift in the food business (Lee et al. 2006).

4.3.2 Anti-cardiovascular
Oxidative alterations of low-density lipoprotein (LDL) have proved to play 
a decisive role in the advancement of atherosclerosis (Steinberg et al. 1989; 
Steinberg 1992; Aviram 1993). The LDL uptake by the macrophages is height-
ened due to LDL oxidation, which in turn promotes the development of foam 
cells as well as fatty streaks (Steinberg et al. 1989). Carotid atherosclerosis is 
linked to an augmented vulnerability to LDL oxidation (Salonen et al. 1992). 
A few studies say that vitamin E intake has a contrasting relationship with 
coronary heart disorder, (Rimm et al. 1993; Stampfer et al. 1993), whereas few 
others say that vitamin C (Enstrom et al. 1992) and provitamin A carotenoids 
(Gaziano 1995) may have a protective action.

4.3.3 Anti-diabetes
It is evident that recently plant-derived food polyphenols have proved to be 
exceptional in terms of managing various phases of type 2  diabetes mel-
litus. There has been a prospective efficiency of polyphenols that also 
includes flavonoids, lignin, phenolic acids, as well as polymeric lignin on 
disorders that involve metabolism and those that are provoked by diabetes. 
Emblica officinalis  (EB) along with Terminalia bellerica (TB) bear fruits 
consisting of high amount of bioactives and work against bacteria, viruses, 
and inflammation. The above-mentioned plants are the key components of 
triphala, a  formulation which is used in ayurveda and is suggested to people 
(E.  officinalis, T.  bellerica, and Terminaliachebula) (Naik et al. 2005).

4.3.4 Anti-obesity
A high occurrence of diseases such as obesity as well as type 2 Diabetes has 
been observed globally. Fucoxanthin which is a carotenoid obtained from 
brown seaweeds have been described as antidiabetic and also possess anti-
obesity properties. It is proved to provoke uncoupling protein 1 (UCP1), which 
is a proton carrier within the white adipose tissue (WAT) mitochondria of the 
abdomen by the nutrigenomics experimentation. By managing the secretion 
of cytokines from WAT the insulin resistance is made better by fucoxanthin, 
which also lowers blood glucose level (Miyashita et al. 2011).

4.3.5 Immune functions
Recently, there has been an enhancement in the occurrence of bacteria that 
are multidrug resistant (MDR) and there have been other complications associ-
ated with the utilization of antibiotics. These have led to an increased interest 
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in flora having antimicrobial activities. Bacterial species such as Escherichia 
coli 0517: H7  along with Acinetobacter sp. produce verocytotoxin. This is 
a toxin that has extra chemotherapeutic challenges because the toxin level 
increases when resisted with antibiotics in the growth medium. Certain medic-
inal herbs have antioxidant activities along with other mechanistic properties 
that are completely new and are yet to be studied. Once the mechanism is 
known, it can be utilized to manage the verocytotoxin producers that are 
MDR (Doughari et al. 2009).

4.4 Antioxidants against cancer

Certain nutraceuticals are compared for their efficacy in inhibiting skin cancer 
caused by croton oil and by initiation of dimethylbenz[a]anthracene (DMBA). 
The nutraceuticals included spinach leaves from New Zealand, sugar beet 
roots along with turmeric and cucumber. The nutraceuticals were applied on 
the skin approximately 1 hour before applying croton coil, which proved to 
be most effective among other techniques that were applied. Certain events, 
including late commencement of tumors, a decline in the skin tumor occur-
rence percentage, and the rate of multiplication was also diminished in com-
parison to the control (tumor initiated with DMBA and croton oil without 
application of nutraceuticals) (Villaseñor et al. 2002). Among all nutraceuticals 
that were examined, turmeric was found to be the most effective because it 
reduced incidence of the tumor by 30%, lowered skin tumors by 87.2%, and 
also held up the initiation of skin tumor by 5 weeks in contrast to the posi-
tive control, which was treated with croton oil and DMBA to initiate tumor 
formation. The most compelling is turmeric because the typical number of 
tumor formation was found to be statistically dissimilar, that is, the number of 
tumors decreased at α = 0.01 with respect to the positive control (Villaseñor 
et al. 2002).

In the United States, 29% mortality is due to lung cancer, which is considered 
as the most important reason for death (Wingo et al. 1995). Novel approaches 
should be tried and implemented in order to inhibit lung cancer among peo-
ple who has experienced an exposure to asbestos or people who have smok-
ing habit. It was observed that 29% and 25% men and women, respectively, 
fall in the age group between 45 and 64 years who smoke at present (Centers 
for Disease Control and Prevention 1991) and about 40% and 20% men and 
women belonging to this group had a past history of smoking (Schoenborn 
and Boyd 1987). The observations show that about 4000–6000 people die due 
to lung cancer every year, which is accredited to asbestos exposure (Nicholson 
et al. 1982; Omenn et al. 1986).

Vitamin A along with beta-carotene has gained interest from the research 
fraternity due to its potential of inhibiting lung cancer, which is based on 
laboratory experimentations and the corresponding observations (Peto et al. 
1981; Greenwald 1993; Omenn et al. 1994; Lippman et al. 2009). Some of the 
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recent trials include beta-carotene as well as retinol efficacy trial (CARET) to 
 measure the efficiency of chemoprevention as well as security of beta- carotene 
along with other linked agents (Buring and Hennekens 1992; The Alpha-
Tocopherol, Beta Carotene Cancer Prevention Study Group 1994; Hennekens 
et al. 1996; Omenn et al. 1996a). Figure 4.2 illustrates how nutraceuticals are 
effective against cancer.

4.5 Natural antioxidants combating cancer

There are certain natural antioxidants obtained from food or algal products 
that protect against cancer. These include beta-carotene, vitamin C, and 
vitamin E.

4.5.1 Beta-carotene
Beta-carotene is a carotenoid derivative obtained from plants that has anti-
cancer properties due to their pro-retinol action (Peto et al. 1981; Hennekens 
1986). Numerous explorations have shown the inversely proportional relation-
ship of cancer and intake of fruits and vegetables containing elevated amounts 
of beta-carotene (Peto et  al. 1981; Willet and MacMahon 1984; Hennekens 
1986; Wald 1987; Ziegler 1989). The mechanistic properties explaining their 
anti-cancer activity include quenching of reactive species such as organic and 
peroxide free radicals along with singlet oxygen (Peto et al. 1981; Burton and 
Ingold 1984; Krinsky 1989; Mathews 1989).

Diet herbs

Nutraceuticals
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Signaling protein
kinases

Metabolism
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Figure 4.2  Nutraceuticals against cancer.
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4.5.2 Vitamin C
Cisplatin is a known anti-cancer agent that produces toxicity in the liver (hep-
atotoxicity) but its main side effect is that it completely impairs the functions 
of the kidney (Meyer and Madias 1994; Liu et al. 1998). The drug generates 
ROS that includes hydroxyl radicals as well as superoxide species (Masuda 
et al. 1994; Baliga et al. 1998; Matsushima 1998) and also hinders the enzy-
matic activity of the antioxidant enzymes in the kidney (Appenroth et  al. 
1997). Lusania et al. in 2000 studied the effect of vitamin C and revealed that 
this may inhibit lipid peroxidation caused by cisplatin or depletion in gluta-
thione. It also lowered the glomerular filtration rate and when pretreatment 
was done with vitamin C there was no increase in the serum creatinine level. 
The scientists also revealed that the free radicals produced due to cisplatin are 
either completely stopped or may be quenched before these radicals reached 
the kidney cells disrupting its function.

4.5.3 Vitamin E
Studies in the previous decade suggest that vitamin E consists of certain vari-
eties that have anti-cancer properties (Sylvester and Theriault 2003; Friderich 
2004). The vitamin E varieties of tocopherols and tocotrienols individually 
have different potentials in tumor growth inhibition as well as apoptosis 
induction in the neoplastic epithelial cells of the mammary glands (McIntyre 
et al. 2000a, b). Scientific explorations have also proved that synthetic anti-
cancer drugs combined with natural antioxidants have a more potent effect. 
For example, tamoxifen, when combined with tocotrienols, had a more potent 
effect than tamoxifen alone (Guthrie et al. 1997). The anti-cancer property of 
this vitamin E derivative may not be only due to its antioxidant nature but also 
depends on the activities such as antiproliferation, enhancing the immunity, 
anti-angiogenesis, and stimulating apoptosis.

Explorations have indicated that tocotrienols can act on several types of cancer 
cells and cause apoptosis by both intrinsic as well as extrinsic mechanisms. 
In the extrinsic method, death receptors are stimulated (Park et al. 2010) and 
caspase-8 is activated, which in turn activates caspase-3 (Shah and Sylvester 
2004). Tocotrienols also work by inhibiting the expression of Vasoactive 
Intestinal Growth Factor (VEGF) (Shibata et al. 2008; Weng-Yew et al. 2009) 
as well as its receptors (Miyazawa et al. 2008; Nakagawa 2009; Shibata et al. 
2009), thereby suppressing angiogenesis. These vitamin E derivatives have 
also drawn attention due to their interaction with estrogen receptors when 
studied in breast cancer cells (Guthrie et  al. 1997; Comitato et  al. 2010). 
Studies reveal that compared to a- or b- tocotrienols, both d- and g-derivatives 
show enhanced anti-cancer activity (Kamat et al. 1997; Nesaretnam et al. 1998; 
Constantinou et al. 2009; Wu and Ng 2010). The anti-cancer properties of vita-
min E derivative, tocotrienols, are discussed in Table 4.3.
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4.5.4 Curcumin
The rhizome of Curcuma longa, a plant belonging to the family of ginger 
contains a spice known as turmeric. Turmeric, in turn, consists of curcumi-
noids that are fat-soluble polyphenols responsible for the color of turmeric. 
The main curcuminoid in turmeric is curcumin whose chemical name is difer-
uloylmethane (C21H20O6) and is the major active component. The plant grows 
in nature throughout India and also in other tropical nations, predominantly 
in Southeast Asia. This spice obtained has been an important constituent of 
ayurvedic medication in India from 1900 BCE. The anti-cancer properties were 
studied in a MDR variety of breast cancer cell lines (MCF-7R) and were found 
to be significant in both MCF-7 and MCF-7R cell lines (Labbozzetta et al. 2009). 
According to Labbozzetta et al. (2009), curcumin might work in breast carci-
noma through ER-dependent and independent ways to apply its anti-cancer 
effects and thereby act as an MDR reversal drug intervened by a transporter. 
The other cell lines where curcumin showed significant effects were bladder 
carcinoma (Tian et al. 2008) and prostate cancer cell lines (Dorai et al. 2001; 
Aggarwal 2008). In vivo studies showed that in situ apoptosis can be stimu-
lated by curcumin, which in turn can inhibit the progression of  bladder cancer.

Scientists have also revealed that curcumin can be used as ointments against 
oral (oral cavity), skin, and breast cancer (Kuttan et  al. 1987). They found 

Table 4.3 Anti-cancer Properties of Vitamin E Derivative: Tocotrienols

Cancer Type Result Reference

In Vitro Studies (Cancer Cell Line)
Human breast cancer cell lines Inhibited proliferation Nesaretnam et al. 1995; Nesaretnam et al. 

1998; Guthrie et al. 1997

Prostate cancer cells Inhibited proliferation Conte 2004; Srivastava and Gupta 2006

Human and murine tumor cells Induced cell-cycle arrest in the 
G-1 phase and apoptosis in the 
G-1 phase 

Yu et al. 1999

Neoplastic mammary epithelial cells Inhibited proliferation-induced 
apoptosis

McIntyre et al. 2000a, b

Estrogen-independent 
MDA–MB–231 cells

Modulated 46 out of 1200 genes 
and affected cell homeostasis

Nesaretnam et al. 2004

Human colorectal adenocarcinoma 
cells DLD-1

Downregulation of telomerase 
activity

Eitsuka et al. 2006

Hepatocellular carcinoma HepG2 cells Antiproliferative effect Wada et al. 2005

In Vivo Studies
Human colorectal cancer cells Anti-angiogenesis Nakagawa et al. 2007

Liver and lung cancer Antiproliferative effect Wada et al. 2005
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that curcumin as an ointment caused a significant relief in the symptoms of 
patients with cancers that are external.

4.5.5 Lycopene
Though there have been many studies reporting the anti-cancer properties 
of lycopene, a tomato carotenoid, the exact mechanism remain unknown. 
This carotenoid inhibits the progression of breast and endometrial cancer in 
humans by arresting the cell cycle in G1 phase, which makes it more signifi-
cant as a defensive agent for cancer. Zhang et al. in 1997 reported that lyco-
pene is a potential agent that lowers the risk of breast carcinoma, whereas 
Giovannucci et al. in 1995 reported against prostate cancer and Michaud et al. 
in 2000 against lung carcinoma. Lycopene also works significantly against 
other types of malignancies, including mammary, endometrial (Levy et  al. 
1995), along with leukemic carcinoma cells (Amir et al. 1999). All the studies 
showed that lycopene worked by inhibiting cancer expansion by delaying the 
transfer of cell cycle from G1 to S phase.

4.6 Conclusion

Technical explorations and the fast speed of recent advancements have opened 
some ways to identify the anti-cancer properties as well as the mechanisms 
of the natural antioxidants. However, the exact pathways followed by the 
vitamin E derivatives are still unknown, and hence scientists are working on 
it throughout the globe. Hence, a closer look is required to understand the 
exact function of these antioxidants in the system for both their antioxidant 
and non-antioxidant properties.

Antioxidant nutraceuticals have proved to have many functions, some of 
which are critical to the human body. Research has been conducted on anti-
oxidant nutraceuticals to understand their mechanistic properties. These 
are quite beneficial to the human body as a whole and in supplement form 
as well. They help the body without causing many side effects, which is 
another reason why the antioxidant nutraceuticals are preferred over syn-
thetic drugs.
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5
Antioxidant Nutraceuticals, 
Alzheimer’s Disease, 
and Dementia

Nandini Doshi, Sarvadaman Pathak, and Kiran Patil

The essential features of dementia are acquired and persistently compro-
mise multiple cognitive domains which interfere with daily activities. 
Dementia is broadly classified into cortical and subcortical dementia. In 

a subcortical dementia there is impaired information processing, whereas in 
cortical dementia, there is domain-specific deficits such as aphasia, apraxia, 
and agnosia. Alzheimer’s disease (AD) is the most common type of demen-
tia, although there are other types of dementia, which are present such as 
frontotemporal dementia Parkinsonian dementia, dementia with Lewy bod-
ies, progressive supranuclear palsy, dementia associated with drugs, dementia 
due to infections, and vascular dementia. AD in neurodegenerative disorder 
featuring gradually progressing cognitive and functional deficits as well as 
behavioral changes is associated with accumulation of amyloid and tau depo-
sition in the brain. Cognitive symptoms of AD most commonly include deficits 
in short-term memory, executive and visuospatial dysfunction, and praxis. AD 
is the most common neurodegenerative disorder and the sixth most common 
cause of disease in the United States. Although there is increasing evidence 
that AD pathology starts in brain in midlife, the first clinical symptoms usu-
ally observed were after the age of 65.

In 2012, the World Health Organization declared dementia as a public health 
priority. AD prevalence is rapidly increasing in large part because of the 
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proportion of people who are 65 years and older is increasing than any other 
age sector of the population worldwide. Although age is the greatest risk fac-
tor for development of AD, it is not sufficient to cause AD. Other risk factors 
include presence of apolipoproteins gene alleles (APOE4), low educational and 
occupational attainment, prior history of traumatic brain injuries, cardiovascu-
lar risk factors as well as family history of dementia. Memory impairment is 
the most important feature of AD. In one nationally representative U.S. data, 
the Aging demographics and memory study (ADAMS) estimated that in the 
United States 14% of people who are 71 years and older have dementia. AD 
dementia accounted for 70% of the dementia cases across the age spectrum 
in this cohort. The number of cases of dementia in 2010 was estimated at 
35.6  million worldwide. For diagnosing dementia the prominent neuropsy-
chiatric symptoms are cognitive dysfunction, which is commonly seen in all 
types of dementia, although maybe accompanying other disorders to varying 
degrees. Neuropsychiatric assessment plays an important role in differential 
diagnosis between dementia and primary psychiatric disturbances such as 
major depression. There are battery of tests used to assess the cognitive abil-
ity of the patient, including mini-mental status assessment, wherein cognitive 
abilities such as language, executive functions language fluency is assessed. 
In addition, laboratory evaluation of vitamin B12, thyroid function test, and 
other blood works such as screening for syphilis as well as genetic testing for 
apolipoprotein and cerebral spinal fluid analysis for beta-amyloid and tau and 
phospho-tau does give additional information about the disease process.

The American academy of Neurology dementia practice guidelines recom-
mended a noncontrast computed tomography as well as magnetic resonance 
imaging scan in most cases of dementia. Although the yield of such testing is 
relatively low for detecting structural brain lesion such as central nervous sys-
tem neoplasm or subdural hematoma, it does give an idea about any structural 
asymmetry as well as temporoparietal abnormalities in the AD frontal anterior 
temporal abnormalities in frontotemporal dementia, temporal parietal– occipital 
abnormalities in dementia with Lewy bodies. Functional brain imaging with 
single-photon emission CT (SPECT) and positron emission tomography (PET) 
have identified disease-specific patterns for several dementias.

Treatment: The clinical management of patients with dementia involves mul-
tiple steps, initial diagnostic in prognostication as well as common shining 
counseling of all the patients about the date to do activities as well as the appro-
priate medication. Patient has coexisting behavioral and non-neurological con-
ditions that need to be optimally managed; there is a need of coordination of 
care from the physician’s nurse practitioner, social workers, and the institution 
where the patient has an advanced dementia. Two classes of medication have 
been approved: the first one is acetylcholine esterase inhibitors and the  second 
one is NMDA receptor antagonist memantine. Three medicines have been 
 currently approved and marketed in the United States: (1) Donepezil, (2) riv-
astigmine, and (3) galantamine. Glutamate receptor modulator, memantine, 
has low-to-moderate affinity for N-methyl-D-aspartic acid (NMDA) receptor 
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and is used as an add-on treatment for dementia. Memantine is approved by 
U.S. FDA for moderate-to-severe Alzheimer dementia in the United States. 
Cholinesterase inhibitors and memantine are frequently prescribed off-label 
for mild cognitive impairment, but in recent meta-analysis they have not been 
demonstrated. In addition to the first-line treatment, there is lot of medica-
tion use for behavioral symptoms with selective serotonin reuptake inhibitors, 
which is commonly used for patients with agitation or disruptive behavior. 
The new medications are rate typical antipsychotic medications such as choir 
13  risperdal on olanzapine are often used in low doses with careful titra-
tion. The drugs currently available (i.e., anticholinesterase and memantine) are 
symptomatic and can only temporarily slow down AD symptoms (Aisen 2010, 
Vellas and Aisen 2010). Because of their symptomatic action, they are intended 
only for patients with mild-to-severe AD. One of the main AD challenges over 
the coming decade lies in the finding of a curative drug that could modify 
the  neurodegenerative process (Aisen 2010, Vellas and Aisen 2010).

5.1 Vitamin B12

Vitamin B12 is an important vitamin also known as cobalamin and it is a water-
soluble vitamin and plays a role in normal functioning of the brain. Vitamin B12 
has been studied extensively and has a role in dementia, and vitamin B12 is an 
important component for normal neuronal functioning. The common cause of 
vitamin B12 deficiency is due to low intakes, malabsorption, certain intestinal 
disorders, low presence of binding proteins, and use of certain medications. In 
addition, vitamin B12 is only found in animal products. The deficiency of vita-
min B12 is commonly seen in people with vegetarian diet as well as in elderly 
population with low intake of animal products. Serum vitamin B12 has a wide 
range or normal lab values, with a low reference range of 200 to 220 pg/mL. 
Methylmalonic acid (MMA) is a substance produced in the body when there 
is a deficiency of vitamin B12, and so MMA concentration is considered to be 
a sensitive and specific indicator of vitamin B12  deficiency. MMA level will 
increase when vitamin B12 levels are less than 400 pg/mL. For patients with 
vitamin B12 levels less than 400 pg/mL, begin daily supplement with vitamin 
B12 at 1000–2000 mcg per day. Vitamin B12 may be given parenterally, nasally, 
or orally. Adequate treatment may be provided by any of these routes.

The functional deficiency of B12 can be detected by measuring levels of homo-
cysteine (Hcy) and MMA. Hyperhomocystenemia has been associated with B 
vitamin deficiencies of folate, B6, and B12 due to their role as cofactors in the 
metabolism of Hcy. Vitamin B12 is also a cofactor in other methylation reac-
tions. In particular, vitamin B12 deficiency has been shown to result in cognitive 
impairment (Moore et al. 2012). Although whether the cognitive impairment 
is a direct result of B12 deficiency or whether it is associated with sub-
sequent hyperhomocystenemia is not clear. The probable mechanism for 
this observation could be linked to methylation of myelin basic protein. 
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Myelin basic protein is methylated on an arginine group and a defect in meth-
ylation could produce an unstable protein, leading to neurological  disorders 
(Sponne et al. 2000). Increased levels of Hcy have been documented to  produce 
changes in the structure and function of cerebral blood vessels along with oxi-
dative stress, which plays a key role in cerebral vascular dysfunction (Dayal 
et al. 2005). Several animal models have shown the role of HHcy in cerebro-
vascular pathology, cognitive decline, and learning disabilities (Pirchl et  al. 
2010). The authors observed short- and long-term  hyperhomocystenemia dif-
ferentially affecting the spatial memory as tested in a partially baited eight-arm 
radial maze. Hyperhomocysteinemia (HHcy) significantly reduced the number 
of choline acetyltransferase (ChAT)-positive neurons in the basal nucleus of 
Meynert and ChAT-positive axons in the cortex only after short-term but not 
long-term treatment, whereas acetylcholine levels in the cortex were decreased 
at both the time points. Shah and Singh (2007) reported that HHcy induced via 
administration of L-methionine in rodents has been reported to produce a sig-
nificant degree of VaD. Other studies have shown intracerebral Hcy injections 
in rodent brains to produce AD-like symptoms (Ataie et al. 2010, Kamat et al. 
2013). The experiments done by Ataie et al. showed that curcumin antioxidant 
and neuroprotective properties of the polyphenolic antioxidant compound, 
Curcumin against Hcy neurotoxicity were investigated. Curcumin (5  and 
50 mg/kg) was injected intraperitoneally once daily for a period of 10 days 
beginning 5 days prior to Hcy (0.2  µmol/µL) intrahippocampal injection in 
rats. Biochemical and behavioral studies, including passive avoidance learning 
and locomotor activity tests were studied 24 h after the last curcumin or its 
vehicle injection. We detected malondialdehyde (MDA) and superoxide anion 
(SOA) in rats’ hippocampi. Results indicated that Hcy could induce lipid per-
oxidation and increase MDA and SOA levels in rats’ hippocampi. In addition, 
Hcy impaired memory retention in passive avoidance learning test. However, 
curcumin treatment decreased MDA and SOA levels significantly as well as 
improved learning and memory in rats. Histopathological analysis also indi-
cated that Hcy could decrease hippocampus cell count and curcumin inhibited 
this toxic effect. These results suggest that Hcy may induce lipid peroxidation 
in rats’ hippocampi and polyphenol treatment (Curcumin) improved learning 
and memory deficits by protecting the nervous system against Hcy toxicity.

Hcy has been associated with dementia. High total plasma homocysteine 
(tHcy) has been associated with cognitive impairment and dementia (Bell 
et al. 1992, Clark et al. 1998), although it is unclear whether this link is causal. 
This is important because tHcy can be lowered by about 20% with oral sup-
plementation of specific B vitamins marking it as a potentially modifiable risk 
factor. Hcy is a risk factor for AD. In the first report on the VITACOG trial, we 
showed that Hcy-lowering treatment with B vitamins slows the rate of brain 
atrophy in mild cognitive impairment (MCI).

The experiments done by Zhang et al. (2008) wherein Hcy was injected via vena 
caudalis injection for 2 weeks caused AD-like tau hyperphosphorylation at mul-
tiple sites in rat brain hippocampus. The proposed mechanism is Hcy inhibited 
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the activity of protein phosphatase 2A (PP2A) with a simultaneously increased 
Leu(309)-demethylation and Tyr(307)-phosphorylation of PP2A catalytic sub-
unit (PP2A(C)). PP2A(C) Leu(309)-demethylation was positively correlated with 
its Tyr(307)-phosphorylation; and the abnormally modified PP2A(C) was incom-
petent in binding to its regulatory subunit (PP2A(B)). Hcy also activated methy-
lesterase, which stimulates demethylation of PP2A(C). In hippocampal slices of 
the Hcy-injected rats and AD patients, the demethylated but not the methylated 
PP2A(C) was colocalized with the hyperphosphorylated tau. A simultaneous 
supplement of folate and vitamin B12 partially restored the plasma Hcy level, 
and thus significantly antagonized the Hcy-induced tau hyperphosphorylation 
and PP2A inactivation and the activity-related modifications of PP2A(C). These 
results suggest that Hcy may be an upstream effector to induce AD-like tau 
hyperphosphorylation through inactivating PP2A.

In an intervention trial done by de Jager et al. (2012), B vitamins appears to 
slow cognitive and clinical decline in people with MCI, in particular in those 
with elevated Hcy. B vitamins stabilized executive function (CLOX) relative 
to placebo (P = 0.015). There was significant benefit of B vitamin treatment 
among participants with baseline Hcy above the median (11.3  µmol/L) in 
global cognition (Mini Mental State Examination, P < 0.001), episodic memory 
(Hopkins Verbal Learning Test-delayed recall, P = 0.001), and semantic mem-
ory (category fluency, P = 0.037). Clinical benefit occurred in the B vitamin 
group for those in the upper quartile of Hcy at the baseline in global clinical 
dementia rating score (P = 0.02) and IQCODE score (P = 0.01).

5.2 Vitamin D

The term vitamin D describes a group of fat-soluble secosterols that encourage 
the regulation of serum calcium and phosphate levels and, consequently, bone 
growth and mineralization. Its two predominant forms, vitamin D2 (ergocal-
ciferol) and vitamin D3 (cholecalciferol) achieve biological activation on two 
consecutive hydroxylations in the body—first in the liver to form calcifediol 
and then in the kidney to form biologically active hormone calcitriol. Although 
vitamin D2 is generally man-made and then mixed into foods, whereas vitamin 
D3 can be formed in the skin during exposure to sunlight or consumed through 
animal-based food products, both generating identical metabolic reactions 
and can also be ingested through dietary supplements (Institute of Medicine 
[IOM] 2011). Various dietary sources of vitamin D are noted in Table 5.1.

On reaching biological activation, vitamin D’s metabolite calcitriol binds to 
the nuclear hormone receptor vitamin D receptor (VDR). The consequent 
conformational change in the receptor facilitates formation of a  heterodimeric 
complex with retinoid X receptor (RXR) to act on Vitamin D response ele-
ment (VDREs), specific sequences in the genome, and in turn, activate or 
suppress transcription of target genes (Bikle 2014, Christakos 2016). The 
widespread expression of VDR proteins and the enzymes required for the 
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two-step hydroxylation of vitamin D into calcitriol in the brain, especially 
in regions associated with learning and memory, indicates that along with 
 regulating calcium homeostasis and bone mineralization, vitamin D may 
influence  cognitive function and dementia (Jones 1998, Garcion 2002, Eyles 
2005, Buell 2008).

A multitude of evidence suggests that vitamin D possesses neuroprotective 
properties. For instance, multiple studies indicate that it regulates synthesis 
of neurotrophins, growth factors that enable the development and function 
of neurons (Garcion et al. 2002). Moreover, vitamin D also influences calcium 
homeostasis and synaptic transmission in the brain. An increase in L-type 
voltage-sensitive Ca2+ channels (L-VSCC) is seen during hippocampal aging 
(Landfield et al. 1998). Through downregulating hippocampal-VSCC expres-
sion, vitamin D offers neuroprotective benefits against age-related neurode-
generative conditions (Brewer et al. 2001). Likewise, a study performed by 
Latimer and colleagues demonstrated that increased vitamin D also upregu-
lated pathways and genes involved in synaptic transmission that thus strength-
ened synaptic function in the hippocampus of aging rats (Latimer et al. 2014).

Vitamin D affects several mechanisms of AD pathogenesis, including the 
production, clearance, phagocytosis, and enzymatic degradation of Aβ pep-
tides, as well as tau phosphorylation (Keeney and Butterfield 2015). Vitamin 
D3-enriched diets in rodents had shown a significant reduction of brain Aβ 

Table 5.1 Examples of Food Sources Containing Vitamin D

Food International Units μg Daily Valuea (%)

Mushrooms, portabella, exposed to 
ultraviolet light, one cup (86 grams)

976 24.4 162

Salmon, pink, canned, three ounces 
(85 grams)

465 11.6 77.5

Fish oil, cod liver, one tsp (4.5 grams) 450 11.2 75

Sardines, Atlantic, canned in oil 
three ounces (85 grams)

164 4.1 27

Milk, nonfat, with added vitamins A and 
D, one cup (245 grams)

115 2.9 19

Orange juice from concentrate, with 
added calcium and vitamin D, one cup 
(249 grams)

100 2.5 16.7

Tuna white, canned in water three 
ounces (85 grams)

68 1.7 11.3

Beef liver 100 grams 49 1.2 8.2

One large egg (vitamin D found in yolk) 37 0.9 6.2

Source: Institute of Medicine 2011, National Institutes of Health 2016, U.S. Department of Agriculture 2016.
a Percent daily value calculated according to the 600 IU/day recommended dietary allowance (RDA) suggested by the U.S. 

Food and Drug Administration for children and adults over the age of four.
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burden along with improved cognitive performances (Yu et al. 2011, Briones 
and Darwish 2012, Durk et al. 2014). This is in line with the observation that 
vitamin D deficiency strengthens the spatial learning deficits of rats after 
intracerebroventricular Aβ42-injection.

The influence of vitamin D on the cerebral Aβ levels might be based on an 
increased brain-to-blood efflux transport of the peptide at the blood–brain 
barrier and a stimulation of microglial Aβ phagocytosis (Masoumi et  al. 
2009, Ito et  al. 2011, Briones and Darwish 2012). An elevation of classical 
 Aβ-degrading enzyme neprilysin (NEP) in the hippocampus, as well as a 
reduction in β-secretase amyloid cleaving enzyme (BACE1) level, has been 
shown in the brain tissue of aged rats after dietary supplementation of vitamin 
D3 (Briones and Darwish 2012). In addition, a significantly increased protein 
level and activity of BACE1 combined with a decreased expression and activity 
of NEP in the brain tissue of vitamin D-deficient mice was found (Grimm et al. 
2014). An impact of vitamin D on Aβ degradation is further strengthened by 
the transcriptional upregulation of several Aβ-degrading enzymes, and hence 
total Aβ degradation in neuroblastoma cells treated with 25-(OH)D3 (Grimm 
et al. 2014). In another study, 1α,25-(OH)2D3 has been found to inhibit APP 
promoter activity in a neuroblastoma cell line, indicating Aβ secretion to be 
reduced in the presence of this vitamin D metabolite due to a decreased gene 
expression of its precursor protein (Wang et al. 2012). In addition, vitamin D 
might affect tau phosphorylation, as previously published by Cheng et al. In 
this study, the combination of vitamin D and resveratrol has been found to 
reverse the Aβ25-35-induced cytotoxicity and tau phosphorylation in SH–SY5Y 
neuroblastoma cells treated with 25-(OH)D3 (Grimm et al. 2014). In another 
study, 1α,25-(OH)2D3 has been found to inhibit APP promoter activity in a neu-
roblastoma cell line, indicating Aβ secretion to be reduced in the presence of 
this vitamin D metabolite due to a decreased gene expression of its precursor 
protein (Wang et al. 2012). In addition, vitamin D might affect tau phosphory-
lation, as previously published by Cheng et al. In this study the combination 
of vitamin D and resveratrol has been found to reverse the Aβ25-35-induced 
cytotoxicity and tau phosphorylation in SH–SY5Y cells (Cheng et al.).

5.3 Folic acid

Folate is reduced to dihydrofolate (DHF) and subsequently to tetrahydrofo-
late (THF), serving as a single carbon donor in the form of 5-methyl THF. 
Consequently, 5-methyl THF feeds into the one-carbon metabolism cycle by 
donating its methyl group to Hcy converting it to methionine. Folates are vita-
mins essential to the development of the central nervous system. Insufficient 
folate activity at the time of conception and early pregnancy can result in 
congenital neural tube defects. Folate acts through one-carbon metabolism 
to support the methylation of multiple substrates, including DNA. Folic acid 
upregulated DNA methylation levels in N2a-APP cells and AD transgenic 



104 Antioxidant Nutraceuticals

mouse brains. In addition, functional network analysis of folic acid-induced 
DMGs in these AD models revealed subnetworks composed of 24 focus genes 
in the janus kinase-signal transducer and activator of transcription (JAK-STAT) 
signaling pathway and 12 focus genes in the long-term depression (LTD) sig-
naling pathway (Li et  al. 2016). In addition, the experiments showed folic 
acid treatment prevented memory impairment and Na(+), K(+)–ATPase inhibi-
tion in the striatum and cortex in adult rats that suffered neonatal hypoxia–
ischemia (HI) (Carletti et al. 2016). Elevated plasma Hcy is one of the primary 
consequences of folate deficiency. Furthermore, older people with low folate 
status are at a higher risk of cognitive impairment, dementia, and AD (Riggs 
et al. 1996), and it has been postulated that the effect of folate deficiency on 
brain function is mediated by Hcy. However, several studies found that the 
association between low folate status and cognitive impairment, dementia, or 
AD remains significant after controlling for confounding by Hcy, thus suggest-
ing that folate may affect the brain function through mechanisms not directly 
related to hyperhomocysteinemia (Riggs et al. 1996, Clarke et al. 1998, Wang 
et al. 2001, Quadri et al. 2004). Ebly et al. (1998) found that there was a higher 
percentage of subjects with dementia in the lowest quartile of serum folate 
(≤10 nmol/L) compared with the highest quartile (>14 nmol/L). Moreover, the 
mean 3MSE score for the subjects in the lowest quartile of serum folate was 
significantly lower than for subjects in the highest quartile.

5.4 Vitamin A

Vitamin A and its derivatives, the retinoids, are involved in several important 
cellular working in the brain, including neuronal differentiation, neurotrans-
mitter release, and long-term potentiation. They have antioxidative properties 
and also helps in regulating gene expression by interacting with the retinoic 
acid receptors (RARs) and the retinoid X receptors (RXRs) acting as transcrip-
tion factors (Lane and Bailey 2005, Sodhi and Singh 2013).

Significantly lowered serum and plasma concentrations of vitamin A and 
the provitamin A β-carotene have been observed in AD patients (Jimenez-
Jimenez et al. 1999, Rinaldi et al. 2003). In addition, enhanced β-carotene 
plasma levels have been found to be associated with better cognitive perfor-
mances in the elderly (Perrig et al. 1997). Vitamin A deficiency results in an 
enhanced Aβ deposition in the brain tissue and in cerebral blood vessels of 
adult rats (Corcoran et al. 2004). In a recent study Aβ production was also 
shown to be increased in the brain parenchyma of a hypovitaminosis mouse 
model along with a reduction of sAPPα content indicating a shift from non-
amyloidogenic to amyloidogenic APP processing (Reinhardt et al. 2016). In a 
double- transgenic AD mouse model, a robust decrease of cerebral Aβ accu-
mulation along with improved cognitive functions was observed after treat-
ment with all-trans retinoic acid over eight weeks (Ding et al. 2008). Similar 
effects on cognition and Aβ plaque load have been observed in mice with 
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streptozotocin-induced dementia after supplementation with all-trans reti-
noic acid. These animals also display a restored acetylcholinesterase activity, 
attenuated oxidative alterations, and a reduced content of myeloperoxidase, 
a marker of inflammation (Sodhi and Singh 2014). In line with this, treat-
ment of APP/tau-double transgenic mice with a RARα agonist leads to the 
reduction of Aβ plaque load and enhanced cognitive performances. RARα 
signaling improves cognition in the Tg2576 mice; it has an anti-inflammatory 
effect and promotes Aβ clearance by increasing insulin-degrading enzyme 
and neprilysin activity in both microglia and neurons. In addition, RARα 
signaling prevents tau phosphorylation (Goncalves et al. 2013). In addition to 
the cerebral Aβ content, tau pathology and, thus, a further pathological hall-
mark of AD might be affected by  vitamin A. Previously fewer and smaller tau 
aggregates have been observed in the brain tissues of APP/PS1/tau-transgenic 
mice supplemented with all-trans retinoic acid. This effect might result from 
a downregulation of the cyclin-dependent kinase 5 (Cdk5) and the glycogen 
synthase kinase 3β (GSK3β). In agreement with these data, a prevented tau 
phosphorylation has been demonstrated in APP/tau-double transgenic mice 
medicated with a RARα agonist, as well as in APP/PS1 transgenic mice treated 
with retinoic acid (Ding et al. 2008, Goncalves et al. 2013). Although the role 
of vitamin A is shown in animal models, there are no trials analyzing the 
efficacy of vitamin A supplementation on the progression of AD in humans.

5.5  Oxidative stress and role of vitamin C, ascorbic acid, 
vitamin E, and coenzyme Q10

Oxidative stress plays a major role in the neurodegeneration by causing 
DNA damage and increased protein and lipid oxidation. The role of anti-
oxidative pathways sometimes is not adequate. In addition, oxidative pro-
tein damage contributes to agent-dependent accumulation of disturbance in 
mitochondria or protein aggregates. Vitamin C is extremely important as an 
antioxidant owing to its ability to neutralize oxygen and nitrogen-based rad-
icals, and because it also recycles both vitamin E and tetrahydrobiopterin, 
which respectively have key antioxidant and enzyme cofactor functions in 
brain. Furthermore, vitamin C is a cofactor in a number of hydroxylation 
reactions where it protects hydroxylase enzymes by reducing Fe3+ and Cu2+ 
at their active sites, such as in the synthesis of collagen, carnitine, and nor-
epinephrine and also in the regulation of the gene HIF1-α 9 (Harrison and 
May 2009).

The current U.S. RDA for vitamin C is 75 mg/day in adult females, 90 mg/
day in males, with amounts up to 125 mg/day recommended for pregnant or 
lactating women (Monsen 2000). Oxidative stress is important in the patho-
genesis of AD. The supplementation of the primary antioxidant system helps 
to suppress the initiation of oxidative stress, which has been tested in animal 
models and has shown promising results.
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The brain contains high levels of oxidizable lipids that must be protected 
by antioxidants. Low concentrations of vitamin E, quantitatively the major 
lipophilic antioxidant in the brain, are frequently observed in cerebrospinal 
fluid (CSF) of AD patients, suggesting that supplementation with vitamin E 
might delay the development of AD. In a placebo-controlled trial, vitamin E 
(2000 IU/day, 2 years) slowed (−53%) functional deterioration in patients with 
moderate AD (Sano et al. 1997). In addition, vitamin E and vitamin C sup-
plementation, in combination, has been associated with reduced prevalence 
(−78%) and incidence (−64%) of AD in elderly population (Zandi et al. 2004). 
These results are consistent with the ability of the supplementation with vita-
min E (400 IU/day, 1 month) to increase its level in CSF (123%) and plasma 
(145%) of AD patients and, in combination, with vitamin C (1000 g/day), to 
decrease the susceptibility of CSF lipoproteins (up to −32%) to in vitro oxida-
tion (Kontush et al. 2001). In addition, vitamin E supplementation is given 
early on reduced lipid peroxidation and amyloid deposition in a transgenic 
mice model of AD (Sung et al. 2004).

Vitamin E has been reported to improve cognitive function in elderly individu-
als (Ortega et al. 2002). It is known that the soluble Aβ oligomers cause cogni-
tive loss and synaptic dysfunction in AD patients. The treatment with vitamin C 
for six months attenuated Aβ oligomer formation, restored the reduced synap-
tophysin level, and mitigated the memory behavioral decline in an AD mouse 
model (Murakami et al. 2011). More recent research showed that vitamins C and 
E supplementation mitigated the melamine-induced impairment of hippocam-
pal synaptic plasticity (An and Zhang 2014). The potential role of DHA and EPA 
in the prevention of cognitive decline, including the decline associated with AD, 
has attracted major interest over the past 20 years. Recent research showed that 
n-3 fatty acids supplementation ameliorated memory deficits, which increased 
the serum total antioxidant capacity (Abd Allah et al. 2014).

Dietary supplementation with coenzyme Q10 (CoQ10) could be a pharmaco-
logical way to enhance antioxidant defenses in mitochondria. CoQ10 is an 
important cofactor in the mitochondrial electron transport chain and has well-
characterized antioxidant properties in mitochondria and lipid membranes. 
CoQ10 protects neuronal cells in culture from oxidative insults (McCarthy 
et al. 2004, Somayajulu et al. 2005). Orally administered CoQ10 reduced neu-
ronal degeneration and increased survival in toxin-induced and transgenic 
animal models of Parkinson’s and Huntington’s diseases (Ferrante et al. 2002, 
Matthews et al. 1998). Concurrent administration of CoQ10 and α-tocopherol 
improved learning in aged mice (McDonald et al. 2005), and CoQ10 reduced 
amyloid pathology in presenilin mouse models of AD (Yang et al. 2008). The 
supplementation of CoQ10 on pathology and cognition in the Tg19959 mouse 
model of AD studies and noted decreased brain oxidative stress, Aβ42 levels, 
and plaque burden, and improved cognitive performance (Dumont et al. 2011).

Dementia is an irreversible neurodegenerative disorder that affects over 
5  million Americans. Although we are now able to diagnose dementia in early 
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and even in three symptomatic stays is where we are still lacking preventive 
medication that can alter its course, so the use of antioxidants becomes very 
important in treating dementia and prolonging the disease process without 
having much of side effects, which are commonly seen with medication such 
as donepezil, rivastigmine, or memantine.
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6
Antioxidant Nutraceuticals 
and Parkinson’s Disease

Adryan Perez, Andrew Tran, and Chuanhai Cao

6.1 Introduction

Parkinson’s disease (PD) was established as a medical condition many years 
after James Parkinson noted a resemblance in cases among his older patients 
in his 1817 publication An Essay on the Shaking Palsy (Shulman et al. 2011). 
It is currently the second most common neurodegenerative disorder and is 
expected to impose an increasing social and economic toll on societies as 
population age (de Lau and Breteler 2006). PD is characterized as a pro-
gressive neurodegenerative movement disorder that results from the death 
of dopaminergic neurons in the substantia nigra (Moore et  al. 2005). The 
development of PD is associated with a long prodromal phase between the 
appearance of symptoms and the time of clinical diagnoses. Clinical detection 
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of PD is based on the detection of two of the four cardinal signs associated 
with the disease, including resting tremor, bradykinesia, rigidity, and postural 
imbalance (de Lau and Breteler 2006). In addition to the physical symptoms, 
PD patients commonly display nonmotor symptoms such as depression, lack 
of motivation, passivity, and dementia (Fahn 2003). After the clinical diagno-
ses of the disease patients live an average life of 15 years before death occurs, 
which could be due to the higher prevalence of PD among older age groups 
(Lees et al. 2009).

Presently, there is no known cure for PD, and drugs used to treat it are focused 
on suppressing symptoms instead of preventing the onset or the progression 
of the disease. Modern treatments, including dopamine replacement therapy 
have led to a significant improvement in both the quality of life and life 
expectancy of patients but have been unable to eradicate the significant dis-
abilities accompanied with the disease progression. These dopamine replace-
ment therapies have been found to cause levodopa-induced dyskinesias (LIDs) 
followed by chronic treatment (Niccolini et al. 2015). However, given the wide 
applications of nutraceuticals and their significance in new drug discover-
ies demonstrate that nutraceuticals could play a critical role in providing a 
mechanism for the prevention and treatment of PD.

The introduction of modern medicine has extended the average lifespan of 
the population. The increase in life expectancy has made age-related dis-
orders such as PD and Alzheimer’s disease (AD) increasingly prevalent in 
the society. The etiology of PD is commonly attributed to the increased 
prevalence of reactive oxygen species (ROS) found in older age groups. ROS 
are produced by the human body in order to undergo normal physiologi-
cal processes, including critical roles in the immune system, stimulation of 
growth factors, the development of an inflammatory response, and apoptosis 
(Zuo and Motherwell 2013). Oxidative stress has been associated with the 
abnormal accumulation of endogenous protein alpha-synuclein forming the 
hallmark inclusions of PD termed Lewy bodies (LBs), which lead to mitochon-
drial modifications eventually causing neuronal cell death (Hsu et al. 2000). 
Currently, vast amounts of antioxidant nutraceuticals on the market have been 
shown to ameliorate oxidative stress and inhibit alpha-synuclein aggregation, 
potentially serving a primary or secondary role in the treatment of PD.

The term nutraceutical is a combination of the terms nutrition and phar-
maceutical and refers to the food products that may provide therapeutic 
benefit. Nutraceuticals encompass a wide variety of products ranging from 
isolated nutrients, dietary supplements, and herbal products to processed 
foods such as cereals, soups, and beverages. Although nutraceuticals consist 
of a wide range of products, the implementation of antioxidant nutraceuticals 
is applicable in prevention and treatment of PD due to their ability to pro-
vide neuroprotection through a wide range of proposed mechanisms, such 
as scavenging of free radicals and ROS, chelation of the iron, modulation of 
cell-signaling pathways, and inhibition of inflammation (Chao et al. 2012). 
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The Section 6.2 through 6.4 present modern treatments, discuss a proposed 
mechanism for the pathogenesis of PD, and present various antioxidant 
nutraceuticals presumed to play a beneficial role in the prevention and treat-
ment of the neurodegenerative disease.

6.2 Modern treatments

A variety of modern treatments have been developed to combat PD (Table 6.1). 
Although these treatments provide temporary benefits in treating PD, they do 
not provide a concrete way of preventing and curing the disorder. Current 
research has unveiled other compounds, specifically antioxidant nutraceuti-
cals, with therapeutic properties that have the potential to treat and prevent 
the onset of PD. The benefit of using these nutraceutical treatments is their 
potential ability to provide a safer way to combat the disease without many of 
the accompanying side effects of current treatments.

Table 6.1 Modern Treatments

Modern Treatment Treatment Mechanism

Levodopa Levodopa crosses the blood–brain barrier and enters dopaminergic neurons. There it is 
metabolized into dopamine by the enzyme aromatic l-amino acid decarboxylase and 
replaces the depleted endogenous neurotransmitter (Lopez et al. 2001). This method of 
treatment remains to be the most effective in treating symptoms of Parkinson’s 
disease, but chronic use has been associated with involuntary movement disorders such 
as dyskinesia (Sweet and McDowell 1975, Lesser et al. 1979).

Dopamine agonists Dopamine agonists treat Parkinson’s symptoms by mimicking the neurotransmitter 
dopamine and acting directly on dopamine receptors (Quinn 1995). Dopamine agonists 
can be added to levodopa regimens to reduce the dosage of the latter and to delay the 
onset of induced dyskinesia (Fischer 1995, Oertel and Quinn 1997, Kondo 2002).

Monoamine oxidase B (MAO-B) 
inhibitors

MAO-B is a naturally occurring enzyme found in the human brain that breaks down a 
variety of chemicals, including dopamine (Saura et al. 1994, Youdim and Weinstock 
2004, Mallajosyula et al. 2009). Two MAO-B inhibitors have been approved by the 
FDA: (1) selegiline and (2) rasagiline (Heinonen and Myllylä 1998, Fernandez and 
Chen 2007). These inhibitors are used to block the breakdown of dopamine in the 
brain, making it more readily available.

Catechol-O-methyltransferase 
(COMT) inhibitors

COMT inhibitors can also be used with other methods of treatment, including levodopa, 
where it was found to increase the amount of levodopa to enter the brain, and 
consequently lower the dosages of the drug and its associated effects (Männistö and 
Kaakkola 1990, Lamberti et al. 2005).

Anticholinergics Anticholinergics possess anti-Parkinsonian characteristics by counteracting an imbalance 
between striatal dopamine and acetylcholine levels from the denervation of dopaminergic 
neurons exhibited in Parkinson’s disease (Cooper et al. 1992). However, clinical studies 
have suggested that the use of anticholinergics have a greater risk of unfavorable side 
effects such as blurred vision, nausea, and glaucoma (Katzenschlager et al. 2003, 
Diederich et al. 2005).

(Continued )
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6.3 Pathogenesis of Parkinson’s disease

PD is one of the most common neurodegenerative disorders (Bertram and 
Tanzi 2005). The disease is characterized by the loss of dopaminergic neu-
rons in the substantia nigra region of the brain and the presence of insoluble 
α-synuclein fibrils known as LBs (Gibb and Lees 1988, Spillantini et al. 1997, 
Eriksen et al. 2005). In normal brain tissue, dopaminergic neurons produce 
a key neurotransmitter, dopamine. This neurotransmitter is involved in many 
neurological processes, including relaying chemical messages to and from 
the substantia nigra to other parts of the brain that control muscle and move-
ment (Double and Crocker 1995, González-Hernández and Rodríguez 2000). 
Denervation results in the loss of dopaminergic neurons and overall loss of 
control of body movement and the motor symptoms typically experienced by 
those afflicted with PD include tremors and shakes (1983, Tomer et al. 1993).

The etiology and pathogenesis of PD are still unknown, and some specu-
lations point to an underlying genetic cause (Polymeropoulos et  al. 1997, 
Piccini et  al. 1999, Mouradian 2002, Bras and Singleton 2009, Lesage and 
Brice 2009). Other hypotheses state that toxins in the environment may play 
a role in PD pathogenesis (Klawans et  al. 1982, Kuopio et  al. 1999, Sohn 
et al. 2000). However, in many of the most accepted hypotheses, oxidative 
stress is believed to be involved in the development of PD. Oxidation is the 
process in which free radical molecules attempt to replace a missing electron. 
This is usually accomplished by the free radical reacting with another species 
(Kumar et al. 2012). In a healthy brain, these radicals are formed, and there 
are mechanisms by which they are eliminated. PD models have shown that 
these mechanisms malfunction or produce too many free radicals. The excess 
free radicals oxidize with other species in the brain and lead to tissue damage 
(Ebadi et al. 1996, Jenner 1996, Kumar et al. 2012).

Modern Treatment Treatment Mechanism

Amantadine The symptoms of Parkinson’s disease have been shown to be relieved in amantadine 
treatments (Crosby et al. 2003). Studies have supported that amantadine possesses 
N-methyl-d-aspartate (NMDA) antagonistic qualities by blocking NMDA receptor aids in 
relieving levodopa-induced dyskinesias in Parkinson’s disease (Verhagen Metman et al. 
1998, Metman et al. 1999).

Deep Brain Stimulation (DBS) DBS is a surgical procedure used to implant a neurostimulator that delivers electrical 
stimulation to specific areas of the brain that control movement to treat symptoms of 
Parkinson’s disease. The device blocks irregular nerve signals that are the cause of 
tremors and other PD symptoms (Woods et al. 2002, Benabid et al. 2009). Studies 
have shown DBS to improve the symptoms and quality of life of patients with early and 
advanced stages of Parkinson’s disease (Jahanshahi et al. 2000, Rodriguez-Oroz et al. 
2005, Hacker et al. 2015, Liu et al. 2015).

Table 6.1 (Continued) Modern Treatments
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Chemical species with unpaired electrons, referred to as ROS exist in normal, 
healthy brains. Major ROS include hydrogen peroxide (H2O2), the superoxide 
anion (O2

−), and the hydroxyl radical (OH). ROS are created as by-products of 
many metabolic processes, regulated cellular processes, including cell growth 
and proliferation, and generated as a defensive mechanism against foreign 
pathogens (Rhee 1999, Thannickal and Fanburg 2000). Aside from the various 
benefits from ROS, the compounds can also cause a variety of negative side 
effects. ROS can react nonspecifically with biological molecules, including 
RNA, DNA, and proteins. The consistent attack on DNA by ROS can lead to 
DNA damage and mutations (Lindahl and Nyberg 1972, Kitagawa et al. 2004). 
ROS interactions with enzymes can also lead to conformational changes in the 
protein structure and result in the loss of function (Finkel 2003).

There have been studies that suggest a correlation between the physiological 
processes of aging and oxidative stress from ROS. Through the process of aging, 
the frequency of oxidation by ROS increases, whereas the repair processes slow 
down (Lovell et al. 1997, Leutner et al. 2001). It has become apparent that free 
radicals participate in the process of aging, and aging is a major risk factor in 
the development of PD. Although there are other considerable risk factors for 
the pathogenesis of PD, oxidative stress from oxidation by ROS remains to be 
a major factor. Analysis of postmortem brain samples has shown to display 
enhanced levels of oxidized proteins, nucleic acids, and lipids in those afflicted 
with PD (Dexter et al. 1986, Fahn and Cohen 1992). The evidence suggests that 
oxidative stress may be implicated in the initiation of PD pathology.

PD pathology is commonly correlated with an imbalance present in the 
immune system due to aging. As the body ages, the immune system loses its 
ability to maintain a critical balance between the innate and adaptive immune 
system leading to the aggregation of the endogenous protein, alpha synuclein. 
Once the protein aggregates to form the higher order oligomer the immune 
system is unable to clear the excess protein leading to disease pathology. 
The basis for disease prevention is reliant on the ability of compounds such 
as antioxidant nutraceuticals to assist the immune system in maintaining the 
critical balance necessary to remain in its disease-free state.

6.4 Antioxidant nutraceuticals

Natural antioxidants are capable of providing beneficial neuroprotective effects 
by inhibiting the formation of free radicals and interrupting free radical prop-
agation by one or more several mechanisms, including scavenging species 
that initiate peroxidation, chelating metal ions such that they are unable to 
generate reactive species or decompose lipid peroxides, quenching superox-
ide radicals preventing the formation of peroxides, breaking the autoxidative 
chain reaction, and/or reducing localized O2 concentrations (Brewer 2011). 
The application of antioxidant nutraceuticals in PD may play a critical role in 
the treatment and prevention due to the finding of low levels of endogenous 
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antioxidants, increased reactive species, augmented dopamine oxidation, and 
high levels of iron in brains from PD patients (Sutachan et al. 2012).

Antioxidant nutraceuticals can be categorized into distinct groups accord-
ing to their chemical structures such as flavonoid polyphenols, non-flavonoid 
polyphenols, phenolic acids or phenolic diterpenes, and organosulfur com-
pounds (Kelsey et al. 2010). Each different structure may potentially function 
through different mechanisms of action to provide potential neuroprotective 
effects for the prevention and treatment of PD. Additional noteworthy com-
pounds have also shown alleviating effects in the treatment and prevention of 
PD, including tea, coffee, and melatonin.

6.4.1 Flavonoid polyphenols
6.4.1.1 Epigallocatechin 3-gallate

Epigallocatechin 3-gallate (EGCG) (Figure 6.1) is one of the most well-known 
nutraceuticals and is ascribed as the positive neuroprotective effects correlated 
with green tea consumption as it is the most abundant catechin found in green 
tea (Weinreb et al.). The prolific polyphenol content displayed in the structure 
of EGCG is crucial to its antioxidative properties as it has extensive electron 
delocalization allowing for radical stabilization. Given their advantageous struc-
ture, EGCG and other tea polyphenols have been prevalent research topics due 
to their potential therapeutic benefits found both in vivo and in vitro, includ-
ing radical scavenging, iron chelating, anti-inflammatory, anticarcinogenic, and 
anti-angiogenic actions (Levites et al. 2001). In regards to PD, numerous epi-
demiological studies have correlated regular tea consumption with a reduced 
risk of PD development (Ng et al. 2008, Tan et al. 2008).
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Figure 6.1 Chemical structure of epigallocatechin 3-gallate (EGCG).
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A proposed mechanism for EGCG is the elimination of oxidative stress through 
its capability to penetrate the blood–brain barrier (BBB) where it can act in 
the substantia nigra as both an ROS scavenger and an iron chelator to clear 
the redox active ferrous iron (Chao et al. 2012).

In addition to the elimination of oxidative stress, polyphenolic compounds 
such as EGCG have been found to exhibit inhibitory activity on alpha synu-
clein aggregation and disaggregation of preformed alpha synuclein oligo-
mers, thus demonstrating potential therapeutic uses for the treatment of PD 
(Caruana et al. 2011).

6.4.1.2 Quercetin

Quercetin (Figure 6.2) is a flavonoid polyphenol found in many fruits, veg-
etables, leaves, and grains. Properties of quercetin include antioxidant activ-
ity, anti-inflammatory activity, and the ability to cross the BBB. Quercetin has 
demonstrated ROS scavenging ability enabling it to inhibit lipid peroxidation 
and the ability to protect primary cultured hippocampal cells from potassium 
cyanide (KCN)-induced oxidative stress by attenuating ROS generation and 
Ca2+ influx and maintaining higher GSH levels (Pandey et al. 2012).

A research study combined quercetin with an iron chelator to treat 
6-hydroxydopamine (6-OHDA)-induced neurotoxicity in the striatum of rats 
and found them to provide significant neuroprotective effects by prevent-
ing dopaminergic neuronal loss and maintaining the striatal dopamine level 
(Haleagrahara et al. 2013). In another investigation, treatment with  quercetin 
was found to protect mesencephalic cultures from injury by N-methyl-4-
phenyl-1,2,3,6-tetrahydropyridinium hydrochloride (MPP+)-induced  toxicity 
(Mercer et  al. 2005). Although these studies have found many beneficial 
effects of quercetin in the treatment of neurodegeneration, there is a need to 
replicate these effects in additional human trials.
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Figure 6.2 Chemical structure of quercetin.
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6.4.2 Non-flavonoid polyphenols
6.4.2.1 Curcumin

Curcumin (Figure 6.3) is the main curcuminoid found in turmeric (a com-
mon Indian spice) and is often identified by its characteristic bright-yellow 
appearance. A multitude of studies have associated curcumin with antioxi-
dant,  anti-inflammatory, and anticancerous properties (Vallianou et al. 2015). 
It has been proposed to provide neuroprotection in a variety of neurode-
generative disorders; however, its mechanism of action remains a topic of 
continued research.

In addition to its many beneficial properties such as reducing oxidative stress, 
curcumin has also been associated with effects more specific to PD. An inves-
tigation on curcumin found it to improve motor behavior in alpha synuclein 
transgenic mice (Spinelli et al. 2015). Other studies on the effects of curcumin 
on PD have revealed its ability to inhibit dopaminergic neuronal loss in PD 
MPTP mouse models by suppressing mitochondria dysfunction and apoptosis 
(Pan et al. 2012). A study made in vitro found curcumin to bind strongly to 
alpha synuclein in the hydrophobic nonamyloid-β component region, thus 
preventing protein aggregation (Ahmad and Lapidus 2012). This study dem-
onstrates the potential of curcumin to be used for prevention or the reduction 
of PD progression.

6.4.2.2 Resveratrol

Resveratrol (Figure 6.4) is a molecule of the stilbene family produced by 
some spermatophytes, such as grapevines, in response to injury (Frémont 
2000). Due to the antioxidant capabilities of resveratrol, it may be able 
to impose a vast amount of beneficial effects to its consumer. Resveratrol 
has shown promising results in vitro with models of epilepsy, AD, PD, 
Huntington’s disease, amyotrophic lateral sclerosis, and nerve injury 
(Rocha-González et al. 2008).
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Figure 6.3 Chemical structure of curcumin.
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It is known that ROS perform an important role as secondary messengers in 
the process of cell signaling (Forman 2010). Nonetheless, the accumulation of 
extraneous ROS is associated with aging and many neurodegenerative disor-
ders. Other than its antioxidant properties, resveratrol has also been reported 
to affect a wide range of signaling transduction pathways in both in vitro 
and in vivo models demonstrating its ability to modulate cellular growth and 
differentiation, apoptosis, angiogenesis, and metastasis (Tellone et al. 2015). 
However, the exact mechanism by which resveratrol exerts its effects is yet to 
be elucidated and does not allow for definitive conclusions to be made regard-
ing the efficacy of resveratrol on PD.

6.4.3 Phenolic acids
6.4.3.1 Rosmarinic acid

Rosmarinic acid (Figure 6.5) is one of the most abundant antioxidant com-
pounds found in rosemary along with carnosic acid (Kelsey et  al. 2010). 
Rosmarinic acid and its derivatives have been attributed to a wide range of 
promising biological activities, such as improvement of cognitive performance, 
prevention of the development of AD, cardioprotective effects, reduction of the 
severity of kidney disease, and cancer chemoprevention (Bulgakov et al. 2011).
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Figure 6.4 Chemical structure of resveratrol.
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Figure 6.5 Chemical structure of rosmarinic acid.
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In regards to PD, research conducted in vitro in three different models of 
neuronal death, including oxidative stress, excitotoxicity, and oxygen–glucose 
deprivation/reoxygenation has demonstrated the ability of rosmarinic acid to 
protect neurons from injury (Fallarini et al. 2009). Experiments have tested the 
effects of rosmarinic acid and have found that through its antioxidation prop-
erties it is capable of exerting its protective effects against 6-OHDA-induced 
neurotoxicity (Ren et al. 2009). A study has also concluded that rosmarinic 
acid can potentially play a neuroprotective role by demonstrating the ability 
to ameliorate mitochondrial dysfunction against MPP(+)-induced cell apopto-
sis (Du et al. 2010). The results of these experiments indicate that rosmarinic 
acid may potentially be used alone or in conjunction with other treatments for 
the prevention or treatment of PD.

6.4.3.2 Carnosic acid

Carnosic acid is derived from rosemary and possesses antioxidative and anti-
microbial properties, which have been increasingly exploited within the food 
and cosmetic industries (Birtić et al. 2015). Similar to rosmarinic it has been 
attributed with the ability to protect against various neurodegenerative disor-
ders, including PD.

A recent work investigated the behavioral activity and neuroprotective effects of 
carnosic acid on the 6-OHDA-induced rat model. The study observed improved 
locomotor activity and reduced apomorphine-caused rotation as well as significant 
protection against lipid peroxidation and GSH reduction in rats treated with car-
nosic acid (Wu et al. 2015). A similar study suggests carnosic acid may be a prom-
ising candidate for PD treatment due to its capability to prevent 6-OHDA-induced 
apoptosis through an increase in Glutathione S-transferase P (GSTP) expression 
via activation of the PI3K/Akt/NF-κB pathway (Lin et al. 2014). Although many 
studies have demonstrated the potential of carnosic acid, more work needs to be 
conducted to elucidate the exact mechanism of action in order to combine it with 
other treatments and maximize its potential efficacy (Figure 6.6).
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Figure 6.6 Chemical structure of carnosic acid.
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6.5 Coffee

Coffee is one of the most frequently consumed caffeinated beverages in the 
world and has been shown to stimulate the central nervous system as well 
as exert positive effects on long-term memory (Mejia and Ramirez-Mares 
2014). In addition to PD, the use of coffee has shown therapeutic benefits in 
the prevention and treatment in neurodegenerative disorders such as in AD 
(Arendash and Cao 2010). Given its wide use worldwide it has been exten-
sively studied for its potential benefits.

Caffeine is considered the main active therapeutic component in coffee and 
has been shown to exert protective effects in PD by keeping the BBB intact, 
thus helping to regulate and protect the microenvironment of the brain (Chen 
et al. 2010). The BBB is considered an important element in the prevention of 
PD, as its dysfunction is deemed as a causative mechanism in disease devel-
opment (Kortekaas et al. 2005). In 6-OHDA-lesioned rats, caffeine increased 
dopamine contents, reversed the decrease in striatal dopamine, and decreased 
the number of immunopositive cells for Histone deacetylases (HDAC) and 
proinflammatory cytokines TNF-α and IL-1β (Machado-Filho et al. 2014). The 
broad effects of caffeine demonstrate its potential use in prevention and treat-
ment of PD alone or in conjunction with current therapies.

Coffee contains many other components that are capable of exerting positive 
neuroprotective effects, including eicosanoyl-5-hydroxytryptamide (EHT). 
EHT treatment in the MPTP model of PD has displayed many beneficial effects 
relevant to PD, including dose-dependent preservation of nigral dopaminer-
gic neurons, attenuation of neuroinflammatory response, and modulation of 
methylation and PP2A (Lee et al. 2013).

6.6 Melatonin

Melatonin (Figure 6.7) is the major product secreted by the pineal gland, is an 
antioxidant and an effective protector of mitochondrial bioenergetic function 

HN

O

HN

O

Figure 6.7 Chemical structure of melatonin.
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(Cardinali et al. 2013). It is secreted during darkness and is involved in the 
regulation of circadian rhythms, sleep homeostasis, retinal neuromodulation, 
and vasomotor responses (Pandi-Perumal et al. 2013). It has been proposed 
that melatonin regulation may play an important role in the treatment and 
prevention of PD. Given its natural origin, it has become increasingly popular 
both in the treatment of PD and its use as a sleep aid.

In the MPTP-induced neurotoxicity model of PD, melatonin displayed neuropro-
tective effects through reduced aggregation of SNCA/α-synuclein (Su et al. 2015). 
Melatonin has also been linked with treating PD pathology through neuronal and 
mitochondrial protection in a study treating chronic Parkinson’s mice with 5 mg/
kg/day via intraperitoneal injection over a span of 18 weeks (Patki and Lau 2011). 
These results indicate the potential for melatonin to act as a powerful antioxidant 
by relieving oxidative stress and reducing the progression of idiopathic PD.

6.7 Conclusion

Antioxidant nutraceuticals have great potential in contributing to the treatment 
of PD. Due to the role oxidative stress is presumed to play in disease patho-
genesis, their proposed ability to reduce oxidative stress makes them attractive 
compounds for future studies. In contrast to modern pharmaceuticals, which 
are used after disease onset to slow disease pathogenesis and reduce symptoms, 
antioxidant nutraceuticals may be used throughout the human lifespan to pre-
vent disease emergence altogether. This approach is becoming more appealing 
as medical professionals and patients are shifting focus to methods of disease 
prevention. As further research is conducted, it is expected that antioxidant nutra-
ceuticals would become critical factors in the treatment and prevention of PD.
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7
Nutraceutical or Food-Based 
Antioxidants for Depression

Oyinlola Adeyanju, Thomas Towers, and Thea Moore

7.1 Introduction

Depression is one of the most prevalent and disabling disorders in the United 
States (U.S.) and worldwide (Hasin and Grant 2015). Depression typically has 
an onset in the late 20’s and has a huge disease burden during peak  working 
years. This being the case, it has commonly been asked if there is a way to 
prevent and/or treat major depression in a manner other than prescription 
medications. Furthermore, there have been many inquiries into the role of diet 
and phytochemicals in prevention and management of depression. It has been 
hypothesized that activation of the immune-inflammatory process, increase in 
the metabolism of monoamines, and abnormalities in lipid  compounds may 
cause overproduction of reactive oxygen species (ROS), which leads to the 
oxidative stress playing a role in the pathophysiology of depressive disor-
ders (Bilici et al. 2001, Moylan et al. 2014, Maes et al. 2011). Although it is 
noted that oxidative stress is closely linked to the inflammatory process and 
 proinflammatory cytokines are produced in response to oxidative stress (Black 
et al. 2015), this chapter will examine the evidence regarding the role of oxi-
dative stress in depression, thereby indicating a potential role for antioxidants 
in treating depression. This chapter will examine free radicals produced by 
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the body and the role of antioxidants in the oxidative stress equation. There 
has been some controversy regarding the best way to measure the amount of 
oxidative stress that has occurred or is occurring physiologically. The evidence 
base for oxidative stress markers and how these have been utilized to provide 
data and insight into the role of oxidative stress in depression will be exam-
ined. Finally, this chapter will review the evidence for antioxidants from dietary 
supplements and/or food sources as therapy in the treatment of depression.

7.2 Incidence and prevalence of depression

Depression is one of the most common mental illnesses in the United 
States and worldwide. According to the World Health Organization (WHO), 
 depression occurs in an estimated 350  million people worldwide. It is a 
mood disorder that affects all ages, with more women affected than men 
(Reynolds et al. 2015). In 2013, Substance Abuse and Mental Health Services 
Administration (SAMHSA) published 12-month prevalence data on various 
aspects of depression, based on National Survey on Drug Use and Health 
Project by the SAMHSA it was estimated that 43.8 million adults aged 18 
or older in the United States had various mental illnesses in the past year 
(SAMHSA, 2014). This represents 18.5% of all adults in the United States. The 
majority of the adults were between the ages of 26–49  years (21.5%) old, 
followed by ages 18–25 (19.4%) and ages 50 or older (15.3%). A comprehen-
sive national survey of 12,312 adults aged 55 and older revealed that major 
depression was the most prevalent mood disorder (5.6% out of 6.8%) within 
the past year (Reynolds et al. 2015). The National Epidemiology Survey on 
Alcohol and Related Conditions also found that major depressive disorder 
(MDD) was more prevalent than other affective disorders within the past 
12 months (5.3%) and over the lifetime (13.2%) (Hasin and Grant 2015).

It was also estimated that 10.1 million adults (4.3%) and 1.9 million youths 
(7.7%) had at least one major depressive episode (MDE) with severe impair-
ment in the previous year. Severe impairment was defined as interference in 
home management, school, work, close relationships with family, and social 
life. SAMHSA also estimated that women had higher rates of MDD than men 
(6.9% versus 3.6%) in 2013 (Hasin and Grant 2015).

Depression is an underdiagnosed and undertreated illness, particularly in pri-
mary care settings (Mihrshahi et al. 2015). This creates significant social and 
economic burden for the individual and population. It is the leading cause of dis-
ability globally. Mental health treatment spending accounted for 6.2% ($100 bil-
lion) of all healthcare spending in the United States in 2003 (Mark et al. 2007). 
WHO estimates the global cost of mental illness at about $2.5  trillion (two-thirds 
in indirect costs) in 2010, with a projected increase to more than $6 trillion by 
2030 (Bloom et al. 2011). By 2020, depression is predicted to be one of the 
top three leading causes of disability-adjusted life years (DALYs) in develop-
ing countries, developed countries, and worldwide (Murray and Lopez 1997). 
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However, WHO has observed that mental health conditions have been the 
leading cause of DALYs worldwide since 2011, accounting for 37% loss 
of healthy life years from non-communicable diseases (Bloom et al. 2011). 
This is detrimental to the economy because depression is chronic with high 
risk of recurrence. It affects productivity and may increase the risk of suicide, 
especially in undertreated or untreated patients. In 2013, SAMSHA estimated 
9.3 million adults (3.9%) aged 18 or older had serious thoughts of suicide, in 
which 2.7 million (1.1%) made suicide plans and 1.3 million (0.6%) attempted 
suicide within the past year (SAMHSA, 2014). Prevalence of suicide thoughts 
was highest among adults aged 18–25 (7.4%) followed by ages 26–49 (4%) and 
ages 50 or older (2.7%). It has been hypothesized that oxidative and nitrosative 
stress, as well as lowered antioxidant levels, play a role in the pathophysiology 
of suicidal behavior (Vargas et al. 2013).

Deaths from non-communicable diseases are expected to increase from 59% 
in 2002 to 69% in 2030 (Mathers and Loncar 2006). This demonstrates the 
need for effective treatment options at a lower cost. Although there are mul-
tiple known, effective treatments for depression, fewer than half of those 
affected obtain treatment. Treatment that is available through food sources 
and/or dietary supplements may increase access and utilization.

7.3  Role of oxidative and nitrosative stress 
in pathophysiology of depression

Several studies support the role of oxidative stress in many diseases and 
disorders such as diabetes, atherosclerosis, and cognitive impairment as well 
as neuropsychiatric disorders such as schizophrenia, bipolar disorder, and 
major depression (Pandya et al. 2013, Palta et al. 2014). Multiple studies have 
indicated that depression is associated with an increased oxidative stress 
and a decrease in antioxidant defenses (Maes et al. 2011, Chung et al. 2013, 
Pandya et  al. 2013, Moylan et  al. 2014, Palta et al. 2014). Oxidative stress 
may be defined as an imbalance or lack of homeostasis between free radi-
cals (oxidants) and antioxidants. In oxidative stress, the damaging effects of 
free radicals to lipids, proteins, and DNA outweigh the protective effects of 
antioxidants (Cumurcu et al. 2009, Maes et al. 2011, Moylan et al. 2014). This 
imbalance leads to cellular damage of lipids, proteins, and DNA and disrup-
tion of redox signaling and control, which eventually may lead to cell death 
and apoptosis (Figure 7.1) (Moylan et al. 2014).

7.4 Free radicals

The majority of the free radicals formed in the body are ROS and reactive nitro-
gen species (RNS) (Pandya et  al. 2013). Examples of ROS/RNS include per-
oxynitrite, superoxides, peroxides, and nitric oxides (NO) and are  produced 



132 Antioxidant Nutraceuticals

A
nt

io
xi

da
nt

s
M

em
br

an
e

lip
id

s

M
al

on
di

al
de

hy
de

8-
iso

-p
ro

st
ag

la
nd

in
F2

α
4-

hy
dr

ox
yn

on
en

al

Fu
nc

tio
na

l
pr

ot
ei

ns
N

itr
ot

yr
os

in
e

Ig
G

, I
gM

, a
nd

N
o-

al
bu

m
in

Ce
ll 

m
em

br
an

e
dy

sf
un

ct
io

n
Ce

ll 
de

at
h

Ap
op

to
sis

D
eg

en
er

at
iv

e d
iso

rd
er

D
ep

re
ss

io
n

U
ni

po
la

r
Bi

po
la

r

8-
hy

dr
ox

y-
de

ox
yg

ua
no

sin
e

D
N

A

M
ito

ch
on

dr
ia

A
nt

io
xi

da
nt

 eff
ec

ts
 an

d 
de

ve
lo

pm
en

t o
f d

ep
re

ss
io

n 
(to

 in
cl

ud
e u

ni
po

la
r a

nd
 b

ip
ol

ar
)

Zi
nc

,
Vi

ta
m

in
 E

Ac
tiv

at
ed

in
fla

m
m

at
io

n
RO

D 
an

d 
RN

S
(O

 an
d 

N
S)

Damage by O and NS to

Se
de

nt
ar

y l
ife

st
yl

e
M

et
ab

ol
ic

 sy
nd

ro
m

e
Sl

ee
p 

di
so

rd
er

s
To

ba
cc

o 
ut

ili
za

tio
n

G
en

et
ic

 p
ol

ym
or

ph
ism

s o
f r

ed
ox

 en
zy

m
es

Co
ns

um
pt

io
n 

an
d

N
rf2

Au
to

im
m

un
e

re
sp

on
se

 ag
ai

ns
t

ne
oe

pi
to

pe
s c

au
se

d 
by

O
 an

d 
N

S 
da

m
ag

e

↑

↑

↓

F
ig

u
re

 7
.1

 T
h

is
 fi

gu
re

 i
ll

u
st

ra
te

s 
th

e 
in

fl
a

m
m

a
to

ry
, 

ox
id

a
ti

ve
, 

a
n

d
 n

it
ro

sa
ti

ve
 s

tr
es

s 
(O

&
N

S)
 p

a
th

w
a

ys
 c

a
u

si
n

g 
d

eg
en

er
a

ti
ve

 p
ro

gr
es

-
si

on
. 

C
on

tr
ib

u
ti

n
g 

fa
ct

or
s 

th
a

t 
m

a
y 

le
a

d
 t

o 
in

cr
ea

se
d

 O
&

N
S 

a
re

 a
ls

o 
il

lu
st

ra
te

d
. 

Lo
w

er
 l

ev
el

s 
of

 k
ey

 a
n

ti
ox

id
a

n
ts

 a
n

d
 i

n
cr

ea
se

d
 

O
&

N
S 

w
il

l a
ct

iv
a

te
 n

u
cl

ea
r 

fa
ct

or
 e

ry
th

ro
id

 2
-r

el
a

te
d

 f
a

ct
or

 (
N

rF
2)

 l
ea

d
in

g 
to

 a
n

 i
n

cr
ea

se
 i

n
 t

h
e 

en
d

og
en

ou
s 

a
n

ti
ox

id
a

n
ts

. D
a

m
a

ge
 

ca
u

se
d

 b
y 

O
&

N
S 

to
 m

em
b
ra

n
e 

li
pi

d
s 

a
n

d
 f

u
n

ct
io

n
a

l 
pr

ot
ei

n
s 

ca
n

 r
es

u
lt

 i
n

 a
n

 (
a

u
to

) 
im

m
u

n
e 

re
sp

on
se

 a
ga

in
st

 t
h

e 
n

eo
ep

it
op

es
. 

T
h

e 
fo

ll
ow

in
g 

a
ss

a
ys

 h
a

ve
 b

ee
n

 e
m

pl
oy

ed
 t

o 
m

ea
su

re
 d

ep
re

ss
io

n
: 

m
em

b
ra

n
e 

li
pi

d
s 

(m
a

lo
n

d
ia

ld
eh

yd
e,

 8
-i

so
-p

ro
st

a
gl

a
n

d
in

F2
α,

 
4

-h
yd

ro
x
yn

on
en

a
l)

, 
fu

n
ct

io
n

a
l 

pr
ot

ei
n

s 
(n

it
ro

ty
ro

si
n

e)
, 
a

n
d

 D
N

A
 (

8
-h

yd
ro

x
y-

d
eo

x
yg

u
a

n
os

in
e)

.



133Nutraceutical or Food-Based Antioxidants for Depression

during typical cellular processes (Maes et al. 2011, Moylan et al. 2014). Free 
radicals interact with proteins, fatty acids, and DNA to perform a multitude of 
roles in regulating cellular function. Free radicals are generated during inflam-
matory and mitochondrial metabolic processes. ROS and RNS consist of radicals 
and other highly reactive oxygen/nitrogen factors that interact with numerous 
substrates, including fatty acids, proteins, mitochondria, and DNA (Maes et al. 
2011). An excess of ROS/RNS (free radicals) leads to damage of lipids, proteins, 
and DNA when interacting with these substrates. Excessive ROS has been linked 
to alterations in structural components of the cell  membrane, which then results 
in reduced membrane microviscosity as well as neurotransmitter dysfunction 
and may ultimately lead to cell death (Maes et al. 2011, Chang et al. 2015).

7.5 Antioxidants

Under normal circumstances, the antioxidant defense system consisting of 
antioxidants, antioxidant enzymes, and proteins aids in regulating the amount 
of ROS and RNS produced and removed. Antioxidants play a role in balanc-
ing oxidative and nitrosative reactions by removing ROS and RNS through 
scavenging radicals and decreasing the production of ROS and RNS. Examples 
of nonenzymatic scavenger antioxidants include coenzyme Q10, glutathione, 
vitamin C, and vitamin E. Enzymatic antioxidants neutralize ROS such as per-
oxides and superoxides. Superoxide dismutase (SOD), glutathione peroxidase 
(GPx), catalase (CAT), glutathione reductase (GR), and glutathione-S-transferase 
(GST) are examples of antioxidant enzymes. Other nonenzymatic antioxidants 
include reduced glutathione, N-acetyl-cysteine (NAC), uric acid, carotenoids, 
flavonoids, ubiquinol, and zinc (Pandya et  al. 2013). Proteins that function 
as antioxidants include albumin, transferrin, haptoglobin, and ceruloplasmin. 
These proteins bind ROS and RNS, thus protecting the tissues against potential 
damage from ROS and RNS. Oxidative and nitrosative stress results when there 
is an imbalance between the amount of ROS/RNS present and antioxidant 
defenses. Elevated levels of ROS/RNS may result from lowered antioxidant 
concentrations in the body and/or lowered activities of antioxidant enzymes. 
Excess free radicals cause significant damage to macromolecules such as DNA, 
proteins, and lipids (lipid peroxidation). The oxidation of lipids by ROS, lipid 
peroxidation of polyunsaturated fatty acids (PUFAs) leads to the production 
of reactive compounds such as croton aldehyde, malondialdehyde (MDA), and 
4-hydroxyalkenals (Pandya et al. 2013). The oxidative damage to membrane 
lipids and DNA, as well as nitrosative damage to proteins, may lead to cel-
lular dysfunction through damage to the cell wall, mitochondria, DNA, and 
functional proteins, which eventually would result in cell death and apoptosis 
(Maes et al. 2011). ROS and RNS are primarily generated within the mitochon-
drion; therefore, oxidative stress has the potential to damage mitochondrial 
defense systems, which would further perpetuate the oxidative and nitrosative 
stress. Due to high metabolic rate, increased amount of PUFA, which are prone 
to oxidation, lower antioxidant enzyme activity and antioxidant levels, organs 
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such as the brain are more susceptible to deleterious effects of oxidative and 
nitrosative stress (Kodydkova et al. 2009, Maes et al. 2011).

Often, the focus is on the detrimental effects of free radicals. It is worth not-
ing that ROS are required for a number of biological reactions with protec-
tive functions. ROS play an important role in cytochrome P450-dependent 
detoxification reactions. ROS are also key mediators of apoptosis. Caution is 
recommended with the use of antioxidants because excessive antioxidant use 
could interfere with some of the protective functions of ROS.

7.6 Nutrient antioxidants

In addition to vitamins C, D, and minerals such as zinc or selenium 
 antioxidants mentioned in Table 7.1, there are hundreds of other nutrient 
antioxidants. Commonly studied nutrient antioxidants include polyphenols, 

Table 7.1 List of Free Radicals, Antioxidants, Oxidative Stress Markers, and 
Antioxidant Status Markers 

Free Radicals Antioxidants
Oxidative Stress 

Markers
Antioxidant Status 

Markers

Reactive oxygen species 
(ROS)
• Superoxide anion
• Hydroxy radical
• Hydrogen peroxide

Reactive nitrogen species 
(RNS)
• Nitric oxide
• Nitrogen dioxide
• Peroxynitrite

Enzymatic
Adenosine deaminase (ADA)
Superoxide dismutase (SOD)
Catalase (CAT)
Copper
Glutathione peroxidase (GPx)
Glutathione reductase (GR)
Glutathione-S-transferase (GST)
Paraoxonase 1 (PON1)
Nonenzymatic albumin
Reduced glutathione (GSH)
Coenzyme Q10
High-density lipoprotein (HDL) 

cholesterol
Provitamin A
Vitamin C
Vitamin E
N-acetyl-cysteine (NAC)
Uric acid
Carotenoids
Flavonoids
Selenium
Ubiquinol
Zinc

Malondialdehyde (MDA)
Nitric oxide (NO)
8-F2-isoprostanes
8-hydroxy-2-deoxyguanosine 

(8-OHdG)
Total oxidative species (TOS)
Xanthine oxidase (XO)
Protein carbonyl
Thiobarbituric acid reactive 

substances (TBARS)

Total antioxidant capacity 
(T-AOC/TOC)

Total antioxidant status (TAS)
Superoxide dismutase (SOD)
Ascorbic acid
GPx
Bilirubin
Vitamin C
Vitamin E
Oxygen radical absorbance 

capacity (ORAC)
Ferric ion reducing 

antioxidant power (FRAP)
Trolox equivalence 

antioxidant capacity (TEAC)

Source: Pandya, C. D. et  al., Prog. Neuropsychopharmacol Biol. Psychiatry, 46, 214–223, 2013; Cumurcu, B. E. et  al., 
Psychiatry Clin. Neurosci., 63, 639–645, 2009; Moylan, S. et al., Neurosci. Biobehav. Rev., 45, 46–62, 2014; Liu, T., 
PLoS One., 10, e0138904, 2015a; Kodydkova, J. et al., Clin. Biochem., 42, 1368–1374, 2009.
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which encompass compounds such as flavonoids, anthocyanins, and epigal-
locatechin 3-gallate (EGCG). Polyphenols are the most abundant source of 
antioxidants in foods (Perez-Jimenez et al. 2010, Scalbert et al. 2005). These 
may be found in foods such as berries, grapes, red wine, and green tea. See 
Table 7.2 for common food sources of dietary antioxidants.

7.7 Antioxidant capacity, oxidative stress markers, and depression

One of the greatest challenges in research and investigations of the asso-
ciation between oxidative stress and depression is determining the most 
accurate and appropriate method to measure oxidative stress. In these investi-
gations, multiple methods have been utilized to assess antioxidant levels and 

Table 7.2 Food Sources for Dietary Antioxidants

Dietary Antioxidants Food Sources

Carotenoids
α-carotene
β-carotene
β-cryptoxanthin
lutein
lycopene
zeaxanthin

Apricots, asparagus, beets, broccoli, cantaloupe, carrots, corn, 
green peppers, kale, mango, turnip, and collard greens, 
nectarines, peaches, pink grapefruit, pumpkin, squash, spinach, 
sweet potato, tangerines, tomatoes, and watermelon

Polyphenols
Epigallocatechin 3-gallate (EGCG)
Flavonoids
Phenolic acids
lignans
resveratrol
stilbenes

Red wine, cloves, peppermint, cocoa powder, dark chocolate, 
green teas

Retinol Egg yolks, liver, fish oil, whole milk, and buttera

Selenium Brazil nuts, tuna, beef, poultry, fortified breads, and other grain 
products

Vitamin C Berries, broccoli, Brussels sprouts, cantaloupe, cauliflower, 
grapefruit, honeydew, kale, kiwi, mango, nectarine, orange, 
papaya, snow peas, sweet potato, strawberries, tomatoes, and 
red, green, or yellow peppers

Vitamin E Broccoli (boiled), avocado, chard, mustard and turnip greens, 
mangoes, nuts, papaya, pumpkin, red peppers, spinach (boiled), 
and sunflower seeds

Zinc Beans, nuts, whole grains, some fortified cereals, and dairy 
products

Source: WebMD, WebMD Antioxidants-Topic Overview. Accessed 12/11/15. http://www.webmd.com/food-recipes/ 
antioxidants-topic-overview, 2015; Perez-Jimenez, J. et al., Eur. J. Clin. Nutr., 64, S112–S120, 2010.

a Plants can synthesize carotenoids but cannot convert them to retinoids; this process occurs in the human body.

http://www.webmd.com/food-recipes/antioxidants-topic-overview
http://www.webmd.com/food-recipes/antioxidants-topic-overview
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oxidative stress. Once the antioxidant and oxidative stress levels have been 
determined, the next challenge is figuring out how these levels relate to physical 
and clinical symptoms.

In 2007, the United States Department of Agriculture (USDA) released the 
first database of antioxidant activity for 277 selected foods using oxygen radi-
cal absorbance capacity (ORAC) methodology. The ORAC assay measures the 
degree of inhibition of peroxy-radical–induced oxidation by the chemicals or 
compounds of interest in a chemical milieu. It measures the value as Trolox 
equivalents and includes both inhibition time and the extent of inhibition of 
oxidation. This has been the assay of choice used to measure the antioxidant 
activity of foods. The ORAC assay is considered by some to be a preferable 
method because of its biological relevance to the in vivo antioxidant efficacy. 
This methodology was designed to give an estimate of the collective antioxi-
dant power of a variety of components in a given food instead of focusing on 
individual or minimal components. Prior and colleagues developed a method 
that measures both hydrophilic (H–ORAC) and lipophilic ORAC (L–ORAC) 
for water-soluble and fat-soluble antioxidant compounds, respectively (Prior 
et al. 2003).

Other measures of antioxidant capacity (AC) include ferric ion reducing 
 antioxidant power (FRAP) and Trolox equivalence antioxidant capacity (TEAC) 
assays (Prior et al. 2005, Carlsen et al. 2010). These assays are based on dis-
crete underlying mechanisms that use differing radical or oxidant sources and 
therefore generate distinct values and cannot be compared directly. The Folin 
assay is considered a crude measure of total antioxidant content. The Folin 
assay is commonly used to roughly estimate the total polyphenol content in 
foods. This test is not specific for polyphenols however, since the Folin reagent 
also reacts to other food constituents. Therefore, it is recommended that the 
Folin assay be regarded as a global antioxidant assay, comparable to other 
redox assays such as the ORAC (Perez-Jimenez et al. 2010). Since antioxidant 
compounds with dissimilar chemical structures interact with different free rad-
ical sources, the relationship between any two AC methods will be quite low if 
considered across all foods. Thus, it is not possible to develop a mathematical 
relationship between two methods across a wide spectrum of foods. Similar to 
the content of any food component, AC values will vary due to a wide array 
of factors, such as the manner of cultivation, growing conditions, harvesting, 
food processing and preparation, sampling, and analytical procedures. Again, 
this presents a challenge when attempting to make comparisons of antioxidant 
capacity of a variety of foods and dietary supplements. This is also true when 
evaluating results from multiple trials or studies that utilize a wide variety of 
oxidative stress markers and/or antioxidant capacity measures.

In 2012, the USDA Nutrient Data laboratory removed the ORAC database 
from its website due to issues of improper and misleading use stating, “ORAC 
values are routinely misused by food and dietary supplement  manufacturing 
companies to promote their products and by consumers to guide their food 
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and dietary supplement choices” (U.S. Department of Agriculture USDA). 
They went on to state “The values indicating antioxidant capacity have no rel-
evance to the effects of specific bioactive compounds, including polyphenols 
on human health.” This statement from the USDA refers to the challenges that 
presented when attempting to demonstrate the relationship between antioxi-
dant activity and expression of chronic disease.

Recent studies examining oxidative product levels in peripheral, blood, 
red blood cells (RBC), mononuclear cells, urine, cerebrospinal fluid, and 
 postmortem brains indicate that these levels were abnormal as compared to 
nondepressed patients. A meta-analysis of oxidative stress markers in depres-
sion indicates that serum total antioxidant capacity (TAC), paraoxonase, and 
antioxidant levels are lower, whereas serum free radical and oxidative damage 
product levels are higher in depressed patients as compared to controls (Liu 
et al. 2015a).

Some studies have looked at the levels of oxidative stress markers, includ-
ing oxidative products of lipid peroxidation such as MDA, 8-F2-isoprostane. 
Others have looked at markers of oxidative damage to DNA, RNA, and protein 
such as 8-hydroxy-2-deoxyguanosine (8-OHdG), 8-oxo-7, 8- dihydroguanosine, 
and protein carbonyl, respectively. One systematic review and meta-analysis 
examined the association of 8-OHdG or F2-isoprostanes with elevated depres-
sive symptoms, MDD or bipolar disorder (BD) (Black et al. 2015). The authors 
concluded that both oxidative stress markers, 8-OHdG and F2-isoprostanes are 
increased in subjects with depression (i.e., MDD, BD, and depressive symp-
toms) compared to controls. The effect sizes ranged from small to moderate 
range. Subgroup analyses of the 8-OHdG studies indicated that there was some 
variation in results based on the type of biological specimen and/or laboratory 
method for oxidative stress measurement. The findings for F2-isoprostanes 
had less variation and did not differ when analyzed by the type of depression, 
biological specimen, or laboratory method.

The increase in these two oxidative stress markers indicates increased damage 
to DNA and lipids. These findings are consistent with other studies such as the 
investigation by Chung and colleagues that tested the hypothesis that urinary 
F2 isoprostanes as a robust marker of oxidative stress are increased in patients 
with depression and are associated with symptom response and treatment. 
The study found that increased F2-isoprostane excretion was significantly 
higher in patients with depression as compared to controls, even after adjust-
ing for age, sex, and BMI (Chung et al. 2013). Similarly, in the meta- analysis 
by Palta et  al. 23 studies were included in which there were 12 different 
oxidative stress markers reported and 7 different depression measures (Palta 
et al. 2014). Overall there was a clear association between oxidative stress and 
depression, but the results were somewhat heterogeneous. For example, some 
of the oxidative stress markers exhibited stronger associations with depres-
sion than others (malondialdehyde and 8-oxo-2-deoxyguanosine). Most fre-
quently, MDA and NO were reported as oxidative stress markers. There was 
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also significant variability in measurement of antioxidant stress markers, with 
SOD and glutathione peroxidase being examined most commonly. It is impor-
tant to note that there were several different measures of depression, includ-
ing Hamilton Depression Rating Scale, Geriatric Depression Scale, and Beck 
Depression Inventory (BDI) (Table 7.3).

Most recently, a meta-analysis was done by Jimenez-Fernandez and col-
leagues to investigate the role of oxidative stress and antioxidants in depres-
sion (Jimenez-Fernandez et al. 2015). These authors elaborated on significant 
limitations with the Palta meta-analysis. Although the results of the Palta 
meta-analysis are interesting and promising, multiple methodological flaws 
complicate the interpretation of these results. Effect sizes were pooled across 
the 12 reported oxidative stress markers. This may be problematic because 
information is lost regarding the individual markers. Only selected markers 
were available across a number of studies; therefore, the total mean values 
were not complete and not equally weighted. Lack of information about the 
individual markers makes it difficult to identify potential targets for the devel-
opment of specific drugs (Jimenez-Fernandez et al. 2015).

The association of oxidative stress and depression has been a major focus of 
much research. Some of the heterogeneity of studies in systematic reviews 
and meta-analyses has been due to investigators pooling results from studies 
of bipolar depression with results from studies with unipolar depression. This 
is problematic since the difference in symptoms of the two disorders may lead 
to inaccurate estimations or conclusions regarding the effect of antioxidants 
on symptom response (Jimenez-Fernandez et al. 2015). This is discussed fur-
ther later in this chapter. Summary of key trials evaluating the association of 
antioxidants and unipolar depression may be seen in Table 7.3.

In order to address some of these limitations, Jimenez-Fernandez and 
 colleagues performed a meta-analysis that included studies in patients with 
unipolar depression comparing antioxidant or oxidative stress markers 
with those in healthy controls before and after antidepressant medication 
 treatment. This meta-analysis examined individual stress markers and endog-
enous antioxidants in this patient population. There were two main findings 
of the meta-analysis: (1) several indicators of oxidative stress were abnor-
mal in depressed patients compared to healthy control subjects. This included 
 significantly elevated levels of MDA (final product of lipid degradation), sig-
nificantly lower levels of the antioxidants zinc and uric acid, and upregulated 
levels of the enzymatic antioxidant SOD. (2) Antidepressant treatment was 
effective in improving some of these abnormalities. For example, MDA levels 
decreased significantly following treatment with antidepressants, the nonen-
zymatic antioxidants uric acid and zinc increased significantly, and there was 
significant decrease in the enzymatic antioxidant SOD. After treatment the 
levels of MDA, uric acid, and zinc were comparable to the levels in healthy 
individuals. Antidepressant treatment did not fully normalize levels of SOD to 
that of healthy controls.
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These findings and those of previous studies would indicate that oxidative 
stress has a role in the expression of depression. Although it is difficult to 
draw any conclusion about the role of specific antidepressants in address-
ing or treating oxidative stress, the findings would support that medications, 
supplements, or foods that impact antioxidant status may have a role in the 
treatment of depression. Therefore, future studies might address the impact of 
nutrient antioxidants or antioxidants in dietary supplements and how these 
might be involved in the treatment of depression and/or depressive symp-
toms. More recently, investigators are increasingly examining the role of diet 
and dietary supplements in depression and more specifically, the association 
between dietary antioxidants and depressive symptoms.

There are several studies that have examined the role of diet in depression. 
Specifically, multiple studies have looked at associations between fruit and 
vegetable consumption and depressive symptoms (Payne et al. 2012, Beydoun 
et  al. 2013, Mihrshahi et al. 2015, Liu et al. 2015b, Kingsbury et  al. 2016). 
Findings in these studies point to an inverse relationship between fruit and 
vegetable consumption and depressive symptoms. The studies also suggest 
that the association may be more complex than originally thought because 
the significance of the relationship is attenuated by variables such as tobacco 
smoking and physical activity. Many of the studies have not taken these con-
founding variables into account or have accounted for and measured them 
in different ways. A key question that remains after reviewing these studies 
is whether or not the antioxidants are responsible for the effect of decreased 
depressive symptoms or other components of fruits and vegetables such as 
vitamins, minerals, and/or fiber without antioxidant properties are responsible 
for the decrease in depressive symptoms.

Another limitation in determining associations between nutrient sources of 
antioxidants and depressive symptoms is identifying the best or most appro-
priate method of quantifying the exposure to nutrient antioxidants. Studies 
of antioxidant nutrients typically have estimated the intake of nutrients 
from food by the use of (1) questionnaires or food-record techniques and/or 
(2) biochemical (laboratory) measures such as use of biomarkers as discussed 
earlier in this chapter.

Beydoun and colleagues are one of the first groups to use national data from 
the National Health and Nutrition Examination Surveys (NHANES) to exam-
ine the relationship of increased depressive symptoms with antioxidant status 
(Beydoun et al. 2013). The questionnaire section of the NHANES 2005–2006 
included the Patient Health Questionnaire, which is a reliable and valid tool 
for measuring depression. Serum concentrations of key antioxidants were 
measured using HPLC with photodiode array detection. Total dietary intakes 
of alcohol and selected antioxidants (alpha- carotene, beta-carotene, beta- 
cryptoxanthin, lutein + zeaxanthin, lycopene, total carotenoids, vitamin C, and 
vitamin E) were evaluated. Utilization of a national health survey allowed 
investigators to account for and/or control for variables such as smoking, 
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physical activity, other dietary components, and use of antidepressant medica-
tion. These variables were major confounders in previous studies.

Key findings include the following: (1) inverse relationship between the total 
serum carotenoid level and increased depressive symptoms; (2) dose-response 
relationship when total carotenoids were expressed as quartiles but not signifi-
cant with other antioxidant levels; and (3) among the carotenoids, beta- carotene 
(both sexes) and lutein + zeaxanthin (among women, after controlling for dietary 
intake and supplement use) had an inverse association with elevated depres-
sive symptoms among adults in the United States. Finally, the authors did not 
find a strong association between depressive symptoms and dietary carotenoids. 
Furthermore, they conclude that depressive symptoms caused by external stress-
ors trigger oxidative stress, which then causes reduced total concentrations of 
total carotenoids in serum that is independent of dietary intake of carotenoids.

Payne and colleagues examined the associations between clinically diagnosed 
depression and intakes of fruits, vegetables, and antioxidants in older adults. 
Antioxidants assessed included vitamin C, lutein, and beta-cryptoxanthin. 
Antioxidants, fruits, and vegetables intake were assessed in 278 (144 with 
depression, 134 without depression) elderly patients through the use of Block 
1998 food frequency questionnaire.

Key findings in this study include the following: (1) lower intakes of fruits, vegeta-
bles, vitamin C from food and beta-cryptoxanthin were seen in older adults with 
depression compared to older adults without depression and (2) interestingly, 
only food sources of antioxidants were inversely associated with depression. This 
could indicate that form and delivery of antioxidants are crucial and that other 
components of fruits and vegetables may have an association with depression.

Additional small studies have been done to examine individual antioxidants 
and association with depression. Niu et al. analyzed a cross-sectional survey 
of 986 individuals, 70 years and older, community dwelling Japanese individu-
als (Niu et al. 2013). Specifically, the investigators examined the relationship 
between vegetables, including tomatoes/tomato products as a major source 
of lycopene, and depressive symptoms. Lycopene, as the most powerful anti-
oxidant among the carotenoids, seems a reasonable antioxidant to investigate. 
Dietary intake was assessed by a self-administered dietary intake question-
naire, whereas depressive symptoms were evaluated with the use of the 30-item 
Geriatric Depression Scale. The authors concluded that a tomato-rich diet is 
independently related to lower prevalence of depressive symptoms. No rela-
tionship was observed between other vegetables and depressive symptoms. 
Similarly, a small study examining vitamin D supplementation and the effects 
on the BDI and markers of oxidative stress found beneficial effects of vitamin 
D supplements on BDI and oxidative stress (Sepehrmanesh et al. 2015).

The typical diet provides more than 25,000 bioactive compounds, which may 
impact a number of processes relating to chronic illnesses (Carlsen et al. 2010). 
Therefore, many investigators have hypothesized that measurement of only one 
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or a few antioxidants will yield limited results. For this reason, more studies 
are attempting to investigate total antioxidant capacities or more extensive and 
thorough ways to measure the antioxidant load, in general. Researchers might 
then have the ability to recommend a varied diet that is high in a number of 
antioxidant-rich foods. As mentioned previously, the challenge here is the vari-
ety of laboratory methods available to measure and assess antioxidant capac-
ity of foods. The previously widely accepted ORAC method was retired by the 
USDA due to misuse and misleading claims by marketers regarding ORAC val-
ues of supplements and other food items marketed for antioxidant properties. 
Nevertheless, there are other widely accepted methods to measure the antioxi-
dant capacity of foods. If we were to recommend antioxidants or an antioxidant-
rich diet, the next question is: What should be included in the diet? What are the 
best food sources of antioxidants? Numerous lists have been compiled ranking 
the antioxidant capacity of a variety of foods. The top 20 antioxidant-rich foods 
as adapted from a list in a recent paper published in the European Journal of 
Clinical Nutrition (ECJN) are given in Table 7.4 (Perez-Jimenez et al. 2010).

Table 7.4 Antioxidant Content of Top 20 Foods

Rank Antioxidant Food Source
Antioxidant Content 

(mg/serving)

1 Globe artichoke heads 1918

2 Black beans 1216

3 Blackberries 821

4 Blueberries 678

5 Currants 646

6 Chestnuts 524

7 Coffee 507

8 Strawberries 480

9 Plums 349

10 Dark chocolate 316

11 Pecans 272

12 Red wine 269

13 Sweet cherries 249

14 Apples 221

15 Raspberries 213

16 Tea 204 (black tea) 121 (green tea)

17 Hazelnuts 192

18 Green beans 185

19 Spinach 170

20 Beer 160

Source: Perez-Jimenez, J. et al., Eur. J. Clin. Nutr., 64, S112–S120, 2010.
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There is increasingly more research being conducted to determine the relation-
ship between oxidative stress and depression. Current evidence would indicate 
that there is an inverse association between antioxidant status and depression. 
Recent studies have found that this relationship is less strong when factoring in 
confounding variables such as physical activity and cigarette smoking. There is 
some evidence that consumption of diets rich in fruits and vegetables also has 
an inverse relationship with depressive symptoms. Future research is needed 
to determine causality and temporal relationship. Are persons with depres-
sion more likely to have a poor diet and consume fewer fruits, vegetables, 
and antioxidant-rich foods, or are people who have low consumption of fruits, 
vegetables, and foods high in antioxidants more likely to become depressed?
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8.1 Introduction

A modern discussion of the application of antioxidant nutraceuticals to 
the prevention of preeclampsia must begin with a discussion of the mod-
ern definition and understanding of the etiology of preeclampsia. Currently, 
the American College of Obstetricians and Gynecologists (ACOG), National 
Heart, Lung, and Blood Institute (NHLBI), and National High Blood Pressure 
Education Program (NHBPEP) all agree on the definition of preeclampsia as 
“a hypertensive, multi-system disorder of pregnancy that significantly con-
tributes to maternal and fetal/neonatal morbidity and mortality” (Bell 2010). 
Clinically, preeclampsia is a syndrome defined by the onset of hypertension 
and proteinuria at 20 weeks of gestation in previously healthy women, and if 
left untreated, can lead to a convulsive state known as eclampsia (Noris et al. 
2005). Preeclampsia is the leading cause of both maternal and fetal morbidity 
and mortality, and a worldwide incidence of over 8 million cases has been 
estimated (Noris et al. 2005).

Although preeclampsia is a current public health issue, it also has allegedly 
been mentioned as far back as in ancient Egyptian, Chinese, and Indian writ-
ings (Chesley 1984), and has been described in ancient Greece in relation to 
the balance of four humors believed to cause illness and disease at the time 
(Bell 2010). For this reason, although currently “the etiology of pre-eclampsia 
remains unknown” (Bell 2010), preeclampsia has a rich history of thought 
behind its etiology and mechanisms, as well as documented experience with 
treatments and preventive measures. In these, nutraceuticals have inevitably 
played a role.

This chapter will review the state of the literature on antioxidant  nutraceuticals 
for the prevention of preeclampsia. First, a historical understanding of pre-
eclampsia will be reviewed, along with historical dietary interventions. Second, 
in order to explain the hypothesized mechanism behind why  antioxidant 
nutraceuticals could prevent preeclampsia, the topics of  oxidative stress, free 
radicals, and how antioxidants address oxidative stress are discussed. In 
addition, reactive oxygen species (ROS) and oxidative damage are described. 
Third, how supplementary and dietary antioxidants have been studied as 
potential preventive measures for preeclampsia will be reviewed, and find-
ings will be summarized. Finally, specific antioxidant nutraceuticals that have 
been hypothesized to have antihypertensive properties will be discussed in 
the context of their potential protective role in preeclampsia.

8.2 Preeclampsia throughout history

In her historical overview of preeclampsia, Mandy Bell reviews various con-
ceptions of preeclampsia throughout time, and these are summarized in 
Table 8.1 (Bell 2010).
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A reflection on the history of thought on preeclampsia suggests that even 
today, the etiology of preeclampsia remains elusive. However, themes do exist 
in beliefs of purported mechanisms, and how those beliefs have led to exper-
imental preventive measures and treatments. First, generally, preeclampsia 
has been seen as a cardiovascular disorder, and therefore, both historically 
and modernly, treatments have aimed at reducing hypertension and restor-
ing healthy circulation. Next, preeclampsia has been seen as a result of an 
overload of some toxins, and this has led to the prescriptions of diets as both 
prevention and treatment measures.

Although dietary intervention in ancient times for preeclampsia was restrict-
ing meats in favor of vegetables, fruits, and milk products, modern attention 
has been given to specific nutrients and their possible role in preeclampsia. 
Roberts and colleagues reviewed current knowledge on nutrient involvement 
in preeclampsia in 2003 (Roberts et al. 2003). They observed that studies to 
date had focused on the following topics with respect to roles of energy intake 
and diet composition, role of dietary lipids, and roles of specific micronutrients 

Table 8.1 Conceptions of Preeclampsia Throughout Timea

Period Geographic Location Presumed Etiology Treatments

5th and 4th centuries Greece Imbalance of humors, fluid 
retention, wandering womb.

Altered diets, purging, 
bloodletting. Pregnancy, 
lactation, and menstruation 
thought to improve condition.

400–1700 CE Greece, Egypt, Italy, Arabia, 
France

Religious/spiritual causes. Earlier in the period, charms, 
amulets, faith healing, miracles, 
and prayers were used. Later, 
phlebotomies were used.

18th and 19th 
centuries

Europe, United States Issues with blood flow, excess 
stimulus to the spinal center, 
bloodletting, variations in 
weather, irritation of uterus, 
and nearby anatomy, and 
toxemia from maternal and 
fetal wastes.

Earlier in period, bloodletting, 
opiates, warm baths, cold water 
on face, hastening delivery. In 
response to the toxin theory, 
later in period, restriction of 
consumption of meat, and 
prescribed diets of fruits, 
vegetables, and milk products.

20th century International Parasitic worm theory (which 
was disproven). Current 
dominant theory: 
endothelial disorder where 
ischemic placental releases 
damaging factor(s) into 
maternal circulation causing 
endothelial dysfunction.

Magnesium sulfate and 
antihypertensives to prevent or 
manage convulsions and acute 
hypertension, respectively. 
Choices with respect to delivery 
(e.g., cesarean section).

a Bell, M. J., JOGNN/NAACOG., 39, 510–518.
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(such as calcium, sodium, magnesium, iron, and folate) (Roberts et al. 2003) 
in contributing to preeclampsia. They also described how nutrients chosen 
for study were intended to intervene on hypothesized mechanisms behind 
preeclampsia, such as endothelial dysfunction, the inflammatory response, 
insulin resistance, and oxidative stress (Roberts et al. 2003).

8.3 Oxidative stress

Oxidative stress, in particular, has been singled out as a focus in preeclampsia, 
because it is believed to be at the root cause of many chronic diseases (Lobo 
et  al. 2010). Among the nutrients studied for the prevention of preeclamp-
sia are those that are regarded as antioxidants. The reason antioxidants have 
been studied for the prevention and treatment of preeclampsia is that they are 
hypothesized to reduce the oxidative stress believed to be an important mech-
anism in preeclampsia (as well as cardiovascular disorder and other disorders) 
(Rumbold et al. 2008). Oxidative stress can be characterized as an overproduc-
tion of free radicals (e.g., high levels of oxidative damage), and the hypothesis 
is that oxidative stress can deplete the body’s stores of antioxidants, increasing 
a woman’s risk of preeclampsia (Rumbold et al. 2008). The following sections 
(Sections 8.3.1 through 8.3.3) describe oxidative stress, oxidative damage, and 
how antioxidants address oxidative stress and damage. This section ends with 
a review of synthetic versus natural antioxidants (Section 8.3.4).

8.3.1 Oxidative stress, free radicals, and antioxidants
An antioxidant has been defined as any substance that interferes with the reac-
tion of any substance with dioxygen, or in other words, hinders a free radical 
reaction, a free radical being of any species that contains one or more unpaired 
electrons (Powell 2000). Antioxidants have been called “free radical scavengers 
that trap or decompose existing free radicals” and/or enzymes that inhibit per-
oxidase reactions that are part of producing free radicals (Rumbold et al. 2008). 
The normal oxygen atom has an outer electron orbit that includes four pairs 
of electrons (Finkel and Holbrook 2000) (Figure 8.1).

When one of these pairs loses an electron, it becomes a free radical. This free 
radical has a powerful attraction to the paired electrons in other normal oxy-
gen atoms (Figure 8.2), as well as other stable atoms and free radicals, and 
this creates a feedback loop, increasing the number of free radicals (Finkel 
and Holbrook 2000) (Figure 8.3).

This chain reaction involving normal oxygen atoms and free radicals is the 
oxidative stress felt to be responsible for preeclampsia. How antioxidants 
relieve the oxidative stress is by donating free electrons to free radicals, thus 
completing the electron pairs and rendering the atom a normal oxygen atom 
again (Figure 8.4).
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Figure 8.1  Normal oxygen atom. Four pairs of electrons orbit around the nucleus.
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Figure 8.2 Influence of free radical on normal oxygen atom. On the right, a free 
 radical, or an oxygen atom that has lost an electron in one of its pairs, exerts a 
strong influence on a normal oxygen atom, on the left.
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Figure 8.3 Chain reaction that increases free radicals. As more stable oxygen atoms 
become free radicals, a chain reaction occurs that increases the number of free 
radicals and reduces the number of stable oxygen atoms.
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Figure 8.4 How antioxidants reduce free radicals. Antioxidants have electrons avail-
able to donate to the oxygen atom to stabilize the atom.
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8.3.2 Reactive oxygen species and oxidative damage
In 2010, Lobo and colleagues published a comprehensive review of free radicals 
and antioxidants and how they relate to the concept of functional foods as far 
as impacting human health (Lobo et al. 2010). Free radicals are considered ROS, 
which simply means that the atom is missing at least one electron and is there-
fore hungry to fill this spot, thus impacting other atoms around it (as shown 
in Figure 8.3) (Lobo et al. 2010). ROS are either derived from normal essential 
metabolic processes, or from external sources such as X-rays and air pollutants 
(Lobo et al. 2010). The authors list 14 generated sources of free radicals, includ-
ing metabolic processes such as inflammation and phagocytosis to external 
sources such as cigarette smoke and certain pesticides (Lobo et al. 2010).

The authors also go on to describe oxidative damage, which refers to modifi-
cation of biomolecules as a result of oxidative stress (Lobo et al. 2010). First, 
proteins can suffer from oxidative damage, which can affect signal trans-
duction, enzyme stability, and proteolysis susceptibility (Lobo et  al. 2010). 
Next, lipids can undergo damage through peroxidation, and producing a lipid 
radical that can cause a chain reaction in the production of lipid radicals (see 
Figure 8.3) (Lobo et al. 2010). Lipids form cell membranes and their peroxi-
dation forms compounds that are markers that can be measured in an assay 
(Lobo et al. 2010). Lipid peroxidation has been implicated in neurogenerative 
diseases, ischemic reperfusion injury, and diabetes (Lovell et al. 1995, Lobo 
et al. 2010). Finally, experiments have found evidence that DNA and RNA are 
susceptible to oxidative damage, especially reported in studies of aging and 
cancer (Lobo et al. 2010).

8.3.3 How antioxidants address oxidative stress and damage
Antioxidants work along three lines of defense (Lobo et al. 2010). In the first 
line of defense, preventive antioxidants prevent the formation of free radicals; 
in the second, antioxidants scavenge the active radicals to suppress chain ini-
tiation and or break the chain propagation reactions (as seen in Figure 8.3); 
and in the third, antioxidants conduct clean-up by removing oxidatively mod-
ified proteins (Lobo et al. 2010). Just as there are different types of ROS, there 
are different types of antioxidants. Some are considered enzymatic, such as 
superoxide dismutase, catalase, and glutathione systems, and some of consid-
ered nonenzymatic, such as ascorbic acid (Vitamin C), glutathione, melatonin, 
tocopherols, and tocotrienols (Vitamin E), and uric acid (5). See Chapter 15 for 
a discussion on free radicals and the role of antioxidants for better healthcare.

8.3.4 Synthetic versus natural antioxidants
Synthetic and natural food antioxidants are used routinely as part of food 
and medicine production, because including antioxidants in foods and 
medicines containing oils and fats will prevent the foods against oxidation 
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(Lobo et al. 2010). As an example, the compounds butylated hydroxytolu-
ene (BHT) and butylated hydroxyanisole (BHA) are synthetic antioxidants, 
which have been widely used in the food, cosmetics, and therapeutic indus-
tries (Lobo et al. 2010). Unfortunately, synthetic antioxidants such as BHT 
and BHA are highly volatile and unstable molecules at elevated tempera-
ture, and this may be why synthetic antioxidants have been found to be car-
cinogenic, and why legislation has come about on the use of food additives 
(Lobo et al. 2010). Hence, “consumer preferences have shifted the attention 
of manufacturers from synthetic to natural antioxidants” (Papas 1999, Lobo 
et al. 2010).

8.4 Supplemental and dietary antioxidants and preeclampsia

More recent observations in the literature that women with preeclampsia 
have decreased plasma and placental concentrations of antioxidants comprise 
evidence in favor of the hypothesis that preeclampsia is caused by oxida-
tive stress (Rumbold et al. 2008). However, the current consensus is that the 
safety of pregnant women taking antioxidant supplements is unknown, and 
in nonpregnant women, there have been inconsistent findings about both the 
benefits and harms of taking supplement antioxidants (Rumbold et al. 2008). 
The following section (Section 8.4.1) first reviews what is known about tak-
ing supplemental antioxidants for the prevention of preeclampsia. In the next 
section (Section 8.4.2), findings regarding dietary antioxidants to prevent pre-
eclampsia will be reviewed.

8.4.1 Supplemental antioxidants to prevent preeclampsia
Though the safety of pregnant women taking antioxidant supplements is 
unknown, many antioxidants have been studied for their potential for preventing 
preeclampsia (Table 8.2). Taking supplemental nutrients to combat the oxida-
tive stress believed to be behind preeclampsia would be a preventive treatment 
reasonable to study, and the vehicle of administration of these nutrients that 
has been studied has been mainly oral supplementation (Rumbold et al. 2008, 
Hofmeyr et al. 2014). In addition, supplements containing nutrients with anti-
oxidant properties or otherwise felt to have a role in combating oxidative stress 
have been studied (Trumbo and Ellwood 2007, Hofmeyr et al. 2014). This body of 
research largely consists of clinical trials where pregnant women believed to be 
at a risk for preeclampsia were randomized to either take a specified vitamin sup-
plement or placebo (Sharma et al. 2003, Poston et al. 2006, Hobson et al. 2013) 
or, instead of placebo, nothing (Marya et al. 1987, De-Regil et al. 2012). The litera-
ture also includes reviews that have been or are being conducted of the findings 
of these trials (Mahomed et al. 2007, Trumbo and Ellwood 2007, Rumbold et al. 
2008, De-Regil et al. 2012, Hofmeyr et al. 2014, Hobson et al. 2015) (Table 8.2).

As depicted in Table 8.2, the results of research on using supplementation with 
antioxidants for the prevention of preeclampsia have been overwhelmingly 
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Table 8.2 Antioxidant and Related Supplements Studied and Their Findings Relating to 
Prevention of Preeclampsia

Nutrient Supplement 
Studied Antioxidant Status

Role in Prevention 
of Eclampsia

Calcium It is not an antioxidant itself, but has a role 
in the production of antioxidants (Gandhi 
and Abramov 2012).

“Calcium supplementation (≥1 g/day) is 
associated with a significant reduction in 
the risk of preeclampsia, particularly for 
women with low calcium diets” (Hofmeyr 
et al. 2014).

Lycopene Lycopene is an antioxidant (Sharma et al. 
2003).

“…lycopene reduce[d] the development 
of pre-eclampsia” in primigravida women 
in one study (Sharma et al. 2003), but 
another found no difference, and 
increased rates of preterm labor and 
low birth weight babies in the lycopene 
group (Banerjee, et al. 2009).

Melatonin Melatonin is a molecule with antioxidant 
properties that exists in animals and 
edible plants (Reiter and Tan 2002).

Unknown; currently being tested in clinical 
trials (Hobson et al. 2013), and Cochrane 
review is in preparation (Hobson et al. 
2015).

Vitamin B Vitamin B12 is a supplement with 
antioxidant properties (Birch et al. 2009), 
as is vitamin B9 (folic acid) (Medicine, 
National Library of 2015).

Although folic acid deficiency is implicated 
in preeclampsia (Ray and Laskin 1999), 
supplementation with B vitamins has not 
shown to prevent preeclampsia.

Vitamin C Vitamin supplement with antioxidant 
properties (Talaulikar and Manyonda 
2011).

“Vitamin C given orally…does not achieve 
sustained serum levels that might be 
required for effective antioxidant 
activity,” which may explain its failure in 
clinical trials in diseases associated with 
oxidative stress, including preeclampsia 
(Talaulikar and Manyonda 2011). 
Concomitant supplementation with 
vitamin E is not advised as babies were 
more likely to be born with low birth 
weight (Rumbold et al. 2008, Poston 
et al. 2006).

Vitamin D Vitamin D is a membrane antioxidant 
(Wiseman 1993).

In a summary of the only trial identified in 
a review of vitamin D supplementation 
with preeclampsia as an endpoint, 
“women who received 1200 IU Vitamin D 
along with 375 mg of elemental calcium 
per day were as likely to develop 
pre-eclampsia as women who received no 
supplementation” (De-Regil et al. 2012, 
Marya et al. 1987).

(Continued )



155Antioxidant Nutraceuticals and Preeclampsia

disappointing. So disappointing, in fact, that in 2011, Talaulikar and Manyonda 
called the belief that vitamin C is an antioxidant supplement important to wom-
en’s health “a myth in need of burial” (Talaulikar and Manyonda 2011). They also 
stated that they “wish to make a case that the massive and expensive clinical tri-
als of vitamins C and E should cease” at present (Talaulikar and Manyonda 2011).

On the brighter side, one set of positive findings was with respect to calcium 
supplementation and prevention of preeclampsia. Calcium is not an antioxidant 
itself but has a role in the production of antioxidants (Gandhi and Abramov 
2012). As recently as 2007, Trumbo and Ellwood from the United States Food 
and Drug Administration stated in their report in Nutrition Reviews, “The 
relationship between [supplemental] calcium and risk of pregnancy-induced 
hypertension and preeclampsia is highly unlikely” (Trumbo and Ellwood 
2007). This consensus was reversed as a result of a 2014 Cochrane review 
that found that, “Calcium supplementation (≥1  g/day) is associated with a 
significant reduction in the risk of pre-eclampsia, particularly for women with 
low calcium diets,” but cautioned that this effect may be overestimated due 
to bias from a number of sources (Hofmeyr et al. 2014). The Cochrane review 
noted that the World Health Organization (WHO) had been recommending 
calcium supplementation with 1.5–2 g elemental calcium daily for pregnant 
women with low dietary calcium since their 2011 report (Hofmeyr et al. 2014, 
Organization, World Health 2011), and the aim of the review was to examine 
the evidence associated with low-dose (<1 g/day) versus high-dose (≥1 g/day) 
calcium supplementation in high-risk pregnant women for the prevention of 
preeclampsia (Hofmeyr et al. 2014).

Although Talaulikar and Manyonda pointed out the opportunity cost of waste-
fully investing in repetitive trials of antioxidants and preeclampsia when the pre-
ponderance of evidence shows no benefit (Talaulikar and Manyonda 2011), the 

Nutrient Supplement 
Studied Antioxidant Status

Role in Prevention 
of Eclampsia

Vitamin E Vitamin E supplement with antioxidant 
properties (Talaulikar and Manyonda 
2011).

Supplementation with vitamin C and 
vitamin E, both concomitant or 
individually, does not prevent 
preeclampsia in women at risk (Rumbold 
et al. 2008, Poston et al. 2006).

Zinc Zinc is a supplement with antioxidant 
properties (Powell 2000).

Aside from a 14% relative reduction in 
preterm birth compared to placebo, 
“there was no convincing evidence that 
zinc supplementation during pregnancy 
results in other useful or important 
benefits” (Mahomed et al. 2007).

Table 8.2 (Continued) Antioxidant and Related Supplements Studied and Their 
Findings Relating to Prevention of Preeclampsia
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results of the VIP trial, which compared a regimen of supplemental vitamin C 
and vitamin E (combined) with placebo in women at a high risk for preeclamp-
sia, actually found harm (Poston et al. 2006). They reported, “Concomitant sup-
plementation with Vitamin C and vitamin E does not prevent pre-eclampsia in 
women at risk, but does increase the rate of babies born with a low birthweight. 
As such, use of these high-dose antioxidants is not justified in pregnancy” 
(Poston et  al. 2006). Hence, Talaulikar and Manyonda conclude, “Vitamin  C 
 supplementation to stave off pre-eclampsia, cancer and other diseases is a ‘nutra-
ceutical’ industry-driven myth which should be abandoned” (Talaulikar and 
Manyonda 2011). (Chapter 11 in this book discusses the treatment of cardiovas-
cular disease with both nutraceutical and supplemental antioxidants).

8.4.2 Diet and preeclampsia
Although it is important to acknowledge the preponderance of evidence that 
a pregnant woman taking nutrient supplements of antioxidants does not put 
her at lower risk for developing preeclampsia unless she is nutritionally defi-
cient (Ray and Laskin 1999, Poston et al. 2006, Mahomed et al. 2007, Rumbold 
et al. 2008, Talaulikar and Manyonda 2011), and may even be harmful if she 
is not (Poston et al. 2006, Rumbold et al. 2008), it is still possible that dietary 
intake of antioxidants may play a positive protective role in the prevention of 
preeclampsia. This is because inverse associations have been found between 
high levels of dietary nutrients and risk of preeclampsia.

For example, in Ray and Laskin’s systematic review, they noted that there is 
general agreement across several studies of folate deficiency among prob-
able risk factors for placenta-mediated diseases (Ray and Laskin 1999). In a 
review of zinc supplementation to prevent negative birth outcomes, which 
concluded zinc supplementation had no effect on preventing eclampsia, the 
authors noted that the 14% relative reduction they observed for preterm birth 
for zinc compared to placebo was in the group of studies they reviewed focus-
ing on low-income women (Mahomed et al. 2007). Hence, they suspected that 
these women were actually suffering from poor nutrition, which could have 
included a zinc deficiency, and that is why this effect was seen (Mahomed 
et al. 2007).

Supplementation is easier to study because it is easier to measure. Because 
there are different types of dietary antioxidants that come from different 
sources, studies of dietary antioxidants have approached measurement differ-
ently. This section will summarize several studies that have measured dietary 
antioxidants and preeclampsia in a variety of ways.

8.4.3 Oxidative damage and antioxidant power
Not only have associations been found between having a particular nutritional 
deficiency and risk for preeclampsia, but certain diets have been found to be 
more protective against preeclampsia. In 2005, Scholl and colleagues reported 
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on a prospective study of 307 pregnant women in Camden, New Jersey, in the 
United States (Scholl et al. 2005). Scholl’s group hypothesized that “maternal 
factors may contribute to an imbalance between pro-oxidant and antioxidant 
forces that provides an environment for free radical generation” as described 
earlier, and state that therefore, the maternal intake of antioxidants and poly-
unsaturated fats, which contribute to neutralizing free radicals should be stud-
ied (Scholl et al. 2005).

To study this, they enrolled participants who were pregnant women and fol-
lowed them from entry into care throughout their pregnancy outcomes (Scholl 
et al. 2005). They measured urinary isoprostane excretion (a marker of oxida-
tive damage to lipids) and antioxidant power (a measure of global antioxidant 
levels) (Scholl et al. 2005). These measurements were to better understand 
the levels of oxidative stress (prooxidant) versus levels of dietary antioxidants 
(Scholl et al. 2005). This study found that “risk of preeclampsia was increased 
5-fold with higher urinary isoprostane excretion and decreased 3-fold with 
higher total antioxidant power” (Scholl et al. 2005), suggesting that maternal 
diet is important in the prevention of preeclampsia.

8.4.4 Food frequency questionnaire: U.S. studies
A similar study that measured dietary antioxidants using a different 
approach enrolled 1718 women from the United States who were preg-
nant and followed them until birth to study the outcomes of gestational 
hypertension and preeclampsia (Oken et al. 2007). Authors hypothesized 
that higher levels of dietary n-3 fatty acids or fish oils would be protective 
against preeclampsia, but based on their analysis of the antioxidants that 
had been the focus of supplementation studies, as they wanted to analyze 
any associations between magnesium, folate, and vitamins C, D, and E from 
both foods and supplements and the outcome of preeclampsia (Oken et al. 
2007). They used a food frequency questionnaire (FFQ) coupled with a 
nutrient composition database to estimate antioxidant intake; this measure 
was thought to be valid because estimated antioxidant intake correlated 
with measured blood levels (Oken et  al. 2007). The authors did find a 
somewhat lower risk of preeclampsia associated with a higher intake of the 
elongated n-3 fatty acids docosahexaenoic acid and eicosapentaenoic acids 
and fish, but did not find associations with any of the other antioxidants 
studied (Oken et al. 2007).

8.4.5 Food frequency questionnaire: Non-U.S. studies
More recently, cross-sectional data from India’s third National Family Health 
Survey were analyzed (Agrawal et al. 2015). Diet was measured by FFQ, and the 
authors found that women who did not report symptoms of preeclampsia dur-
ing their most recent pregnancy were more likely to have a “diversified dietary 
intake and iron and folic acid supplementation in pregnancy” compared to those 
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who reported symptoms (Agrawal et al. 2015). Next, a cohort study was con-
ducted in Tehran city, Iran, which followed 1033 pregnant women and measured 
their diet with an FFQ (Mokhlesi et  al. 2015). Results showed that in the 20 
women who developed preeclampsia, the average intake of dietary antioxidants, 
including zinc, vitamin A, C, E were statistically significantly lower than the 
non-preeclampsia group (Mokhlesi et al. 2015). A study of a Norwegian cohort 
found that women whose pattern of consumption was characterized by pro-
cessed meat, salty snacks, and sweet drinks were at an increased risk, and those 
whose pattern of consumption was characterized by vegetables, plant foods, and 
vegetable oils were at decreased risk for preeclampsia (Brantsæter et al. 2009).

8.4.6 Dietary polyphenols
In a comprehensive 2015 review, Ly and colleagues examined available evi-
dence of the effects of dietary polyphenols (also called phenolics) on repro-
ductive health and early development (Ly et  al. 2015). Polyphenols are the 
most abundant dietary antioxidants and are found in fruits, vegetables, seeds, 
nuts, chocolate, wine, coffee, and tea (Ly et  al. 2015). Unfortunately, they 
review no studies focusing on dietary polyphenols and preeclampsia, saying 
that, “Studies that provide more precise individual data concerning intake of 
specific classes of polyphenols during pregnancy are required” (Ly et al. 2015). 
They also state that studies of polyphenol consumption on overall human 
reproductive health are limited and inconclusive (Ly et al. 2015). In addition, 
see Chapter 7 of this book for a discussion of the role of nutraceuticals with 
polyphenols in atherosclerosis.

8.4.7 Angiotensin-converting enzyme inhibitors
Angiotensin-converting enzyme (ACE) inhibitors have been demonstrated to 
have antioxidant properties (Chopra et al. 1992), and are approved as phar-
maceuticals for prescription in the treatment of hypertension (Münzel and 
Keaney 2001). Many foods have naturally occurring ACE inhibitors, such as 
milk and dairy products, eggs, meat, fish, seafood, and plants (Ngo et al. 2012, 
Iwaniak et al. 2014). Unlike polyphenols, specific studies that focus on dietary 
ACE inhibitors for the prevention of preeclampsia have not been reported.

8.4.8 The role of fiber in absorbing dietary antioxidants
In 2011, Palafox-Carlos and colleagues published a summary of what is known 
about the role of dietary fiber in the bioaccesibility and bioavailability of fruit 
and vegetable antioxidants (Palafox-Carlos et al. 2011). The authors point out 
that the bioaccessibility and the bioavailability of antioxidants from fruits and 
vegetables differ by each compound, and “the most abundant antioxidants in 
ingested fruit are not necessarily those leading to the highest concentrations 
of active metabolites in target tissues” (Palafox-Carlos et al. 2011). The lim-
ited bioavailability of antioxidants in fruits and vegetables is determined by 
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their low bioaccessibility in the small intestine due to interactions with anti-
oxidants and the indigestible polysaccharides present on cell walls (Palafox-
Carlos et al. 2011). The authors call for studies on the role of dietary fiber, 
the indigestible cell wall component of plant material, as a “control-released 
system of bioactive compounds” (Palafox-Carlos et al. 2011). They also point 
out that dietary fiber interferes with adequate absorption of antioxidants, and 
therefore, studies that could better establish the timing of fiber flow through 
the digestive system could be useful (Palafox-Carlos et al. 2011).

8.4.9 Intake of antioxidants and preeclampsia
To summarize, the current consensus in the literature is that antioxidant sup-
plementation is not useful in preventing preeclampsia in those without nutri-
tional deficiencies, and may even be harmful. However, even in those without 
nutritional deficiencies, it seems that enhanced dietary intake of antioxidants 
could provide some protection against preeclampsia. Nevertheless, particular 
preeclampsia diets have not been studied and are not currently being recom-
mended. One notable study of a community of vegans in 1987 found that of 
775 vegan mothers, only one met the clinical criteria for preeclampsia, prompt-
ing the authors to speculate “it is possible that a vegan diet could alleviate 
most, if not all, of the signs and symptoms of preeclampsia” (Carter et al. 1987).

8.5 Antioxidant nutraceuticals and preeclampsia

The term nutraceutical was coined in 1989 by Dr. Stephen DeFelice, Chairman 
of the Foundation for Innovation in Medicine (Rajasekaran et al. 2008, Lobo 
et al. 2010). Nutraceutical is a marketing term that does not have a regulatory 
definition, but is generally considered “any substance that may be considered 
a food or part of a food and provides medical or health benefits, encompass-
ing, prevention and treatment of diseases” (Rajasekaran et al. 2008). Another 
term for nutraceuticals is functional foods.

The idea of a functional food is as old as the ancient writings on preeclamp-
sia. Hippocrates, who is credited with promoting the four humor theory men-
tioned earlier, also was credited with the saying, “Let food be your medicine 
and medicine be your food” (Rajasekaran et al. 2008). Hence, the idea of using 
diet for the prevention and treatment of preeclampsia is not a new idea, either. 
However, with the newer term nutraceutical, it is possible to take the view 
that rather than generically promoting a good diet, considering the actual 
function of different healthy foods in relationship to the particular condition 
of focus is indicated. This consideration should theoretically lead to healthy 
foods being differentially recommended depending on their purported func-
tion with respect to certain conditions.

Section 8.5.1 will first explain how the antihypertensive action of antioxi-
dants is the focus behind the selection of nutraceuticals for study of the 
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prevention of preeclampsia, because it is the mechanism being targeted 
behind preeclampsia. This section will also review the limits to nutraceuti-
cal claims that can be made about their effects on preeclampsia in differ-
ent international locations. Finally, what is known regarding antioxidant 
nutraceuticals hypothesized to have an impact on preventing preeclamp-
sia either directly or by way of their antihypertensive properties will be 
reviewed.

8.5.1  Antioxidants as antihypertensives in the causal 
pathway to preeclampsia

Although the current consensus is that preeclampsia is likely a result of high 
levels of oxidative stress, where prooxidant processes overwhelm antioxidant 
processes, it is important to recognize that oxidative stress has been strongly 
linked to other serious conditions, including cancer and atherosclerosis (Lobo 
et  al. 2010). Oxidative stress has specifically been linked to hypertension 
(including gestational hypertension) that can lead to stroke (see Chapter 6), 
coronary heart disease (see Chapter 19), and myocardial infarction (Chen 
et al. 2009). Therefore, recently, the focus in the nutraceutical literature has 
been on functional foods that have an effect on cardiovascular and cerebro-
vascular outcomes as a whole, theoretically because they contain high levels 
of antioxidants (Alissa and Ferns 2012).

8.5.2 Antioxidant nutraceutical claims about preeclampsia
Regulations about claims of links between functional foods and protection 
against preeclampsia are different in different countries. In her 2007 review, 
Johanna Dwyer observed that the U.S. Food and Drug Administration (FDA) 
allows food or nutraceutical health claims in applications for approval in the 
intervening of the association between pregnancy-induced hypertension and 
preeclampsia (Dwyer 2007).

It is notable that this is not a worldwide consensus. In a 2013 report by the 
Canadian Agricultural Innovation and Regulation Network (CAIRN), it was 
observed that only in the United States was there any health claim associated 
with preeclampsia and nutraceuticals that could be made to regulators; no 
comparable qualified health claims for food or nutraceuticals were found to 
be approved by regulators in the following countries: Canada, the European 
Union (EU), UK, Sweden, Russia, Australia, New Zealand, Japan, Brazil, 
Republic of Korea, China, Taiwan, Singapore, Hong Kong, India, Thailand, 
Malaysia, and the Philippines (Malla et al. 2013).

It must be disclaimed that many of these countries, such as Hong Kong, 
India, and Thailand, do not permit any health claims for nutraceuticals, but in 
places such as Russia, China, and Singapore where health claims for nutraceu-
ticals are permitted, preeclampsia does not show up on the list of approved 
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indications (Malla et al. 2013). In Taiwan, the Health Food Control Act says 
that health claims must be proven for health or disease risk, but does not state 
specifics (Malla et al. 2013).

8.5.3  Nutraceutical antioxidants as antihypertensives 
to prevent preeclampsia

As described earlier, the mechanism of focus when studying nutraceuticals 
as functional foods for preventing preeclampsia is for their action preventing 
gestational hypertension, presumably by way of their antioxidant properties. 
Nutraceuticals having antioxidant properties that have been hypothesized 
to be antihypertensives that could be used to prevent preeclampsia include 
foods common around the world, such as fish and garlic (Chen et al. 2009), as 
well as foods that are typically easily accessible only in India or China, such 
as medicinal plants and vegetables native to those areas that are not found 
elsewhere in the world (Lobo et al. 2010).

Although many supplemental nutrients, dietary nutrients, and functional foods 
have been studied for their broader effects on cardiovascular disease, few 
human studies of nutraceuticals have included the outcomes of preeclamp-
sia (Carter et al. 1987, Oken et al. 2007, Brantsæter et al. 2009, Brantsæter 
et  al. 2011), or even specifically hypertension (Fugh-Berman 2000, Hooper 
et al. 2008, Pérez-Jiménez and Saura-Calixto 2008, Savica et al. 2010, Alissa 
and Ferns 2012, Grassi and Ferri 2012). Further, many papers that purport to 
present findings about nutraceuticals in actuality contain findings associated 
with supplemental nutrients or specific dietary nutrients (Fugh-Berman 2000, 
Alissa and Ferns 2012, Cicero and Borghi 2013), not functional foods.

Ultimately, there are few specific antioxidant foods or herbs that have been 
tested with respect to the specific outcomes of preeclampsia or hyperten-
sion. Table 8.3 provides a selection of antioxidant nutraceuticals for which 
some type of evidence was available currently in the scientific literature with 
respect to preeclampsia or hypertension.

As seen in Table 8.3, while certain antioxidant nutraceuticals, such as cocoa, 
fish, and fish oil, show some consistency in findings, the overall lack of stud-
ies prevents the ability to make evidence-based recommendations for anti-
oxidant nutraceuticals to include in a pregnancy diet to prevent gestational 
hypertension or preeclampsia.

8.5.4  Recommending antioxidant nutraceuticals 
to prevent preeclampsia

A strategic challenge for studying antioxidant nutraceuticals as a preventive 
intervention for preeclampsia is agreeing on what is actually being studied, both 
in terms of the intervention as well as in terms of the outcome. Studying diets is 
not studying individual nutraceuticals, nor is analyzing intake of supplements. 
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Table 8.3 Nutraceuticals Hypothesized to Act as Antihypertensives, Prevent 
Preeclampsia, or Both

Functional Food/
Nutraceutical Type of Evidence

Association with Preeclampsia 
(and/or Hypertension)

Cocoa Cohort studies and 
clinical trials

“Thus, all the earlier data indicate that the ingestion of cocoa-rich 
and therefore flavonoid-rich chocolate promotes a reduction in 
blood pressure” (Alissa and Ferns 2012, Grassi and Ferri 2012, 
Hooper et al. 2008).

Coffee Clinical trials Hypotensive effects of green coffee bean extract as well as roasted 
coffee have been demonstrated in numerous studies (Savica et al. 
2010).

Fish and fish oil Cohort studies Researchers observed a somewhat reduced risk of preeclampsia with 
intake of fish. Researchers also measured elongated n-3 fatty acid 
intake and found a somewhat reduced risk associated with this 
(Oken et al. 2007). Fish oil has been shown to reduce blood pressure 
(Fugh-Berman 2000).

Fruits and vegetables Cohort studies Vegan diet associated with very low rate of preeclampsia (Carter 
et al. 1987). Norwegian women who had a diet high in vegetables, 
plant foods, and vegetable oils were at decreased risk for 
preeclampsia (Brantsæter et al. 2009).

Garlic Clinical trials “Garlic may reduce blood pressure, but the effect is mild and there is 
a relative dearth of data in hypertensive patients” (Fugh-Berman 
2000).

Grapes/wine Expert opinion “In animal and human studies, grape products have been shown to 
produce hypotensive, hypolipidaemic, and anti-atherosclerotic 
effects, and also to improve antioxidant status as measured in 
terms of plasma antioxidant capacity, oxidation biomarkers, 
antioxidant compounds or antioxidant enzymes” (Alissa and Ferns 
2012, Pérez-Jiménez and Saura-Calixto 2008).

Green or oolong tea Cohort studies Studies have reported that chronic, moderate consumers of green 
or oolong tea are less likely to develop hypertension, but the 
overall literature is inconsistent (Savica et al. 2010).

Marine organisms Laboratory studies “Currently, many natural ACE inhibitory peptides have been isolated 
from different food proteins such as cod frame, pollack skin, sea 
bream scales, yellowtail bone and scales, yellow sole frame, tuna 
frame and clam, krill, mussel, oyster, and shrimp” (Ngo et al. 
2012).

Probiotic milk and 
probiotic yogurt

Cohort studies Researchers found a strong protective association for severe 
preeclampsia, and concluded, “regular consumption of milk-based 
probiotics could be associated with lower risk of preeclampsia in 
primiparous women” (Brantsæter et al. 2011).a

Soy foods Meta-analysis Soy foods were associated with reduction in the systolic and diastolic 
blood pressure that was close to being statistically significant 
(Hooper et al. 2008).

a See Chapter 7 for a discussion of antioxidant nutraceuticals with probiotic application.
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In addition, since antioxidant nutraceuticals must be considered as components 
being entered into a metabolic system, details about the nature and timing of 
fiber intake, as well as the type of antioxidants nutraceuticals being consumed 
become important when developing a preeclampsia prevention diet. In the 
case of studies using FFQs, instead of analyzing the data by the association of 
relative component nutrients in diets (which will include supplements) on out-
comes, it would be more informative to select out individual antioxidant nutra-
ceuticals, such as cocoa, fish, and coffee, and to analyze intake of those specific 
substances as they relate to outcomes such as preeclampsia and hypertension.

Next, studying antioxidant nutraceuticals to reduce hypertension in preg-
nant women may reveal different results than studying the same intervention 
in the general population, and studies that focus on pregnant women must 
also include the specific birth outcome of preeclampsia, and not only other 
birth outcomes (such as low birth weight). Until these strategic challenges 
are solved, it is not possible to provide evidence-based recommendations for 
antioxidant nutraceuticals to be included in a preeclampsia diet, because the 
necessary evidence is not available.

8.6 Conclusion

In conclusion, preeclampsia has been currently characterized by an imbalance 
between prooxidant and antioxidant processes, leading to hypertension and 
eclampsia. Hence, increasing antioxidant nutrient intake has been studied as the 
prevention of preeclampsia and gestational hypertension, but studies on supple-
mental antioxidant nutrients have not demonstrated reduced risk of preeclampsia 
except in nutritionally deficient women and may even cause harm. Relationships 
between levels of dietary antioxidants and preeclampsia have shown some pro-
tective association, but throughout the literature, findings have been inconsistent.

Few studies have focused specifically on intake of antioxidant nutraceuticals, 
and specifically on the outcomes of preeclampsia or gestational hypertension. 
In those that have been studied and been found to have positive effects, such 
as fish, fish oil, garlic, green tea, and soy products, the effects are mild, and the 
results are inconsistent between studies. For this reason, at this time, it is not 
possible to recommend intake of any specific antioxidant nutraceuticals to preg-
nant women for the prevention of preeclampsia or gestational hypertension.
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9.1 Introduction

Free radicals disrupt the smooth functioning of the cells of our body, attack-
ing key structural components; therefore, lipids and proteins in the cell 
membrane, and even DNA enzymes are responsible for the operation and 
refurbishment of the cell. Free radicals are a major cause of many degenera-
tive diseases, such as atherosclerosis, cancer, cardiovascular diseases, inflam-
matory bowel diseases, skin aging, old age dementia, arthritis, and cancer, all 
of which are now the main cause of death in our society. Epidemiological data 
and randomized clinical trials provide ample indications that antioxidants play 
a fundamental role in the prevention of cancer and cardiovascular diseases 
(Shklar 1998; Surh 1999; Kris-Etherton et al. 2002; Ferrari and Torres 2003). 
Antioxidants are compounds whose primary function is to protect our body 
from the molecules known as free radicals (among others) that cause oxida-
tive stress. An antioxidant is a molecule capable of slowing or preventing the 
oxidation of other molecules. Oxidation is a chemical reaction that transfers 
electrons from a substance to an oxidizing agent. Oxidation reactions can pro-
duce free radicals that start chain reactions that damage cells. Antioxidants 
terminate these chain reactions by removing free radical intermediates and 
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inhibit other oxidation reactions. As a result, antioxidants are often reducing 
agents such as thiols, ascorbic acid, or polyphenols (Sies 1997). Antioxidants 
terminate the chain reactions by removing free radical intermediates and 
inhibit other  oxidation reactions by neutralizing free radicals. However, in the 
process, antioxidants are themselves oxidized. Thus, there is a constant need 
to replenish antioxidant resources as one antioxidant molecule can only react 
with a single free radical (Halliwell and Gutteridge 1990). Consequently, it is 
essential to search and develop natural nontoxic antioxidants to protect the 
human body from free radicals and to slowdown the progress of many chronic 
diseases. Due to changes in consumer perception toward food as sources of 
therapeutic value, there is a spurt in the market of food-based ingredients and 
supplements, which provide antioxidant. Antioxidants are grouped into three: 
(1) primary or natural antioxidants, (2) secondary or synthetic antioxidants, 
and (3) antioxidant from microbial origin.

9.1.1 Primary or natural antioxidants
They are the chain-breaking antioxidants, which react with lipid radicals and 
convert them into more stable products. Antioxidants of this group are mainly 
phenolic in structure and include the following (Hurrell 2003): 

 1. Antioxidants minerals: These are cofactor of antioxidant enzymes. Their 
absence will definitely affect the metabolism of many  macromolecules 
such as carbohydrates. Examples include selenium, copper, iron, zinc, 
and manganese.

 2. Antioxidants vitamins: It is needed for most of the body’s metabolic 
functions. It includes vitamin C, vitamin E, and vitamin B.

 3. Phytochemicals: These are phenolic compounds that are neither 
vitamins nor minerals.

9.1.2 Secondary or synthetic antioxidants
These are phenolic compounds that perform the function of capturing 
free radicals and stopping the chain reactions, the compounds include the 
 following (Hurrell 2003): 

 1. Butylated hydroxylanisole (BHA)
 2. Butylated hydroxyrotoluene (BHT)
 3. Propyl gallate (PG) and metal chelating agent (EDTA)
 4. Tertiary butyl hydroquinone (TBHQ)
 5. Nordihydro guaretic acid (NDGA)

9.1.3 Antioxidant from microbial origin
Probiotics have antioxidant activity, which improves the function of biochemi-
cal reaction in a biological system (Afify et al. 2012). Probiotics are defined 
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as selected, viable microbial dietary supplements that, when introduced in 
 sufficient quantities, beneficially affect human organism through their effects 
in the intestinal tract (Zubillaga et al. 2001; Holzapfel and Schillinger 2002). In 
addition, FAO/WHO has adopted the definition of probiotics as “Live micro-
organisms which when administered in adequate amounts confer a health 
benefit on the host” (FAO/WHO 2002). There are a large number of probiotics 
currently used and available in dairy fermented food, especially in yogurts. 
Lactic acid bacteria constitute a diverse group of organisms providing consid-
erable benefits to mankind, some as natural inhabitants of the intestinal tract 
and others as fermentative lactic acid bacteria used in food industry, imparting 
flavor, texture, and possessing preservative properties.

9.2 Probiotic as a rich source of antioxidant

Reactive oxygen metabolites (ROM), generated through normal reactions 
within the body during respiration in aerobic organisms, can cause  damage 
in proteins, mutations in DNA, oxidation of membrane phospholipids, and 
modification in low-density lipoproteins (Firuzi et al. 2011). To neutralize 
the oxidant molecules, the human body synthesizes antioxidant enzymes 
and  molecules that, together with the antioxidants contained in food, form 
the biological antioxidant barrier. However, in certain circumstances, the 
defense system fails to protect the body against oxidative stress; conse-
quently, the  possibility of increasing antioxidant defenses is considered 
important in the maintenance of human health and disease prevention 
(Serafini and Del Rio 2004).

The projected market value of antioxidants to grow to US$238.5 million by 
2018, at the CAGR of 4.5% (Feed antioxidants 2014). There is a renewed 
interest in the search of new sources of antioxidants, which can be safely 
used in food. In this trend, a novel pioneering approach is represented by 
the development of probiotics exerting antioxidant activity and counteract-
ing the oxidative stress in the host due to their long tradition of safe use, 
along with potential therapeutic benefits; role of probiotics as an antioxidant 
is being fanatically investigated. Probiotics are known for their health benefi-
cial effects and have established as dietary adjuncts. In particular, besides the 
long history of consumption of lactic acid bacteria, probiotic strains belong-
ing to the genera Lactobacillus and Bifidobacterium have been reported 
to have a range of health-promoting features (Rossi and Amaretti 2010). 
Probiotics have established their efficiency as dietary factors, which can regulate 
gastrointestinal functions thereby imparting health benefits to consumers. 
Improvement of lactose intolerance, prevention of different forms of diar-
rhea and  urogenital infections, cholesterol reduction, reduction of atopic 
diseases, and modulation of the immune system are some of the functions 
attributed to probiotics (Andersson et al. 2001; Chapman et al. 2011). The 
physiological effects related to probiotic bacteria include the reduction of 
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gut pH, production of some digestive enzymes and vitamins, production of 
antibacterial substances, for example, organic acids, bacteriocins, hydrogen 
peroxide, diacetyl, acetaldehyde, lactoperoxidase system, lactones and other 
unidentified substances, reconstruction of normal intestinal microflora after 
disorders caused by diarrheas, antibiotic therapy and radiotherapy, reduction 
of cholesterol level in the blood, stimulation of immune functions, suppres-
sion of bacterial infections, removal of carcinogens, improvement of calcium 
absorption as well as the reduction of fecal enzyme activity (Ouwehand et al. 
1999; Zubillaga et al. 2001; Holzapfel and Schilling 2002).

Lactobacilli are the major source of probiotics and are usually explained as 
gram-positive bacteria, devoid of cytochromes and preferring anaerobic condi-
tions, but are aerotolerant, fastidious, strictly fermentative, and produce lactic 
acid as the main product (Stiles and Holzapfel 1997). The competitive exclu-
sion of pathogens and reduction in number as well as metabolic activities of 
harmful organisms by probiotics has been demonstrated in vitro (Mishra and 
Prasad 2005).

9.3 It must be safe and extra beneficial

From the safety point of view, the probiotic microorganisms should not be patho-
genic, have no connection with diarrheagenic bacteria and no ability to transfer 
antibiotic resistance genes and to be able to maintain genetic  stability. To be rec-
ognized as functional food components, they should demonstrate the following 
properties: acid and bile stability, resistance to digestive enzymes, adhesion to 
the intestinal surface, antagonistic activity against human pathogens, anticar-
cinogenic and antimutagenic activities,  cholesterol-lowering effects, stimulation 
of the immune system without inflammatory effects, enhancement of bowel 
motility, maintenance of mucosal integrity, improvement of bioavailability of 
food compounds, and production of vitamins and enzymes (Ouwehand et al. 
1999). Various species and strains of lactobacilli, that is, L. acidophilus, L. casei, 
L. rhamnosus, and L. helveticus, are considered as successful probiotics and 
different variants have been available in the market for human consumption. 
Bifidobacterium, even though not grouped with lactic acid bacteria, is another 
genus with probiotic functions. B. lactis (B. animalis ssp. lactis) is a very com-
monly used probiotic, although it is not a normal inhabitant of the human gas-
trointestinal tract. B. longum ssp. longum (and ssp. infantis) and B. breve are 
mainly used in supplements (Vasiljevic et al. 2008).

Among probiotics’ beneficial effects, some authors have reported the  protection 
against oxidative stress and the capability to decrease the risk of accumulation 
of ROM (Kaizu et al. 1993; Kullisar et al. 2002; Martarelli et al. 2011). The anti-
oxidant mechanisms of probiotics could be assigned to ROS scavenging, metal 
ion chelation, enzyme inhibition, and to the  reduction activity and inhibition of 
ascorbate autoxidation. Probiotic metabolic activities may have an antioxidant 
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effect via the scavenging of oxidant  compounds or the  prevention of their 
 generation in the intestine (Lin and Yen 1999; Talwalkar and Kailasapathy 
2003; Azcárate-Peril et al. 2011). Most lactic acid bacteria have scavenging 
systems for oxygen-free radicals. Some lactobacilli possess antioxidant activity 
and are able to decrease the risk of accumulation of ROS during ingestion of 
food (Kaizu et al. 1993). Production of bioactive peptides has been consid-
ered an effective mode of antioxidative activity in food  containing probiotic 
bacteria. Peptides obtained from hydrolyzed food proteins have been shown 
to possess antioxidative activities, which can impart protection against the 
peroxidation of lipids or fatty acids (Saiga et al. 2003).

9.4 Application of probiotics as nutraceuticals

Nowadays consumer’s perception toward functional foods, including probiot-
ics has changed. The presence of probiotics in commercial food products has 
been very well accepted and has been known for number of health benefits. As 
a result of that, industries worldwide are concentrating on applications of pro-
biotics in food products as well as constructing a new era of probiotic health 
food. Foods are considered as better delivery vehicles for probiotic organisms 
than others due to the role played by the food matrix in maintaining the viabil-
ity of organisms during the transition through the gastrointestinal tract.

Studies have shown that selected strains of lactobacilli and bifidobacteria 
present antioxidative properties (Lin and Yen 1999; Wang et al. 2006; Zanoni 
et al. 2008; Spyropoulos et al. 2011) and can be used to prepare probiotic and 
fermented dairy products that improve total antioxidant status and decrease 
markers of oxidative stress in healthy people (Naruszewicz et al. 2002; 
Songisepp et al. 2005; Virtanen et al. 2007).

The probiotic potential and antioxidant property of Enterococcus durans 
LAB18s, a strain capable of selenium bioaccumulation, was investigated by 
Pieniz et al. (2014). E. durans LAB18s showed resistance to acid conditions, 
showing ability to survive in the presence of simulated gastric juice at pH 3. 
This bacterium also survived in the presence of simulated intestinal juice with 
or without bile salts, and did not show hemolytic activity. The antioxidant 
activity of culture supernatant and intracellular extract of E. durans LAB18s 
was analyzed by 2,2 azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) 
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) methods and it has the ability to 
scavenge both radicals. Both culture supernatant and intracellular extract 
showed high antioxidant activity when analyzed by thiobarbituric acid reac-
tive substances (TBARS) method. E. durans LAB18s could be useful as a 
source of dietary selenium supplementation.

The consumption of probiotic yogurt improved fasting blood glucose and anti-
oxidant status in type 2 diabetic patients. These results suggest that probiotic 
yogurt is a promising agent for diabetes management (Ejtahed et al. 2012).
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Leek (Allium ampeloprasum var. porrum) is one of Belgium’s most impor-
tant outdoor vegetables, mainly cultivated for its white shaft. Fermentation of 
leek offers opportunities in view of biomass valorization and product diver-
sification. A study on influence of three starter culture strains (Lactobacillus 
plantarum IMDO 788, Lactobacillus sakei IMDO 1358, and Leuconostoc mes-
enteroides IMDO 1347) on the metabolite kinetics of leek fermentation and 
antioxidant properties of leek was performed by Wouters et al. (2013). The 
antioxidant capacity of fermented leek samples, as measured with the oxygen 
radical absorbance capacity assay, increased when starter cultures were used.

Illupapalayam et al. (2014) demonstrated a study on the development of new 
type of novel probiotic yogurts containing spices with acceptable sensory 
properties, therapeutic levels of probiotics, and with beneficial antioxidant 
capacity. Eight types of yogurts with added spice oleoresins (cardamom, cin-
namon, and nutmeg) and probiotics (Lactobacillus acidophilus strain 5 [LA5], 
or Bifidobacterium animalis ssp. lactis [Bb12]) were produced. During stor-
age, significant increase in survival of both B. animalis ssp. lactis (Bb12) and 
L. acidophilus (LA5) was found without affecting the fermentation kinetics 
and these also provide strong antioxidant activity. Probiotic organisms had a 
statistically significant effect on the proteolytic activity and enhanced the gen-
eration of peptides with potential antioxidant and antimutagenic properties 
with good correlation between proteolytic and antioxidant or antimutagenic 
activities (Sah et al. 2014).

Free radical scavenging activity of L. plantarum and L. mesenteroides ranges 
from 14.7% to 50.8% (v/v) after 24 to 72 h fermentation, respectively, as deter-
mined by 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay (Abubakr et al. 2012).

Detection of antioxidative activity from cell-free extract of 100 strains of lactic 
acid bacteria by using TBARS and oxygen radical absorbance capacity (ORAC) 
assays was done by Yamamoto (2009). The highest antioxidative activity strain 
screened by TBARS assay was Lactobacillus sakei PP6-S. The strain that dem-
onstrated highest ORAC value was Lactobacillus casei JCM20024. Several pre-
liminary analyses indicated that antioxidative activities detected by TBARS 
and ORAC assays were low molecular weight compound(s) and relatively heat 
stable. Incorporation of probiotics in food can provide a good strategy to sup-
ply dietary antioxidants, but more studies are needed to standardize methods 
and evaluate antioxidant properties of probiotics before they can be recom-
mended for antioxidant potential.

9.5 Conclusion

Probiotic food products are a fast growing area of functional food, as found 
to be strongly accepted by the consumers. The application of probiotics in 
dairy products is already common. However, the food industry is seeking to 
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produce different varieties of probiotic food other than dairy products with 
potential health benefits. The success of new probiotic food depend on the 
ability of probiotics to provide sufficient numbers of viable cells that benefi-
cially modify the gut microflora of the host along with its potential antioxidant 
activity. From the above-mentioned study, it can be inferred that probiotic 
bacteria posses a strong antioxidant activity, which have been assayed by dif-
ferent chemical methods. In order to improve the survival rates of probiotic 
microorganisms during food production, microencapsulation is considered 
to be a promising process. Encapsulation materials are recognized as safe 
ingredients and can be used in food applications. These extend the applica-
tion of probiotics as a nutraceutical with antioxidant potential and may find 
therapeutic potential in management of degenerative diseases.
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10
Antioxidant Nutraceuticals 
as Health Drinks for 
Prevention of Diseases

Kumar Rajendran, P. Latha, and Shampa Sen

10.1 Introduction

Research reports support the role of oxidative stress in the causation and 
progression of several chronic diseases, including cancer, Alzheimer’s dis-
ease (AD) and cerebrovascular disease (Halliwell 1994; Ames et  al. 1995). 
Free radicals, either as a by-product of normal metabolism or associated with 
inflammatory reactions, can contribute to several diseases such as cardio-
vascular disease and cancer. Numerous epidemiological studies suggest that 
the risks of many chronic diseases are diet-related and could be decreased 
significantly through the change of dietary habits. A nutraceutical is a food or 
part of food or nutrient that provides health benefits, including the prevention 
and treatment of a disease. Antioxidants have become the essential nutrients 
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of the nutraceutical and nutritional world over the past decade. Nowadays, 
the interest in the role of dietary antioxidants in the prevention of diseases 
has prompted research in the field of antioxidant-rich beverages. The market 
for nutraceutical beverages, that is, drinks with vitamin and mineral fortifica-
tion, antioxidant or high polyphenol beverages containing ingredients such 
as green teas or berries, and drinks with certain selected herbs is growing 
continuously along with the health consciousness of the people. Antioxidants 
are perhaps some of the most added ingredients to beverages or available 
naturally in many juices. There are a number of commercial fruit juices and 
antioxidant-rich beverages, which base their marketing strategies on antioxi-
dant potency.

Antioxidative systems include antioxidative enzymes, such as superoxide dis-
mutase (SOD), catalase, glutathione peroxidase (GPx),  glutathione-S-transferase 
(GST), and nonenzymatic substrates, such as vitamin C,  vitamin A, vitamin E, 
glutathione, lipoic acid, uric acid, coenzyme Q, bilirubin, flavonoids, carot-
enoids (e.g., astaxanthin, zeaxanthin), lycopene, phosvitin, bioflavonoid resve-
ratrol, ferritin, lactoferrin, transferrin, ceruloplasmin, hemopexin, haptoglobin, 
and so on. More than 3100 antioxidants have been identified in foods, such 
as fruit, vegetables, seeds, nuts, cereals, wholegrains, tea, garlic, herbs, and 
spices, which are regularly consumed by different cultures (Rajendran et al. 
2014). Major antioxidants present in the health drinks are shown in Table 10.1. 
The most antioxidant-rich beverages are coffee (200–550 mg/cup), tea (150–
400 mg/cup), and red wine (150–400 mg/glass) (Menshchikova et al. 2006). 
Morillas-Ruiz et al. (2010) suggested that the antioxidant drink can reduce 
the effects of inflammation and cardiovascular risk associated with AD and 
 oxidative stress-related disease development. Bioavailability of antioxidants 
differs greatly from one phytochemical to another (Manach et  al. 2004, 
2005b; Williamson and Manach 2005), so the most antioxidant-rich foods 
do not  necessarily provide highest concentrations of active metabolites in 
target  tissues. The intestinal absorption of antioxidant compounds from 
fruit juices is even better than that of antioxidants from fruits (Bitsch et al. 
2004). Sugar content has no effect on the antioxidant content and capacity 
of the drinks.

10.2 Antioxidant health drinks for prevention of diseases
10.2.1 Fruit and vegetable juices
Nutrition and health organizations recommend that an adult should con-
sume at least two serves of fruit and five serves of vegetables everyday to 
decrease the incidence of several chronic diseases. Polyphenol-rich fruits 
may protect against oxidative stress (Heo et al. 2008). A number of vitamins 
such as C, A, E as well as carotene are excellent antioxidants that also con-
tribute to good health as being cofactors for certain enzymes and involved in 
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oxidation–reduction reactions in the body. Table 10.2 shows the antioxidant 
content of juices and beverages. 

Carrots are high in antioxidants such as phenolics (chlorogenic, p-coumaric, 
and caffeic acids), carotenoids, and vitamins C and E (Alasalvar et al. 2001). 
Oral intake of carrot juice showed increased levels of plasma antioxidants 
(Törrönen et al. 1996), reduced oxidative DNA damage (Pool-Zobel et al. 1998), 
reduced inflammation (Hu et al. 2004), and decreased plasma malondialde-
hyde production (Potter et al. 2011). Lycopene is the predominant carotenoid 
in tomatoes that exhibits highest antioxidant activity among all dietary carot-
enoids (Miller et al. 1996). Two hypotheses have been proposed to explain the 
cancer-preventing effects of carotenoids: (1) their ability to act as precursors 

Table 10.1 Antioxidants Present in Health Drinks and Their Roles in Prevention 
and Treatment of Diseases

Antioxidants Health Benefits Reference

Polyphenol Prevent cardiovascular diseases Manach et al. (2005a)

Prevent neurodegenerative diseases Halliwell (2001)

Osteoporosis Atmaca et al. (2008)

Treatment of diabetes Zunino et al. (2007)

Inhibit non-heme iron absorption Hurrell et al. (1999)

Platelet aggregation Russo et al. (2001)

Lower risk of myocardial infarction Schachinger et al. (2000)

Anticarcinogenic Yang et al. (2001)

Parkinson’s disease Pan et al. (2003)

Vitamin C Protects against cancers Barry (2008)

Protects from heart disease Liu et al. (2002)

Improvement of the health of bones and skin Wang et al. (2007)

Maintaining a healthy immune system Wintergerst et al. (2006)

Improvement in the antibody production Woo et al. (2010)

Increase in the absorption of nutrients Thankachan et al. (2008)

Increases protection against H2O2-induced DNA 
strand breaks

Riso et al. (2010)

Cytoprotective effect on cirrhosis Passoni and Coelho (2008)

Vitamin E Prevents coronary heart disease Pryor (2000)

Decreases incidence of breast and prostate cancers Weinstein et al. (2007)

Reduces long-term risk of dementia Devore et al. (2010)

Decreases risk of Parkinson’s disease Miyake et al. (2010)

Carotenoids (lycopene) Protection against oxidation of lipids, LDL, 
proteins, and DNA

Visioli et al. (2004)

Abduction and free radical scavenging Miller et al. (1996)
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of vitamin A and (2) their intrinsic antioxidant property. An inverse associa-
tion between high intake of tomato products or lycopene and the risk of pros-
tate cancer (Giovamrucci et al. 1995), digestive-tract cancers (Franceschi et al. 
1994), and breast cancer (Potischman et al. 1990) was confirmed. Beetroot 
juice also delivers a high amount of bioaccessible antioxidants and may be 
a cost-effective method of increasing antioxidant status (Wootton-Beard and 
Ryan 2011). Flavonoids and carotenoids contribute to the antioxidant poten-
tial of beetroot juice. Beetroot juice lowers blood pressure and prevents heart 
attack, stroke, and other cardiovascular diseases.

Pomegranate juice contains antioxidants higher than most other fruit juice 
and beverages (Seeram et al. 2008). The most abundant compounds in pome-
granate juice are hydrolysable tannins, anthocyanins, ellagic acid derivatives, 
and different flavanols, which have important antioxidant and atherosclerotic 
biological properties. Pomegranate juice has been endorsed as a preventive 
treatment for coronary heart disease (Basu and Penugonda 2009), chemo-
prevention and chemotherapeutic effects on human prostate cancer (Malik 
et al. 2005). Higher antioxidant activity was found in commercial juices (spe-
cially the organic juice) extracted from whole pomegranate fruits than in fresh 

Table 10.2 Antioxidant Content of Juices and Beverages

Beverages/Juice
Antioxidant Content 

(mmol/100 g)

Amla syrup 29.7

Espresso coffee 12.64–15.83

Red wine 1.78–3.66

Pomegranate juice 1.59–2.57

Coffee 1.24–4.20

Green tea 0.57–2.62

Grape juice 0.69–1.74

Prune juice 0.83–1.13

Blackberry juice 1.27

Black tea 0.75–1.21

Cranberry juice 0.75–1.01

Orange juice 0.47–0.81

Raspberry juice 0.78

Strawberry juice 0.43

Cocoa with milk 0.26–0.45

Tomato juice 0.19–1.06

Apple juice 0.12–0.60

Apricots juice 0.14

Source: Carlsen, M.H. et al., Nutr. J. 9, 3, 2010.
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juices that were obtained only from the arils (Gil et al. 2000). This is due to 
the fact that the industrial processing extracted more hydrolysable tannins 
predominantly punicalagin from the fruit peels resulting in higher antioxidant 
activity in commercial juices.

Apple plays a major role in decreasing the risk of chronic diseases because of 
their fiber, flavonoids, polyphenols, and carotenoids (Basu et al. 2010). Apple 
juice can be used as a nonpharmacologic protective agent that improves the 
total antioxidant status and antioxidant enzymes, whereas it reduces oxida-
tive stress. Further, the hypolipidemic and hypocholesterolemic effects of apple 
juice substantially protect against atherosclerosis. Orange juice and grape fruit 
juice are rich sources of antioxidants and polyphenols, and they cooperatively 
reduce blood lipid profiles and oxidative stress, making them a valuable choice 
for disease prevention especially among the elderly (Densupsoontorn et  al. 
2002; Kiefer et  al. 2004). Total antioxidant activity of ready-to-drink orange 
juice and syrup ranges from 57.88 to 349.32 µmol TEAC/100 mL (Stella et al. 
2011). Grape juice contains flavonoids, which effectively increase the levels of 
high-density lipoproteins. Resveratrol, an important antioxidant found in the 
juice made from dark purple Concord grapes, reduces the risk of heart dis-
ease. Blueberries, cranberries, and strawberries help in preventing a range of 
diseases, such as cancer, heart disease, urinary tract infection, slow the aging 
process and memory loss. Several studies reported the role of cranberries in the 
prevention and treatment of urinary tract infections (Côté et al. 2010). Lemon 
fruit (Citrus limon) is rich in citric acid, vitamin C, flavonoids, and minerals (Del 
Río et al. 2004). Lemon juice is widely used as a natural antioxidant substitute 
for the synthetic ascorbic or citric acids. Juices of watermelon, pink grapefruit, 
apricots, pink guava, papaya, and tomatoes are also rich sources of lycopene 
(Gross 1987). Lycopene or canthaxanthin also exhibits cancer-preventing effects.

10.2.2 Tea
Next to water, tea and coffee are the two most consumed beverages in the 
world. However, the consumption patterns vary among different cultures and 
countries. Approximately 76%–78% of the tea produced and consumed in the 
world is black tea, 20%–22% is green tea, and <2% is oolong tea. Black tea 
is consumed largely in Europe, North America, and North Africa, whereas in 
India, black tea is mixed with milk. Green tea is widely consumed in China, 
Japan, Korea, and Morocco. Oolong tea is prevalent in China and Taiwan. The 
importance of having tea can be best explained by an ancient proverb, “Better 
to be deprived of food for three days, than tea for one.” The major antioxi-
dants in tea and coffee are flavonoids and phenolic acids. Monomer catechins, 
(−)-epigallocatechin-3-gallate (EGCG), epigallocatechin, epicatechin gallate, 
and epicatechin are the major flavonoids present in green tea. Polymerized 
catechins theaflavin and thearubigins predominate in black tea in addition to 
quercetin and flavonols (McKay and Blumberg 2002, 2007). A cup of green 
tea may contain 90–200  mg of catechins and there is also a difference in 
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polyphenol content between black and green tea due to the manufacturing 
conditions. Green tea consumption has also been linked to the prevention of 
many types of cancer, including esophagus, mouth, stomach, small intestine, 
colon, pancreas, lung, kidney, and mammary glands (Koo and Cho 2004). A 
possible relationship between high consumption of green tea and the low 
incidence of breast and prostate cancers has been postulated by Chen et al. 
(1998). Green tea was reported to reduce the risk of esophageal cancer by 
60% (Leventhal et al. 1999). Green tea and EGCG prevent cancer by numerous 
mechanisms that affect different aspects of the carcinogenic process, including 
the inhibition of key cellular enzymes, inhibition of growth factor signaling, 
inhibition of gene transcription, and induction of tumor suppressor genes 
(Chen et al. 2004; Khan et al. 2006; Yang et al. 2006; Tachibana 2009). The anti-
oxidant activity and prooxidant effects of green tea polyphenols have also been 
suggested as potential mechanisms for cancer prevention (Hou et  al. 2005; 
Shen et al. 2005; Butt and Sultan 2009). Green tea has the ability of lowering 
total cholesterol levels and improving the ratio of HDL and LDL cholesterol. 
Green tea may lower blood pressure, and thus may reduce the risk of stroke 
and coronary heart disease by reducing blood glucose levels and body weight 
(Tsuneki et al. 2004). The polyphenolic compounds present in tea are proved 
to be beneficial in reducing the risk of cardiovascular disease (Hodgson 2000). 
Further, green tea is thought to exert a beneficial impact on the body composi-
tion and weight management by decreasing body weight and visceral fat. Shim 
et  al. (1995) found that green tea can block the cigarette-induced increase 
in sister chromatid exchange frequency among cigarette smokers. Green tea 
catechins inhibit Helicobacter pylori infection (Yee et  al. 2002; Takabayashi 
et  al. 2004), other bacterial infections (Toda et  al. 1989; Yam et  al. 1997), 
influenza virus, especially in its earliest stage, as well as against the Herpes 
simplex virus (Mukoyama et al. 1991) and adenovirus infection (Weber et al. 
2003). Green tea polyphenols might protect against chronic diseases, includ-
ing diabetes, AD, and Parkinson’s diseases (PDs) and other neurodegenerative 
diseases (Pan et al. 2003; Weinreb et al. 2004). Green tea consumption offers 
protection against the risk of hip fractures by increasing the bone mineral den-
sity (Muraki et al. 2003). Green tea and its flavonoids have anti-diabetic effects 
(Wu et al. 2004; Iso et al. 2006; Wolfram et al. 2006) and were shown to have 
insulin-like activities (Waltner-Law et  al. 2002) as well as insulin-enhancing 
activities (Anderson and Polansky 2002). Gomes et  al. (1995) reported the 
antihyperglycemic effect of black tea. Black tea polyphenols are reported to 
prevent the degeneration of the matrix in bone and cartilage (Oka et al. 2012). 
EGCG inhibits intestinal glucose uptake by the sodium-dependent glucose 
transporter (SGLT1) (Kobayashi et al. 2000). Green tea and green tea extracts, 
especially EGCG consumption, may help in reducing body weight, mainly 
body fat by increasing postprandial thermogenesis, decrease diet-induced obe-
sity by decreasing energy absorption, and increasing fat oxidation (Klaus et al. 
2005). As a result of these beneficial effects, green tea is currently used in the 
preparation of a variety of foods, dentifrices,  pharmaceutical preparations, 
and cosmetics (Arburjai and Natsheh 2003). However, bottled tea is not as 
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powerful as newly brewed tea regarding their antioxidant capacity. The anti-
oxidant level in bottled tea drinks depends on the type of tea used and how 
it is brewed. Green tea consumption is recommended up to a maximum of six 
cups per day (four cups for pregnant women).

10.2.3 Coffee
Several different compounds, for example, caffeine, polyphenols, volatile 
aroma compounds (furans, pyrroles), and heterocyclic compounds contribute 
to coffee’s antioxidant content (Fuster et al. 2000; Illy 2002; Yanagimoto et al. 
2002; Nawrot et al. 2003). Green coffee beans contain large amounts of poly-
phenolic antioxidants, such as chlorogenic, caffeic, ferulic, and  n-coumarinic 
acids. However, coffee roasting significantly alters the composition of poly-
phenols due to Maillard reaction (chemical reaction between amino acids 
and sugars). Phenylalanine (Farah and Donangelo 2006) and melanoidins 
(Steinhart et al. 2001), which are formed during the roasting process show 
high antioxidant activity. Many researchers believe that Maillard reaction prod-
ucts formed during the roasting process are also strong antioxidants (Eichner 
1981; Nicoli et al. 1997; Del Castillo et al. 2002). Some epidemiological evi-
dence shows that coffee drinkers are at lower risk for AD and PD (Maia and 
de Mendonca 2002). Ferulic acid has anti-inflammatory, antibacterial, antiviral, 
antiallergic, antiplatelet effects (Prior et al. 2003). Many of these antioxidants 
are efficiently absorbed, and hence increase the total plasma antioxidant con-
tent after coffee consumption (Olthof et al. 2001; Illy 2002). A cup of coffee 
may contain 70–350 mg of chlorogenic acid, and the content of caffeine and 
polyphenol varies greatly depending on how the coffee beans are roasted. 
Interestingly, chlorogenic acid and polyphenols in coffee are geographically 
related. Chlorogenic acid was found to be more in Arabica coffee fruit planted 
in Mexico and India compared to those grown in China (Mullen et al. 2013). 
Consumption of 2–3 cups of coffee made with roasted beans ensures the daily 
consumption rate of antioxidants.

10.2.4 Milk
Several antioxidants can be found in milk (Lindmark-Mansson and Akesson 
2000). Antioxidant enzymes such as superoxide dismutase and catalase have 
been demonstrated in milk (Hoolbrook and Hicks 1978; Ito and Akuzawa 
1983). The iron-binding protein, lactoferrin can act as an antioxidant. 
Vitamin E, carotenoids, and ubiquinol act as radical scavengers in the lipid 
phase, whereas vitamin C acts in the water phase. Others can react in both 
the lipid and the water phase. Some flavonoids operate both as radical scav-
engers and metal-ion binders (Lindmark-Mansson and Akesson 2000). Some 
carotenoids have provitamin A action as well as antioxidant functions. The 
bioavailability of polyphenols in milk is somewhat controversial (Leenen et al. 
2000; Hoffman et al. 2001; Lorenz et al. 2007; Serafini et al. 2009; Gad and 
Abd El-salam 2010).
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10.2.5 Red wine
Although red wine contains a variety of polyphenols (the quantity varies 
between each bottle), it is not a good source of antioxidants. Manufacturers of 
red wine recommend that the polyphenolic compound, resveratrol, has car-
dioprotective, antioxidant, and antiapoptotic effects (Penumathsa and Maulik 
2009). Moderate consumption of red wine (containing grape-derived poly-
phenols) attenuates AD amyloid pathogenesis and cognitive deterioration and 
reduce the incidence of AD (Dai et al. 2006; Wang et al. 2006). The quantity 
of alcohol drunk is more important than the type of alcohol drunk.

10.2.6 Soybean milk drink
Soybean is rich in beneficial phytochemicals and is considered as a nutraceuti-
cal. Soybean milk drink has a high content of polyphenols such as isoflavones 
(Messina and Flickinger 2002; Omoni and Aluko 2005). Hydrolysis of soy pro-
tein improved antioxidant efficacy by releasing bound phenols from chelating 
agents such as phytic acid, and production of antioxidant peptide sequences 
(Wang et al. 2008). Consumers now prefer soy milk drink with various flavors 
because of its high protein and antioxidant content.

10.2.7 Cocoa drink
Incas Empire of South America considered cocoa drink as the drink of gods, an 
association that gave rise to the scientific name of the cocoa tree, Theobroma 
cacao, from the Greek words theo (god) and broma (drink). Aztec Emperor, 
Montezuma, considered it as a divine drink, which builds up resistance and 
fights fatigue (Hernán Cortés 1519). Cocoa flavanols and procyanidins exert 
strong antioxidant effects. Raw cocoa powder has high levels of polyphenols, 
which reduce risk factors for cardiovascular diseases, such as endothelial func-
tion and high blood pressure, and relief of angina pectoris, stimulation of the 
nervous system, facilitates digestion, and improves kidney and bowel function. 
Raw cocoa powder can be used for making a cocoa drink with the addition 
of milk. However, commercial cocoa powders sold for baking and drinking 
lose their antioxidants while processing, and thus are not good sources of 
antioxidants.

10.2.8 Herbal drinks
Water extract of different herbs (decoction) rich in antioxidant can be used 
to prepare ready-to-serve herbal drinks. People are using some herbs such 
as Hibiscus sabdariffa, Aegle marmelos, and Chrysanthemum indicum as 
 panacea drinks for a long time. Hibiscus sabdariffa has potent antioxidant 
activity-related to the presence of anthocyanins (Ramirez-Rodrigues et  al. 
2012). Zobo drinks scavenge the ABTS, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 
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and nitric oxide radicals (Oboh and Okhai 2012). It is prepared from vitamin C 
and flavonoid-rich roselle calyces of the H. sabdariffa (Wong et al. 2002). Zobo 
with ginger had a higher flavonoid and vitamin C content compared to the 
other zobo drinks. Some of the herbal juice/drinks rich in antioxidants include 
Syzygium cumini (Perera et al. 2014), Ginger (Zingziber officinale) (Shirin and 
Prakash 2010), Crataegus pinnatifida (Yang and Liu 2012). Handayani et al. 
(2015) suggested that the water attained from cooking pigmented rice have 
high potential to be developed into antioxidant drinks as the antioxidant com-
pounds in the rice bran tend to seep out into the cooking water. The consump-
tion of the hibiscus drink is widespread in Africa and Asia.

10.2.9 Ready-to-drink antioxidant beverages
L-arginine and vitamin C present in tender coconut water significantly reduce 
the free radical generation and lipid peroxidation (Loki and Rajamohan 2003). 
The antioxidant power of some ready-to-drink antioxidant beverages has 
been reported (Seeram et al. 2008). However, their recipes are confidential. 
Some of these beverages contain caffeine in coffee and tea and theobromine 
in chocolate drinks. Owing to their manufacture procedures, some soft drinks 
colored with caramel contain melanoidins that were reported to act as antioxi-
dant (Borrelli et al. 2002; Wang et al. 2007). Caffeine is normally added in cola 
soft drinks (Chou and Bell 2007). Melanoidins are responsible for the strong 
antioxidant properties showed by coffee beverages (Borrelli et al. 2002; Anese 
and Nicoli 2003).

10.3 Impact of processing conditions on antioxidant drinks

Antioxidant content of any food component depends on the growing condi-
tions, seasonal changes, and genetically different cultivars (Imeh and Khokhar 
2002; Scalzo et al. 2005), storage conditions (Kalt et al. 1999; Mullen et al. 
2002; Xianquan et al. 2005), and differences in manufacturing procedures and 
processing (Gil-Izquierdo et al. 2002; Ismail and Lee 2004; Hartmann et al. 
2008). Since the antioxidants in fruits and vegetables are affected by extrinsic 
factors, processing and pasteurization conditions play an important role in the 
antioxidant capacity of juice (Hernández et al. 1999; Yildiz et al. 2009; Gastol 
et al. 2011). In particular, thermal treatments are the main cause of depletion 
of antioxidants in food (Liao and Seib 1988; Jonsson 1991). Hence, the anti-
oxidant properties of foods should be maintained by processing under opti-
mized conditions. On the other hand, heating can also induce the formation 
of further compounds with antioxidant properties during the development of 
the Maillard reaction (Eichner 1981; Ames 1988; O’Brien and Morrissey 1989; 
Rizzi 1994). For example, Nicoli et al. (1997) reported that the overall anti-
oxidant properties were greatly increased with increasing degree of roasting. 
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Similarly, Anese et al. (1999) showed that heating increases the overall antioxi-
dant potential of the tomato juice. However, short heat treatments supported 
an initial decrease in the original antioxidant potential of the product. Ultra 
high-pressure homogenization treated juices are capable of retaining the anti-
oxidant capacity content than the thermally treated juices. Further, highest 
inlet and processing temperature could induce the degradation of antioxidant 
compounds.

10.4 Conclusion

The addition of antioxidants is an emerging trend for development of nutra-
ceuticals and functional foods. Antioxidants are highly useful in the preven-
tion of cancer, cardiovascular diseases, diabetes, and other chronic diseases 
related to oxidative stress. Whole foods such as fruit and vegetables and tea 
are a better choice than foods and drinks with added antioxidants as they 
may have additional health effects that are independent of their antioxidant 
component. The best antioxidant health drink contains 100% natural fruits 
or vegetables. Prevention is the definitive cure of several chronic diseases, 
including cancer, for which current therapy is expensive and difficult.
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11
The Prevention and Treatment 
of Coronary Heart Disease 
and Congestive Heart Failure 
with Antioxidants and 
Nutritional Supplements

Mark C. Houston

Summary

We have reached a limit in our ability to reduce the incidence of coronary 
heart disease (CHD), congestive heart failure (CHF), and cardiovascular disease 
(CVD) utilizing the traditional evaluation, prevention, and treatment strategies 
for the top five cardiovascular risk factors—hypertension, diabetes mellitus, 
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dyslipidemia, obesity, and smoking. Statistics show that approximately 50% of 
patients continue to have CHD or myocardial infarction (MI) despite  normal 
levels of these five risk factors as traditionally defined. A more logical and 
 in-depth understanding of these top five risk factors is necessary. Advanced test-
ing should include 24-hour ambulatory blood pressure monitoring, advanced 
lipid profiles, dysglycemic parameters, visceral obesity with effects of adipokines, 
and evaluation of the three finite vascular endothelial responses of inflammation, 
oxidative stress, and immune vascular dysfunction. Congestive heart failure is 
most commonly due to CHD and presents with both systolic and diastolic heart 
failure. Understanding translational cardiovascular medicine allows appropriate 
correlation of the CHD risk factors to the presence or absence of vascular injury 
and disease utilizing noninvasive vascular testing. This provides for early identi-
fication, prevention, and treatment of CHD, CHF, and CVD.

11.1 Introduction

Cardiovascular medicine needs a complete functional and metabolic medicine 
reevaluation related to diagnosis, prevention, and integrative treatments. We 
have reached a limit in our ability to reduce CVD and CHD (Yusuf et al. 2004). 
The cardiovascular system is literarily on fire. Our present treatments are not 
always effective in reducing this vascular inflammation. CVD, CHD, and CHF 
remain the number 1 cause of morbidity and mortality in the United States 
(Houston 2012a). Statistics show that we spend approximately $80  billion 
a year treating CVD alone (Houston 2012a) and over 2200 U.S. citizens die 
from stroke or MI each day (Houston 2010, 2012a; O’Donnell and Nabel 2011; 
ACCORD Study Group, Gerstein et al. 2011). CHD includes angina, MI, isch-
emic heart disease, and ischemic cardiomyopathy with both systolic (low ejec-
tion fraction) and diastolic congestive heart failure (normal ejection fraction 
with stiff and noncompliant left ventricle). The most common cause of CHF in 
the United States is ischemic heart disease.

The traditional evaluation, prevention, and treatment strategies for the top five car-
diovascular risk factors—hypertension, diabetes mellitus, dyslipidemia, obesity, and 
smoking—have resulted in what is now referred to as a CHD gap ACCORD Study 
Group, (Gerstein et al. 2011). Approximately 50% of patients continue to have CHD 
or MI despite having normal levels of these risk factors as currently defined in 
the medical literature (ACCORD Study Group, Gerstein 2011; Houston 2012a). We 
maintain a cholesterol-centric approach to the management of CHD but do not 
address the basic etiologies of CHD such as inflammation, oxidative stress, and 
immune vascular dysfunction. However, there are important details within each of 
these top five risk factors that are not being measured by physicians and are thus 
ignored in the prevention and treatment of CHD (Houston 2012a). In fact, there are 
at least 395 other risk factors that physicians either do not know about, ignore, or 
do not use appropriate techniques to identify and treat them. Thus, it is imperative 
that we utilize other methods to prevent and treat CVD (Houston 2012a).
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11.2 Revolutionizing the treatment of cardiovascular disease

The blood vessel has three finite responses to an infinite number of insults 
(Houston 2012a). Those responses are inflammation, oxidative stress, and 
vascular immune dysfunction. Tracking backward from those three finite 
responses brings us to the genesis of CVD with the goal of starting effective 
treatments to resolve the downstream abnormalities.

Cell membrane physiology and cell membrane dysfunction are keys to this 
treatment strategy. This membrane barrier separates the outside and the inside 
of every cell. This includes the endothelium, enterocyte, the blood–brain bar-
rier, or any other membrane. Membrane activation determines all of the sig-
naling mechanisms that occur from the external to the internal milieu and the 
downstream internal cell signal pathways (Houston 2012a).

Any cell membrane insult such as high blood pressure, LDL-cholesterol, 
glucose, microbes, toxins, heavy metals, or homocysteine results in a reac-
tion diffusion wave throughout the cell membrane that disrupts the signal-
ing mechanisms and induces membrane damage and dysfunction (El Khatib 
et  al. 2009; Youssef-Elabd et al. 2012). One small insult becomes a height-
ened response (metabolic memory) to create further cell damage ( El Khatib 
et al. 2009; Youssef-Elabd et al. 2012). The blood vessel is really an innocent 
bystander in a  correct but often a chronic and dysregulated vascular response 
to these  infinite insults.

In the acute setting, any vascular insult results in a correct defensive response by 
the endothelium. The vascular immune dysfunction, oxidative stress, or inflam-
matory responses are usually short-lived, appropriate, and regulated (Houston 
2012a). However, chronic insults result in a chronic exaggerated and dysregu-
lated vascular dysfunction with preclinical then clinical CVD due to maladap-
tation of various systems such as the renin–angiotensin–aldosterone (RAAS) 
system, sympathetic nervous system (SNS), and others (Houston 2012a).

Most diseases are arbitrarily defined with a specific abnormal level of some 
test or measurement. Hypertension is defined as greater than 140/90 mm Hg, 
dyslipidemia as LDL-cholesterol over 100 mg/dL, and glucose intolerance as a 
fasting glucose over 99 mg/dL (Houston 2012a). However, it is very clear that 
there exists a continuum of risk starting at lower levels of BP, LDL-cholesterol, 
and glucose, as well as for most other CHD risk factors (Houston 2012a). For 
example, we know that the blood pressure risk for CVD actually starts at 
110/70 mm Hg, and that LDL-cholesterol reduces nitric oxide in the endothe-
lium at 60 mg/dL and fasting glucose at 75 mg/dL is the level at which CHD 
risk begins (Houston 2012a). There is a progressive continuum of risk with all 
of the CVD risk factors and mediators that effect the blood vessel, leading ini-
tially to functional abnormalities (endothelial dysfunction), then to structural 
abnormalities of the vascular and cardiac muscle (stiffness and hypertrophy), 
and to preclinical and clinical CVD.
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Finally, it is important to understand the concept of translational vas-
cular medicine. Do the risk factors that are measured actually translate 
into a vascular illness? Does the absence of those risk factors actually 
define vascular health? Functional and structural markers of vascular and 
endothelial dysfunction are not always used to predict the risk to iden-
tify the vascular effects of CHD risk factors or the presence of vascu-
lar disease. Risk factor scoring systems such as Framingham, American 
Heart Association, American College of Cardiology, or Consortium of 
Southeastern Hypertension Centers (COSEHC) are used to predict risk. 
We assume that if a patient has risk factors, he or she also has vascular 
disease; but if he or she doesn’t, he or she may have vascular health. It is 
important to measure sensitive indicators of endothelial dysfunction and 
vascular structural disease that are induced by the insults. Early detection 
with aggressive treatment will reduce CVD.

11.2.1  The endothelium, endothelial function, 
and endothelial dysfunction

The endothelium is a very thin monolayer of vascular cells that forms an inter-
face between the circulating luminal blood and the vascular smooth muscle 
(Figure 11.1) (Houston 2009, 2010, 2012a). 

�e arterial wall

Lumen

Media

Adventitia

Intima

– Smooth muscle

– Endothelium
– Connective tissue

– Protein matrix of elastin/
    collagen
– Internal elastic lamina

– Strong, fibrous tissue to maintain vessel shape

Figure 11.1 The arterial wall includes the endothelium with connective tissue 
(intima), the media or vascular smooth muscle, and the adventitia with support-
ing fibrous tissue. (Modified from Ross, R., N. Engl. J. Med., 340, 115–126, 1999; 
Mulvany, M.J. et al., Physiol. Rev., 70, 921–961, 1990; Mark, C., Vascular Biology in 
Clinical Practice, Houston, TX, 2000.)
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When the endothelium is working correctly (endothelial function), all the 
blood elements and the vascular smooth muscle have normal function and 
structure. However, when endothelial dysfunction occurs, the results are 
inflammation, oxidative stress, immune dysfunction, abnormal growth, 
vasoconstriction, increased permeability, thrombosis, and ultimately CVD 
(Houston 2009, 2010, 2012a, 2014a).

Figure 11.2 illustrates LDL-cholesterol’s role in atherosclerotic plaque for-
mation (Houston 2014b). Once inside the vessel wall in the subendothelium, 
LDL-cholesterol becomes modified and susceptible to oxidation with modi-
fication by free radicals, as well as by glycation and acetylation (Houston 
2014b). Oxidized, glycated, and acetylated LDLs are toxic to the vessel wall. 
Higher LDL-particle number (LDL-P) and small dense LDL increase the risk 
for LDL modification, which leads to CHD. The modified LDL is consumed 
by scavenger receptors (SR-A and CD-36) on macrophages to form foam 
cells. Foam cells are not able to process any of the forms of modified LDL 
and  continue to accumulate modified-LDL, forming fatty streaks and then a 
plaque, which may rupture to induce acute coronary thrombosis. This is the 
progression that must be interrupted. There are over 38 different steps in 
this process that can be treated to disrupt the dyslipidemia-induced vascular 
disease (Houston 2014b). 

Vascular disease is a balance of vascular injury (angiotensin II and endothe-
lin) and vascular protection with nitric oxide coupled with vascular repair 
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Figure 11.2  A simplified illustration of atherosclerotic plaque formation.
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that includes endothelial progenitor cells (EPCs) produced in the bone 
 marrow (Houston 2010, 2012a). The infinite insults result in preconditioned 
and heightened metabolic memory responses that trigger the three finite 
downstream responses that have a bidirectional communication involving 
endothelial dysfunction, vascular smooth muscle dysfunction, and cardiac 
dysfunction (Houston 2010; Youssef-Elabd et al. 2012). Once endothelial 
dysfunction has developed, a smaller insult occurring at a later time can 
result in a heightened response that induces more vascular damage (Houston 
2010; Youssef-Elabd et al. 2012). This concept of metabolic memory was 
demonstrated by Youssef-Elabd et al. who found that short-term exposure 
of adipose cells to uncontrolled levels of saturated fatty acids and glucose 
leads to a long-term inflammatory insult within adipocytes (Youssef-Elabd 
et al. 2012).

11.2.2 The pathophysiology of vascular disease
• Oxidative stress with reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) is increased in the arteries and kidneys and 
with a decreased oxidative defense.

• Inflammation is increased in the vasculature and kidneys with 
increased high-sensitivity C-reactive protein (HS-CRP), leukocytosis, 
increased neutrophils and decreased lymphocytes, and increased 
activity of the RAAS.

• Autoimmune dysfunction of the arteries and kidneys occurs with an 
increase in white blood cell count (WBC) and involvement of CD4+ 
(T-helper cells) and CD8+ (cytotoxic T-cells).

These insults result in abnormal vascular biology with endothelial dysfunc-
tion and cardiac and vascular smooth muscle hypertrophy and dysfunction. 
Of course, nutragenomics, genetics, and epigenetics also play a role in the 
pathophysiology of vascular disease O’Donnell and Nabel (2011).

Figure 11.3 offers an insight into the infinite insults that bombard the endo-
thelium. The infinite insults are divided into two major categories: biome-
chanical (blood pressure, pulse pressure, shear stress, and oscillatory pressure 
within the arterial system) and biochemical (e.g., nutritional and biohumoral 
factors, microbes, sterile antigens, nonsterile antigens, and environmental tox-
ins). Most plaques form at the bifurcation of arteries. 

Endothelial cells express various receptors that determine the interaction 
between the insults and the downstream mediators. These include pattern 
recognition receptors (PRRs), toll-like receptors (TLRs), nod-like receptors 
(NLRs), and caveolae (Della Rocca and Pepine 2010; Lundberg and Yan 2011; 
Zhao et al. 2011; Houston 2012b). The TLRs and NLRs are membrane recep-
tors that react to external insults with appropriate intracellular signaling 
that usually induces inflammation, oxidative stress, and immune dysfunction 
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within the cell. The caveolae are membrane lipid microdomains that when 
interrupted or stimulated reduce endothelial nitric oxide synthase (eNOS) and 
nitric oxide levels with an increased BP, inflammation, dyslipidemia, oxidative 
stress, immune dysfunction, and atherosclerosis. The various risk factors and 
risk mediators attach to one of the receptors in the membrane and then set 
off a cascade of the three finite responses (inflammation, oxidative stress, and 
immune dysfunction), which leads to endothelial dysfunction and ultimately 
CVD (Della Rocca and Pepine 2010).

11.2.3 Interrupting the finite pathways
The key to the successful prevention and treatment of CVD is recognition 
of the risk factors, optimal aggressive and early treatment of the risk fac-
tors, and identification of treatments that will interrupt the pathways that 
connect the risk factors to these receptors. The TLR 1, 2, and 4 are the most 
common of the PRR-type TLRs related to the vascular membrane and endo-
thelial dysfunction. The NLRs (NOD 1 and NOD 2) are also type of PRRs 
that involve the vascular membrane. There are many scientifically proven 
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Figure 11.3  The endothelium is subject to an infinite number of insults but can only 
elicit a finite number of responses to those insults.
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nutraceuticals and dietary factors that reduce TLR and NLR activation (Zhao 
et al. 2011): 

• Curcurmin (tumeric): TLR 4, NOD 1 (NLR), and NOD 2 (NLR).
• Cinnamaldehyde (cinnamon): TLR 4.
• Sulforaphane (broccoli): TLR 4.
• Resveratrol (nutritional supplement, red wine, and grapes): TLR 1.
• Epigallocatechin gallate (EGCG) (green tea): TLR 1.
• Luteolin: Celery, green pepper, rosemary, carrots, oregano, oranges, 

and olives: TLR 1.
• Quercetin: (tea, apples, onion, tomatoes, and capers): TLR 1.
• Omega-3 fatty acids: Interrupt caveolae lipid microdomains TLRs and 

NODs, decrease inflammation and HS CRP, lower BP, decrease LDL P, 
increase LDL and HDL size, improve glycation parameters and insu-
lin sensitivity, decrease immune vascular dysfunction, decrease CHD 
plaque formation, and improve CHD and CHF symptoms and outcomes.

The goal is to use a dynamic systems biology, functional and metabolic medi-
cine approach to establish cardiovascular ecology, balance, and allostasis 
(achieve stability through change), and minimize chronic internal and exter-
nal cardiovascular stressors, mediators, and risk factors that insult the blood 
vessel. An attempt should be made to reduce the allostatic load and prevent, 
regulate, and treat the abnormal downstream finite responses.

The polygenetic codes for CVD identifies 30 separate loci that are associated 
with MI and CHD, but only a minority of those 30 loci have anything to do 
with the top five cardiovascular risk factors (O’Donnell and Nabel 2011). The 
majority of those loci deal directly with inflammatory pathways. Evaluation 
and treatment of only the top five risk factors and how they interact with our 
genome will never reduce CVD and the CHD gap will persist.

Atherosclerosis, endothelial dysfunction, and vascular disease are postprandial 
phenomena (Mah and Bruno 2012). Ingestion of sodium chloride, refined carbo-
hydrates, and foods containing saturated fats and trans fats, trigger glucotoxicity, 
triglyceride toxicity, vascular endotoxemia, inflammation, oxidative stress, and 
immune dysfunction (Lundberg and Yan 2011; Mah and Bruno 2012; Youssef-
Elabd et al. 2012). Furthermore, these responses may be perpetuated long after 
the original insult with a heightened continued inflammatory response (meta-
bolic memory) (Youssef-Elabd et al. 2012). Fortunately, studies have shown that 
eating a diet rich in potassium and magnesium with low- glycemic foods (vege-
tables, fiber), monounsaturated and polyunsaturated omega-3 fats, polyphenols, 
and antioxidants can help to prevent postprandial endothelial dysfunction and 
reduce future CV events (Houston 2009, 2014a,b). Early evidence of CVD in the 
form of fatty streaks has been documented in children in the first and second 
decades of life (Figure 11.4) (Houston 2012a). The vascular disease is subclinical 
for 10–30 years or more prior to any cardiovascular event (Houston 2009, 2010, 
2012a). Endothelial dysfunction is the earliest functional abnormality, followed 
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by changes in arterial compliance, stiffness, and elasticity. It is important to 
begin using technologies that allow earlier identification of cardiovascular dys-
function before any structural changes have occurred. 

11.2.3.1 Coronary heart disease

Figure 11.5 illustrates the vessel changes that occur as CHD progresses. The 
image on the left of the figure shows a fairly normal artery. In the middle 
image, the CHD has progressed from minimal to moderate CHD with the sub-
endothelium layer becoming thickened, but the lumen is still the same size. 
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This extraluminal plaque and inflammation could be seen with computerized 
CT angiogram (CTA) or magnetic resonance angiogram (MRA) but missed by 
conventional coronary arteriogram (Figure 11.6). The image on the right in 
Figure 11.5 shows extensive extraluminal and intraluminal disease.

Angiographically inapparent atheroma

(a) (b)

Figure 11.6  Coronary heart disease that is not detectable by angiogram (a) is clearly 
evident using computed tomography (b). (From Nissen, S.E. et al., in Topol [Ed.], 
Interventional Cardiology Update, 14, 1995.)
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Figure 11.5  Illustration of the vessel changes that occur as coronary heart disease 
progresses.
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11.2.3.2 Coronary heart disease risk factors—hypertension

The lack of proper types of imaging, ignoring the majority of the 400 or 
more CHD risk factors, and not properly evaluating the top five risk fac-
tors are some of the reasons for the persistence of the CHD gap (Houston 
2012a). For example, only a 24-hour ABM (ambulatory blood pressure 
monitor) can identify specific BP risks for CVD such as nocturnal BP, dip-
ping, nondipping, BP surges, BP load, white coat and masked hyperten-
sion, and BP variability. Nondipping is defined as a less than 10% reduction 
in BP at night compared to daytime. Nocturnal BP is the primary deter-
minate of CVD related to BP measurements. Nocturnal blood pressure is 
more clinically important than day blood pressure (27/15 mm Hg differ-
ence is optimal) (Houston 2009). The BP load is the number of BP read-
ings over 140/90 mm Hg in 24 h. The normal BP load is less than 15% 
of the total BP readings over 140/90  mm Hg. BP surges that are high 
and rapid during the early hours between 3  a.m. and 9  a.m., as well as 
labile or variable BP, will increase CVD and plaque rupture (Houston 2009). 
Furthermore,  morning blood pressure surges (level and rapidity) increase 
the risk of ischemic stroke, MI, and left ventricular hypertrophy (Houston 
2009). Excessive  dipping is associated with an increased risk of ischemic 
stroke and reverse dipping is associated with an increased risk of intrace-
rebral hemorrhage. Hypertension is not a disease, it is really a marker for 
vascular dysfunction. Therefore, it is crucial that it is correctly identified. 
The following points should always be considered when evaluating blood 
pressure (Houston 2009): 

• Normal blood pressure is 120/80 mm Hg, but there is a continuum of 
risk for CVD starting at 110/70 mm Hg.

• Each increase of 20/10 mm Hg doubles cardiovascular risk.
• Before age 50, the diastolic blood pressure predicts CVD risk best.
• After age 50, the systolic blood pressure predicts CVD risk best.
• 24-h ambulatory blood pressure monitoring is more accurate than 

office or home blood pressure measurements and should be the stan-
dard of care for defining blood pressure and CVD risk.

• Mercury cuffs are best: Electronic arm cuffs are good. Do not use wrist 
or finger monitors.

• Blood pressure load: The percent over 140/90 mm Hg should be less 
than 15 of total BP.

• White coat hypertension (office BP > home BP) and masked hyper-
tension (home BP > office BP).

Nutritional and nutraceutical supplements and other life style changes that 
improve BP are shown in Tables 11.1 and 11.2 (Houston 2014a).
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Table 11.1 Natural Antihypertensive Compounds Categorized by 
Antihypertensive Class

Antihypertensive
Therapeutic Class
(Alphabetical Listing)

Foods and Ingredients 
Listed by Therapeutic Class

Nutrients and Other 
Supplements Listed by 

Therapeutic Class

Angiotensin-converting enzyme inhibitors Egg yolk
Fish (specific):
Bonito,
Dried salted fish,
Fish sauce
Sardine muscle/protein
Tuna
Garlic
Gelatin
Hawthorne berry
Milk products (specific):
Casein
Sour milk
Whey (hydrolyzed)
Sake
Sea vegetables (kelp)
Sea weed (wakame)
Wheat germ (hydrolyzed)
Zein (corn protein)

Melatonin
Omega-3 fatty acids
Pomegranate
Pycnogenol
Zinc

Angiotensin receptor blockers Celery
Fiber
Garlic
MUFA

Coenzyme Q10
g-Linolenic acid
NAC
Oleic acid
Resveratrol
Potassium
Taurine
Vitamin C
Vitamin B6 (pyridoxine)

β-Blockers Hawthorne berry

Calcium channel blockers Celery
Garlic
Hawthorn berry
MUFA

α-Lipoic acid
Calcium
Magnesium
N-acetyl cysteine
Oleic acid
Omega-3 fatty acids:
Eicosapentaenoic acid
Docosahexaenoic acid
Taurine
Vitamin B6
Vitamin C
Vitamin E

(Continued )
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Table 11.1 (Continued ) Natural Antihypertensive Compounds Categorized by 
Antihypertensive Class

Antihypertensive
Therapeutic Class
(Alphabetical Listing)

Foods and Ingredients 
Listed by Therapeutic Class

Nutrients and Other 
Supplements Listed by 

Therapeutic Class

Central α agonists
(reduce sympathetic nervous system 
activity)

Celery
Fiber
Garlic
Protein

Coenzyme Q10
g-Linolenic acid
Potassium
Restriction of sodium
Taurine
Vitamin C
Vitamin B6
Zinc

Direct renin inhibitors Vitamin D

Direct vasodilators Celery
Cooking oils with
monounsaturated fats
Fiber
Garlic
MUFA
Soy

α-Linolenic acid
Arginine
Calcium
Flavonoids
Magnesium
Omega-3 fatty acids
Potassium
Taurine
Vitamin C
Vitamin E

Diuretics Celery
Hawthorn berry
Protein

Calcium
Coenzyme Q10
Fiber
g-Linolenic acid
L-carnitine
Magnesium
Potassium
Taurine
Vitamin B6
Vitamin C
Vitamin E: High g/ 

 d-Tocopherols and tocotrienols

(Continued )

Table 11.2 An Integrative Approach to the Treatment of Hypertension

Intervention 
Category Therapeutic Intervention Daily Intake

Diet characteristics DASH I, DASH II-Na+ or PREMIER diet Diet type
Sodium restriction 1500 mg
Potassium 5000 mg
Potassium/sodium ratio >3:1
Magnesium 1000 mg
Zinc 50 mg
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Table 11.2 (Continued) An Integrative Approach to the Treatment of Hypertension 

(Continued )

Intervention 
Category Therapeutic Intervention Daily Intake

Macronutrients Protein: Total intake from nonanimal sources, organic 
lean or wild animal protein, or cold-water fish

30% of total calories, which 
1.5–1.8 g/kg body weight

Whey protein 30 g
Soy protein (fermented sources are preferred) 30 g
Sardine muscle concentrate extract 3 g
Milk peptides (VPP and IPP) 30–60 mg
Fat 30% of total calories
Omega-3 fatty acids 2–3 g
Omega-6 fatty acids 1 g
Omega-9 fatty acids 2–4 tablespoons of olive or nut oil or 

10–20 olives
Saturated fatty acids from wild game, bison, or other 

lean meat
<10% total calories

Polyunsaturated to saturated fat ratio >2.0
Omega-3-to-omega-6 ratio 1.1–1.2
Synthetic trans fatty acids None (completely remove from diet)
Nuts in variety Ad libitum
Carbohydrates as primarily complex carbohydrates 

and fiber
40% of total calories

Oatmeal or 60 g
Oatbran or 40 g
β-Glucan or 3 g
Psyllium 7 g

Specific foods Garlic as fresh cloves or aged Kyolic garlic 4 fresh cloves (4 g) or 600 mg aged 
garlic taken twice daily

Sea vegetables, specifically dried wakame 3.0–3.5 g
Lycopene as tomato products, guava, watermelon, 

apricots, pink grapefruit, papaya, or supplements
10–20 mg

Dark chocolate 100 g
Pomegranate juice or seeds 8 oz. or one cup
Sesame 60 mg sesamin or 2.5 g sesame meal

Exercise Aerobic 20 min daily at 4200 kJ/week
Resistance 40 min per day

Weight reduction Body mass index <25
Waist circumference:
<35 in. for women
<40 in. for men
Total body fat:
<22% for women
<16% for men

Lose 1–2 lb. per week and increasing 
the proportion of lean muscle
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11.2.3.3 Coronary heart disease risk factors—dyslipidemia

Dyslipidemia is another one of the top five cardiovascular risk factors. Proper 
measurement, risk assessment, and treatment using advanced lipid profiles is 
proven and recommended (van der Steeg et al. 2008; Della Rocca and Pepine 
2010; Fazio and Linton 2010; Houston 2012b, 2014b). An advanced lipid profile 
will measure: 

• LDL-C total
• LDL-P: LDL particle number (drives CHD risk)

Intervention 
Category Therapeutic Intervention Daily Intake

Other lifestyle 
recommendations

Alcohol restriction:
Among the choice of alcohol red wine is preferred due 

to its vasoactive phytonutrients

<20 g per day
Wine < 10 oz.
Beer < 24 oz.
Liquor < 2 oz.

Caffeine restriction or elimination depending on CYP 
450 type

<100 mg per day

Tobacco and smoking Stop

Medical considerations Medications which may increase blood pressure. Minimize use when possible, such as 
by using disease-specific nutritional 
interventions

Supplemental foods and 
nutrients

α-Lipoic acid with biotin 100–200 mg twice daily

Amino acids: Arginine 5 g twice daily

Carnitine 1–2 g twice daily

Taurine 1–3 g twice daily

Chlorogenic acids 150–200 mg

Coenzyme Q10 100 mg once to twice daily

Grape seed extract
Hawthorne extract

300 mg
500 mg twice a day

Melatonin
N-acetyl cysteine (NAC)
Olive leaf extract (oleuropein)
Pycnogenol
Quercetin

2.5 mg
500 mg twice a day
500 mg twice a day
200 mg
500 mg twice a day

Resveratrol (trans) 250 mg

Vitamin B6 100 mg once to twice daily

Vitamin C 250–500 mg twice daily

Vitamin D3 Dose to raise 25-hydroxyvitamin D 
serum level to 60 ng/ml

Vitamin E as mixed tocopherols 400 IU

Table 11.2 (Continued) An Integrative Approach to the Treatment of Hypertension 
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• LDL size (dense type B versus large type A)
• Modified LDL (oxidized, glycated, glyco-oxidized, and acetylated)
• Antibodies to oxLDL and modified LDL
• Apolipoprotein (APO) B elevated
• APO B antibodies and immune complexes
• Lp(a)
• HDL-C total
• HDL-P: HDL particle number
• HDL size (large 2b versus small type 3)
• Dysfunctional HDL
• Pro-inflammatory and pro-atherogenic HDL
• Myeloperoxidase (MPO) and dysfunctional APO A
• Low APO A
• Low paraoxonase (PON)-1 and PON-2
• Increased APO-CIII
• Serum-free fatty acids
• VLDL and triglyceride (TG) total
• Large VLDL
• VLDL-P particle number
• Remnant particles

The primary driving cardiovascular risk related to LDL-cholesterol is the num-
ber of LDL-particle number (LDL-P) and apolipoprotein B particles (Houston 
2012b, 2014b). HDL-P (particle number) is most protective, with larger HDL 
type 2b being a second important protective mechanism (Houston 2012b, 
2014b). Larger number and size of HDL are more efficient at reverse cho-
lesterol transport and cholesterol efflux and more protective to the vascular 
system in numerous other ways. It is also important to analyze dysfunctional 
HDL (van der Steeg et al. 2008; Fazio and Linton 2010; Houston 2012b, 2014b). 
The loss of HDL function reduces reverse cholesterol transport (RCT) and 
cholesterol efflux capacity (CEC), reduces oxidative defense, and increases 
oxidative stress and inflammation. Dysfunctional HDL my represent the most 
important protective factor of HDL compared to HDL-P or HDL size related to 
CHD. Patients who have a HDL of 85 mg/dL or more often have dysfunctional 
HDL that is not protective and may be pro-inflammatory or atherogenic (van 
der Steeg et al. 2008; Fazio and Linton 2010). VLDL, triglycerides, and remnant 
particles are very atherogenic and thrombogenic (Houston 2012b, 2014b).

Nutritional and nutraceutical supplements for the treatment of dyslipidemia 
are shown in Table 11.3 (Houston 2012b, 2014b). 

11.2.3.4 Coronary heart disease risk factors—dysglycemia

A fasting blood sugar (FBS) of over 75 mg increases CHD by 1% per increase 
of 1  mg/dL and induces endothelial dysfunction (Houston 2012a). If a 
patient has a FBS of 100 mg (often considered a normal level), the risk of 
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CHD is increased by 25% (Houston 2012a). A 2-hour glucose tolerance test 
(GTT) over 110 mg increases CHD by 2% per 1 mg/dL increase in glucose 
(Houston 2012a). The current definition of an abnormal 2-hour GTT is value 
of more than 140 mg. If a patient’s result is 140 mg, which again is currently 
classed as normal, CHD and MI are increased by 60%. Hyperinsulinemia 
is also an independent risk factor for CHD (Houston 2012a). Insulin resis-
tance creates inflammation, reduces nitric oxide levels, and causes endo-
thelial dysfunction and vascular disease through the mitogen-activated 
protein kinase (MAPK) pathway, which is inflammatory and atherogenic 
and induces hypertension, diabetes mellitur, and CVD, as opposed to the 
phosphatidylinositol 3-kinase (PI3K) pathway, which is anti-inflammatory, 
antihypertensive, and anti- atherogenic (Houston 2012a). It is important to 
measure all glycation parameters including fasting glucose, 2-hour GTT, 
insulin levels, C-peptide, and proinsulin, depending on the clinical setting 
(Fazio and Linton 2010).

Table 11.3 Nutrition and Nutraceutical Supplements for the Treatment of Dyslipidemia

• Red yeast rice 2400–4800 mg at night with food

• Plant sterols 2.5 g per day

• Berberine 500 mg per day to twice per day

• Niacin (nicotinic acid B3) 500–3000 mg per day as tolerated pretreated with quercetin, apples, ASA. Take with food 
and avoid alcohol. Never interrupt therapy

• Omega-3 fatty acids with EPA/DHA at 3/2 ratio 4 grams/day with GLA at 50% of total EPA and GLA and 
g/d-tocopherol

• g/d-Tocotrienols 200 mg h

• Aged Kyolic garlic standardized 600 mg twice per day

• Sesame 40 g per day

• Pantethine 450 mg bid

• MUFA 20–40 g per day (EVOO 4 tablespoons per day)

• Lycopene 20 mg per day

• Luteolin 10 per day

• Trans resveratrol 250 mg per day

• NAC 500 mg twice per day

• Carnosine 500 mg twice per day

• Citrus bergamot 1000 mg per day

• Quercetin 500 mg twice per day

• Probiotics standardized 15–50 billion organisms bid

• Curcumin 500–1000 mg twice per day

• EGCG 500–1000 mg bid or 60–100 oz. of green tea per day

• Pomegranate one cup of seeds/day or 6 oz. of juice per day
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Obesity with increased levels of inflammatory and oxidative stress–related 
adipokines contribute to CHD. Measurement of body weight, waist and hip 
circumference, waist-to-hip ratio, BMI, and body composition with total body 
fat and visceral fat with measurement of lean body mass and using body 
impedence analysis will help predict CHD risk (Houston 2003). Interval aero-
bic and resistance exercise should also be part of the comprehensive CHD 
prevention program.

11.2.3.5 Noninvasive vascular testing

Fortunately, there are a number of noninvasive tests to determine vascular 
pathology before it actually starts (Houston 2012a). A discussion of these 
techniques is beyond the scope of this book; however, the reader is encour-
aged to find out more about these technologies, particularly EndoPAT, a post-
brachial artery study, which is very accurate at assessing endothelial function 
and diagnosing endothelial dysfunction, computerized arterial pulse wave 
analysis (CAPWA) for endothelial function and arterial compliance, carotid 
intimal medial thickness (IMT), heart rate variability and heart rate recovery 
time, ECHO, magnetic cardiography (MCG) and cardiac CT angiograms for 
obstructive CHD, and coronary calcium score (Houston 2003, 2009, 2012a; 
Bonetti et al. 2004; Kandori et al. 2010; Rozanski et al. 2011) (Table 11.4). 
EndoPAT is the most cost-effective and accurate noninvasive test to identify 
early endothelial dysfunction to predict future CVD and CHD. This test, along 
with 24-hour BP, advanced lipid testing, and glycation measurements, is the 
best initial way to evaluate the CV patient. Numerous other CHD risk factors 
with comprehensive CHD testing are listed in Table 11.5. Some of the most 
neglected and important CHD risk factors to evaluate include gender-specific 
hormones, thyroid function, toxins, homocyteine, and vitamin D. If proper 
coding is done, these and other tests reviewed are very cost-effective and 
covered by insurance.

Table 11.4 Noninvasive Vascular Testing for Cardiovascular Disease

Functional Tests Structural Tests Other

EndoPAT (endothelial dysfunction) Carotid IMT duplex Cardiac PET and SPECT

CAPWA: (computerized arterial pulse 
wave analysis)

EBT and CT angiogram (CTA) with CAC 
scoring

IVUS: intravascular ultrasound

DTM: (digital thermographic monitor) Cardiac MRI (CMR) Cardiac nuclear studies (MPI) with PET 
and SPECT

HRV: (heart rate variability) Echo: rest and exercise Coronary angiogram

EKG and TMT ABI: rest and exercise

MCG: (magnetocardiography)
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11.3 Treatment

The prevention and treatment of cardiovascular disease, CHD, and CHF 
require an early and aggressive program that includes optimal nutrition, anti-
oxidants, nutritional supplements, weight management, resistance and aero-
bic interval exercise programs, tobacco cessation, and other life style changes 
that can be incorporated into a pharmaceutical regimen as necessary. The 
treatment of hypertension, dyslipidemia, dysglycemia, and obesity have been 
reviewed. In this chapter, prevention and treatment of endothelial dysfunc-
tion, CHD, angina, and CHF will be reviewed.

11.3.1 Endothelial dysfunction
Maintaining optimal endothelial function is most important in preventing 
CHD and future CV events. Maintaining optimal nitric oxide bioavailability is 
the key in maintaining endothelial function. This involves arginine, nitrates, 
and nitrites, eNOS function (endothelial nitric oxide synthase), and cofactors 
such as folate, tetrahydrobiopterin, glutathione, NADH, and FADH. Endothelial 
dysfunction is the first functional abnormality in CVD (Landberg et al. 2012; 
Larijani et al. 2013; Yamagata et al. 2015). The Mediterranean diet and DASH 
diets have been shown to improve endothelial function and reduce CV event 
rate by about 30% [20–22] (Table 11.6). Various supplements such as vitamin D 

Table 11.6 Nutrition and Supplements to Improve 
Endothelial Function

DASH and Mediterranean diet

Vitamin D and C

Aged garlic

Quercetin

Coenzyme Q10

Lycopene

Omega-3 fatty acids

Polyphenols and flavonoids: Cacao, tea, catechis, berry anthocyanins, orange 
juice and hesperidein, wine polyphenols, beets, and beet root extract

Pomegranate

Curcumin

Arginine and citrullene

Nitrates and nitrites in dark green leafy vegetables and beets

Resveratrol

Glutathione

N-acetyl cysteine

Lipoic acid

B vitamins
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to a blood level of about 60 ng/ml, vitamin C at 250 mg bid, aged garlic 600 mg 
bid, Quercetin 500–1000 mg bid, curcumin 500–1000 mg bid, Coenzyme Q10 to 
a blood level of 3 µg/ml, lycopene 20 mg per day and various polyphenols, fla-
vonoids, beets, and beet root extract, and omega-3 fatty acids at 1000–5000 mg 
per day improve eNOS, nitric oxide, and endothelial function (Landberg et al. 
2012; Larijani et al. 2013; Yamagata et al. 2015) (Table 11.6). 

11.3.2 Coronary heart disease and congestive heart failure
CHD, systolic CHF with a low ejection fraction, and diastolic CHF can be effec-
tively managed with various supplements as shown in Table 11.7. These supple-
ments improve coronary artery endothelial function, reduce oxidative stress, 
improve oxidative defense, and decrease inflammation and  cardiovascular 
immune dysfunction. They also improve cardiac contractility,  ventricular com-
pliance, metabolic and nutritional function of the cardiac  myocyte, myocardial 
bioenergetics, ATP production, and oxygen  delivery, reduce cardiac arrhyth-
mias and plaque progression, enhance plaque  regression, stabilize plaque, 
and reduce plaque rupture and MI, stent  restenosis, and CABG  restenosis (Xu 
et al. 2008; Wagner et al. 2009; Chiuve et al. 2011; Mingorance et al. 2011; 
DiNicolantonio et al. 2013; Nozue et al. 2013; Shea et al. 2013; Mortensen 
et al. 2014) (Table 11.7). 

Table 11.7 Summary

Summary Metabolic Cardiology : 
Nondrug TX of Angina, CHD, and CHF

Summary Metabolic Cardiology: 
Nondrug TX of Angina, CHD, and CHF

Taurine 3 g bid Vitamin K2 MK & 150 mg qd

D-Ribose 5 g tid or qid Omega-3 FA 6 capsules bid, 5 g per day

Coenzyme Q10, 300 mg bid

Magnesium chelates 500–1000 mg bid

High potassium diet 5000–10,000 mg qd

Carnitine tartrate 3 g bid

R-Lipoic Acid 300–600 mg bid (pyruvate decarboxylase 
complex)

Malic acid 240 mg bid

Aged garlic 1200 qd

Curcumin 500–1000 mg bid

Vitamin C 500 mg bid

Sesame oil 200–300 ml qd

Carnosine 500–1000 mg qd

Probiotics (Saccharomyces boulardii and others)

Glutathione precursors: NAC 1000 mg bid, R-Lipoic acid 
extended release 300 mg bid, whey protein 40 g qd, 
selenium 200 mg qd

Vitamin D3 to level of 60 ng/ml

B Vitamins with 200 mg thiamine qd

Zinc 50 mg qd (test for copper levels)

Selenium 200 mcg qd

Proprietary vascular product 5 caps bid

Trans-Resveratrol (Resvera-Sirt HP) 250 mg qd

Creatine 2000 mg qd

Quercetin 1000 mg bid

Sauna treatments  
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11.4 Conclusion

The top five cardiovascular risk factors, as they are currently defined, are not 
an adequate explanation for CHD. In order to close the CHD gap, the top five 
risk factors must be better defined and treated while assessing the other 395 
risk factors and mediators. Early detection and aggressive prevention and 
treatment of vascular disease are needed before any structural changes occur. 
New laboratory tests, such as the advanced lipid profiles, 24-hour BP monitor-
ing, and specific tests to identify inflammation and oxidative stress such and 
immune vascular dysfunction are needed. In addition, vascular translational 
medicine will need to be evaluated with new imaging technologies, such as 
EndoPAT, CAPWA, carotid IMT, MCG, HRV, and CT Angiogram.

In order to truly revolutionize the treatment of CVD, new therapies will need 
to involve management of the pathophysiologic risk factors, mediators, and 
their downstream effects, as well as the finite vascular responses. This will be 
achievable by using a combination of targeted personalized treatments with 
genomics, proteomics, metabolomics, nutrition, nutraceutical supplements, 
vitamins, minerals, antioxidants, anti-inflammatory agents, anti- immunological 
agents, and pharmacologic agents. Future studies must begin to measure all 
the pertinent risk factors that have been reviewed here to correlate their direct 
relationship with CHD. Only by addressing all these factors will we be able to 
decrease or halt subsequent vascular aging, damage, and CVD.
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Nutraceuticals
A Preventative Measure against the 
Adverse Impact among Diabetic Patients

Suyansh Sharma and Sarvadaman Pathak

12.1 Introduction

Hesy-Ra, an ancient Egyptian in 1552 BC, was the first to notice what we now 
call a diabetic symptom. He noticed frequent urination among his patients, 
which somehow attracted ants. In the 1800s, the first chemical test was then 
developed to detect glucose level in urine. Diabetes is a metabolic disorder 
in which one’s body is unable to absorb glucose. In order to absorb glu-
cose, pancreas (β-cells) produce insulin, which maintains the blood glucose 
hemostasis in our body. Insulin secretion is usually triggered during post-
prandial state, when glucose plasma level is higher. However, due to genetic 
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and environmental stimuli, insulin production can be reduced or nonfunc-
tional in our system. The two main types of diabetes most frequently docu-
mented include type 1 diabetes (IDDM), a condition with an unknown cause 
that result in an absolute insulin deficiency due to a defective pancreatic β 
cells that do not produce insulin (Diabetes Fact Sheet 2013). Type 2 diabetes 
(NIDDM), on the other hand, is a progressive insulin secretory defect. In addi-
tion, the body also becomes insensitive to insulin. Certain genetic faults found 
in the pancreatic β-cell and even viral infection (Filippi and Von Herrath 2008) 
(Coxsackie infection) could lead toward developing diabetes. Since insulin 
production/function is repressed, this causes a progressive increase in blood 
glucose level, which can be life threatening in the long run. Increased blood 
glucose levels could harden the blood vessels (atherosclerosis), which would 
clog blood vessels, impeding oxygen and nutrients deliveries for  tissues. Over 
time, increased blood glucose level increases the chance of getting heart 
 disease, stroke, peripheral arterial disease, diabetic nephropathy, diabetic 
retinopathy, and even diabetic neuropathy. Poor blood circulation not only 
affects organs but also leads to skin ulcers, particularly on the foot. In abso-
lute or relative insulin deficiency, the body relies solely on fat as an energy 
source. This process, however, produces ketones as the by-product, which 
is both toxic and lowers the pH of the blood. Prolonged low pH could lead 
to a fatal diabetic ketoacidosis. The International Diabetes Federation (IDF) 
stated that 387 million people are currently affected by diabetes worldwide 
(Key Findings 2014). The IDF also predicted that by 2035, the number of 
people with diabetes would increase to 592  million. Controlling glycemic 
level is not sufficient when treating diabetes; American Diabetes Association 
(ADA) described diabetes as a lifelong illness with multiple symptoms that go 
beyond just glucose level (American Diabetes Association 2015a).

Diabetic patients in the United States are faced with rising medical cost impact-
ing patients with low socioeconomic status (American Diabetes Association 
2015a). A recent study in Denmark found that healthcare resource usage for dia-
betic patients was almost twice that of their non-diabetic counterparts (Sortsø 
et al. 2015). Cost of treatment also spikes as diabetic patients develop major 
complications. In addition, these complications could also affect patients in 
their day-to-day life, jeopardizing their employment status. Diabetic patients 
have even self-reported greater work impairment in relation to their produc-
tivity (Rodbard et al. 2009). The Centers of Disease Control and Prevention 
(CDC) reported over 65,700 lower-limb amputations per year due to severe 
cases of diabetic ulcer (U.S. Centers for Disease Control and Prevention 2011). 
Patients with these complications may then be faced with limited employment 
opportunities with lower pay. The same study in Denmark also reported that 
unemployment is higher among diabetic patients compared with non-diabetic 
patients by 22% (Sortsø et al. 2015), also noting that diabetic patients earned 
less annually. This is where this chapter comes. Our mission is to educate 
about the cost-effective nutritional medical route that could be taken along 
with the prescribed allopathic medicine. These include herbal medicine and 
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even common culinary spices. This alternative medicine called nutraceutical 
is not anew, as studies have shown that 30% of diabetic patients use plants 
with medicinal value (Raman et al. 2012).

For decades, several drugs and treatments have been developed to help 
patients manage their diabetes. Although anti-diabetic agents can be used 
to manage hyperglycemia and reduce microvascular complications (i.e., reti-
nopathy, neuropathy, and nephropathy), their use is associated with undesir-
able side effects (International Diabetes Federation 2005; American Diabetes 
Association 2015b). Dietary changes are effective in managing diabetes and 
should be continued for long term. However, dietary changes alone will not 
effectively control blood glucose. As diabetes develops, and especially if 
blood glucose remains uncontrolled, complications will significantly develop 
that result in increased cost and patient morbidity. In the following section, 
we will focus on the general treatment options for diabetic patients and look 
into alternatives mentioned earlier.

12.2 General treatment options for diabetes
12.2.1 Insulin
Type 1 diabetes is traditionally thought of as an absolute insulin deficiency 
and T2D a relative insulin deficiency. Both can be treated with exogenous 
administration of insulin. Our current knowledge of the cause of decreased 
insulin secretion is still limited, but one of the errors in the insulin pathway 
is the disturbance of phosphatidylinositol 3-kinase (PI3K) (Choi and Young-Bum 
2010). Although T1D relies on insulin more than T2D, patients with T2D 
progressively lose the capability to produce insulin throughout disease 
progression. Since insulin is a peptide hormone, oral route is not an option, 
as the digestive enzymes found in the stomach could break them down before 
it reaches the bloodstream. Insulin is also used to treat diabetic ketoacidosis 
(Hamdy 2015). There are two main ways to administer insulin; the most com-
mon is by subcutaneous injection. The ADA recommends up to three to four 
injections per day to maintain glucose within goal ranges (American Diabetes 
Association 2015c). Note that daily dosages vary and it is advised to check with 
personal physician. There are several short-acting insulin therapies, which 
have shown decrease in blood glycemic level among patients (Rosenstock 
et al. 2004). Another option to receive insulin is by continuous subcutaneous 
insulin infusion, which is most commonly called insulin pump. Although this 
device is costly, it could be programmed to provide continuous and sufficient 
insulin through a plastic tube into the subcutaneous tissue. Studies have also 
shown that there is limited difference in hypoglycemia occurrences among 
the two-treatment options (Evans and Bahng 2000). Note that insulin deliv-
ery is usually a last resort when all other treatment options have been used. 
Recent study has also shown the danger of insulin administration, as it could 
trigger the development of T1D (Nishida et al. 2014).
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12.2.2 Lifestyle changes
Patients with T2D are encouraged to make significant lifestyle changes such 
as reducing body weight, controlling glycaemia, and increasing physical activ-
ity. Depending on the frequency of insulin administration, patients may be 
required to monitor their blood glucose from one to four times daily or even 
more. The ADA recommends patients using multiple doses of insulin or an 
insulin pump to check their blood glucose prior to meals/snacks, at bed-
time, prior to exercise, or critical tasks (e.g., driving), if low blood glucose 
is suspected, after treating low blood glucose, and occasionally postprandial 
(Amaryl® [package insert] 2009). Monitoring may also increase in the settings 
of stress, exercise, illness, or signs and symptoms of hypo/hyperglycemia. 
It is vital that patients are consistently educated regarding diet/nutrition, as 
elevated blood glucose is a major factor leading to diabetic complications. 
Patients with T1D often require extensive education to manage their diabe-
tes, including insulin dosing, blood glucose management, and lifestyle adjust-
ments. These points were detailed recently in a guideline targeted specifically 
at T1D (Chiang et al. 2014).

12.2.3 Non-insulin anti-diabetic agents
Both insulin and lifestyle changes are the common treatment options for both 
T1D and T2D. However, T2D has more medication options available, includ-
ing numerous oral medications. Metformin (a biguanide) is typically the first-
line agent used in the management of T2D (International Diabetes Federation 
2005). Metformin (International Diabetes Federation 2005), being the mainstay 
of  therapy for T2D, works by lowering glucose produced in the liver without 
increasing insulin production; therefore, there is low risk to develop hypogly-
cemia. Metformin, which may be beneficial in diabetic patients who are over-
weight/obese, is typically considered weight neutral. Metformin has been shown 
to be effective in combination with most other anti-diabetic agents including 
insulin (Yin et al. 2014). Although numerous claims have linked metformin with 
lactic acidosis, a 1-year longitudinal study in patients with T2D treated with 
metformin (compared diet therapy only) resulted in zero cases of lactic acidosis, 
with no significant difference in patient outcome (Cryer et al. 2005).

The most common non-insulin second- and third-line treatment options from 
the American Diabetes Association and European Association for the Study 
of Diabetes for T2D include sulfonylureas (SUs), thiazolidinediones (TZDs), 
dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 receptor 
agonists (GLP-1 RA), and sodium-glucose co-transporter 2 (SGLT2) inhibi-
tors (International Diabetes Federation 2005). SUs (e.g., glimepiride, glipi-
zide, and glyburide) bind to the sulfonylurea receptor in the pancreatic β-cell 
plasma membrane, leading to closure of the ATP-sensitive potassium channel, 
resulting in stimulation of insulin hormone release (Al-Romaiyan et al. 2013). 
Although SUs are known for their clinical effectiveness and cost-effectiveness, 
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they are associated with weight gain and hypoglycemia (Inzucchi et al. 2015). 
Additionally, as SU function is dependent on β-cells, SUs may progressively 
lose effect in T2D, as progressive disease results in progressive loss of β-cell 
function. TZDs (e.g., pioglitazone and rosiglitazone) are peroxisome proliferator-
activated receptor-g agonists and decrease insulin resistance in the periphery 
and liver Actos® (package insert). This results in increased insulin-dependent 
glucose disposal and decreased hepatic glucose output. Unlike sulfonylureas, 
TZDs do not stimulate insulin release and are therefore low risk for hypoglyce-
mia. However, TZDs are contraindicated in New York Heart Association Class 
III and IV heart failure due to their effects on fluid retention. TZDs are also 
associated with weight gain. DPP-4 inhibitors (e.g., sitagliptin, saxagliptin, 
linagliptin, and alogliptin) slow inactivation of incretin hormones involved in 
glucose homeostasis (Green et al. 2015). DPP-4 inhibitors remain high-cost 
option in the United States, as they are only available as brand name medica-
tions. Recent studies have raised concern regarding DPP-4 inhibitors link with 
heart failure; however, results in multiple large-scale cardiovascular safety 
trials are conflicting between different agents (Scirica et al. 2013; White et al. 
2013; Green et al. 2015). SGLT-2 inhibitors (e.g., canagliflozin, dapagliflozin, 
and empagliflozin) decrease renal glucose reabsorption, thereby stimulating 
urinary glucose excretion (Amaryl® [package insert] 2009). SGLT-2 inhibitors 
are associated with dehydration, as glucose functions as osmotic diuretic and 
increases risk of genitourinary infections. SGLT-2 inhibitors remain high-cost 
option in the United States, as they are only available as brand name medica-
tions. More recently, canagliflozin has been associated with an increase in 
bone fracture risk, and empagliflozin has been associated with a decrease 
in cardiovascular death and all-cause mortality (Watts et al. 2015; Zinman 
et al. 2015). Finally, GLP-1 RAs (i.e., exenatide, liraglutide, albiglutide, and 
dulaglutide) help maintain glucose homeostasis through increased glucose- 
dependent insulin release, decreased glucose-dependent glucagon secretion, 
and decreased gastric emptying rate (Victoza package insert). As insulin 
release is glucose dependent and glucagon secretion is not impaired at low 
glucose concentration, GLP-1 RAs are low risk for hypoglycemia. GLP-1 RAs 
also consistently result in weight loss for patients (InterAct Consortium 2012). 
However, they are high-cost option, injectable only, and can result in signifi-
cant gastrointestinal disturbance (Inzucchi et al. 2015).

12.3 Nutraceutical approach

Nutraceutical have shown promises in the management of diabetes. Nutraceutical 
are either taken as oral supplements or as a functional food. Stephen Defelice, 
MD, first coined the term nutraceutical in 1989 as a combination of nutrition 
and pharmaceutical (Brower 1998). He stated that these are functional foods 
that convey many health benefits against numerous diseases. Since these are 
naturally occurring ingredients, there are many advantages including low cost 
and reduced/no side effects (Chauhan et al. 2013). As society becomes more 



226 Antioxidant Nutraceuticals

health-focused, nutraceutical may offer preventative benefit from developing 
complications of chronic diseases. Nutraceuticals contain essential ingredients 
such as amino acids, vitamins, and minerals that combat and prevent chronic 
diseases. Nutraceuticals are also known for their specific regional availability. 
One nutraceutical example is the extract found from the Morinda lucida plant. 
M. lucida is commonly found in Africa and not in the United States. The use of 
nutraceuticals as it relates to maintaining health should be considered in con-
junction with lifestyle adjustments (Shori 2015). Lifestyle adjustments include 
dietary changes and, as it relates to diabetes, a focus on consuming more 
functional foods with anti-diabetic properties. It is highly recommended that 
each diabetic individual consults his or her nutritionist as well as primary care 
physician to identify quality nutritional recommendations (Hamdy 2015). As 
discussed in the following section, nutraceuticals may be beneficial in different 
aspects/targets in the prevention of T2D, and therapeutic lifestyle changes are 
required following the diagnosis of T2D.

12.3.1 Therapeutic benefits
There are many targets for nutraceutical intervention to improve outcomes in 
patients with diabetes. Potential targets for therapy include enzymes respon-
sible for hyperglycemia, lowering toxic glucose output, blood pressure, and 
inflammation. Nutraceuticals may also directly influence insulin secretion to 
aid in glucose hemostasis. There are numerous enzymes found throughout 
our digestive system that break down food for absorption. One of the enzymes 
responsible for producing glucose is α-amylase. This specific enzyme breaks 
down glycogen and starch, converting them into glucose and maltose (Pugh 
2000). Throughout the brush border of the small intestine, α-glucosidase con-
verts disaccharides to monosaccarides (e.g., glucose) to facilitate absorption 
(MeSH Descriptor Data 1992; Shori 2015). Both of these enzymes lead to 
an increased postprandial glucose level. Many nutraceuticals and functional 
foods have been studied to inhibit these two enzymes to slow glucose absorp-
tion. Functional foods that contain phenolic compounds have been found 
to inhibit α-amylase and α-glucosidase, as well as angiotensin-converting 
enzymes (ACE) (Manteiga et al. 1997). Note that controlled blood pressure 
could delay the progression of diabetic complications such as nephropathy.

Aside from targeting enzymes, nutraceuticals have other strategies including 
antioxidants, weight management, and many others to prevent further dia-
betic complications. World Health Organization (WHO) has advised the use of 
medicinal plants as they have less or no side effects compared with allopathic 
medicine (Day 1998). The nutraceuticals discussed will vary from medicinal 
plants, tea, and even spices.

12.3.1.1 Medicinal plants

Morinda lucida is a plant from West Africa and commonly called Brimstone 
tree. It is known for its role in diabetes, as it reduces blood glucose level 
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(Olajide 1999; Odutuga 2010). The extract itself contains active compounds 
such as flavonoids, saponins, and tannins. These compounds contribute 
toward the inhibition of α-amylase and α-glucosidase (Kazeem et al. 2013). 
Aside from M. Lucida, other plants such as Irvingia gabonensis (O’Rorke) 
Bail, Eucalyptus torreliana, and Securidata longependuculata  Fers. also 
inhibit α-glucosidase activity (Ogunwande et al. 2007). Phenolic compounds 
have also been shown to exhibit antioxidant effects. Several medicinal plants 
such as Molle (Schinus molle), Zarzaparrilla (Smilax officinalis), Cat’s claw 
(Uncaria tomentosa), and Chancapiedra (Phyllantus niruri L.) carry anti-α-
glucosidase activities. Several medicinal plants such as Maca and Caigua also 
inhibit ACE.

Pterocarpus marsupium is a well-known plant drug with its Indian and 
Ayurvedic roots. P. marsupium belongs to a group called rasayana, which is 
common for its antioxidant properties (Govindarajan et al. 2005). Since oxida-
tive stress had been linked to hyperglycemic state, this medicinal plant could 
modulate the immunological signal associated with inflammation (Manning 
et al. 2004; Srinivasan et al. 2010). The extract of P. marsupium contains fla-
vonoid fraction, which is found to regenerate pancreatic β-cells (Chakravarty 
et al. 1980).

Sweet potato (Ipomoea batatas) commonly found in Central America and also 
South America provides glucose control in diabetes. In human study, patients 
who were given high-dose I. batatas displayed lowered glucose concentra-
tions compared with the patients who received placebo (Meinert and Susan 
1986). In addition, treated patients displayed higher insulin sensitivity along 
with lowered LDL cholesterol. I. batatas’s leaf and stem extract contains poly-
phenol caffeoylquinic acid (CQA), which helps regulate blood glucose. CQA 
directly triggers the production of glucagon-like peptide-1, influencing insulin 
production (Nagamine et al. 2014).

Fenugreek seed (Trigonella foenum-graecum) is a common ingredient found 
in Indian dishes, also called methi. Studies found that when these seeds were 
supplemented with pharmaceutical anti-diabetic medications, glycated hemo-
globin (Hba1) was significantly lowered by 0.9% (p < 0.001) when compared 
with those who were only taking anti-diabetic medications (Ansari and Saiqaa 
2011). A 3-year study examined the likelihood of patients with prediabetes 
to develop diabetes (Gaddam et al. 2015). In the fenugreek treatment group 
(n = 74), 5 g of fenugreek was given twice a day, while the control group 
(n = 66) received none. After 3 years, patients taking fenugreek had a lowered 
risk for developing diabetes (23%) compared with those assigned to control 
(55%). Fenugreek seeds not only help normalize blood glucose level but also 
increase insulin secretion.

Increasing functional pancreatic β-cells is essential in managing diabetes, 
as it leads to increase in insulin production; a nutraceutical called Gurmar 
(Gymnema sylvestre) does this (Yeh et al. 2003; Saxena and Vikram 2004). 
Gurmar, most commonly found in India and across southeast Asia, has been 
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used to treat diabetes for almost 2000  years. The extract, generated from 
the Gurmar leaf, contains gymnemic acid, which has anti-inflammatory and 
anti-diabetic properties. Gymnemic acid contains several saponins and also 
suppresses sweet taste, decreasing glucose intake (Sahu et al. 1996) Gurmar’s 
anti-diabetic properties also help regulate blood glucose by enhancing enzymes 
responsible for glucose breakdown (Shanmugasundaram et al. 1983). What 
makes Gurmar different than all the other nutraceuticals discussed is its abil-
ity to influence insulin release. G. sylvestre’s extract called OSA® was found to 
directly influence β-cell lines to produce insulin (Liu et al. 2009). This action 
has also been replicated in an obese mouse model with hyperglycemia. It was 
concluded that glucose homeostasis was restored due to increased insulin 
secretion and decreased glucose absorption (Al-Romaiyan et al. 2013).

Known for its vitamin and nutrient-rich (including protein!) (Padmavathi and 
Rao 1990) leaf, Sauropus androgynous is widely used in southeast Asia for 
its anti-diabetic properties. Also known as Sweet Leaf Bush, S. androgynous 
has been widely used in southeast Asia to treat wound, urinary infection, 
and fever and even improving lactation for women (Benjapak et al. 2008; 
Bhaskare et al. 2009; Soka et al. 2010). A recent study has shown a marked 
reduction in blood glucose in diabetes-induced induced mice compared with 
the placebo group (Kumar and George 2015). In addition to controlling gly-
cemic level, S. androgynous is a potent antioxidant due to the high level of 
flavonoids (Andarwulan et al. 2010).

12.3.1.2 Fruit

Momordica charantia goes by many names, such as bitter melon,  kerela, 
 balsam pear, and so on. It had been used to treat diabetes in regions 
throughout Asia, South America, East Africa, and the Caribbean (Cousens 
2008). M.  charantia is rich in vitamins, antioxidant, and minerals and a 
reliable source of fiber (Bakare et al. 2010). AMP protein kinase has many 
roles in metabolic regulations and one of them includes glucose uptake. 
M.  charantia’s stem contains cucurbitane triterpenoid, which could increase 
AMP protein kinase activity (Chang et al. 2008; Tan et al. 2008). This in turn 
would enhance glucose uptake by increasing GLUT4 translocation (Xu et al. 
2015). In a study with diabetic mice, a significant body weight loss was also 
seen (Tan et al. 2008).

Garcinia cambogia is a tropical fruit from Indonesia and South India. The fruit 
itself contains an hydroxycitric acid that aids in weight loss by suppressing 
appetite and reducing the body’s ability to make adipocytes (Sethi 2011). Studies 
have shown that weight loss decreases the risk of diabetes (Herman 2015).

12.3.1.3 Herbal tea

Herbal teas have remained popular in the United States for decades, and research 
has revealed potential health benefits (Manteiga et al. 1997). A study in the 
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United Kingdom found that those who drink herbal tea, at least four cups per 
day compared with non-tea drinkers, had a 16% lower risk for  developing T2D 
(InterAct Consortium 2012). Chamomile tea (Matricaria chamomilla) is one of 
the most popular herbal teas with documented health benefits. Chamomile tea 
carries numerous bioactive compounds, such as  umbelliferone, herniarin, escu-
letin, isoscopoletin, apigenin, and so on, which may alleviate diabetic symptoms 
due to its anti-inflammatory nature (McKay and Jeffrey 2006; Peña et al. 2006). 
Sorbitol along with hepatic glycogen levels decreased among  diabetes-induced 
rats when exposed to these compounds (Kato et al. 2008). These effects may 
be beneficial, as diabetes is associated with an inflammatory state, and sor-
bitol accumulation throughout the body may lead to  complications such as 
nephropathy, neuropathy, and retinopathy. Chamomile tea therefore may be 
protective against some long-term complications of  diabetes. Other teas such 
as Linden tea tilo (Tilia platyphyllos) and Boldo (Peumus boldus) also inhibit 
α-glucosidase (Ogunwande et al. 2007).

12.3.1.4 Spices

Another polyphenol-rich spice with flavorful aroma, which gained  popularity, 
is Cinnamon (Cinnamomum cassia). Cinnamon supplements are highly in 
demand due to their role as antioxidants with anti-inflammatory properties 
(Brahmachari et al. 2009; Aggarwal 2010). This makes cinnamon suitable 
for adjunctive therapy in diabetes, with potential benefits regarding long-
term complications. One study in patients with T2D compared groups given 
 different doses of cinnamon or placebo (Khan et al. 2003). It was found that 
patients who were given 1–6  g of cinnamon per day had reduced fasting 
serum  glucose, triglycerides, LDL-cholesterol, and total cholesterol. However, 
skepticism exists regarding these findings, as all patients were taking a sul-
fonylurea and the results were not compared to the placebo group (Rafehi 
et al. 2012). Cinnamon is thought to function through extracts that increase 
 insulin receptor activation by inhibiting protein tyrosine phosphatase-1 
(Imparl-Radosevich et al. 1998).

Garlic (Allium satvium) is not only known for its culinary role but its abun-
dant health benefits. Garlic had been used for almost 5000  years by the 
Egyptians for strength (Moyers 1996). Studies have shown that A. satvium may 
be beneficial in cardiovascular disease by decreasing blood pressure (both 
systolic and diastolic) along with reducing the rate of carotid artery thicken-
ing (Ashraf et al. 2013; Mahdavi-Roshan et al. 2015). This may have benefit 
in diabetic patients, as complications of diabetes include atherosclerosis and 
hypertension. A. satvium contains abundant molecules including sulfur-based 
compounds, oil, and vitamins (Kumar et al. 2013). One study (n = 60) com-
pared combination of A. satvium with metformin to metformin alone. Both 
groups showed significantly reduced fasting blood glucose (p < 0.01); how-
ever, patients receiving both metformin and garlic had a greater reduction 
(p < 0.05) (Kumar et al. 2013).
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Ginger (Zingiber officinale), with its origin in southeast Asia, has been widely 
used for culinary purposes mostly in India and China (Wang and Wang 2005). 
In addition, it also served medicinal purposes of relieving pain, vomiting, 
cold, and indigestions (Wang and Wang 2005). Numerous studies have been 
done to evaluate the ability of ginger in treating diabetes. The pharmacokinet-
ics of ginger is not limited to only controlling glycemic level but also decreas-
ing cholesterol and increasing insulin level. This shows that ginger focuses 
on the overall being of the body (Akhani et al. 2004; Al-Amin et al. 2006). 
A dose of ginger juice was shown to prevent serotonin-induced hyperglyce-
mia. The ethyl acetate extract of the ginger was able to inhibit α-glucosidase 
(Priya Rani et al. 2011). Diabetes-induced rats given ethanolic ginger extracts 
for 30 days showed decreased carbohydrate level (Shanmugam et al. 2009).

Asia ginseng (Panax ginseng) and American ginseng (Panax quinquefolis) are 
the two most common types of ginseng that are researched for their medicinal 
purposes. These two distinct ginseng species have different effects. The Asian 
ginseng is found to improve blood flow, decrease fatigue, and serves as anti-
oxidant (Zhao et al. 2004). The American ginseng provides anti-aging effects 
and improves digestions (Vuksan et al. 2000). These two ginsengs were found 
to differ in terms of the active compound called glycosides. Ginseng were 
found to reduce and maintain blood glucose level for both diabetic and non-
diabetic patients (Vuksan et al. 2008; Luo and Luo 2009; Shishtar et al. 2014). 
This could also be explained by its ability to improve and protect pancreatic 
β-cells from IL-4-induced apoptosis along with reduced insulin resistance (Luo 
and Luo 2006, 2009). Uncoupling protein 2 (UCP-2), found in the inner of 
mitochondria, inhibits insulin production (Zhang et al. 2001). Ginseng is able 
to reduce UCP-2, thereby increasing insulin production (Luo and Luo 2006).

The list of all those spices discussed that have received recognition for their anti-
diabetic properties would not be complete without turmeric (Curcuma longa). 
A study was done to assess the benefits of turmeric in diabetes. Over the course 
of 9 months, daily dosage of turmeric had prevented prediabetic patients to 
develop diabetes (Chuengsamarn et al. 2012). Turmeric could also regenerate 
damaged pancreatic β-cells in mice induced with type 1 diabetes (Aziz et al. 
2013). A recent study has shown that turmeric itself could aid obese patients 
with type 2 diabetes. C. longa inhibits sterol regulatory element binding proteins 
(SERPs). SERP is responsible for producing cholesterol, triglycerides, and fatty 
acids, and this inhibition was found to prevent obesity and insulin resistivity.

12.3.1.5 Others

Similar to cardiovascular diseases, diabetes is a disorder in which reactive oxi-
dative species (ROS) plays a major role in inflammation, which also increases 
C-reactive protein. Honey was shown to have a phenolic compound that 
reduces oxidative species (Frankel et al. 1998). While all honey is expected to 
contain antioxidants, darker honeys contain greater amounts of antioxidants 
(Frankel et al. 1998).
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Abound® formula contains β-hydroxy-β-methylbutyrate, arginine, and gluta-
mine. These three amino acids have important roles in accelerating wound 
healing (Alon et al. 2001; Wu et al. 2009) and may play a role in manag-
ing foot ulcers, a complication of diabetes associated with significant mor-
bidity and economic impact. Typically, diabetic foot ulcers heal slowly due 
to poor blood circulation and inflammation. One retrospective study of 11 
dialysis-dependent diabetic patients with foot ulcers examined the effect of 
4-week treatment with β-hydroxy-β-methylbutyrate, arginine, and glutamine 
on wound healing. Following treatment, seven patients had improved wound 
depth and eight patients had improved wound appearance. No deterioration 
was observed in any patient (Sipahi et al. 2013).

12.4 Conclusion

The management of diabetes requires a multifaceted approach targeted at 
achieving evidence-based glycemic goals. Metformin remains the first-line 
pharmacologic agent to treat T2D and insulin being the last resort. The pur-
pose of this chapter is to inform the efficacy of nutraceuticals in managing 
diabetes. In addition to its ability to maintain baseline glucose level, nutra-
ceuticals have anti-inflammatory properties, control cholesterol level, protect 
pancreatic β-cells, and even aid in weight loss. Several nutraceuticals such as 
G. sylvestre’s gymnemic acid along with sweet potato’s (I. batatas) CQA may 
aid glucose control, secondary to their effects on influencing insulin release 
(Kurihara 1992; Sahu et al. 1996; Liu et al. 2009). Herbal teas have shown 
promise due to their significant anti-inflammatory properties (McKay and 
Jeffrey 2006; Peña et al. 2006).

Nutraceuticals have less risk of developing side effects compared with allo-
pathic medicine. In addition, nutraceuticals can be used along with the pre-
scribed medication (e.g., metformin, SU), which displays significantly better 
result (Khan et al. 2003; Ansari and Saiqaa 2011; Kumar et al. 2013). Another 
benefit of nutraceutical is that unlike prescribed medications, they don’t cause 
hypoglycemia. Recall that diabetic patients treated with ginseng had signifi-
cantly lower blood glucose compared with healthy individuals (Shishtar et al. 
2014). More studies are needed to assess the specific roll of nutraceuticals in 
the management of diabetes.
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Novel Strategies for Combating 
Chronic Inflammatory Diseases

Adeleke Badejo and Ashim Malhotra

13.1 The emergence of nutraceuticals

Recent advancements in our understanding of the causation of human and 
veterinary disease, and the design and implementation of novel technologies 
and strategies for battling them, have vastly improved the medical arsenal 
against global human and animal morbidity and mortality. This has been 
made possible by an incredible interprofessional endeavor that has included 
researchers, pharmaceutical companies, small business, and social network-
ing in the creation and popularization of novel approaches to disease state 
management, coupled with an ever-expanding knowledge base and medical 
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awareness among laypersons. Interestingly, modern medical practice is no 
longer limited to cutting-edge technological advancement in the hands of few 
highly trained and skilled, and therefore somewhat relegated, technical spe-
cialists. The merger of many fields of human knowledge has allowed modern 
researchers and clinicians to blend different ideologies and try novel strate-
gies to overcome disease-related morbidity and mortality.

Examples of this multimodal interprofessional approach abound in modern 
medical practice. This approach can be seen in the treatment of aggressive 
and recalcitrant cancers, such as pancreatic adenocarcinoma, which has a 
very poor 5-year prognosis after detection and a high mortality rate. Until the 
mid-to-late 1990s, the antimetabolite drug gemcitabine was the corner stone 
of pancreatic adenocarcinoma therapy, but it was not extremely effective per se. 
In an attempt to bolster the anti-cancer effect of this drug, many research 
groups across the world tried different combinations of drugs and natural 
products in consort with gemcitabine. Some have proven effective, and fur-
ther research is being carried out. This strategy of adopting a combinatorial 
therapeutic approach to achieve maximal drug benefits is now gaining rapid 
traction in the treatment of other complex and recalcitrant diseases. The amal-
gamation of drug regimens with the incorporation of natural products and 
modified dietary components recognizes the importance of social factors and 
behavior such as diet and lifestyle contribution to human health and disease. 
This holistic approach of pharmaceuticals and natural cures has given birth 
to the nutraceutical movement.

The idea underlying the development and therapeutic usage of nutraceuticals 
is a simple one—many nutraceuticals are dietary components, regularly and 
easily available from various food products, which have been enhanced in 
their physiological activity or effects either by pharmaceutical formulation-
based modification or by other means. Thus, the term nutraceutical covers vast 
ground—including both commonly occurring and ubiquitous phytochemicals 
and animal vitamins and products, and some more exotic and less-common 
phytochemicals, with the important difference that compared with their nor-
mal quantities in every day meals, they are provided in higher concentrations, 
or in more purified form, or with extensive pharmaceutical manipulation to 
increase their bioavailability.

13.1.1 Nutraceuticals: Definition and first use
The consumption of particular foods or their constituent components either 
through specific diets, or by the addition of supplements, with the specific 
goal to provide medical or health benefits, including the prevention and treat-
ments of particular diseases, is the overall premise underlying the nutraceuti-
cal field. The therapeutic effectiveness of nutraceuticals has been investigated 
for organ system disorders as disparate as cardiovascular, diabetic, metabolic, 
and inflammatory disease, suggesting the universality of its implementation 
and usage (DiGiacomo et al. 1989).
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Historically, one of the first nutraceuticals studied for its potential benefit in 
amelioration of disease progression was a fatty acid called eicosapentaenoic 
acid found in fish oil. Preliminary studies conducted to elucidate the biologi-
cal activity of eicosapentaenoic acid hinted at its interference with the cellular 
arachidonic acid metabolism pathway, suggesting that this dietary component 
possessed anti-inflammatory properties (Prescott 1984).

13.1.2  Eicosapentaenoic acid: An anti-inflammatory 
fish oil fatty acid

Eicosapentaenoic acid is a member of the 20-carbon family of oxygenated 
fatty acids referred to as eicosanoids. Eicosanoids are derived from arachi-
donic acid, a major component of phospholipids in the cell membrane, where 
they are released from the phospholipids through phospholipase A2 and 
other phospholipases. Arachidonic acid is then metabolized through three 
separate pathways resulting in different families of biological cell mediators. 
Depending on the end product of these pathways, metabolites of arachidonic 
acid can contribute to the inflammation through mediators such as throm-
boxane A2 (TXA2) and leukotriene B4 (LTB4), or attenuate the inflammatory 
response as with prostacyclin (PGI2) (Agarwal et al. 2009). Eicosapentaenoic 
acid has been shown to interfere with the conversion of arachidonic acid 
within the cyclooxygenase and lipoxygenase pathways, which resulted in 
diminished prostaglandin and leukotriene production, thereby producing an 
anti-inflammatory effect (Needleman et al. 1979; Lee et al. 1984; Prescott 
1984). These findings led to a rapid focus on the use of fish oil as a therapeu-
tic adjuvant for the treatment of diseases that have an inflammatory compo-
nent. One such trial was conducted by Kremer and colleagues to determine 
if fish oil supplements could relieve the symptoms associated with rheuma-
toid arthritis (RA). Thirty-three patients, all with active disease, were given 
either fish oil supplements or placebo in addition to their prescribed treat-
ment regimen. Out of the 33 subjects, there were 25 women and 8 males, 
with the average age of participants being 56.8 years, ranging from 23 to 
74 years old. The supplements were administered for 4 weeks, followed by 
a washout period to prepare patients to crossover from fish oil supplements 
to placebo and vice versa. All patients were treated with either aspirin or 
a nonsteroidal anti-inflammatory drug (NSAID) and instructed to maintain 
any additional medications they were prescribed. Patients who received fish 
oil supplements not only showed significant improvement in the number of 
inflamed joints but also improved assessment scores of the overall severity of 
the disease. In addition to symptom relief in response to the fish oil, the clini-
cal improvements were shown to remain statistically significant as compared 
to the patients’ own baseline values following the 4-week washout period. 
These findings indicated that not only did fish oil supplements provide relief 
to patients with RA, but their benefits were sustained weeks after use was 
discontinued (Kremer et al. 1987).
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Similar studies have evaluated the benefits of fish oil supplementation in 
patients with other inflammatory disorders such as psoriasis, where again 
an overall lasting therapeutic benefit of nutraceutical supplementation were 
in evidence (Belch et al. 1988; Gupta et al. 1989; Kragballe and Fogh 1989). 
The belief that nutraceuticals could potentially provide better outcomes, 
either as an adjuvant or as an alternative to current therapies, has led to 
extensive research in this field in recent years. Further, since nutraceuticals 
are derived from natural sources, they are believed to possess low toxicity 
profiles and cause minimal adverse effects as opposed to conventional syn-
thetic pharmaceuticals.

13.1.3  The biological impact of reactive oxidative 
species and antioxidants

13.1.3.1 Reactive oxygen species

Definition: Free radicals are elements or compounds that have an unpaired 
electron in their atomic or molecular orbitals. These unpaired electrons 
make free radicals highly reactive with other compounds and molecules. 
Reactive oxygen species (ROS) are an important cellular example of bio-
logical free radicals found in almost all eukaryotic cells. ROS are formed 
when oxygen acting as an electron acceptor forms oxygen free radicals. 
However, ROS are not the only chemically unstable species in the cellular 
milieu. Separate from ROS are reactive nitrogen species (RNS) formed from 
the nitric oxide free radical. Nitric oxide is a highly permeable gas that is 
an important second messenger in humans, especially in the cardiovascular 
system, where it regulates vascular relaxation.

ROS and RNS are naturally occurring by-products of cellular metabolism. 
At physiological levels, ROS are known to regulate a variety of cellular pathways, 
such as the mitogen-activated protein kinase (MAPK) and the phosphoinositide 
3-kinase (PI3K) pathways (Ray et al. 2012). However, if left unchecked, at 
higher concentrations, these species can cause cellular and tissue damage and 
disease through direct DNA damage, in addition to the unintended oxidation 
of proteins and lipids. To prevent the elevation of ROS concentration to patho-
logical levels, the body has a natural defense system composed of antioxidants 
that protects against the damaging oxidation by ROS.

13.1.3.2 Antioxidants

Antioxidants may be defined as substances that prevent the oxidation of 
a substrate. Interestingly, this definition is broad enough to encompass 
starkly different molecular species; thus, both cellular enzymes and com-
plex bioorganic chemicals can act as antioxidants. Examples of enzymes 
that produce antioxidant physiological effects include mitochondrial 
enzymes such as superoxide dismutase (SOD), catalase, and glutathione 
peroxidase (GPx). Examples of complex molecules evincing antioxidant 
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properties include various vitamins such as vitamins C and E, phytochemi-
cals such as carotenoids, flavonoids, and others (Valko et al. 2007), and the 
cellular oxidative buffer system of glutathione. Antioxidants can further be 
subdivided by the source, either being produced by the cells or provided 
through diet.

13.1.3.2.1 Endogenous antioxidants The endogenous antioxidant defense 
system is made up of a mixture of enzymatic, nonenzymatic systems, and 
low-molecular-weight compounds, such as uric and lipoic acids. There are 
multiple ways in which antioxidants counteract the destructive potential of 
ROS and free radicals. Examples include (1) reduction of local molecular oxy-
gen concentration, (2) the enzymatic transformation of ROS into more inert 
compounds, or (3) through the action of a scavenger, trapping ROS, radi-
cals, and metal ions. The prominent enzymatic antioxidants found in cells 
are superoxide dismutase (SOD), catalase, and glutathione peroxidase. These 
enzymes work in combination in stepwise reactions, which result in the 
conversion of the superoxide free radical to the final products of water and 
oxygen in the following manner. First, superoxide dismutase converts super-
oxide into hydrogen peroxide and oxygen. This is followed by the enzyme 
catalase, which converts hydrogen peroxide to water. Similar to catalase, glu-
tathione peroxidase catalyzes the reduction of hydrogen peroxide into water. 
In addition, glutathione peroxidase also reduces organic hydroperoxides to 
water (Pisoschi and Pop 2015). In this process, glutathione peroxidase with 
glutathione acts as an electron donor and also oxidizes the nonenzymatic 
antioxidant glutathione. This is critical because glutathione and the ratio 
of the reduced (GSH) to oxidized (GSSG) formed is critical in cellular redox 
homeostasis. Major antioxidant effects of glutathione are mediated through 
the direct scavenging action of GSH on hydroxyl radical and singlet oxygen 
and the regeneration of the antioxidants, and vitamins C and E (Valko et al. 
2007). The low-molecular-weight scavengers of the endogenous antioxidant 
system, as the name suggests, work through the trapping of reactive oxygen-
ated species.

13.1.3.2.2 Exogenous antioxidants In addition to the body’s natural pool, 
foods rich in antioxidants such as fruits and vegetables or dietary supplements 
provide an alternative source of these compounds. Common dietary exam-
ples of exogenous antioxidants include vitamin C, which scavenges hydroxyl, 
 alkosyl, and superoxide radicals, and vitamin E, which also acts as a radical 
scavenger, forming a low-reactivity by-product preventing cell membrane–lipid 
peroxidation (Descamps-Latscha et al. 2001). Other important antioxidants 
are potent phytochemicals such as the carotenoids, which are plant pigments 
found in vegetables such as carrots. Lycopene, a carotenoid found in tomatoes, 
is known for its potent antioxidant activity. Its potent scavenger capability is 
based on its chemical structure of multiple double bonds, which are readily 
attacked by electrophilic reagents, thereby providing enhanced reactivity with 
oxygen and free radicals (Kelkel et al. 2011).
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A number of acute and chronic inflammatory diseases involve the formation 
of excess ROS as a major etiological factor. Therefore, the critical role of anti-
oxidants in the prevention of damage to cellular biomolecules by ROS cannot 
be overstated.

13.1.3.3 Oxidative stress

It is commonly accepted in the context of disease that when the production 
of oxygen free radicals is elevated and overwhelms the body’s antioxidant 
defenses, and results in an imbalance within the cells and tissues, the organ-
ism is said to be under oxidative stress (nitrosative stress when the imbalance 
is in terms of RNS). Such oxidative stress has been documented in multiple 
different pathologies, as diverse as ranging from reperfusion injury following 
cardiac surgery for myocardial infarction to the oxidative stress experienced 
during the growth stage of most tumor cells. Interestingly, oxidative stress 
with respect to neoplasms makes the cells susceptible to further damage by 
chemotoxic agents. This desirable role of oxidative stress as a therapeutic 
enabler that can potentially synergize the cytotoxic effect of chemotherapy 
emphasizes that the nature of oxidative stress, and the consequent use of 
antioxidant therapy must be examined on a case-by-case basis before design-
ing and implementing an antioxidant-based intervention. With the increasing 
knowledge of the role of ROS and oxidative stress in the etiology of certain 
diseases, there has been increased interest in the use of antioxidants and 
nutraceuticals in the prevention of disease. The capacity of oxidative stress to 
induce cellular and tissue damage has led to the examination of its contribu-
tion in the modulation of the immune response in recent years. This has also 
lead many researchers to attempt to elucidate the possible links between ROS 
and its contribution to the pathogenesis of chronic inflammatory diseases.

13.1.3.4 ROS, oxidative stress, and human disease

Multiple attempts have been made to link the production of ROS to disease 
severity in order to provide a potential diagnostic tool to evaluate disease pro-
gression and to allow physicians to stage the disease. These studies have used 
specific ROS species as biomarkers to gauge disease progression, emphasiz-
ing the role of ROS in the development and progression of chronic inflamma-
tory diseases. For instance, in evaluating the relationship between ROS and 
psoriasis, Kadam et al. measured malondialdehyde (MDA), a by-product of 
lipid peroxidation commonly used as a biomarker for oxidative stress. The 
patients’ levels of the antioxidants SOD and catalase were also recorded. The 
serum levels of MDA of psoriatic patients was compared with those of healthy 
controls. These results stated that MDA was not only significantly elevated 
compared to controls, but also the level of oxidative stress was statistically 
elevated relative to disease severity. An inverse relationship was observed 
when evaluating the antioxidants in the study population and disease severity. 
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The levels of the antioxidants, SOD and catalase, measured were significantly 
diminished with levels decreasing with disease severity (Kadam et al. 2010). 
Next, we will explore the role of oxidative stress in known inflammatory 
diseases.

13.1.4  The use of antioxidant nutraceuticals in treating chronic 
inflammatory diseases

Chronic inflammatory disease is a general term that encompasses disorders in 
which the immune system responds to an initial stimulus, evoking long-term 
inflammation, which ultimately results in undesirable histological changes and 
tissue damage. Such diseases include RA, Crohn’s disease (CD), sarcoidosis, 
and psoriasis. Common to these disorders is an elevated level of the proin-
flammatory cytokines (tumor necrosis factor alpha [TNF-α], interleukin-1 [IL-1], 
and interleukin-6 [IL-6]), increased production of Reactive Oxygen Species 
(ROS), and a diminished antioxidant capacity. The benefits of nutraceutical 
antioxidant agents in the treatment of chronic inflammatory diseases were 
first demonstrated in experimental cellular and animal models for RA and 
inflammatory bowel disease (IBD). These first studies laid the ground work 
for the ongoing research into the potential benefits of nutraceuticals in the 
treatment of chronic inflammatory diseases. We shall briefly examine select 
instance of these pioneering studies.

As previously mentioned, a pivotal clinical trial that evaluated the possible 
therapeutic potential of the addition of food extracts or dietary supplements 
to the treatment of the chronic inflammatory RA was performed by Kremer 
and colleagues. Interestingly, this important study was published 2 years prior 
to the coining of the term nutraceuticals by DeFelice. The goal of the trial 
was to determine the effectiveness of fish oil fatty acid supplements in reliev-
ing the severity and symptoms of RA in patients with active disease. The 
results of this study showed that patients who received fish oil supplements 
showed significant improvement of not only the number of inflamed joints 
but also improved assessment scores of the overall severity of the disease. 
Interestingly enough, following a 4-week washout period to prepare patients 
to crossover from supplements to placebo and vice versa, clinical improve-
ments quantified as duration to fatigue were shown to still be statistically 
significant as compared to the patients’ own baseline values (Kremer et al. 
1987), suggesting an overall lasting impact of dietary supplementation in the 
selected patient population (Kremer et al. 1987; Belch et al. 1988; DiGiacomo 
et al. 1989; Gupta et al. 1989; Kragballe and Fogh 1989).

Another example of the utility of antioxidant nutraceuticals is their use in the 
treatment of IBD. It is important to underline that for many inflammatory dis-
orders there are limited therapeutic options and, in general, a scarcity of tar-
geted therapy. Current treatment goals include the management and alleviation 
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of symptoms, slowing the progression of the disease, and the improvement 
of patient’s quality of life. Treatment modalities typically follow a step-up 
approach, where drug potency and toxicity is taken into account to address the 
current state of disease severity. Physicians must then in response to increasing 
severity of disease or lack of relief from therapy decide to either increase medi-
cation dosage or revert to more potent and/or medications with a narrow thera-
peutic index. Furthermore, the adverse effects of these agents must be taken 
into account in the context of the demographics of the patient population. For 
example, a large percentage of patients with the gastrointestinal chronic inflam-
matory CD are under the age of 18, and therefore the combination of weight 
loss and poor nutrition due to the altered gastrointestinal tissue morphology 
may contribute to overall growth restriction. This is of additional concern with 
the fact that TNF-α inhibitors may contribute to growth restriction. Thus, the 
use of complementary alternative or supplemented therapies, such as the use 
of antioxidant nutraceuticals, is of interest in this patient population.

13.1.4.1  Specific examples of the use of antioxidant nutraceuticals 
in therapy of chronic inflammatory disease

13.1.4.1.1 Rheumatoid arthritis

13.1.4.1.1.1 The need for antioxidant nutraceuticals in rheumatoid arthritis 
therapy RA is an autoimmune inflammatory disease affecting synovial joints. 
Chronic inflammation in these joints results in severe structural changes and 
pathology such as subcutaneous rheumatoid nodules, ulnar deviation, and sub-
luxation. As is common in the treatment of other chronic inflammatory dis-
eases, in RA too, drug regimens are directed to suppressing inflammation and 
reducing pain. Typical drug prescriptions include NSAIDs, glucocorticoids, and 
Disease-modifying antirheumatic drug (DMARDs). Thus, the intended targets of 
current remedies are alleviation of the heightened tissue inflammatory response 
through the suppression of the immune system or through immunomodulation 
or through the interference of cytokine signaling pathways. Although there 
have been improvements in the current medications available to treat such dis-
orders, especially with the discovery and advancement of cytokine inhibitors 
and biologics, these agents do present undesirable adverse effects. A recent 
meta-analysis of controlled trials that evaluated the benefit and safety of biolog-
ics in the treatment of RA illustrates this point. Although this study showed that 
these agents provide benefit in the treatment of RA, it also reported that patients 
who took these agents experienced statistically significant more adverse effects 
compared to placebo, indicated by the withdrawal rate from these clinical tri-
als (Singh et al. 2009). Drug toxicity is even more of a pressing issue when in 
light of advance disease; physicians’ only recourse is often to increase dosage, 
thereby increasing likelihood of adverse reactions.

With the emergence of nutraceuticals, more effort recently has been directed 
toward the evaluation of the therapeutic potential of these agents in the 
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treatment of chronic inflammatory diseases. A series of recent studies have 
been performed to evaluate the effects of nutraceuticals on experimental mod-
els of chronic inflammatory diseases; specifically, if nutraceuticals may have 
therapeutic benefits by addressing the inflammatory process and or the oxida-
tive imbalance in these disorders. The potential benefits of these agents have 
been shown in both cellular and animal models for this category of diseases.

13.1.4.1.1.2 Fish oil and rheumatoid arthritis As stated earlier, NSAID and 
DMARD provide some relief for RA patients, but they also produce unde-
sired adverse effects. The anti-inflammatory properties of nutraceuticals have 
potential benefits in the treatment of RA and a possible alternative treatment 
for joint pain management. Such therapeutic potential was shown in a 9-week 
study wherein patients were administrated with the combination of the sup-
plements of Lemon Verbena element and fish oil omega-3  fatty acid. The 
trial reported significantly improvement in the pain, stiffness, and functional 
assessment of patients with joint pain (Caturla et al. 2011). Future studies are 
needed to assess the potential of such nutraceuticals as a sole or supplement 
therapeutic option compared to current RA treatment modalities.

13.1.4.1.1.3 Antioxidant vitamins and rheumatoid arthritis As with other 
chronic diseases, RA patients have been shown to be deficient in multiple 
nutrients such as calcium, vitamin D, and vitamin B. Therefore, possible ben-
efits of supplementing current therapy with these nutrients have been investi-
gated. One such study evaluated the anti-inflammatory effect of vitamin B6 in 
RA patients. Although prior to this report, previous studies indicated vitamin 
B6 supplementation did not suppress inflammation in RA patients, Huang 
et al. suggested these previous findings may be due to low supplement dos-
age and or inadequate treatment duration. By addressing these concerns, it 
was shown that patients, after 12 weeks of treatment with these nutraceutical 
vitamin supplements, had significantly lower levels of the proinflammatory 
cytokines IL-6 and TNF-α when compared with baseline values and controls.

To understand the relationship between tissue-specific inflammation and 
vitamin B6 status, Chiang et al. compared the plasma pyridoxal 5′-phosphate 
concentrations of RA patients with those of healthy controls. It was shown 
that RA patients had significantly lower levels of pyridoxal 5′-phosphate than 
controls. This group then induced arthritis in rats and compared their vitamin B6 
status with that of controls. As expected, the tissue-specific inflammation 
resulted in significantly lower levels of vitamin B6 than of normal animals 
(Chiang et al. 2005). Collectively, these results imply that the diminished 
vitamin B6 in inflammatory diseases is not an underlying causation but a 
consequence of the disorder.

13.1.4.1.1.4 The antioxidant “Compound K” and rheumatoid arthritis In a 
recent study, Chen et al. evaluated the possible benefits of compound K in 
RA. A metabolic product of ginsenoside, compound K is the active ingredient 



246 Antioxidant Nutraceuticals

found in dietary supplement called ginseng. For this study, Chen and his group 
used an induced RA experimental rat model wherein, following the onset of 
arthritis, rats were subdivided into treatment groups that received either dif-
fering doses of compound K or the DMARD, methotrexate. Compound K was 
shown to produce possible therapeutic benefit as indicated by a decrease in 
arthritis index and animals’ paw swelling. Untreated rats were shown to have 
elevated inflammatory infiltration of the joints, which was diminished in the 
treated groups, suggesting that relief from compound K was due to its anti-
inflammatory effect (Chen et al. 2015). This research group further corrobo-
rated this notion of an anti-inflammatory benefit by showing that compound K 
also suppressed the activation of T cells and their production of cytokine IL-2 
(Chen et al. 2015). These findings are in agreement with those of a previous in 
vitro study that also demonstrated the potential benefit of compound K in RA. 
Cells similar to the ones found in the joints of diseased patients were shown 
to produce metalloproteinases (MMPs) when induced by TNF-α. MMPs are a 
family of proteolytic enzymes that digest proteins of the extracellular matrix 
(ECM), the scaffold-like structure composed of different proteins and mate-
rial that provides critical cellular functions such as organization and cell-to-
cell adhesion and communication. Through the degradation of ECM proteins, 
MMPs have been shown to play a role in both the pathological processes such 
as tumor and metastatic progression and the normal physiological function 
such as the migration of immune cells from the bloodstream into tissue dur-
ing the immune response. Compound K was shown to reduce the production 
of MMP in dose-dependent manner (Choi et al. 2013). Further, it should be 
noted in the animal model of RA that compound K when administered at its 
highest dose (160 mg/kg) was shown to be as effective as methotrexate (Chen 
et al. 2014). This is of great significance due to the role of FLS and the MMP-
secreted enzyme in the pathogenesis of RA.

13.1.4.1.2 Inflammatory bowel diseases The benefits of vitamin B6 with 
respect to IBDs were studied. In two separate reports, two different animal 
models were utilized: dextran sodium sulfate-induced colitis and colonic inflam-
mation of the IL-10 knockout mice. In both studies, animals were feed either 
a vitamin-poor, a nutritional sufficient, or a high-vitamin diet. However, both 
studies showed that pyridoxal-5-phosphate supplementation had significant 
attenuation of molecular and histological markers of inflammation; these stud-
ies also noted that animals fed a vitamin B6–poor diet also showed improve-
ments (Benight et al. 2011; Selhub et al. 2013). More studies are needed to 
clarify these opposing findings. The potent anti-inflammatory and antioxidant 
properties of these compounds may serve as effective alternative remedies, 
either as monotherapies or in combination with current drug regiments. In the 
following chapters, with respect to nutraceuticals and various inflammatory 
diseases, recent clinical trials and their findings will be discussed.

13.1.4.1.3 Psoriasis Psoriasis is a common chronic inflammatory derma-
tosis with a prevalence of 2.9% in the United States, which translates to 
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approximately 7.4 million American adults who are inflicted with this disor-
der (Rachakonda et al. 2014). The importance of discovering more effective 
therapies that treats psoriasis is critical. This is best illustrated from a recent 
multinational survey of patients with psoriasis or psoriasis arthritis. The study 
results indicated that 47% of the patients surveyed have not seen their health-
care provider (HCP) about their psoriasis. Out of this population, 19% stated 
the reason they did not seek out assistance is because they felt their HCP could 
not help. However, the proportion with patients with psoriatic arthritis who 
have not seen a HCP in the past year was less than that of patients with pso-
riasis alone (18.5%); 30% indicated that it was due to belief the provider cannot 
provide relief. Of the patients surveyed, 24% of all patients said they had been 
prescribed a traditional oral medication such as cyclosporine or methotrexate, 
whereas 11% were prescribed biologic therapy. Of these patient populations, 
57% and 45% had discontinued oral and biologic therapies, respectively. In 
both groups, tolerability was the most common reason (43% and 25%), fol-
lowed by lack/loss of effectiveness (30% and 22%). Evidently, there is a sig-
nificant need to discover new and more effective therapies for psoriasis that 
are better tolerated and will allow for greater patient compliance. The use of 
nutraceuticals as monotherapy or in addition to current therapies may serve as 
a possible solution to address this problem (Lebwohl et al. 2014).

Multiple studies have shown that patients with psoriasis were found to be defi-
cient in vitamin D (Gisondi et al. 2012; Orgaz-Molina et al. 2012; Al-Mutairi 
et al. 2013; Ricceri et al. 2013). It was suggested that the degree of vitamin D 
deficiency was correlated with disease severity (Ricceri et al. 2013). Thus, 
supplementation with vitamin D could improve therapeutic outcome. Initial 
clinical trials investigated the effects of dietary supplementation on psoriasis 
treatment. Unfortunately, these preliminary studies did not show any signifi-
cant improvements on either the disease severity assessment score or patient 
quality of life when compared to placebo. It was suggested that the lack of 
observed benefit was due to the small sample size of the studies and relatively 
lower dose of vitamin D.

13.1.4.1.4 Psoriatic co-morbidities and nutraceutical therapy In addition to 
the need for more efficacious therapeutic options that are better tolerated 
by the patients, a growing concern for psoriasis therapy is the prevalence of 
multiple comorbidities. A recent cross-sectional study of psoriasis patients in 
the United Kingdom showed that the mean Charlson comorbidity index was 
higher at all severities. As expected, the odds of having one or more major 
comorbidities compared with controls were elevated. Diseases associated 
with psoriasis included diabetes, mild liver disease, myocardial infarction, 
renal disease, and rheumatologic disease (Yeung et al. 2013).

Metabolic syndrome is a comorbidity of concern with chronic inflammatory 
diseases. The term metabolic syndrome denotes a collection of health risks 
such as obesity, decreased insulin sensitivity, hypertension, and hyperlipid-
emia that coalesce to result in increased risk of developing diseases such 



248 Antioxidant Nutraceuticals

as Type II diabetes, myocardial infarction, stroke, and other cardiovascular 
disorders. An alarming proportion of the American population lives a seden-
tary lifestyle. Combined with a poor diet and decreased physical activity, this 
has led to an epidemic of individuals falling under the criteria of metabolic 
syndrome and the emergence of a major public health crisis. A correlation 
exists between metabolic syndrome prevalence and the severity of psoriasis 
(Langan et al. 2012; Armstrong et al. 2013). It has been proposed that the 
pro-inflammatory state that is associated with the metabolic syndrome acts 
as the link between psoriasis and the syndrome. It is reasonable to assume 
that treating metabolic syndrome while treating psoriasis can improve thera-
peutic outcomes. The potential of enhancing current psoriasis treatment with 
the addition of nutrient supplements to address the metabolic parameters of 
the metabolic syndrome was evaluated in a recent open-label clinical trial. 
This study compared the effectiveness of the standard treatment of etanercept 
when supplemented by a combination of nutraceuticals. The results showed 
that psoriatic patients whose standard therapy of etanercept with the addi-
tion of a combinatory supplement containing Coenzyme Q10, Krill oil, lipoic 
acid, resveratrol, Vitis vinifera seed oil, vitamin E, and selenium showed sig-
nificantly improved (HDL) and triglycerides levels compared with their base-
line values. The addition of these nutraceuticals also resulted in significant 
improvement of these metabolic syndrome parameters compared to patients 
who received etanercept alone (Skroza et al. 2013). Further studies are needed 
to determine if improved therapeutic outcomes can be achieved by the addi-
tion of nutraceuticals to current psoriatic therapies, especially if these supple-
ments are directed at the metabolic syndrome that is prevalent in this patient 
population.

Another complication of psoriasis is the development of psoriatic arthritis and 
erythrodermic psoriasis. Treatment requires the use of potent drugs, poten-
tially resulting in more adverse effects. Possible nutraceutical intervention for 
the management of psoriasis in the context of these complications was inves-
tigated and the effect of antioxidant supplementation was evaluated. It was 
observed that patients in both the arthritic and the erythrodermic groups 
who received supplemental therapy experienced an accelerated rate of recov-
ery and significant decrease in the severity of symptoms when compared to 
patients who received conventional therapy alone. As with management of 
chronic inflammatory diseases, a specific goal is to prevent relapse (Kharaeva 
et al. 2009). This study suggested that in the face of worsening disease, sup-
plementing current therapy with nutraceuticals may provide a viable alterna-
tive remedy without the negative consequence of additional adverse reactions.

An elevated oxidative state is a major accompanying complication of pso-
riasis. Therefore, the effect of nutraceutical supplementation on the status 
of oxidative stress has been investigated. For example, granulocytes from 
patients with psoriatic arthritis and erythrodermic psoriasis when activated 
in vitro produced elevated levels of the superoxide free radical when com-
pared to cells from healthy controls. The addition of antioxidants in both 
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disease groups accelerated the desensitization of granulocytes to synthesize 
the ROS superoxide. The supplementation caused SOD and catalase produc-
tion to return to normal levels at an accelerated rate in both diseased groups, 
indicating that the antioxidant properties of the supplements may have 
alleviated the toll on endogenous antioxidants, allowing the latter to return to 
normal (Kharaeva et al. 2009).

13.1.4.1.5 CD, IBD, and antioxidant nutraceuticals CD and IBD are both 
chronic inflammatory gastrointestinal diseases, the etiologies of which are 
incompletely understood. However, both are associated with structural 
changes at the tissue and cellular level in the gastrointestinal tract during dis-
ease progression, leading to poor absorption of vitamins and nutrients. Thus, 
a primary concern may be deficient nutritional status of the patient.

13.1.4.1.5.1 CD, IBD, and vitamin D Farraye et al. evaluated the ability of 
CD patients to absorb vitamin D. In the study, only CD patients whose disease 
was in remission at the time were included. The results indicated that this 
population absorbed the vitamin at a 30% deficiency compared to control. 
This diminished absorbance was independent of the location of the disease 
along the gastrointestinal tract (Farraye et al. 2011). A similar study performed 
in Denmark also compared vitamin D supplementation in CD patients who 
were in remission; however, the endpoint in this particular study was clinical 
relapse. Comparing the treatment group with controls, patients who received 
supplements showed fewer relapses compared with placebo; however, this 
did not meet statistical significance (p = 0.06) (Jørgensen et al. 2010). The 
authors noted that the lack of statistical significance could be attributed to the 
small sample size.

Another study examined the effect of vitamin D level on CD patients’ quality 
of life by generating and using a short inflammatory bowel disease question-
naire (SIBDQ). SIBDQ is a self-administered questionnaire wherein scores 
are totaled and placed on a graded scale, where 10 indicates poor and 70 
is the best state of quality of life (Lam et al. 2009). Unlike other vitamin D 
and IBDs studies, this research group accounted for the seasonal effect on 
serum levels and patients’ quality of life. As expected, vitamin D level was 
significantly higher in the summer than in the winter due perhaps to ample 
sunshine. It was noted that the SIBDQ scores in the winter was significantly 
higher in patients who had normal vitamin D serum concentrations than 
patients who had low levels. It is interesting to note that in the summer sea-
son, the SIBDQ scores were similar when comparing patients with low and 
normal vitamin D levels. It was also noted that the questionnaire scores were 
similar when comparing patients who had low summer vitamin levels with 
patients who had normal winter levels. This finding suggested that sunlight 
alone had positive effects on Crohn patients’ quality of life regardless of the 
serum vitamin D levels. In addition, when comparing patients who received 
vitamin D supplements to controls, there was no significant difference of 
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either the decline of serum levels from summer to winter or the SIBDQ score 
(Hlavaty et al. 2014). Although more studies are necessary to definitively 
determine the benefits of vitamin D supplements in CD patients, prelimi-
nary clinical trials indicate that vitamin D supplements may not provide any 
 significant benefit to the treatment of this disease or improvement to the 
quality of life of these individuals.

13.1.4.1.5.2 Endogenous Vitamin D and Cancer-related Complication of 
IBD It has been shown that reduced vitamin D levels puts individuals at 
a higher risk for developing cancer, in particular colorectal, hepatocellular, 
pancreatic, and bladder (Jenab et al. 2010; Mondul et al. 2010; Wolpin et al. 
2012; Fedirko et al. 2014; Chandler et al. 2015). Difference in vitamin D con-
centrations has also been suggested as a possible factor that could explain 
difference in cancer survival rates (Grant 2006). Taking into account vitamin 
deficiencies are common in the IBD patient population, one would expect a 
higher incidence of cancer associated with this disease. To find an answer to 
this question, one cohort study was set to determine if patients who have low 
vitamin D levels in addition to IBD are at increased risk for developing cancer. 
The results of this report indicated that IBD patients with reduced vitamin D 
levels indeed had an elevated risk of developing cancer. Out of the 2809 indi-
viduals who entered the study, 196 patients (7% ratio) developed cancer. The 
cohort included 881 patients who initially had deficient levels of vitamin D, 
of which 88 (or 10%) developed cancer compared to the 4% of patients with 
normal levels. This yielded an odds ratio of 2.38. By increasing the vitamin D 
level by 1 ng/mL, the odds ratio was adjusted to be just below 1 (0.97–0.98). 
Colon cancer was shown to have the strongest correlation between dimin-
ished vitamin D and incidence (Ananthakrishnan et al. 2014). Although there 
is little evidence that supplementing current CD remedies with vitamin D 
showed any therapeutic benefits, these findings raise the question, should 
patients with CD have vitamin D supplements added to their therapy regiment 
in order to prevent the development of cancer.

13.1.4.1.5.3 Vitamin D and Osteoporosis-related Complications of IBD and 
CD Osteoporosis results in demineralization of bones and the thinning and 
weakening of the skeletal system, leading to increased fractures. Interestingly, 
osteoporosis has a high prevalence within the IBD and CD patient populations 
(Ardizzone et al. 2000; Miznerova et al. 2013). The etiology of osteoporosis 
is not yet elucidated, and many factors have been suggested as contribu-
tors, such as body mass index (BMI), height, and gender. Though it is often 
assumed that osteoporosis in the IBD and CD patient population arises due to 
chronic steroid drug use as a consequence of therapy, a recent study reported 
a prevalence of low bone mass density among patients with IBD who were 
never treated with corticosteroids (22.36%) (Miznerova et al. 2013). Recent 
reports have suggested that the inflammatory state associated with CD may 
contribute to this pathology. This high prevalence of osteoporosis is related to 
an increased occurrence of vertebral fractures in patients with CD. A study of 
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293 CD patients who underwent bone density scans showed that 156 (53.2%) 
of these individuals were osteopenic (n = 111) or osteoporotic (n = 45). Of 
these 156 patients, 21.8% had one or more vertebral fractures (Klaus et al. 
2002). In fact, a recent report has shown an inverse correlation between 
vitamin D deficiency and bone mass density (Nakajima et al. 2011). Further 
studies are needed to confirm the role of vitamin deficiency and of the utility 
of subsequent vitamin supplementation.
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14.1 Immunomodulation

Immunomodulation refers to changing the various immune and inflammatory 
processes in the body through therapeutic means. It refers to the balancing 
of this immune response through external means, in this case, nutrients, to 
reduce or prevent adverse health effects.

The body and brain have separate but similar immune systems that protect 
healthy cells from infection, foreign materials, or foreign cells. The immune 
system also assists with removing injured or unhealthy cells and with wound 
healing. The immune system is constantly surveying for problems and ready 
to respond with innate immune cells, such as natural killer (NK) cells and 
acquired cellular and humoral immunity. If the immune system is overacti-
vated or out of balance, then it can actually do more harm than those things 
from which it is protecting the cells. In addition, some immunomodulators, 
if used in excess, can cause immunosuppression. Immunomodulation can 
affect innate immunity, acquired humoral (B-cell) or cellular (T-cell) immune 
responses, or all three.

14.2 Antioxidants

Antioxidant, refers to a substance that stabilizes harmful free radicals into sta-
ble harmless compounds using redox-based mechanisms. There are millions 
of antioxidants in nature. The body generates free radicals as an inevitable 
consequence of turning food into energy. Sugar in the diet, in particular, pro-
duces a large number of free radicals. There are also free radicals already in 
some of the foods we eat and in the air we breathe. In addition, UV and other 
radiation can generate free radicals that especially impact the skin and eyes. 
However, free radicals are normal physiological components of the signaling 
generated by cytokines, growth factors, and neurotropic peptides only when 
produced in low amounts and in a controlled manner.

Our bodies make a wide variety of innate antioxidants to handle the constant 
production of free radicals. The body’s natural production of antioxidants can 
decline with age (Fusco et al. 2007). The body’s innate antioxidants are not 
enough to handle the load of free radicals. Our bodies must get antioxidants 
from our food nutrients in order to help keep the entire process in balance. 
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These compounds can act as direct antioxidants through free radical scaveng-
ing mechanisms and/or as indirect antioxidants by enhancing the antioxidant 
status.

When there are too many free radicals for the available antioxidants, then this 
is called oxidative stress. The excess free radicals then cause damage to lipid 
and proteins in cell and mitochondrial membranes, to enzymes, and to nucleic 
acids in our DNA and RNA. Antioxidants therefore protect both the structure 
and function of cells. Repeated or prolonged oxidative stress has also been 
implicated in the onset of senescence in cells, especially immune cells (De la 
Fuente 2002).

There are three primary types of antioxidants in foods. These are phytochem-
icals, vitamins, and microminerals. Antioxidants occur mostly in plants to 
protect the effects of the large number of free radicals caused by exposure to 
UV radiation. Antioxidants are absorbed from the food and have their effects 
both within intestinal tract microbiome and systemically after absorption.

14.3 Nutraceutical

Nutraceutical is a word made up of the words nutrition and pharmaceuti-
cal. It is a broad umbrella term that refers to naturally occurring nutrients or 
foods that have beneficial health effects over and above the nutritional value 
found in the food. Antioxidant nutraceuticals is one subset of nutraceuticals. 
Many antioxidants can be obtained directly from the diet (e.g., ascorbic acid, 
α-tocopherol, carotenoids, and polyphenols) or require micronutrients as inte-
gral components, for example, selenium in the metalloenzyme glutathione 
peroxidase.

According to data from the U.S. National Health and Nutrition Examination 
Survey (NHANES), 93% of the U.S. population do not meet the estimated aver-
age requirement for antioxidant vitamin E, 56% for magnesium, 44% for vita-
min A, 31% for vitamin C, 14% for vitamin B6, and 12% for zinc (Moshfegh 
et al. 2005). Because micronutrients play crucial roles in the development and 
expression of immune responses, selected micronutrient deficiencies can cause 
immunosuppression and thus increased susceptibility to infection and disease.

14.4 Antioxidant nutraceuticals

The discussion will be limited to antioxidant nutraceuticals. There is a wide 
variety of antioxidant nutraceuticals, and new categories continue to be dis-
covered. The amount of research on each of these various antioxidant nutra-
ceuticals varies widely. There is a large body of research on most of these 
antioxidants. Currently, close to 2000 clinical trials using antioxidants are 
ongoing (www.clinicaltrials.com).

http://www.clinicaltrials.com
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In addition to the type of antioxidant, the location of antioxidant effects also 
varies widely. Even very similar nutrients can have a huge difference in their 
potential as antioxidants. For example, vitamin E has many isoforms: α-, β-, 
and d-tocopherol and α-, β-, and d-tocotrienol. Only α-tocopherol functions 
as an antioxidant in the body (Davis et  al. 2015). However, ascorbic acid 
( vitamin  C) has only one form, and most of its antioxidant properties are 
provided by regenerating the antioxidant capacity of α-tocopherol (vitamin E) 
(Davis et al. 2015).

So, this chapter will discuss the current state of the art of nutraceutical sub-
stances that have an antioxidant effect at a cellular level that results in benefi-
cial effects on innate, humoral, and/or cellular immune responses.

14.5 Oxidation

Oxidation refers to the loss of electrons by an atom or molecule. There is a 
concomitant reduction reaction with the gain of an electron by a different 
atom or molecule. Collectively, these are known as reduction/oxygenation 
(redox) reactions. These redox reactions take place in cells as part of aerobic 
metabolic production of energy, namely adenosine triphosphate (ATP).

Endogenous free radicals are generated as a natural by-product of these 
metabolic redox reactions. These free radicals are generated in cell mem-
branes, mitochondria, peroxisomes, and endoplasmic reticulum (Muller 2000). 
Exogenous free radicals can also be produced by ingesting xenobiotics 
(environmental toxins, cigarette smoke, and drugs). Other exogenous free 
radicals are generated from ionizing radiation interacting with water in the 
body’s tissues.

Free radicals are highly reactive molecules containing one of more unpaired 
electrons. They play a role in cell signaling and homeostasis. A broader, more 
inclusive term is reactive oxygen species (ROS), which includes the oxygen-
centered radicals (superoxide O2- and hydroxyl OH) and some non-radical 
species of oxygen such as hydrogen peroxide (H2O2), singlet oxygen, and 
hypochlorous acid (HOCl).

14.6 Oxidative stress

An excess ROS is known as oxidative stress. The ROS cause damage to vari-
ous parts of the cell. They are particularly damaging to long-chain polyun-
saturated fatty acids (PUFAs) found in cell membranes. The process of lipid 
peroxidation results in a self-perpetuating chain reaction creating extensive 
damage along the cell membrane.

ROS also cause protein carbonylation. This refers to oxidation of side chains 
of lysine, arginine, proline, and other amino acids. This leads to loss of protein 
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function. Heavily carbonylated proteins tend to form high-molecular-weight 
aggregates that are resistant to degradation and accumulate as damaged or 
unfolded proteins (Dalle-Donne et al. 2006). In addition, ROS damage nucleic 
acids in DNA and RNA at several locations, resulting in transcription errors. 
Excessive or prolonged oxidative stress can influence T-cell function, contrib-
uting to a T-cell phenotype, which is hyporesponsive to growth and death sig-
nals and persists at the site perpetuating the immune response. Acute excess 
oxidative stress can lead to apoptosis or other means of cell death.

14.7 Oxidation and the immune system

The immune system is particularly susceptible to oxidative stress. Excess ROS 
induce the production of COX-2, inflammatory cytokines (TNF-α, IL-1, and 
IL-6), and chemokines (IL-8).

The immune system is impacted in several other ways. A very important aspect 
of keeping the immune system in balance is accurate cell–cell signaling. This 
signaling is done in particular via membrane-bound receptors. Damage to 
the signaling systems occurs via damage to the PUFA cell membrane integ-
rity from ROS peroxidation chain reactions. This results in a reduction of 
cell membrane receptor expression. This significantly impairs the immune 
responsiveness (Stark 2005).

In order for the immune system to initiate an antibody response as part of 
humoral immunity, naive B cells must first be activated by an antigen. B-cell 
receptors recognize an antigen and then enlist CD4+ T cells to stimulate 
clonal expansion. B-cell production of ROS is a natural consequence of this 
response. In fact, generation of ROS following antigen receptor ligation is 
critical in promoting B-cell proliferation and antibody production and CD4+ 
T-cell responses. This suggests that while antioxidants may play a therapeutic 
role in the prevention of chronic diseases, there may be negative effects on 
the humoral immune response to acute infectious illness or immunization 
response (Crump et al. 2013, Lanzavecchia 1985).

Immune cells are unusual, as compared with other somatic cells, in that they 
contain high levels of antioxidant vitamins, presumably providing protection 
against lipid peroxidation and immunosuppression, both of which are well-
known risks posed by high PUFA content of immune cells (Hughes 1999a).

14.8 Oxidative burst

Second, phagocytic cells produce ROS as a main part of its defense system. 
The phagocyte engulfs the microbe, foreign, or damaged cell. Lysosomes 
then fuse with the phagocytic vesicle and the microbe or cell is destroyed 
by the oxidative burst. When phagocytes are activated to produce this burst, 
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a multicomponent flavoprotein, NADPH oxidase, is assembled and this cata-
lyzes the production of large amounts of superoxide anion radical (O2

−) and 
also hydrogen peroxide (H2O2). Adequate amounts of neutralizing antioxi-
dants are required to prevent damage to the lysosome membranes. Damage 
can lead to a release of hydrolytic enzymes in the phagocyte’s cytoplasm 
(Puertollano et  al. 2011). In addition, activated neutrophils and monocytes 
release the hemoprotein myeloperoxidase into the extracellular space, where 
it catalyzes the oxidation of Cl− by H2O2 to yield hypochlorous acid (HOCl), 
which is a nonspecific oxidizing and chlorinating agent that reacts rapidly 
with a variety of biological compounds such as sulfhydryls, PUFAs, DNA, pyri-
dine nucleotides, aliphatic and aromatic amino acids, and nitrogen-containing 
compounds (Brambilla et al. 2008).

14.9 Innate antioxidants

The body has innate enzyme- and nonenzyme-based systems to decompose 
ROS. Catalase and glutathione peroxidase are enzymes used by phagocytes to 
decompose of H2O2 and other ROS produced during the killing of phagocy-
tized cells or microbes. Superoxide dismutase (SOD) scavenges other free rad-
icals. Glutathione, is the most important innate antioxidant. However, there is 
usually not enough innate antioxidant to protect again excess ROS and oxida-
tive stress. So, dietary antioxidants are necessary to keep the ROS in balance.

14.10 Antioxidant nutraceuticals

Antioxidant nutraceuticals include vitamins, phytochemicals, microminerals, 
and coenzymes.

14.10.1 Vitamins
The four major antioxidant vitamins are ascorbic acid, α-tocopherol, β-carotene 
(a precursor of vitamin A), and folic acid.

14.10.1.1 Vitamin E

α-Tocopherol is the most important lipid-soluble antioxidant. Strong evidence 
supports a significant impact of α-tocopherol on the modulation or immune 
functions. Deficiency of α-tocopherol has been shown to impair both humoral 
and cell-mediated immune functions. α-Tocopherol deficiency states are asso-
ciated with depressed B-cell antibody production. α-Tocopherol supplemen-
tation, especially in the aged, has been shown to enhance immune response 
(Serafini 2000).

α-Tocopherol is the first line of defense terminating lipid peroxidation chain 
reactions. It therefore plays a major role in maintaining cell membrane integrity. 
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Immune system cells are particularly high in α-tocopherol because of the high 
PUFA content.

α-Tocopherol supplementation significantly enhances lymphocyte prolifera-
tion, IL-2 production, and delayed type hypersensitivity skin response and 
decreases prostaglandin E2 (PGE2) production by affecting COX activity. 
This immunoenhancing effect is thought to be due to reduced PGE2 produc-
tion by macrophages and increased IL-2 production by T cells (Adolfsson 
et al. 2001).

Studies have shown, for example, that administration of α-tocopherol supple-
ment (800 mg for 30 days) to healthy elderly patients produced an increased 
antibody titer to both hepatitis B and tetanus vaccine, thus enhancing T-cell-
mediated functions (Meydani et al. 1997, Park et al. 2003).

α-Tocopherol has been shown in mice to protect the CD8+ and CB4+ T-cell 
membranes from oxidative damage (Matsushita et  al. 2015). T cells have a 
repair enzyme, glutathione peroxidase. This enzyme repairs oxidative dam-
age to the cell membrane. If this enzyme is defective or insufficient, the T cells 
die off as they divide instead of forming clones of themselves to fight allergen 
or infection. α-Tocopherol acts and the next line of antioxidant defense.

The evidence suggests that the current recommended daily allowance 
(RDA) for men and women of 22.4 IU tocopherol equivalents is inappropri-
ately low, especially for elderly persons. However, too high a dose is asso-
ciated with adverse consequences. The tolerable upper intake levels (Uls) 
for α-tocopherol at 1500 IU for adults (Institute of Medicine and Food and 
Nutrition Board 2000).

14.10.1.2 Vitamin C

Vitamin C, also known as ascorbic acid, is a water-soluble vitamin. It is not 
synthesized in the body and must be obtained exogenously. It has antioxidant 
properties on proteins, lipids, carbohydrates, and nucleic acids. It is a potent 
reducing agent and, therefore, readily donates electrons, preventing damage 
from ROS (Carr and Frei 1999, Wintergerst et al. 2006). Ascorbic acid concen-
trations in plasma and leukocytes rapidly decline during infections and other 
causes of oxidative stress.

Ascorbic acid is the main water-soluble free radical scavenger. It is important 
in neutralizing phagocyte-derived ROS that have been released extracellu-
larly. Separately, ascorbic acid regenerates α-tocopherol from its oxidized state 
(Bruno et al. 2006). Ascorbic acid is found in high concentrations in phago-
cytes and T cells. It is actively transported into leukocytes, with intracellular 
concentrations 80 times that found in plasma. It has been shown to be effec-
tive in the treatment of some phagocytic cell dysfunction syndromes.

The belief that ascorbic acid can prevent or modify the common cold has 
not been substantiated scientifically. Modest effects on the duration of illness 
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have been seen. Studies have shown that glucose has an inhibitory effect on 
ascorbic acid’s antioxidant effects (Wintergerst et al. 2006).

Unlike α-tocopherol, all forms of ascorbic acid supplements are equally effec-
tive as antioxidants. No toxic effects up to 10 grams/day in adults. Kidney 
stone formers should avoid a dose of more than 1000 mg/day. A large num-
ber of clinical trials with intake of 1000 mg of ascorbic acid, with or without 
30 mg of zinc, are available. The tolerable Uls for ascorbic acid are 2000 mg 
for adults.

14.10.1.3 Vitamin A

Vitamin A is the name of a group of fat-soluble retinoids, including retinol, 
retinal, and retinyl esters. β-Carotene is a phytochemical. It is the main dietary 
source of vitamin A. The beauty of β-carotene, a vitamin A precursor, as a 
nutraceutical is that the body will only convert as much of it to vitamin A 
as the body needs. However, excess vitamin A intake can have several toxic 
sequelae. Vitamin A and β-carotene each independently has beneficial effects 
on the immune system.

Unrelated to vitamin A levels, β-carotene is an antioxidant and several human 
trials using dietary β-carotene supplementation have shown that it enhances 
humoral and cell-mediated immune responses, particularly in the elderly 
(Hughes 1999b).

14.10.1.4 β-Carotene

β-Carotene is one of a group of red, orange, and yellow pigments found in 
nutrients called carotenoids. Other carotenoids include lycopene, astaxanthin, 
and canthaxanthin. These, however, are not provitamins of vitamin A. All of 
these carotenoids have antioxidant effects and are beneficial for humoral and 
cell-mediated immunity. These benefit the immune system as antioxidants 
in ways similar to α-tocopherol (Chew and Park 2004). The tolerable Uls for 
vitamin A are 10,000 IU for adults.

14.10.1.5 Folic acid

Folic acid is a water-soluble vitamin B. Severe folate deficiency has been shown 
to impair cell-mediated immunity, resulting in decreased humoral response. 
Folic acid plays a crucial role in DNA and protein synthesis. Any mechanism 
in which cell proliferation plays a role can be affected by folate deficiency 
(Dhur et al. 1990).

Folic acid works as an antioxidant. It mostly functions as a scavenger of ROS. 
In addition, even though water soluble, it has also been shown to inhibit lipid 
peroxidation (Atteia et al. 2009). The RDA is 400 mcg per day, and the toler-
able Uls are 1000 mcg for adults.
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14.10.2 Phytochemicals
Phytochemicals are substances found in plants. They are often responsible for 
the color or odor of the plant. There are many thousands of different phyto-
chemicals. Many of them are antioxidants. Refined or processed foods often 
contain little of the active phytochemicals (Halvorsen et al. 2006).

14.10.2.1 Carotenoids

β-Carotene, discussed earlier, is a carotenoid. It is the only carotenoid provita-
min. There are 600 other carotenoids, many of which have antioxidant prop-
erties. There is a wide variety of basic science and human studies on various 
carotenoids. In general, a diet with plenty of colorful fresh vegetables and 
fruits will have copious amounts of carotenoids and other antioxidant phyto-
chemicals. Unlike vitamins, the emphasis with phytochemical nutraceuticals 
should not be on a specific dose but on getting a wide array of many types of 
antioxidant phytochemicals for the beneficial effects on the immune system.

14.10.2.2 Polyphenols

Polyphenols are phytochemicals involved with defense against UV radiation in 
plants. There are 8000 different polyphenols in groups such as phenolic acids, 
flavonoids, and lignans. These are found in fruits, vegetables, tea, coffee, and 
red wines. A typical serving of tea, coffee, or red wine contains 100 mg of 
polyphenols. Flavonoids are the most studied group of polyphenols.

Bioavailability is highly variable. Many of the polyphenols are strong antioxi-
dants having effects in plasma antioxidation and protecting against lipid per-
oxidation of PUFA membranes and nucleic acids. They have also been shown 
to inhibit the inflammatory mediator COX-1 (Seeram et al. 2003).

The grape polyphenol, resveratrol, has many purported anti-aging effects 
and is a potent antioxidant. It scavenges plasma ROS and lipid peroxidation 
ROS (Pandey and Rizvi 2009).

In general, the best way to obtain these nutrients is through a diet plentiful 
with fresh fruits, vegetables, and nuts. In addition, another variety of poly-
phenols is best obtained through regular consumption of green and black tea, 
coffee, and red wine.

14.10.2.3 Flavonoids

Flavonoids are polyphenolic substances found in a wide range of plants. Many 
of them are antioxidants and scavenge for ROS. Like the polyphenols in gen-
eral, there is not a great deal of research on the flavonoids, especially in 
humans. Very little is known on the absorption, distribution, metabolism, 
and excretion of these compounds. Both the absorbed flavonoids and their 
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metabolites have antioxidant properties, impacting plasma antioxidant status, 
and preventing damage to PUFA membranes. Studies suggest that they also 
have a positive modulating effect on cells that respond to stimuli, such as the 
immune system cells (Middleton 1998). Several hundred milligrams of flavo-
noids are consumed daily in a typical Western diet. There is no RDA.

14.10.2.4 Allyl sulfides

These are phytochemicals, also known as organosulfides. They are most com-
monly found in garlic; up to 94% of garlic oil is comprised of these. They are 
considered to be antioxidants. Several studies suggest that high doses of these 
organosulfides can increase the NK immune cell activity. On the other hand, 
several cancer studies suggest that they promote the generation of ROS, lead-
ing to oxidative stress and apoptosis. More studies are needed to make any 
firm recommendations.

14.10.2.5 Cannabis

Cannabis can be considered to contain phytochemicals that are nutraceuti-
cals. Cannabis in the form of oil and seeds have been used food/nutrients for 
10,000 years. There are approximately 85 cannabinoids found in cannabis; of 
these, tetrahydrocannabinol (THC) and cannabidiol (CBD) are the most studied 
and well known. THC is the chemical in cannabis that has psychoactive effects, 
as well as temporary side effects of psychosis and anxiety, and is associated 
with dependency syndromes. On the other hand, CBD is non-psychoactive and 
very safe, with essentially no side effects unless it is given is very high doses, in 
which case, it can cause immunosuppression (Machado Bergamaschi et al. 2011).

In addition to cannabinoids, there are hundreds of terpenes in cannabis that 
can be considered nutraceutical antioxidants. THC, CBD, and several other 
cannabinoids are potent immunomodulators and exert their effects through 
the endocannabinoid system (ECS). Immune system cells in the body and 
brain have most of the cannabinoid 2 receptors (CB2). The body makes sev-
eral natural endocannabinoids chemicals that bind to these receptors and 
regulate the immune system. CBD and THC interact with the CB2 receptors in 
different ways to suppress overactive immune responses.

Cannabinoids use the ECS to induce apoptosis and inhibit proliferation of 
macrophages and T cells. They also suppress cytokine production and induce 
T-regulatory cells. Separately, THC and CBD are also potent antioxidants via 
mechanisms unrelated to cannabinoid receptors and the ECS. In fact, CBD has 
been shown to be 30%–50% more potent antioxidant than α-tocopherol and 
ascorbic acid (Hampson et al. 2000).

14.10.2.5.1 THC THC has been shown to trigger marked apoptosis of T cells 
and dendritic cells in the brain, resulting in immunosuppression. THC also 
upregulates T-regulatory cells to suppress inflammatory responses (Nagarkatti 
et al. 2009).
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14.10.2.5.2 CBD CBD is a very safe, non-psychoactive cannabinoid. When it 
is extracted from hemp versions of cannabis sativa, it is actually considered a 
food additive and sold over the counter in several nutraceutical supplements. 
CBD does not bind well with CB1 or CB2 receptors. It indirectly affects mostly 
CB2 receptors by decreasing the enzymatic breakdown of endocannabinoids. 
Some of its actions occur independently of the ECS or via a putative third can-
nabinoid receptor (Kaplan et al. 2008). Research is still ongoing. It has been 
demonstrated to be a potent suppressor of T-cell function and production of 
IL-2 and interferon (Zaric et al. 2010).

CBD is more potent for immunomodulation than THC. Long-term use of too 
high a dose of CBD can actually result in immunosuppression, aggravation of 
HIV, liver fibrosis, and other conditions (Nagarkatti et al. 2009).

14.10.2.5.3 Terpenes Cannabis has a wide array of terpenes. These are 
 volatile aromatic oils. They are all fat soluble. Several of them are potent 
antioxidants. The most common is β-caryophylline, abbreviated BCP. It can 
make up as much as 35% of the essential oils of cannabis. This is considered 
a food additive, and is also present in significant quantities in black pepper, 
hops, cinnamon, oregano, basil, and many other nutrients. The estimated 
daily intake of BCP from the typical diet is 15–200 mg.

BCP acts as a cannabinoid, and binds to CB2 receptors, found mostly on 
immune system cells, and is a functional CB2 agonist (Gertsch et al. 2008). 
Separately, it is a potent antioxidant, impacting the immune system in this 
way as well.

14.10.3 Microminerals
Several microminerals are involved in immunomodulation via enzyme-related 
antioxidant effects.

14.10.3.1 Zinc

Zinc is a dietary micronutrient and potent antioxidant. It is second only to 
iron in its concentration in the body. Zinc is also known to play a central role 
in the immune system. It affects multiple mechanisms of the immune system. 
Zinc deficiency is associated with increased sensitivity to oxidative stress. It is 
essential to the development and function of cells mediating nonspecific immu-
nity such as neutrophils and NK cells. It also affects development of acquired 
immunity, including T-cell activation, cytokine production, antibody produc-
tion, and phagocytosis. Supplemental amounts of zinc (25 mg/day) have been 
associated with increased levels of CD4 T cells and NK cells in older adults 
(Shankar and Prasad 1998). Studies in the elderly have shown that zinc supple-
mentation results in two-third decrease in incidence of infections. There was 
also a decrease in oxidative stress biomarkers and in cytokines (Prasad 2014).
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Supplemental zinc ingestion results in antagonism of the redox catalytic met-
als iron and copper. This results in protection of protein sulfhydryl groups and 
reduction of some free radical formation. Chronic exposure to zinc induces 
other antioxidants, such as the metallothioneins. Excess ingestion of zinc can 
result in temporary diarrhea, vomiting, and abdominal cramping. Long-term 
use of excess zinc can result in copper or iron deficiency. The RDA is 8–11 mg 
a day.

14.10.3.2 Magnesium

Magnesium is a dietary micronutrient. It is an antioxidant and a cofactor in 
over 325 enzyme reactions. It is found in highest concentrations in the kid-
neys and liver and related to removal of toxins from the body. More studies 
have been conducted on magnesium deficiency as opposed to magnesium 
supplementation.

Low-grade magnesium deficiency is common and underdiagnosed. Chronic 
low-grade magnesium deficiency is strongly correlated with low-grade system 
inflammation. Magnesium deficiency is associated with high levels of ROS, 
low levels of intracellular glutathione, an increase in cytokines, and elevated 
leukocyte and phagocyte activation (Rayssiguier et al. 2006). Magnesium plays 
a key role as a cofactor for antibody synthesis and for macrophage response 
to cytokines. Adults who consume less than 75% of the RDA for magnesium 
are almost twice as likely to have elevated levels of CRP (Song et al. 2005).

Magnesium is involved with several aspects of the innate and acquired 
immune response. It is essential for the proper functioning of the enzyme 
gamma glutamyl transpeptidase (GGT). GGT speeds up glutathione peroxi-
dase and the resulting reaction between glutathione and ROS (Zhang et al. 
2005). GGT is involved in cysteine delivery to tissue demanding it in response 
to acute oxidative stress (Tam et al. 2003). Magnesium supplementation stud-
ies have yielded inconsistent results (Bo et al. 2006). The RDA for magnesium 
is 320–400 mg a day. However, higher daily intake of 600–1000 mg is safe and 
felt to achieve maximum benefits for the immune system. As many of 60% of 
adults don’t consume the RDA (Laires and Monteiro 2008).

14.10.3.3 Selenium

Selenium is a dietary micronutrient and a potent antioxidant. It carries out bio-
logical effects through incorporation in selenoproteins, which play a role in 
regulating ROS in nearly all tissues. Several of the innate antioxidant enzymes 
contain selenium, including glutathione peroxidase and methionine sulfoxide 
reductase.

Selenium is an integral component of glutathione peroxidase, which, as dis-
cussed earlier, is intimately involved with the immune response. It is found 
concentrated in the liver, spleen, lymph nodes, and immune system cells. 
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Supplemental selenium has been shown to boost cell-mediated immune 
responses. It may also have a secondary effect of upregulating the expression 
of IL-2 receptors on T cells.

Selenoproteins are important for initiating immunity and regulating excessive 
immune response. Likewise, selenium deficiency is associated with decreased 
immune cell activation, differentiation, and proliferation. Supplementation in 
experimental animals has been associated with increases in NK cells and 
T-cell proliferation. Excess selenium can impair immune cell function as well 
and is associated with liver cirrhosis and neurological damage (Rayman 1997). 
Most adults in the United States get the RDA of 55–70 mcg per day of selenium 
(Hoffmann and Berry 2008). The tolerable Ul is 400 mcg per day for adults.

14.10.4 Enzymes
There are antioxidant enzymes synthesized from the proteins and minerals 
that we eat. They include SOD, glutathione peroxidase, glutathione reductase, 
and catalases. In order for antioxidant enzymes to provide optimum antioxi-
dant activity, they require cofactors such as iron, copper, selenium, magne-
sium, and zinc. The quality of the protein source has an impact on the quality 
of the antioxidant enzymes. However, these are not true nutraceuticals.

14.10.4.1 Coenzyme Q10

Coenzyme Q10 (CoQ10) is an antioxidant nutrient found in high levels in 
organ meats such as liver and kidney. It is found is almost every cell in the 
body. It is fat soluble and found in the membranes of mitochondria and in 
plasma lipoproteins. It is an essential part of the cellular machinery that pro-
duces ATP. It is a primary scavenger of ROS and found in close proximity 
to PUFA chains in membranes (Littarru and Tiano 2007). The recommended 
dose for CoQ10 supplementation is 30–200  mg daily. Soft gels tend to be 
better absorbed than capsules or other preparations. Higher doses may be 
recommended for specific conditions.

14.11 Additional immunity-modulating antioxidants
14.11.1 Omega-3 fatty acids
Omega-3-polyunstaurated fatty acids are found in fish oil. The specific active 
compounds are docosahexaenoic acid and eicosapentaenoic acid. They have 
a wide array of powerful effects on immunomodulatory activities and inflam-
mation (Ergas et  al. 2002). Human supplementation studies have not been 
conclusive.

Several short-term studies using fish oil high in omega-3 fatty acids show 
a short-term anti-inflammatory effect. It is especially effective on chronic 
inflammatory conditions, probably through downregulation of cytokines. 
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Chronic daily intake probably reduces the risk of autoimmunity through pro-
motion of apoptosis of autoreactive T cells (Fritsche 2006). Although they are 
antioxidants, they should not be considered super-antioxidants. There is no 
RDA for these fatty acids, although two to three servings of fish are recom-
mended per week.

14.11.2 α-Lipoic acid
This is a dietary chemical, which was once thought to be a vitamin. It is 
primarily found in some meats. It is unusual in that it is both water and fat 
soluble. Unlike most antioxidants, it crosses the blood–brain barrier readily. It 
helps turn glucose into energy. It plays a vital role in mitochondrial dehydro-
genase reactions. It is a potent antioxidant by increasing antioxidant enzymes. 
It interacts with ascorbic acid and glutathione to help recycle α-tocopherol. It 
also stimulates the production of the innate antioxidant, glutathione. α-Lipoic 
acid has been shown to inhibit expression of cytokines IL-6 and TNF-α, mod-
ulating the immune response to oxidative stress (Packer et al. 1995).

14.11.3 Mushrooms
Of the thousands of mushroom species, only about 20 are used for dietary 
purposes. Mushrooms contain many antioxidants. Mushrooms have some of 
the highest antioxidant activity of all foods. They are also high in selenium. 
Shiitake mushrooms have been associated with better functioning of T cells 
and decreased release of IL-8 and TNF-α (Dai et al. 2015). Taking 3–6 g a 
day of Turkey Tail mushrooms was associated with increased populations of 
NK cells.

Many mushrooms species contain a unique antioxidant called ergothioneine 
(ET). This is a derivative of the amino acid histidine and is not synthesized in 
the body. Its exact function is not known, but the presence of high levels of a 
specific transporter protein in mitochondria and cell nuclei implies an impor-
tant physiologic role. ET is able to get into the mitochondria much more effi-
ciently than other dietary antioxidants and acts as a potent intramitochondrial 
antioxidant. ET is as potent as the innate antioxidant glutathione. It is consid-
ered to be an antioxidant cytoprotectant (Paul and Snyder 2010). Deficiency is 
associated with cytotoxicity. It may represent a new vitamin.

14.12 Nutraceuticals through dietary choices

Many antioxidants such as ascorbic acid, ergothioneine, lutein, and the zea-
xanthins are not synthesized by the human body and must be obtained 
from foods. Ideally, we should try to obtain all of the necessary antioxidants 
in sufficient amounts through dietary means rather than taking artificial 
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supplements. The concept of a nutraceutical supplement implies that there is 
an artificially manufactured tablet, powder, or liquid that contains higher or 
more concentrated amounts of the nutraceutical than that which is found in 
nature. In addition, there is the implication that dietary food choices alone 
would not provide the therapeutic effects of these supplements. However, for 
a large portion of society, it is not reasonable or feasible to obtain optimal 
daily amounts of fresh fruits, vegetables, and unprocessed meats. The use 
of antioxidant nutraceuticals represents an alternative and convenient, and 
perhaps economical, way to obtain health benefits from these substances. 
Awareness and education should be provided to make certain that excessive 
amounts of these substances are not ingested.

14.13 Summary

There is a wide array of antioxidants found in our diet, including vitamins, 
microminerals, phytochemicals, and other dietary substances. The body’s 
innate antioxidant systems are not sufficient to deal with the ROS and dietary 
antioxidants are mandatory to prevent oxidative stress. Antioxidants protect 
both the structure and function of cells. Immune cells are particularly suscep-
tible to the damaging effects of oxidative stress. This is due to the importance 
of cell signaling via cell membrane receptors and the formation of excessive 
ROS during the oxidative burst of phagocytosis.

The immune system is usually affected in a positive way by antioxidant nutra-
ceuticals. Antioxidants work in four different areas. Water-soluble antioxi-
dants reduce ROS in plasma. Fat-soluble antioxidants usually protect PUFA 
cell and mitochondrial membranes from peroxidation damage. Other anti-
oxidant effects include protecting proteins and their enzymatic effects and 
protecting nucleic acids from causing transcription errors.

It is challenging to obtain optimal levels of antioxidant nutrients from our diet 
on a daily basis. So, in addition to a diet with a wide variety of fresh fruits, 
vegetables, and unprocessed meats, appropriate doses of supplemental anti-
oxidants may be indicated.
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15.1 Introduction

A healthy balance between free radicals and antioxidants is necessary 
for proper functioning of the biological systems within the human body. 
Antioxidants are molecules that inhibit oxidation of free radicals, which would 
otherwise react and cause damage to cells. The conversion of free radicals 
into harmless water and oxygen can occur via various mechanisms, includ-
ing catalysis, the Weiss reaction, chain-breaking antioxidants, and chemical 
quenching. Antioxidants can be categorized into two  different groups: pri-
mary antioxidants, which are naturally occurring, and  secondary antioxi-
dants, which are synthetic. Neither group can be produced by the body, and 
must therefore be obtained through proper diet, vitamins, and/or supple-
ments. Free radicals, though dangerous, are simply unpaired electrons in the 
outer shell of an atom. These electrons alone have the ability to pierce cell 
membranes and destroy DNA. However, free radicals can also be beneficial 
to the human body. Their uses range from regulation of intracellular signal-
ing to the induction of cell division and apoptosis. The two main categories 
of free radicals are reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS); both can be produced by enzymatic and nonenzymatic reactions. 
Health problems ensue when there is an accumulation of free radicals, also 
known as oxidative stress. If left untreated, oxidative stress can then lead to 
cancer, cardiovascular diseases, neurological diseases, pulmonary diseases, 
rheumatoid arthritis, ocular diseases, preeclampsia, renal disorder, and even 
aging. With such a broad spectrum for the beneficial and dangerous effects 
of free radicals, methods have been created that measure free radical activity 
in order to aid in the development of commercial products and diagnosis. 
The concentrations of antioxidants, oxidized macromolecules, and free radi-
cals are measured using GC–MS, high-performance liquid chromatography 
(HPLC), and electron spin resonance methods. Continued research toward 
the sensitive balance of antioxidants and free radicals within the human 
body will help to improve healthcare overall.

15.2 Antioxidants

In recent years, antioxidants have been exploited for their therapeutic poten-
tial in treating diseases caused by oxidative stress (Percival 1998; Gupta and 
Sharma 2006; Rathore et al. 2011). Antioxidants are molecules that inhibit the 
oxidation of free radicals. Free radicals such as ROS and RNS produced as a 
result of oxidation are harmful to the cell. Antioxidants such as ascorbic acid 
in vitamin C and retinol in β-carotene help to prevent and terminate these 
free radicals from reacting and causing damage. Free radicals are discussed 
in detail later in Section 15.3. The destructive effects of free radicals can be 
prevented with the addition of antioxidants or antioxidant supplements in the 
diet. A good antioxidant complex supplement actually has advantages over 
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natural sources in that the complex has several different types of antioxidants 
which seek out and destroy free radicals at various cellular sites. A single anti-
oxidant, for example, vitamin E, protects the outer fatty layers of the cell but 
will not stabilize DNA. Rather, this is one of the main effects of the antioxi-
dant vitamin C. The process by which different antioxidants disperse through 
the bloodstream to protect cells at different sites is referred to as antioxidant 
synergy. When a specific antioxidant meets a free radical in the bloodstream 
at its appropriate activity site, it naturally interacts with it and converts the 
free radical to harmless water and oxygen. As a result, as antioxidant levels 
increase due to the supplementation of higher amounts of a greater variety of 
antioxidants, cellular damage lessens, and performance and health improve 
(Hamid et al. 2010).

Characteristics of antioxidants: The major antioxidants currently used in 
foods are monohydroxy or polyhydroxy phenol compounds with various ring 
substitutions. These compounds have low activation energies to donate hydro-
gen. Hence, the resulting antioxidant radical does not initiate another free 
radical due to the stabilization of the delocalized radical electron. Propagation 
and initiation of free radicals chain reaction can be delayed or minimized by 
the donation of hydrogen from the antioxidants and metal-chelating agent. 
The resulting antioxidant free radical is not subject to rapid oxidation due to 
its stability. Antioxidant free radicals can also react with lipid free radicals to 
form a stable complex compound, thereby preventing some of their damages 
(Hamid et al. 2010).

Antioxidants fight against free radicals and oxidative stress by the following 
mechanisms (Sen and Chakraborty 2011): 

 1. The catalytic systems to neutralize or divert ROS: Defenses in plants 
are more sophisticated and specific as need increases. Oxygen is a 
waste product for plants. This causes the catalytic systems to divert 
superoxide to the less reactive hydrogen peroxide and transform the 
ROS into water (Benzie 2003).

 2. Binding or inactivation of metal ions prevents generation of ROS by 
Haber–Weiss reaction: Metal chelators decrease oxidation by pre-
venting metal redox cycling, forming insoluble metal complexes, 
or providing steric hindrance between metals and food compo-
nents or their oxidation intermediates (Graf and Eaton 1990). 
Ethylenediaminetetraacetic acid (EDTA) and citric acid are the most 
common metal chelators found in foods. Most chelators are water 
soluble, but citric acid can be dissolved in oils with some limitation 
to chelate metals in the oil system. Phospholipids also act as metal 
chelators (Koidis and Boskou 2006). Flavonoids can also bind to 
metal ions (Rice-Evans et al. 1996) and the activity is closely related 
to the structural features: 3′,4′-dihydroxy group in the B ring, the 
4- carbonyl and 3-hydroxy group in the C ring, or the 4-carbonyl 
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group in the C ring together with the 5-hydroxy group in the A ring 
(Hudson and Lewis 1983; Feralli 1997). Lignans, polyphenols, ascor-
bic acid, and amino acids, such as carnosine and histidine, can also 
chelate metals (Choe and Min 2009).

 3. Suicidal and chain-breaking antioxidants scavenge and destroy ROS: 
When a radical is released or gains an electron, a secondary radi-
cal formation takes place. The last radical formed exerts the same 
action on another molecule and continues until either the free radi-
cal formed is stabilized by a chain-breaking antioxidant (vitamin C, 
E, carotenoids, etc.), or it simply disintegrates to form an inoffensive 
product. The classic example of such a chain reaction is lipid peroxi-
dation (Pham-Huy et al. 2008).

 4. Absorb energy, electron, and quenching of ROS: Any reaction of a 
free radical that does not yield free radicals as products is referred to 
as free radical quenching (Hess 1994). Chemical quenching of singlet 
oxygen is a reaction involving the oxidation of a quencher, thus pro-
ducing breakdown or oxidation products of a quencher. β-Carotene, 
tocopherols, ascorbic acid, amino acids (such as histidine, tryptophan, 
cysteine, and methionine), peptides, and phenolics are oxidized by 
singlet oxygen, and they are all chemical quenchers of singlet oxy-
gen. When a quencher has high reduction potential and low triplet 
energy, it quenches singlet oxygen by a charge transfer mechanism as 
shown in Figure 15.1. These types of quenchers are amines, phenols 
(including tocopherols), sulfides, iodide, and azides, all of which have 
many electrons (Min et al. 1989). The quencher donates electron to 
singlet oxygen to form a singlet state charge transfer complex and 
then changes the complex to the triplet state by intersystem crossing. 
Finally, the triplet state charge transfer complex is dissociated into 
triplet oxygen and a quencher.

15.2.1 Classification
Broadly, antioxidants are classified into the following categories:

 1. Primary or natural antioxidants: Primary antioxidants are mainly 
phenolic in nature and convert lipid radicals into more stable prod-
ucts by breaking chain. Examples include 

 a. Minerals: Minerals such as selenium, copper, zinc, manganese, 
and iron act as cofactors of antioxidants enzyme. They play a role 
in metabolism of macromolecules such as carbohydrates.

1O2 + Q [O2
− --- Q+]1 [O2

− --- Q+]3 3O2 + Q

Figure 15.1 Quenching of ROS. (From Choe, E. and Min, D.B. Compr. Rev. Food Sci. 
Food Saf., 8, 345–358, 2009.)
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 b. Vitamins: Vitamins such as B, C, and E act as antioxidants in the 
body’s metabolic functions.

 c. Phytochemicals: Phytochemicals are usually from plant sources. 
These include flavonoids, catechins, and carotenoids (Hamid et al. 
2010).

 2. Secondary or synthetic antioxidants: These are preventive antioxi-
dants. Secondary antioxidants do not stabilize free radicals like pri-
mary antioxidants. Instead, they act as chelators or catalysts. They 
enhance the antioxidant activity of primary antioxidants. Examples 
include acids such as citric, malic, succinic, tartaric, EDTA, ascorbic, 
and erythorbic acids. Other examples are phosphates, sulfites, and 
ascorbyl palmitate (Wanasundara 2005).

15.2.2 Sources
• Since antioxidants cannot be produced by the body, they must come 

from a person’s diet or another external source. The main sources of 
antioxidants are food, vitamins, and supplements (Table 15.1).

15.2.2.1 Food

Fruits and vegetables, which are high in nutrients, are often great sources of 
antioxidants because they contain high levels of vitamins and phytochemi-
cals. The foods rich in antioxidants include, turmeric, soybean, wine, tea, 
garlic, and olive oil (Smythies 1998).

15.2.2.2 Vitamins

Vitamins like A, C, and E possess antioxidant activity. β-Carotene ( pro- vitamin A) 
is a carotenoid and possesses antioxidant activity. Retinol also has an antioxi-
dant effect. These are essential in maintaining healthy vision (Dasgupta and 
Klein 2014). Vitamin C (ascorbic acid) is the only water-soluble antioxidant 
and plays an important role in many intracellular functions. It plays a role 
in protein and lipid metabolism, biosynthesis of collagen and carnitine, and 
absorption of iron. Vitamin C can be obtained from foods such as citrus fruits, 
melons, and cherries, and vegetables such as tomatoes, leafy greens, broc-
coli, and cauliflower. Vitamin E exists in eight different forms namely, α-, 

Table 15.1 Sources of Antioxidants

Source Examples

Food Tumeric, soybean, wine, tea, garlic, and olive oil

Vitamins Vitamins A, C, E, and retinol

Supplements Selenium supplements
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β-, g-, d-tocopherol and α-, β-, g-, d-tocotrienol (Dasgupta and Klein 2014). 
Major sources of vitamin E in the diet include vegetable oils, wheat germ, and 
nuts. Vitamin E maintains lipid structure. Vitamin E requires the presence 
of vitamin C for proper antioxidant effect. Together, they prevent oxidation 
of lipoproteins.

15.2.2.3 Supplements

Selenium is an important antioxidant supplement. It is important in metabolic 
pathways, thyroid hormone metabolism, and immunity. The main sources for 
selenium are whole grains and shellfish.

15.3 Free radicals

At the atomic level, free radicals are unpaired electrons in the outer shell 
of an atom. Although they may seem trivial, they can be very reactive and 
cause much damage to the cell by destroying cell membranes or DNA. The 
two main types of radical species are ROS and RNS (Table 15.2). The oxy-
gen species radicals include hydroxyl, peroxyl, superoxide, alkoxyl, and lipid 
peroxyl. The nitrogen radicals include nitrogen dioxide and nitric oxide (Sen 
and Chakraborty 2011). Hydrogen peroxide (H2O2), ozone (O2), singlet oxygen 
(1O2), hypochlorous acid (HOCl), nitrous acid (HNO2), peroxynitrite (ONOO−), 
dinitrogen trioxide (N2O3), and lipid peroxide (LOOH) are not free radicals. 
They are generally called oxidants, but can easily lead to free radical reactions 
in living organisms (Genestra 2007).

15.3.1 Production
Enzymatic and nonenzymatic reactions produce free radicals. Examples of 
these reactions are shown in Figure 15.2. Oxygen is required during these 
reactions for the production of ROS and RNS. They are formed during the 
breakage of a chemical bond, usually during a redox reaction. They are 

Table 15.2 Oxidants by Classification

ROS RNS Not Free Radicals

•OH
HO2

−

O2
−

CH3O
−

•NO2

•NO
H2O2

O3

1O2

HOCl
HNO2

ONOO−

N2O3

LOOH
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created as a by-product of ATP production in the mitochondria. Enzymatic 
reactions that generate free radicals include those taking place in the respira-
tory chain, phagocytosis, prostaglandin synthesis, and the cytochrome P450 
system. Free radicals can be produced from nonenzymatic reactions of oxy-
gen with organic compounds as well as those initiated by ionizing radiations. 
It is also possible that the nonenzymatic process occurs during oxidative 
phosphorylation.

15.3.2 Benefits
When discussing free radicals, it is common to focus on the negative con-
sequences. At low and even moderate concentrations, free radicals can be 
beneficial to the body. For example, free radicals play a key role in the regu-
lation of intracellular signaling and the induction of cell division. Free rad-
icals also defend against infectious agents by phagocytosis. They detoxify 
xenobiotics by cytochrome P450, which generates ATP in the mitochondria. 
Free radicals are also involved in cell growth and the induction of mitogenic 
responses (Sen and Chakraborty 2011). They can induce apoptosis of effete or 
defective cells, which explains their role in the eradication of cancerous cells 
(Devasagayam et al. 2004).

O2

H2O2

H2O2

SOD

MPOHOCl

H2O H+ + Cl−

O2 + OH−

O2

O2 + H2O
LOO•

LO•

LH

LOOH

H•LOHL•

IR

LH
ONOOH

P-450
or
IR

Xanthine

Arginine

NADPH + H+

NO synthase
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BH4
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ONOO−

Gly + CH2O
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−
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Figure 15.2 Free radical production. (From Fang, Y. et al., Nutrition, 18, 872–879, 
2002.)
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15.4 Oxidant-antioxidant balance
15.4.1 Oxidative stress
Oxidative stress can be defined as the accumulation of free radicals. This 
process can lead to deleterious effects on health causing damage to cells and 
the proteins within. Oxidative stress takes place when excess free radicals 
are not destroyed causing imbalance between formation and neutralization of 
reactive species. Some of the major chronic diseases and disorders caused by 
oxidative stress include the following: 

 1. Cancer: DNA damage by oxidation is a leading cause of cancer. The 
free radicals of ROS deactivate the detoxifying enzymes that are 
responsible for the neutralizing potent carcinogens. This interferes in 
cell growth causing mutations and carcinogenesis.

 2. Cardiovascular diseases: Arteriosclerosis is the primary cause for 
major cardiovascular diseases. There is much evidence supporting 
that oxidative stress caused by oxidation of low-density lipoprotein 
(LDL) is a risk factor and plays a significant role in the pathogenic 
pathway (Berliner and Heinecke 1996). Free radicals initiate lipid per-
oxidation resulting in the oxidation of LDL. The underlying biochemi-
cal process includes a layer of foam cells formed upon the intake of 
oxidized LDL and scavenger receptor.

 3. Neurological diseases: Oxidative stress might lead to neuronal degen-
eration related to diseases like Alzheimer’s disease, amyotrophic lat-
eral sclerosis, and Parkinson’s disease (Kondo 1996). Free radicals 
generated due to oxidation can cause both necrosis and apoptosis. 
Lipid peroxidation involved in this process then causes the cell mem-
brane to rupture. This might result in necrotic cell death of neurons 
(Diplock et al. 1998).

 4. Pulmonary diseases: Oxidative stress can cause muscular dysfunc-
tion of the peripheral skeletal muscles and eventually lead to chronic 
obstructive pulmonary disease (COPD). The leading cause of COPD 
is smoking cigarettes. The mechanism involves activation of necro-
sis factor kb in monocytes or macrophages. This causes the release 
of proinflammatory mediators in lung epithelial fluid and amplifies 
inflammatory response (Rahman 2005).

 5. Rheumatoid arthritis: Rheumatoid arthritis is an autoimmune disease that 
is characterized by inflammation of the tissue surrounding the joints. This 
is associated with the infiltration of macrophages and activated T cells. 
The underlying pathophysiology for this disease is the generation of ROS 
and RNS at the site of inflammation. Increased levels of isoprostanes and 
prostaglandins in serum and synovial liquid causes oxidative damage, 
leading to rheumatoid disease (Mahajan and Tandon 2004).

 6. Ocular diseases: Proteins in the lens of the eye possess an extremely 
long duration of life. They are often prone to oxidative damage, since 
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they have chronic exposure to light and oxygen. This causes formation 
of ROS, which may react with the proteins in the lens. Subsequently, the 
damaged proteins aggregate, precipitate, and lose their regular function.

 7. Fetal growth: Oxidative stress can cause vascular dysfunction of the 
placenta and preeclampsia (Myatt et al. 2000). Preeclampsia is a dis-
ease of pregnancy. It is a life-threatening and hypertensive condition 
characterized by the presence of autoantibodies responsible for acti-
vating the major angiotensin receptors (Xia and Kellems 2009).

15.4.2 Role in disease
Oxidative stress plays a critical role in the causation of many diseases includ-
ing cancer, cardiovascular disease, rheumatoid arthritis, neurological disease, 
renal disorders, pulmonary diseases, ocular disorders, and aging.

15.4.2.1 Cancer

Free radicals often react with the DNA of the cells, causing mutations in DNA 
sequences. DNA mutation is a key step in the development of carcinogens and 
cancer in the body. In cancer, there is a mutant cell that reproduces uncon-
trollably, causing formation of tumors. This mutant cell could be made due to 
oxidative stress in the body. Antioxidants may act by making the free radical 
a normal cell again and restoring the normal cell cycle to prevent the growth 
of these tumors. Vitamins like A, C, and E exert antioxidant effects. Vitamin C 
lowers the risk of breast and cervical cancer. It provides the greatest pro-
tection against stomach cancer. This can be attributed to its role in reduc-
ing nitrosamines (Borek 1997). β-Carotene reduces the risk of breast, cervix, 
esophagus, lungs, and stomach cancers (Borek 1997). The photoprotective 
property of β-carotene helps in protecting against ultraviolet light-induced 
cancers (Sen and Chakraborty 2011). Vitamin E has inverse relation in pre-
venting and inducing cancer in humans. At low levels, there is five times 
increase in breast cancer (Borek 1997). Vitamin E supplements reduce the risk 
of cancer in the oral cavity, esophagus, and larynx.

15.4.2.2 Cardiovascular disease

Oxidative stress can play a key role in pathogenesis of cardiovascular diseases 
such as ischemic heart disease and atherosclerosis. Antioxidant vitamins can 
potentiate endothelial nitric oxide levels and inhibit vascular inflammation, 
lipid peroxidation, platelet aggregation, and oxidation of LDL. This is benefi-
cial in preventing endothelial dysfunction. Cardiovascular disease induced by 
oxidative stress can be prevented by consuming fruits, vegetables, or legumes. 
This activity is due to presence of unique dietary antioxidant components. 
These components reduce oxidative stress by influencing a variety of cellular 
activities. They inhibit lipid oxidation, cause an increase in plasma antioxidant 
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capacity, aid the reduction of platelet aggregation and plasma lipid levels 
reduction, and scavenge free radicals. Antioxidants reduce intracellular ROS 
generation, the induction of glutathione (GSH), antiapoptotic effect, increase 
in bioavailability of nitric oxide, reduction in matrix metalloproteinase pro-
duction, anti-inflammatory responses related to cardiovascular health, and 
decreases the chance of mortality (Maxwell and Lip 1997; Hercberg et  al. 
1998; Blomhoff 2005; Tandon et al. 2005; Wang et al. 2011).

15.4.2.3 Rheumatoid arthritis

Rheumatoid arthritis is an inflammatory disorder that affects not only the joints 
but also the skin, eyes, lungs, and heart. It is an autoimmune disorder that 
occurs when the immune system attacks the body’s own tissue as though it 
were a pathogen. This disease is linked to the formation of free radicals at the 
inflammation site. Oxidative stress caused by the production of too many free 
radicals can contribute to inflammation. Using antioxidants such as vitamin C 
has proven to alleviate the effects of rheumatoid arthritis (Jaswal et al. 2003).

15.4.2.4 Neurological disease

Neurological disorders are usually characterized by damage to the nerve cells 
in the brain and spinal cord leading to alterations in sensory perceptions. 
Examples of such diseases include Parkinson’s disease and Alzheimer’s dis-
ease. Free radicals play a role in the development of neurological diseases 
because the brain itself consumes a significant portion of the oxygen in the 
body. Also, the brain has relatively less antioxidants to combat free radicals 
than other parts of the body, so there is more scope for oxidative stress and 
alterations that could lead to various neurological diseases.

15.4.2.5 Renal disorders

The renal system, also known as the urinary system, consists of the kidneys, 
ureters, bladder, and urethra. This organ system can also be affected by the 
presence of free radicals because the free radicals can react with proteins in 
the cell membranes of nephrons, which are the functional units of the kid-
neys. The membranes of the nephrons play an extremely important role in 
their functions because the function of the kidney is to filter out substances 
using its selectively semipermeable membrane. Damage to the membrane 
would cause damage to the whole kidney and therefore to the entire renal 
system. The antioxidant vitamin E has proven to be beneficial in situations of 
declined kidney function and renal failure.

15.4.2.6 Pulmonary disease

The pulmonary system is also known as the respiratory system and is respon-
sible for maintaining oxygen and carbon dioxide levels in the body. It can be 
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caused by both inflammation of the airway and oxidative stress. One of the 
main sources of free radical production is smoke and air pollution. Therefore, 
smoking could increase the production of free radicals as well as increase the 
risk of pulmonary diseases such as asthma. In other cases, oxidative stress 
causes inflammation similarly to rheumatoid arthritis. Inflammation of the 
airway can make breathing difficult, causing other pulmonary issues.

15.4.2.7 Ocular disorders

The eyes are one of the most sensitive organs of the body and can be dam-
aged easily. Oxidative stress in the eyes has been recognized as a cause of 
eye disorders such as cataracts. The proteins in the lens of the eye can be 
damaged when forced to interact and react with a free radical. In the case of 
such ocular disorders, the antioxidant vitamin E has proven to be the most 
beneficial treatment.

15.4.2.8 Aging

The process of aging can be traced to free radical production in the body. Free 
radicals tend to react with biological molecules such as proteins and dam-
age them, contributing to aging. The theory that free radicals cause aging is 
known as the free radical theory.

15.5 Other antioxidant effects

Antioxidants play a key role in reducing the accumulation of free radicals, 
thereby protecting the body from oxidative stress. However, when an antioxi-
dant interacts with a free radical, the antioxidant is oxidized and may become 
ineffective or toxic. These oxidized antioxidants can produce ROS and RNS 
in some cases, thereby acting as prooxidants (Pham-Huy et al. 2008). Some 
antioxidants have been rumored by popular media to have other benefits. 
For instance, β-carotene is widely believed to improve vision and other fac-
ulties. However, the Physicians’ Health Study only showed improvements in 
cognitive function in men after 18 years of routine β-carotene consumption 
(Grodstein et  al. 2007). It has also been hypothesized that vitamin E can 
reduce exercise-induced free radical damage (Sarma et al. 2010). More study 
is required to substantiate these claims.

15.5.1 Risks
Antioxidants are essential to the body’s immune defense system. Without 
antioxidants, the body would fall victim to a host of diseases. However, the 
consumption of antioxidants is not without risks. For instance, β-carotene 
supplements may increase the risk of stroke and lung cancer in smokers 
(Sen and Chakraborty 2011). Many antioxidants produce antagonistic effects 
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when consumed in large quantities. An intake of more than 3000 mg of vita-
min C daily can lead to the formation of kidney stones (Sen and Chakraborty 
2011). Vitamin A can cause fatigue, breast soreness, gastrointestinal stress, 
renal dysfunction, vascular inflammation, or thyroid problems when con-
sumed in excess of 1600–3200 mg/kg (Sen and Chakraborty 2011). In high 
doses, Coenzyme Q10 can cause severe hemorrhaging and may even act as a 
prooxidant (Sen and Chakraborty 2011).

Though natural antioxidants are generally believed to be safe, antioxidant sup-
plements have been reported to have antagonistic effects (Sen and Chakraborty 
2011). This may be because the antioxidant was already present in the food 
consumed, resulting in a large dose of the antioxidant. It may also be due to an 
interaction with other antioxidants that may have been consumed. The effects 
of combining antioxidants from food and from supplements are yet to be iden-
tified (Seifried et al. 2003). Antioxidants have been known to have interactions 
with other drugs, however. For instance, the combination of vitamin E supple-
ments with anticoagulants can increase the risk of bleeding (NCCAM 2010). 
Furthermore, long-term use of synthetic antioxidants may lead to chronic 
health conditions (Sen and Chakraborty 2011). The effect of antioxidants sup-
plements and their interactions requires further study.

15.6 Assessing free radical activity

Assessing free radical activity is important to the development of commer-
cial products and health standards as well as diagnosis. Depending on the 
circumstances, different methods may be used to assess free radical activity. 
One such method is to find the levels of endogenous antioxidants. This is 
usually completed by determining the concentration of antioxidants present 
in blood plasma and cells (Fang et  al. 2002). Common antioxidants tested 
include α-tocopherol, g-tocopherol, β-carotene, lycopene, carotenoids, and 
ascorbic acid (Diplock et al. 1998). Diplock et al. outlined methods to com-
plete this using HPLC (1998).

An alternative method to assess free radical activity is by quantifying the 
products of oxidized macromolecules, including lipids and proteins (Fang 
et al. 2002). Lipid peroxidation can be measured by determining the perox-
ides and isoprostanes present in blood and urine. This can be determined via 
GC–MS (Aruoma 1998). However, this method cannot distinguish between 
products due to oxidative stress and those that were ingested (Diplock et al. 
1998). Oxidative damage to DNA is continuous in vivo. A steady state is pre-
sumed to exist between the molecule’s damage and repair stages (Aruoma 
1998). Cells and tissues can be analyzed for the products of oxidative damage 
using HPLC or GC–MS (Diplock et al. 1998). In this steady state, an increase in 
damage products may be due to an increase in oxidative damage, a decrease 
in repair, or a combination of both (Aruoma 1998). Analyzing urine may show 
DNA base products as well. However, these results cannot distinguish what is 
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produced from DNA from what has been produced from other molecules in 
the body (Diplock et al. 1998).

Lastly, free radical activity can be assessed by measuring the free radicals within 
the body directly. Electron spin resonance can be used to accomplish this. 
However, this method is limited due to the water content of body tissues. Spin 
trapping techniques operate by making active free radicals nearly inert. Electron 
spin resonance can then be used to analyze the samples (Fang et al. 2002).

15.7 Future trends

Studies indicate that oxidative stress plays a key role in many diseases, includ-
ing cancer. This in turn suggests that antioxidants may be a valid treatment. 
However, more research into this correlation and the effect of antioxidant 
supplements is needed to determine their viability as a treatment. For exam-
ple, Rodgers et al. (2016) studied the effect of antioxidants such as GSH on 
 leukemia-induced fatigue and oxidative stress in children. Specifically, the 
ratio of GSH to glutathione disulfide (GSSG) present in the cerebrospinal fluid 
of pediatric leukemia patients was analyzed. It was determined that patients 
with low GSH/GSSG ratios experienced oxidative stress. Furthermore, patients 
with low GSH/GSSG ratios also indicated high fatigue during treatment 
(Rodgers et al. 2016). This suggests a relationship between GSH/GSSG ratios, 
oxidative stress, and fatigue. More study is needed to determine a treatment.

Jiang et  al. (2016) studied the antioxidative effects of the polysaccharide 
GCPB-1b. The study reported that GCPB-1b had a higher scavenging effect 
on DPPH• radicals than vitamin C at low concentrations (Jiang et al. 2016). 
Khajehnasiri et al. (2016) studied the effect of omega-3 fatty acids and vita-
min C on depression. It was determined that omega-3 fatty acids had a better 
impact on depression than vitamin C (Khajehnasiri et al. 2016). Balogun et al. 
(2016) studied the effect of various vitamin supplements on miscarriage. They 
concluded that while no vitamin can prevent a miscarriage, the consumption 
of multivitamins, iron, and folic acid showed a decreased risk for stillbirth 
(Balogun et al. 2016). It is clear that more research is needed to determine the 
viability of antioxidants as effective treatments for many conditions.

15.8 Conclusion

Understanding antioxidants and free radicals is essential to better healthcare. 
Oxidative stress caused by the accumulation of free radicals in the body has 
been linked to the development of several conditions, including cancer and 
aging. For instance, Rodgers et al. (2016) found a relationship between low 
GSH/GSSG ratios, oxidative stress, and fatigue in pediatric leukemia patients. 
The body combats the accumulation of free radicals naturally with antioxi-
dants. For example, α-tocopherol, a vitamin E isomer, protects cell lines from 
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lipid peroxidation (Pham-Huy et al. 2008). In addition, studies have implicated 
that the consumption of antioxidant supplements has an impact on disease. 
For example, Khajehnasiri et al. (2016) found that omega-3 fatty acids have 
an impact on depression. However, antioxidants can be harmful to the body 
as well. When an antioxidant interacts with a free radical, the antioxidant 
becomes oxidized and may even act as a prooxidant (Pham-Huy et al. 2008). 
Therefore, more research is needed to determine the viability of antioxidant 
supplements as treatment for various diseases.
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16.1 Endogenous antioxidants
16.1.1 Glutathione
Glutathione is a tripeptide produced naturally by the liver and is found in 
most aerobic life forms (Lobo et  al. 2010). It is recognized as one of the 
most important intracellular antioxidants due to its crucial role in maintain-
ing redox balance and in protecting the cell against electrophiles, hydrogen 
peroxide, and free radicals (Gul et al. 2000, Lobo et al. 2010). Glutathione has 
remarkable free radical scavaging activity and is the most abundant cytosolic 
thiol.

Glutathione has many therapeutic applications, including treatment of chronic 
liver diseases and cataract. Various studies have shown elevated blood and 
tissue levels of oxidative stress markers in diabetic patients and demon-
strated the ability of antioxidant supplementation to attenuate complications 
in diabetic animals (Augustyniak et al. 2010). Depletion of glutathione in the 
mitochondria has been associated with tissue damage that developed dur-
ing subsequent reperfusion in rats with ischemia and other brain disorders 
(Anderson et al. 2004).

Glutathione demonstrates antioxidant activity by directly reducing oxi-
dants and supporting the recycling of other antioxidants, vitamin C and E 
(Gul et  al. 2000). The cysteine moiety of glutathione is responsible for 
its antioxidant action (Lobo et  al. 2010). Cysteine contains a thiol group 
with strong electron-donating character, which is reversibly oxidized and 
reduced (Lobo et al. 2010). Glutathione becomes oxidized when electrons 
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are lost and two oxidized glutathione molecules link by a disulfide bridge, 
forming glutathione disulfide. Reduced glutathione is constantly regenerated 
by a redox cycle with glutathione reductase and NADPH (Ndhlala et al. 2010). 
Decreased levels of reduced glutathione increase cellular exposure to reactive 
oxygen species (ROS), causing oxidative damage (Augustyniak et al. 2010).

Glutathione is a cofactor for various enzymes responsible for protecting the 
cell against damage: glutathione S-transferases, peroxidases, and transhy-
drogenases. Glutathione S-transferases catalyze the conjugation of glutathione 
to exogenous electrophiles, preventing serious damage to biomolecules 
(Gul et al. 2000). Peroxidases use glutathione to detoxify the peroxides made 
from free radical attack (Gul et al. 2000). Transhydrogenases reverse oxidative 
damage by using glutathione to reduce oxidized portions of biomolecules.

Administering glutathione as a therapeutic agent is complicated due to its low 
bioavailability when administered orally or intraperitoneally (Gul et al. 2000). 
The synthetic antioxidant, N-acetylcysteine, solves this issue by acting as a 
proglutathione drug that increases glutathione levels within tissues in vivo 
(Gul et al. 2000).

Glutathione clearance follows first-order, concentration-independent, kinetics. 
The synthesis and degradation of glutathione are catalyzed by the g-glutamyl 
cycle consisting of six enzymes (Gul et al. 2000). Γ-glutamyl transpeptidase 
is responsible for the breakdown of glutathione by catalyzing the transfer 
of the g-glutamyl moiety of glutathione to other molecules such as cysteine, 
glutamine, methionine, dipeptides, water, or glutathione itself (Gul et  al. 
2000). This route of metabolism is mainly extracellular due to the fact that 
g-glutamyl transpeptidase is typically found on the external surface of the 
cell membrane (Gul et al. 2000). Once a glutathione molecule is transported 
outside the cell, it interacts with g-glutamyl transpeptidase. The g-glutamyl 
amino acids formed by this interaction are then transported into the cytosol 
where they enter the g-glutamyl cycle and are used to regenerate glutathione 
(Gul et al. 2000).

16.1.2 α-Lipoic acid
α-Lipoic acid, also known as thioctic acid, is synthesized endogenously in 
many life forms, including humans (Brown et  al. 2006). In addition to its 
antioxidant properties, α-lipoic acid is essential to mitochondrial bioenergetic 
reactions, where it acts as a cofactor in the pyruvate dehydrogenase complex 
(Mayr et al. 2014).

α-Lipoic acid plays an important role in many health processes. The 
R-enantiomer of α-lipoic acid, the more natural and active form, has been 
shown to amplify recovery of the conduction velocity of sensory and motor 
nerves that have been affected by diabetic neuropathy (Brufani and Figliola 
2014). α-Lipoic acid also has antioxidant and neuroprotective effects in other 
various nervous system diseases (Kamchatnov et  al. 2014). Patients with 
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type-2 diabetes show increased insulin sensitivity when administered with 
oral α-lipoic acid (Thirunavukkarasu et al. 2004, Brown et al. 2006). In addi-
tion, a recent study showed that α-lipoic acid plays a protective role against 
cardiovascular disease by reducing oxidative stress, uric acid levels, and 
improving vascular responses (Thirunavukkarasu et  al. 2004, Saygin et  al. 
2015). This compound has also been shown to reverse schizophrenia-like 
symptoms induced by ketamine in mice (Vasconcelos et al. 2015).

α-Lipoic acid and its reduced form, dihydrolipoic acid, act as antioxidants 
through three distinct mechanisms: (1) metal chelation to prevent the potent 
oxidizing ability of heavy metals, (2) scavenging of ROS, and (3) regeneration 
of other endogenous antioxidants (Brown et al. 2006, Keith et al. 2012).

Both the R and S enantiomers of α-lipoic acid are absorbed in the gastroin-
testinal tract, with approximately 20%–30% of the dose reaching circulation 
(Keith et al. 2012, Brufani and Figliola 2014). α-lipoic acid has rapid absorp-
tion when administered orally and the measured median time to maximum 
concentration (tmax) ranges from 0.5 to 2 hours (Keith et al. 2012). The two 
enantiomers of α-lipoic acid have different absorption, distribution, degrada-
tion, and elimination phases (Shay et al. 2009, Chng et al. 2009). As stated 
previously, the R-enantiomer is more natural, making it less toxic and biologi-
cally more efficient and available than the S-enantiomer (Chng et al. 2009, 
Brufani and Figliola 2014).

α-Lipoic acid is transported into most tissues; however, it mainly accumulates 
in the skeletal muscles, heart, and liver (Keith et al. 2012). Following absorp-
tion, α-lipoic acid is rapidly cleared from the body by transport into tissues, 
glomerular filtration, and renal excretion (Keith et al. 2012). Within 3 hours, it 
is almost completely cleared from the plasma (Keith et al. 2012).

16.1.3 Ubiquinone
Ubiquinone, also known as coenzyme Q10, is an essential electron car-
rier and lipid component that is present in all eukaryotic cell membranes 
(Cordero et al. 2009, Rodriguez-Bies et al. 2015). In mammals, this antioxi-
dant has a 2,3-dimethoxy-5-methylbenzoquinone core with a hydrophobic 
45- to 50-carbon chain at the 6 position (Kelso et al. 2001).

Ubiquinone is involved in many essential activities including antioxidant activi-
ties, metabolism, and cell survival pathways (Rodriguez-Bies et  al. 2015). It 
acts as the electron carrier between complexes I, II and complex III of the 
mitochondrial respiratory chain, and regulates uncoupling proteins, the transi-
tion core, and β oxidation of fatty acids (Kelso et al. 2001, Cordero et al. 2009). 
A recent study has shown that ubiquinone cooperates with α-tocopherol, an 
antioxidant factor in plasma, to prevent oxidative damage (Cordero et al. 2009).

Ubiquinone has been shown to have many clinical uses including a therapeu-
tic efficacy for migraine prophylaxis (Sandor et al. 2005), protection against 
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Adriamycin-induced cardiotoxicity (Conklin 2005), enhancing outcomes 
for coronary artery bypass graft surgery (Littarru and Tiano 2005), treating 
hypertrophic cardiomyopathy (Adarsh et al. 2008), and improving oxidative 
balance in Down syndrome patients (Tiano et al. 2008).

Several intracellular and extracelluar processes are regulated in part by ubiqui-
none. A one- or two-electron process reduces quinones. One-electron reduc-
tion results in free radical semiquinones that may be oxidized by oxygen to 
form superoxide, a source of oxidative stress and damage to cells. By contrast, 
two-electron reduction produces hydroquinones, relatively stable compounds 
that can be further stabilized by conjugation (Sedlacek et al. 2015).

Ubiquinone plays a central part in the redox system of quinone oxidoreduc-
tase 1 (NQO1), a cytosolic flavoprotein that contains two flavin adenine dinu-
cleotide (FAD) molecules per homodimer (Sedlacek et al. 2015, Rodriguez-Bies 
et  al. 2015). NQO1 functions as an antioxidant enzyme by generating and 
maintaining ubihydroquinone, which is an effective lipid-soluble antioxidant 
that protects against lipid peroxidation (Sedlacek et al. 2015).

Ubiquinone and ubiquinol work together to protect the cell from oxidative 
stress. Ubiquinol acts as an antioxidant by donating a hydrogen atom from 
one of its hydroxyl groups to a lipid peroxyl radical, decreasing lipid per-
oxidation within the inner mitochondrial membrane. The ubisemiquinone 
radicals then either undergo a disproportionation reaction to form ubiquinone 
and ubiquinol or react with oxygen to form superoxide. Ubiquinone transfers 
the radical to the aqueous phase for detoxification by superoxide dismutase 
and peroxidases. Ubiquinone is then recycled back to ubiquinol via the respi-
ratory chain (Kelso et al. 2001).

Ubiquinone is practically insoluble in aqueous solutions because of its lipo-
philic 10-carbon chain. Because of that characteristic, the first step of ubi-
quinone uptake is incorporation into chylomicrons in the small intestine for 
transport into the lymph and to the peripheral blood. The ubiquinone is 
then taken up by liver cells and secreted along with bile via the biliary tract. 
During this time, the small intestine reabsorbs part of it. It is thought that a 
nonlinear or zero-order absorption is associated with this process in the gas-
trointestinal tract (Miles 2007).

16.1.4 Uric acid
Uric acid is an important water-soluble antioxidant and powerful free radical 
scavenger that is derived from the catabolism of purines (Duarte et al. 2005, 
Bowman et al. 2010, Barros et al. 2012). It provides around 60% of free radi-
cal scavenging capacity in plasma (Campos et al. 2010, Fabbrini et al. 2014). 
One of its scavenging functions is to maintain ascorbic acid (vitamin C) in its 
reduced form in biological fluids (Duarte et al. 2005, Bowman et al. 2010). 
Uric acid may have a physiological role as an active component of the neuro-
nal antioxidant pool (Duarte et al. 2005).
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Uric acid is a molecule with both beneficial and harmful effects on human 
health (Duplancic et al. 2011). High levels of uric acid have been observed in 
patients with Down syndrome and other pathologies where oxidative stress 
is involved, including kidney disease and metabolic syndrome (Campos et al. 
2010). Uric acid also has roles in Alzheimer’s disease, cognitive decline, autism, 
and sleep apnea (Campos et al. 2010). It is a major circulating antioxidant in 
obese people and might provide a protective mechanism to prevent increased 
systemic oxidative damage by free radicals (Fabbrini et al. 2014).

Uric acid has been shown to have both antioxidant and prooxidant effects. 
They can be seen in its role within the ultrafiltrate for low-density lipopro-
teins (LDLs). Uric acid rapidly reduces Cu2+ to Cu+. The decreased concentra-
tion of Cu2+ inhibits Tocopherol-mediated peroxidation, and the generation 
of it promotes rapid breakdown of lipid hydroperoxides into lipid radicals in 
mildly oxidized LDL (Patterson et al. 2003).

A recent study also showed that uric acid stimulated an increase in NADPH 
oxidase activity and ROS production in mature adipocytes. This stimula-
tion of NADPH oxidase-dependent ROS resulted in activation of mitogen-
activated protein (MAP) kinases p38 and extracellular-signal-regulated kinase 
(ERK)1/2, a decrease in nitric oxide (NO) bioavailability, and an increase in 
protein nitrosylation and lipid oxidation (Sautin et al. 2007).

Uric acid accounts for over half of the scavenging activity in plasma by quench-
ing superoxide and singlet oxygen (Bowman et al. 2010). It has also been proven 
to be an efficient antioxidant and chelating agent for iron ions (Bowman et al. 
2010). It alters the redox potential of chelated Fe2+/Fe3+ and prevents Fenton-
like reactions in many biological systems (Barros et al. 2012). Uric acid shows 
high scavenging rate constants against O2− and RO and low rate constants 
against CH3 and t-BuOO (Kamogawa and Sueishi 2014). In addition, uric acid 
is converted to 5-hydroxy isourate and H2O2 by urate oxidase, which leads to 
the formation of allantoin. Urate inhibits lipid peroxidation by the products of 
the reaction of H2O2 with hemoglobin (Hershfield et al. 2010).

16.1.5 Melatonin
Melatonin (N-acetyl-5-methoxytryptamine) is a small, highly conserved 
pineal hormone involved in a variety of physiological functions including 
circadian rhythm, reproduction, mood, metabolism, and immune function 
(Bonnefont-Rousselot and Collin 2010, Zhang and Zhang 2014, Harpsoe et al. 
2015). It is well known for its ability to neutralize free radicals, reduce inflam-
mation, and defer age-related dysfunction of several organs (Favero et  al. 
2015). Melatonin has been shown as a specific antioxidant due to its amphi-
philic feature that allows it to cross physiological barriers, reducing oxidative 
damage in both lipid and aqueous cell environments (Bonnefont-Rousselot 
and Collin 2010).
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Melatonin is a small, highly conserved antioxidant molecule with numerous 
receptor-mediated and receptor-independent actions (Favero et  al. 2015). It 
acts through G-protein-coupled melatonin receptors type 1 and 2 (MT1 and 
MT2) and retinoid Z receptor (RZR)/retinoid orphan receptor (ROR). Both 
receptors are present in the central and peripheral nervous systems and have 
been associated with cell differentiation. In addition, melatonin receptors 
are expressed on the membranes of CD4 T cells, CD8 T cells, and B cells 
(Adamczyk-Sowa et al. 2014).

Melatonin has been shown to be a major therapeutic tool for treating neu-
rodegenerative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s 
disease (Ganie et al. 2015). It may also be useful for sickle cell anemia manage-
ment (da Silva et al. 2015). The anti-aging properties of melatonin can be seen 
through its protection of skeletal muscle not only from toxin or drug expo-
sure but also from degenerative changes associated with aging (Bonnefont-
Rousselot and Collin 2010, Favero et al. 2015).

The mitochondrial membrane selectively absorbs melatonin, allowing it to 
be involved with mitochondrial bioenergetics functions (Ganie et al. 2015). 
Melatonin protects proteins of the electron transport chain (ETC) and mito-
chondrial DNA (mtDNA) from ROS and reactive nitrogen species (RNS)-induced 
oxidative damage. This protection limits the loss of intramitochondrial glu-
tathione, improves ETC activity, and reduces mtDNA damage. Expression of 
complex IV and activity of complexes I and IV of the ETC are increased due 
to melatonin as well (Korkmaz et al. 2009).

Melatonin acts as an antioxidant through various direct and indirect mecha-
nisms. These mechanisms include reducing activation of prooxidant enzymes, 
maintaining mitochondrial homeostasis, and scavenging of free radicals 
(Bonnefont-Rousselot and Collin 2010, Zhang and Zhang 2014, Favero et al. 
2015). This indoleamine directly scavenges a variety of ROS such as H2O2 
and the highly deleterious hydroxyl radical (Favero et al. 2015). It indirectly 
stimulates the expression and activity of several antioxidant enzymes, includ-
ing glutathione peroxidase, superoxide dismutase (SOD), glutathione reduc-
tase, and catalase (Favero et  al. 2015). Melatonin also induces the activity 
of g-glutamylcysteine synthetase, stimulating the production of intracellular 
glutathione, another antioxidant (Korkmaz et al. 2009).

Unlike most other antioxidants, melatonin has inducible nitric oxide synthase 
(iNOS)-inhibitory and ONOO−-scavenging properties. ONOO−, formed by the 
coupling of NO and O2

−, determines the fate of cells in many inflammatory 
processes. iNOS causes high NO production and is expressed in inflamma-
tory cells. High levels of NO with excess O2

− and high levels of ONOO− are 
referred to as a devil’s triangle. Melatonin is currently the only antioxidant 
that is able to combat all aspects this devil’s triangle (Korkmaz et al. 2009).

Although melatonin is mostly viewed as an antioxidant, a few recent studies 
have classified melatonin as a conditional prooxidant agent. They found that 
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melatonin promoted the generation of ROS at pharmacological concentra-
tions in several tumor and non-tumor cells. It may stimulate ROS production 
through its interaction with calmodulin. Melatonin may also interact with 
mitochondrial complex III or the mitochondrial transition pore to promote 
ROS production (Zhang and Zhang 2014).

16.1.6 l-Carnitine
L-Carnitine (β-hydroxy-g-trimethyl-amino-butyric acid) is a non-protein 
amino acid that is synthesized from the essential amino acids, lysine and 
methionine. L-Carnitine is involved in many processes in the human body 
including β-oxidation of long-chain fatty acids, metabolism of branched 
chain amino acids, stabilization of cellular membranes, and protection 
against oxidative damage by scavenging free radicals (Evans and Fornasini 
2003, Lee et al. 2014).

Many studies have reported a variety of clinical applications of L-Carnitine. It 
has been shown to improve abstract and concrete thinking and memory func-
tion in discirculatory encephalopathy patients (Suslina et al. 2003). L-Carnitine 
has protective effects against coronary artery disease, chronic illnesses involv-
ing excessive oxidative stress, diabetic vascular complications, and ulcerative 
colitis (Irat et al. 2003, Cetinkaya et al. 2006, Cao et al. 2011, Lee et al. 2014). 
It may also prevent selenite-induced cataractogenesis by preventing abnor-
mal expression of lenticular genes that govern apoptosis (Elanchezhian et al. 
2010). A recent study found that L-carnitine has been linked to an increase in 
sperm quality and output in patients with infertility due to infection (Gual-Frau 
et al. 2015).

L-Carnitine administration was shown to prevent thiobarbituric acid-reactive 
substance formation in the cerebral cortex, cerebellum, hypothalamus, hip-
pocampus, and striatum of 24-month-old rats. Age-associated changes were 
reversed and results of a recent study suggest that the neuroprotective effect 
on the brains of old rats was achieved by the elevation of antioxidants with 
L-carnitine (Rani and Panneerselvam 2002).

L-Carnitine has a direct stimulatory effect on gene and protein expression of 
the oxidative stress markers heme oxygenase 1 (HO-1) and endothelial nitric 
oxide synthase (ecNOS). Both of the markers are known to have antioxidant, 
antiproliferative, and anti-inflammatory properties. Their increased expres-
sion, due to L-carnitine, would lead to protection from oxidative stress-related 
risk factors (Calo et al. 2006). L-Carnitine is also able to scavenge superoxide 
anion and hydrogen peroxide free radicals, as well as to participate in metal 
chelating on ferrous ions (Gulcin 2006).

Endogenous L-carnitine comprises of free L-carnitine and short, medium, and 
long-chain esters. It is maintained in the body by dietary absorption, biosyn-
thesis, and renal tubular reabsorption from glomerular filtrate. Although the 
bioavailability of dietary L-carnitine may be as high as 75%, supplemental 
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doses are absorbed much less efficiently. L-Carnitine and its short-chain 
esters do not bind to plasma proteins and the rate of distribution between 
erythrocytes and plasma is extremely slow in whole blood. In tissues that 
depend on fatty acid oxidation, carrier-mediated transport keeps the tissue-
to-plasma concentrations high. L-Carnitine is eliminated from the body mainly 
by urinary excretion. The renal clearance of L-carnitine is much less than the 
glomerular filtration rate, which indicates tubular reabsorption (Evans and 
Fornasini 2003).

16.1.7 Amino acids
16.1.7.1 Aspartate

Many studies have demonstrated that the N-methyl-d-aspartate (NMDA) 
receptor has important cardiovascular effects, such as regulation of mean 
arterial pressure and splanchnic sympathetic nerve activity (Gao et al. 2007). 
NMDA-R activation caused the shift to oxidized condition of the redox state, 
which subsequently leads to neuron death in the hippocampus in the model 
of glutamate-associated neuronal disease (Ueda et al. 2007).

16.1.7.2 Glutamate

Administration of monosodium glutamate at a dose level of 4  mg/g body 
weight was shown to induce oxidative stress by lowering the activities of anti-
oxidant enzymes like superoxide dismutases, catalase, and glutathione metab-
olizing enzymes, such as glutathione reductase and glutathione peroxidase in 
the arterial tissue (Singh and Ahluwalia 2003). A study also found that stress 
produced by glutamate in vulnerable brain regions persisted for extended 
periods of time (Singh et al. 2003). The antioxidant response element (ARE)-
driven gene expression of glutamate–cysteine ligase via a mitogen-activated 
protein kinase kinase (MEK)/nuclear factor E2-related factor 2 (Nrf2) pathway 
may help protect macrophages from oxidative stress due to hyperhomocyste-
inemia (Bea et al. 2009).

16.1.7.3 Lysine

Carbocysteine lysine salt monohydrate (CLS) could act by interfering with the 
conversion of xanthine dehydrogenase into superoxide-producing xanthine 
oxidase. The antioxidant activity of CLS could contribute to its therapeutic 
activity by reducing radical damage to different lung structures (Pinamonti 
et al. 2001). Lysine has also been shown to reduce lipid peroxidation.

16.1.7.4 Arginine

L-Arginine supplementation can provide some benefits to the antioxidant 
system of skeletal muscle cells in culture (Da Silva and Lambertucci 2015).
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16.2 Antioxidant vitamins
16.2.1 Ascorbic acid
Ascorbic acid, one form of Vitamin C, is a natural occurring essential micro-
nutrient that has various biological functions (Ullah et  al. 2011, Naksuriya 
and Okonogi 2015). It is a cofactor with a reactivity toward peroxyl and other 
radical species (Riabchenko et al. 2010). In addition, ascorbic acid plays a role 
in several enzymatic steps in the synthesis of collagen, monoamines, amino 
acids, peptide hormones, and carnitines and plays an important role in anti-
oxidant defense (Santos et al. 2009).

Ascorbic acid is involved in cancer and other chronic diseases. Subchronic 
treatment with aspirin and ascorbic acid in aged rats was shown to enhance 
cognitive performance and increase the expressions of several receptors 
related to learning and memory process (Kara et al. 2014). Ascorbic acid is 
cytotoxic to a variety of cancer cells (Ullah et  al. 2011). It has a radiopro-
tective effect against UVA-dependent melanogenesis possibly through the 
improvement of antioxidant defense capacity and inhibition of NO produc-
tion (Mathew et al. 2007, Panich et al. 2011). Ascorbic acid could also have a 
protective effect during seizures (Santos et al. 2009).

Ascorbic acid is a water-soluble antioxidant that protects the cell from oxida-
tive damage, inhibits lipid peroxidation in the central nervous system, and 
can enter mitochondria by a facilitative glucose transporter and protect it 
against oxidative injury. It directly metabolizes ROS, scavenges oxygen radi-
cals, acts to maintain α-tocopherol (Vitamin E) in its reduced form, and medi-
ates electron transfer to ascorbate-dependent peroxidases (Santos et al. 2009, 
Uluata et al. 2015).

Ascorbic acid exhibits potent free radical scavenging activity toward the 
superoxide anion free radicals and 2,2-diphenyl-1-picrylhydrazyl (DPPH) free 
radicals (Wagner et al. 2008). Ascorbic acid has been shown to inhibit gluta-
thione depletion, oxidant formation, and NO production through suppression 
of endothelial nitric oxide synthase (eNOS) and inducible nitric oxide syn-
thase (iNOS) mRNA (Panich et al. 2011).

Several studies have demonstrated that ascorbic acid has both antioxidant 
and prooxidant properties (Riabchenko et  al. 2010). When administered at 
low doses in the brain, ascorbic acid acts as an antioxidant but at high doses, 
it was shown to act as a prooxidant (Mendes-da-Silva et al. 2014). It was also 
shown to act as a prooxidant during a cold ischemia/reperfusion study (Park 
and Lee 2008).

16.2.2 α-Tocopherol
α-Tocopherol is the most common and biologically active form of vitamin E. It is 
a lipid-soluble antioxidant that has heat, light, and oxygen lability (Engin 2009, 
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Noronha et al. 2014). α-tocopherol is involved in gene regulation and inhibits 
cytotoxic response. It contains multiple transfer proteins and specific membrane 
receptors (Engin 2009).

α-Tocopherol can be synergized with lipoic acid to reduce oxidative damage 
in the brain, cardiac ischemia, and oxidation of LDLs (Thomas et al. 2014). 
A recent study showed that it may play a role in treatment of erectile dys-
function in hypertensive patients by improving neuronal or endothelial func-
tion related to NO and carbon monoxide (Ushiyama et al. 2008). It has been 
shown to prevent heat-induced alterations in some enzyme activities within 
aged groups of cells (Stojkovski et al. 2013). α-Tocopherol is also used as a 
food additive due to the encapsulated tocopherol that allows a controlled 
release and better solubility in hydrophilic matrices of the lipophilic com-
pound (Noronha et al. 2014).

α-Tocopherol has a major role in terminating free radical chain reactions that 
result from the oxidation of polyunsaturated fatty acids (Fernandes et  al. 
2013). These molecules can interrupt free radical chain reactions by capturing 
the free radical. The free hydroxyl group on the aromatic ring of α-tocopherol 
is responsible for the antioxidant properties. The hydrogen from this group is 
donated to the free radical, resulting in a relatively stable free radical (Engin 
2009). Enrichment of mitochondria with protective α-tocopherol weakens 
production of ROS and antioxidant enzyme activities (Stojkovski et al. 2013).

Protein kinase C (PKC) is one of the pathways that α-tocopherol uses. 
α-Tocopherol inhibits free radical formation and tyrosine kinase activity in 
tissue plasminogen activator (TPA)-induced primary human fibroblasts or 
human promyelocytic leukemia cell line (HL-60) cells. In smooth muscle, it is 
shown to have an antiproliferative effect (Engin 2009).

Once digested, α-tocopherol is easily absorbed from the intestinal lumen and 
dispersed between lipids and proteins in cell membranes (Engin 2009). It is 
prone to be retained within the stratum corneum due to its high lipophilicity 
(Thomas et al. 2014).

16.2.3 Carotenoids (β-carotene, lycopene, lutein)
Carotenoids are a class of orange-, yellow-, and red-colored pigments that are 
involved in many processes in the human body and represent a  provitamin 
A source (Carranco Jauregui et al. 2011). Because of their  conjugated double 
bond system, carotenoids are incorporated into the biological membranes 
in various ways (Young and Lowe 2001). They take part in cellular signal-
ing pathways, influence expression of certain genes, and act as inhibitors of 
regulator enzymes (Stahl et al. 2002). Carotenoids stimulate gap junctional 
communications and impact regulation of cell growth and induction of 
detoxifying enzymes, such as cytochrome P450-dependent monooxygen-
ases (Stahl et al. 2002). Oxidized derivatives of carotenoids interact with a 
network of transcription systems that lead to synergistic inhibition of cell 
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growth. Mixtures of carotenoids have been shown to be more effective than 
single compounds (Stahl and Sies 2003).

Carotenoids may reduce the incidence of certain diseases including cancer, 
heart disease, and age-related macular degeneration, in addition to other uses 
(Carranco Jauregui et al. 2011). They protect the skin against photooxidative 
damage by filtering blue light and protecting the macula lutea (Stahl and Sies 
2003). Low levels of carotenoids may increase the risk of persistent human pap-
illomavirus (HPV) infection, which is the primary etiological factor for cervical 
cancer (Peterson et al. 2010). High plasma levels of lutein are associated with 
lower risk of acute myocardial infarction (Ciccone et al. 2013). Carotenoids may 
also have potential erythroprotective properties because they prevent peroxyl 
radicals (ROO)-induced toxicity in human erythrocytes (Chiste et al. 2014).

Carotenoids act as antioxidants through several mechanisms. Several studies 
have reported their free radical scavenging properties (Stahl and Sies 2003, 
Skibsted 2012, Ciccone et al. 2013). Carotenoids scavenge singlet molecular 
oxygen and peroxyl radicals at low partial pressure of oxygen and quench 
electronically excited states (Stahl and Sies 2003). These networks seem to be 
thermodynamically controlled and depend on the balance between ionization 
energy and electron affinity of the individual carotenoids (Skibsted 2012). 
Carotenoids help LDL cholesterol to resist oxidation inductors. They also take 
part in protecting cellular membranes against oxidative damage due to their 
lipophilic nature. Carotenoids have several cooperative effects with other anti-
oxidants, increasing their efficiency (Ciccone et al. 2013).

Several studies have reported that carotenoids do not necessarily display 
prooxidant properties. However, they may lose their effectiveness as antioxi-
dants at high concentrations or high partial pressures of oxygen (Young and 
Lowe 2001).

16.3 Antioxidant minerals
16.3.1 Selenium
Selenium is a nonmetal trace element linked to many health benefits in the 
human body (Nogueira and Rocha 2011, Asci et al. 2015). In addition to being 
a part of antioxidant defense, it is also involved with thyroid function, boost-
ing immune function, and improving tissue respiration (Kolesnikova et al. 
2015, Pawlas et al. 2015). Selenium has been shown to protect the heart from 
cardiovascular diseases and hyperglycemia or ischemia/reperfusion-induced 
injury (Deletioglu et al. 2015).

A recent finding concluded that high-dose parenteral selenium, due to its 
antioxidant properties, might be associated with a reduction in mortality 
among critically ill patients with systematic inflammatory response syndrome 
(Manzanares and Hardy 2009). Another study has shown that stabilized 
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selenium nanoparticles at a certain concentration can be a potential anti-
arthritis drug supplement, restoring antioxidant levels in the kidney, liver, and 
spleen (Malhotra et al. 2015).

Although selenium has many antioxidant properties, a novel study recently 
found selenium to have apparent prooxidant properties when in high concen-
trations (Deletioglu et al. 2015).

Selenium works as an antioxidant in several ways. Selenoproteins help to 
eliminate ROS induced by metals (Pawlas et al. 2015).

One way consists of being a part of an antioxidant enzyme called glutathi-
one peroxidase (GPx) (Mugesh et al. 2001, Pawlas et al. 2015). The GPx fam-
ily contains four enzymes, all of which require selenium in their active site 
(Mugesh et al. 2001). With selenium as a cofactor, GPx utilizes hydrogen per-
oxide to convert reduced glutathione to its oxidized form to protect cells from 
free radical oxidation (Kolesnikova et al. 2015, Pawlas et al. 2015).

GPx and other selenoproteins, such as selenomethionine, have been reported 
to reduce peroxynitrite (PN), a strong oxidant that causes DNA damage, inac-
tivates a variety of biologically important enzymes, and initiates lipid per-
oxidation (Mugesh et al. 2001). Selenomethionine is reduced by glutathione 
and forms an Se:N transient species, which eventually reduces PN (Mugesh 
et al. 2001).

16.3.2 Zinc
Zinc is an important signaling trace element necessary for many physiological 
functions including involvement in the immune system, redox states, enzyme 
activity, gene transcription, energetic metabolism, cell migration, apoptosis, 
and proliferation (Ruttkay-Nedecky et  al. 2013, Prasad 2014). According to 
the Protein Data Bank, it is also a component for more than 2700 enzymes 
(Ganger et al. 2015).

Zinc supplementation has been successfully used as a therapeutic and preven-
tative for many conditions, including chronic hepatitis C, leprosy, tuberculosis, 
pneumonia, and acute lower respiratory tract infection (Prasad 2009). It has 
also been shown to have produced decreased incidents of infections, oxidative 
stress, and generation of inflammatory cytokines in the elderly (Prasad 2014).

In addition, zinc has improved oxidative stress in patients with type 2 diabetes 
by reducing chronic hyperglycemia (Cruz et al. 2015). A recent study has con-
cluded that Zn2+ is a dual functioning ion. It has antioxidant properties at low 
concentrations and prooxidant properties at high concentrations (Deletioglu 
et al. 2015).

Although Zn (II) itself does not have redox capability, it is still considered a 
potent antioxidant agent and acts in direct and indirect manners through vari-
ous mechanisms (Powell 2000). A decrease in cellular zinc has been associated 
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with an increase in oxidant properties in several studies (Kojima-Yuasa et al. 
2005, Aimo et al. 2010).

Zinc is a well-known inducer of metallothionein (MT), a low molecular weight 
metal-binding protein that contains high cysteine content, and has high heat 
stability (Powell 2000, Ruttkay-Nedecky et al. 2013). MT participates in pro-
tecting the human body against oxidative stress from reactive oxygen and 
nitrogen species, as well as maintaining essential metal ion homeostasis. It 
can bind 5–7 g of zinc (mol/protein) and under physiological conditions, it 
exists as Zn–MT (Powell 2000). Zinc induces MT in different organs including 
the liver, kidney, and intestine by directly binding to its Zn finger domains 
(Ruttkay-Nedecky et al. 2013). Metal regulatory transcription factor 1 (MTF-1), 
a 753 amino acid transcription factor, directly responds to increased levels of 
zinc (II). It binds the metal responsive element of the MT gene and initiates 
MT transcription (Ruttkay-Nedecky et al. 2013).

Zinc is also involved in the protection of certain enzyme sulfhydryls from oxi-
dation (Powell 2000, Zago and Oteiza 2001). Several mechanisms have been 
proposed to account for this stabilization: direct binding of zinc to the sulfhy-
dryl group, binding to another protein site in close proximity to the sulfhydryl 
group resulting in steric hindrance, and binding to another site on the protein 
that would cause a conformational change (Powell 2000).

In addition, Zinc plays an important role in regulating glutathione (GSH) syn-
thesis. Many studies have revealed that a zinc deficiency is accompanied by a 
glutathione deficiency (Kojima-Yuasa et al. 2005). Glutamate–cysteine ligase 
(GCL), a key regulatory enzyme in GSH synthesis, was identified as a link in 
these conditions. GCL acts to catalyze a reaction of glutamate and cysteine to 
gamma-L-glutamyl-L-cysteine (GCLC). Zinc supplementation protects endothe-
lial cells from peroxide-induced death by increasing the production of GCLC 
and GSH (Cortese et al. 2008, Ruttkay-Nedecky et al. 2013).

16.4 Phenolic antioxidants
16.4.1 Phenolic acids
Phenolic acids are aromatic secondary metabolites that contain a carbox-
ylic acid function group and a phenolic ring (Nakamura et al. 2000, Robbins 
2003). Derivatives of phenolic acids have a number of hydroxyl groups and 
other substituents in different positions leading to differences in structure and 
function (Nakamura et al. 2000).

Phenolic compounds have antioxidative properties such as ROS scavenging, 
electrophile scavenging, metal chelation, and inhibition of ROS generation sys-
tems (Nakamura et al. 2000). In addition, phenolic acids have been found to 
be involved in antimutagenic, anticarcinogenic, anti-inflammatory, antiallergic, 
antimicrobial, and antiviral activities (Nakamura et al. 2000, Chen et al. 2015).
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The antioxidant capacity of phenolic acids correlates well with their reducing 
activity, both of which reflect their tendency to donate electrons (Ma and 
Qian 2010). Phenolic compounds generally exert their antioxidant activities 
by three different mechanisms: hydrogen atom transfer (HAT), single electron 
transfer–proton transfer (SETPT), and sequential proton loss-electron transfer 
(SPLET) (Chen et al. 2015). All of the mechanisms are believed to play a role 
in determining radical scavenging activities (M, N, and M, 2011, Chen et al. 
2015). The radical scavenging ability of phenolic acid compounds is deter-
mined by the ability of the compound to satisfy the color of stable radicals 
such as the DPPH radical (Lu et al. 2006, Ma and Qian 2010, Chen et al. 2015).

The phenolic O–H bond dissociation energy (BDE), ionization potential (IP), 
proton dissociation enthalpy (PDE), proton affinity (PA), and electron transfer 
enthalpy (ETE) can be used to describe the three mechanisms (Chen et al. 
2015). It has been found that HAT is the preferred method in the gas phase, 
and benzene and the SPLET method is more favorable in water and ethanol 
(Chen et al. 2015).

Some common phenolic acids are described in the following.

16.4.1.1 Gallic acid

Gallic acid is a naturally occurring polyphenol antioxidant and anti-carcinogen 
that has recently been shown to have potential health benefits (Sohi et al. 2003, 
Lu et al. 2006). It exhibits different hydrophobicity and can cross through the 
liposome membrane to react with the DPPH free radical, as well as scavenge 
for other free radicals (Lu et al. 2006).

A recent study concluded that gallic acid inhibits human rhinovirus because 
of its role as an antioxidant and the mode of action derived from the inhibi-
tion of virus absorption (Choi et al. 2010). Another finding showed that gallic 
acid may be a double-edged sword that exhibits antioxidant behavior in the 
presence of H2O2, while exhibiting prooxidant behavior in the presence of 
H2O2. Its antioxidant behavior inhibits oxidative species in the peroxidase 
cycle of peroxidases and its prooxidant behavior may promote cell injury 
(Serrano et al. 2010).

16.4.1.2 Protocatechuic acid

Protocatechuic acid is a major benzoic acid derivative that shows a strong 
antioxidative effect (Nakamura et al. 2000, Guan et al. 2006). A research study 
has found that this compound increases mitochondrial membrane potential, 
increases glutathione production, and decreases the formation of ROS (Guan 
et al. 2006). Protocatechuic acid has also been shown to have chemopreven-
tive effects on colon and oral carcinogens in rats, as well as the ability to 
attenuate diabetic complications because of its triglyceride-lowering effects 
(Nakamura et al. 2000, Lin et al. 2009).
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16.4.1.3 Caffeic acid

Caffeic acid is the hydroxycinnamic acid in the human diet (Genaro-Mattos 
et al. 2015). It shows many biological and pharmacological effects including 
roles in antioxidation, antivirality, immunostimulation, and tumor cell cyto-
toxicity (Chen et al. 2001, Russo et al. 2002). Caffeic acid has been shown 
to inhibit human LDL lipoperoxidation induced by cupric ions by reduc-
ing lipoperoxyl radicals by donating a hydrogen atom to its correspond-
ing hydroperoxide, leading to lipid peroxidation inhibition (Genaro-Mattos 
et al. 2015).

16.4.2 Phenolic diterpenes
Phenolic diterpenes have important antioxidant, anti-tumor, and anti-HIV 
properties and are also involved in protection against neurodegenerative dis-
eases (Fischedick et al. 2013). When isolated from Hyptis incana, they have 
multiple anti-tumor effects on neuroblastoma cells in a dose-dependent man-
ner (Tabata et al. 2012).

Phenolic diterpenes act as antioxidants by directly scavenging several free 
radicals including the lipid free radical and the superoxide anion. They inhibit 
low-density lipid peroxidation by synergistic effects such as blocking direct 
modification and inhibiting adduct formations between aldehydes and lysine 
residues (Zeng et al. 2001). Several phenolic diterpenes and their effects are 
described in the following.

16.4.2.1 Carnosol

Carnosol inhibits mitochondria and microsomal lipid peroxidation induced by 
NADH or NADPH (Zeng et al. 2001). It has also been reported to induce apop-
tosis of leukemia cells and to induce G2/M-phase cell-cycle arrest in colon 
and prostate cancer cells via the mitochondrial pathway (Tabata et al. 2012). 
Carnosol protects against hydrogen peroxide-induced premature senescence 
(Carvalho et al. 2015). It also has a cytoprotective effect against oxidant chal-
lenges with tert-butyl hydroperoxide (Carvalho et al. 2015).

16.4.2.2 Carnosic acid

Carnosic acid possesses antimicrobial, anti-cancer, anti-inflammatory, and 
lipid-lowering properties (Fischedick et al. 2013). It protects against glutamate 
toxicity in primary rat cortical cultures and also against cerebral ischemia by 
activating the nuclear factor E2-related factor 2 (Nrf2) and the Keap1 pathway 
(Fischedick et al. 2013).
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16.4.2.3 Rosmanol

Rosmanol, in addition to carnosol, has also been shown to inhibit mitochondria 
and microsomal lipid peroxidation induced by NADH or NADPH (Zeng et al. 
2001). It is stronger than carnosol as a scavenger of lipid radicals. Rosmanol 
has an ortho position diphenolic group that easily gives off H. to form ortho-
position diquinion H. that can react with other free radicals (Zeng et al. 2001).

16.4.3 Flavonoids
Flavonoids have been shown to have antioxidant, antiviral, and protective 
effects. They protect the cell from nickel toxicity and have antiproliferative 
ability against chemically induced colon tumorigenesis (Amudha and Pari 2011, 
Aranganathan and Nalini 2013). Flavonoids may also be useful in the treatment 
of hypoxia in hepatopulmonary syndrome and as an antiviral agent for dengue 
(Muhamad et al. 2010, Atalay et al. 2013). Flavonoids have a NO-inhibiting effect 
(Atalay et al. 2013). They play a synergistic role with ethanol, allowing it to scav-
enge DPPH and hydroxyl radicals (Habbu et al. 2010). Flavonoids are also able 
to reduce ROS-forming enzymes, such as NADPH oxidase and myeloperoxidase 
(Nishimura Fde et al. 2013). Following are some examples of flavonoids.

16.4.3.1 Quercetin

Quercetin, 3,3′,4′,5,7-pentahydroxyflavone, is one of the most representative 
compounds in the flavonoid group and has many health benefits including 
antioxidant, cancer prevention, and cardioprotective activity (Liu et al. 2012). 
It has recently started becoming a promising agent in the treatment of diabe-
tes mellitus (Maciel et al. 2013). Quercetin plays a role in protecting the spinal 
cord by inhibiting activation of the p38MAPK/iNOS signaling pathway, regu-
lating secondary oxidative stress (Song et al. 2013). Its antioxidant effects also 
contribute to its antidepressive properties (Holzmann et al. 2015).

Quercetin exerts antioxidant activity by a variety of mechanisms, including 
scavenging free radicals, chelating transition metal ions, and inducing the 
antioxidant defense system regulated by nuclear factor erythroid 2-related 
factor 2 (Nrf2). It also increases glutathione levels and reduces the genera-
tion of ROS (Liu et al. 2012, Zerin et al. 2013, Papiez and Krzysciak 2014). 
Quercetin can interrupt the redox cycle of etoposide by reducing the amount 
of phenoxyl radicals in cells (Papiez and Krzysciak 2014).

16.4.3.2 Naringenin

Naringenin (4,5,7-trihydroxy-flavonone) is a flavonoid found mainly in citrus 
fruit, tomatoes, and cocoa. Pharmacological activities of naringenin include 
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anti-tumor, anti-inflammatory, antibacterial, antiviral, anti-diabetic, cardiopro-
tective, neuroprotective, and nephroprotective properties (Hermenean et al. 
2014). It shows hepatoprotective effects against injuries induced by CCl4 and 
antihyperglycemic effects in experimental diabetic rats, acting as a cholines-
terase inhibitor (Annadurai et al. 2012, Rahigude et al. 2012). Naringenin has 
also been shown to have therapeutic potential in the abatement of ethanol-
induced hepatotoxicity (Jayaraman et al. 2009).

Naringenin acts as an antioxidant through scavenging ROS, inhibiting the 
activity of ROS-forming enzymes, and directly inhibiting myeloperoxidase 
chlorinating activity (Nishimura Fde et al. 2013). It acts against increased lipid 
peroxidation when exposed to cadmium, arsenic, lead, dimethylnitrosamine, 
or oxytetracycline. The biological effects of narigenin (NGN) are limited by its 
lower solubility and minimal oral bioavailability due to its largely hydropho-
bic ring structure (Hermenean et al. 2014).

16.4.3.3 Rutin

Rutin, a quercetin glycoside, demonstrates several pharmacological activities 
including anti-inflammatory, anti-allergic, and vasoactive properties (Li et al. 
2014b). It has been used in ROS-related diseases such as gastric lesions, dia-
betes, hypoxic pulmonary vasoconstriction, and cisplatin-induced nephrotox-
icity (Li et al. 2014b, Kamel et al. 2014). Rutin has a hepatoprotective effect 
by enhancing its antioxidant effect through amelioration of oxidative stress 
genes (Al-Rejaie et al. 2013). It protects against ischemia/reperfusion injury 
by affecting dynamic cardiac factors and by enhancing SOD and DPPH activ-
ity (Bhandary et al. 2012). Rutin inhibits abnormal cell proliferation induced 
by hypoxia by reducing the production of ROS, mainly NAPDH oxidase and 
mitochondria respiratory chain activity (Li et  al. 2014b). It has also been 
shown to reduce lipid peroxidation.

16.4.3.4 Kaempferol

Kaempferol (3,4′,5,7-tetrahydroxyflavone) is one of the most commonly found 
dietary flavonoids (Leung et al. 2007). It can be safely used as a chemoprotec-
tive agent in colorectal cancer and may reduce or prevent osteoblast degenera-
tion in osteoporosis (Choi 2011, Nirmala and Ramanathan 2011). Kaempferol 
has been shown to improve the recovery of cardiac function, reduce intra-
cellular oxidation status, and decrease the myocardial apoptosis induced by 
ischemia.

16.4.4 Volatile oils
Volatile oils have antioxidant, antifungal, and antibacterial properties 
(Bozin et al. 2006). They may also play a role in cancer chemoprevention 
and in the preservation of pharmacological products (Trevisan et al. 2006). 
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The bioactivity of these oils results from complex interactions between their 
constituents, producing both synergistic and antagonistic responses (Sarrou 
et al. 2013).

Volatile oils act as antioxidants through several mechanisms. They are able 
to reduce ferric ions with an average capacity of 3.5–220 mmol/kg oil (Lado 
et al. 2004). They also have very strong free radical scavenging capacities and 
scavenge the DPPH radical (Bozin et al. 2006, Sarrou et al. 2013). In addition, 
volatile oils can inhibit lipid peroxidation induced by (2+)/ascorbate or by 
Fe(2+)/H(2)O(2) (Bozin et al. 2006). Some common volatile oils are described 
in the following.

16.4.4.1 Eugenol

Eugenol (4-allyl-2-methoxyphenol) is a naturally occurring phenolic compound 
(Nagababu et al. 2010). It may offer potential benefits in the management of 
cardiac hypertrophy and liver toxicity (Choudhary et al. 2006, Yogalakshmi 
et al. 2010). Its protective effects are due to interception of secondary radicals 
derived from endoplasmic reticulum lipids (Nagababu et al. 2010). Eugenol 
also plays a role in prolonging the lag phase and suppressing propagation 
rates, adding to its protective effects (Ito et al. 2005).

Eugenol’s antioxidant properties are documented by multiple studies. Several 
of these properties can be explained because eugenol forms complexes with 
reduced metals (Ito et al. 2005). It has been shown to completely inhibit both 
iron and Fenton reagent-mediated lipid peroxidation (Nagababu et  al. 2010). 
Eugenol can inhibit LDL oxidation by reducing copper ions and suppressing the 
free radical 1,1′-diphenyl-2-picrylhydrazyl (DPPH) cascade of lipid peroxidation 
(Ito et al. 2005). A few studies have reported that eugenol has some prooxidant 
properties that can lead to adverse effects such as allergic and inflammatory 
reaction (Fujisawa et al. 2002, Atsumi et al. 2005). Cytotoxicity of eugenol is 
mediated by ROS-independent mechanisms, possibly involving phenoxyl radi-
cals and/or eugenol quinone methide (Fujisawa et al. 2002, Atsumi et al. 2005).

16.4.4.2 Carvacrol

Carvacrol is a hydrophobic phenolic compound found primarily in oils of 
oregano, thyme, and marjoram. It has antispasmodic, anti-inflammatory, 
angiogenic, antiparasitic, antiplatelet, inhibition of acetylcholinesterase, 
anti-elastase, insecticidal, antihepatotoxic, and hepatoprotective activities 
(Aristatile et  al. 2009, Guimaraes et  al. 2010). Carvacrol is active against 
Escherichia coli and inhibits the growth of Penicillium citrinum (De Martino 
et al. 2009). It has protective effects against oxidative damage to membrane 
polyunsaturated fatty acids.

Carvacrol has the ability to prevent lipid peroxidation. It also acts as 
a free radical scavenger and NO and the superoxide ion, in addition to 
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ROS (Guimaraes et al. 2010). It may preclude the formation of PN because 
of its ability to separately scavenge both ROS and NO. Carvacrol has a weak 
acid character, and when it reacts with a free radical, it donates hydrogen 
atoms with an unpaired electron that produces another radical that is stabi-
lized by a molecular resonance structure (Guimaraes et al. 2010). Some findings 
have suggested that carvacrol can exhibit damaging effects depending on 
cell resistance, concentration, and time (Ozkan and Erdogan 2012).

16.4.4.3 Thymol

Thymol is a phenolic compound that has redox properties that play an impor-
tant role in absorbing and neutralizing free radicals including PN. It displays 
antioxidant and anti-inflammatory properties in human cells (Braga et al. 2006).

16.4.4.4 Menthol

Methanol is a compound that mainly affects mucus secretion and prostaglan-
din E2 (PGE2) production. It shows potent antioxidant and anti-inflammatory 
effects. Methanol causes increases in glutathione and the enzymes GSH-Px 
and glutathione reductase (GR), as well as decreases in the level of superoxide 
dismutase enzyme. It diminishes the levels of the proinflammatory cytokines 
TNF-α and IL-6 while increasing the level of anti-inflammatory factor IL-10 
(Rozza et al. 2014).

16.4.5 Stilbenoids
Stilbenoids are bioactive compounds that show beneficial effects on human 
health. Their broad structure due to oligomerization and modifications gives 
rise to anti-tumor properties and helps increase rate of survival (Chen et al. 
2012, Yu et  al. 2013). Stilbenoids have a polyphenol-mediated anti-HSV 
response, which links antihepatic activity to their innate immunity (Chen 
et al. 2012). They have been shown to have DPPH and superoxide anion radi-
cal scavenging abilities, ferric reducing power, and lipid peroxidation inhibi-
tion properties (Chai et al. 2012).

16.4.5.1 Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a representative stilbenoid that 
consists of two aromatic rings that are attached by a methylene bridge (Yu et al. 
2013). It is a natural phenol and phytoalexin with anti-aging, anti-inflammatory, 
anti-cancer, antioxidative, and chemoprotective properties (Yu et al. 2013, Li 
et al. 2014a). It is a free radical scavenger of hydroxyl, superoxide, and metal-
induced radicals and effectively antagonizes oxidation induced by irradiation 
(Li et al. 2014a). A recent study found that resveratrol may interact with hemo-
globin to protect against oxidative damage (Tellone et al. 2014).
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Resveratrol is involved in various processes. It may prevent progression of liga-
ture-induced periodontitis and may improve systemic nitrosative stress (Tamaki 
et al. 2014). It improves levels of 8-hydroxydeoxyguanosine, dityrosine, NO 
metabolism, nitrotyrosine, and proinflammatory cytokines (Leopoldini et al. 
2011). Resveratrol is a neuroprotective agent against diabetes-induced oxida-
tive damage (Sadi and Konat 2015). It can also inhibit the activation of proin-
flammatory mediators and cytokines at the early gene expression stage (Rocha 
et al. 2015).

16.4.6 Phenylethanoids
Phenylethanoids are inhibitors of LDL oxidation and can break peroxida-
tive chain reactions (Tuck et al. 2001). They have inhibitory effects on free 
 radical-induced hemolysis of red blood cells and can participate in free radical 
scavenging activities (He et al. 2000). Some radicals that are scavenged by phenyl-
ethanoids are the superoxide radical anion and 1-diphenyl-2-picrylhydrazyl 
(Yu et al. 2007, Qu et al. 2012).

16.4.6.1 Hydroxytyrosol/Tyrosol

Tyrosol, the major compound in extra virgin olive oil, is also a naturally 
occurring phenol with many biological properties including anti-cancer, 
antidepressant, stress-protective, and anti-osteoporosis effects (Wang et  al. 
2011). It is effective in preserving cellular antioxidant defenses by intracel-
lular accumulation (Di Benedetto et al. 2007). Tyrosol protects DNA against 
dioxin toxicity and prevents alterations in levels of other antioxidant enzymes 
(Kalaiselvan et al. 2014). Tyrosol is sometimes oxidized to hydroxytyrosol, a 
naturally occurring orthodiphenolic antioxidant (Di Benedetto et al. 2007).

A recent group studied bioavailability of tyrosol and hydroxytyrosol. When 
administered in an olive oil solution, hydroxytyrosol had 99% bioavailability, 
and when dosed as an aqueous solution, it had 75%. Tyrosol had 98% bioavail-
ability in olive oil and 71% when dosed as an aqueous solution (Tuck et al. 2001).
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17.1 Introduction

In recent years, the use of nutraceuticals, a combo of food derived and 
 pharmaceuticals, has remarkably increased in various fields when people are 
seeking for complementary or alternative beneficial products to replace the 
expensive disease-treatment approach. Antioxidant nutraceuticals represent a 
variety of products on their antioxidant activity. An antioxidant is  generally 
defined as a substance that significantly decreases the adverse effects of 
 reactive oxygen species, reactive nitrogen species, or both on normal physi-
ological function in human. Clinically, antioxidant is understood as “a product 
that inhibits the oxidation in vitro and reduces the oxidative stress in vivo” 
(Costantini 2008, Lushchak 2014). Typical antioxidants are vitamins E, C, and 
polyphenols, which have been well known as scavengers related to different 
impacts on oxidative stress. In fact, mixtures of compounds, rather than a 
single product, are highly evaluated for the antioxidant activities.

The nutraceutical industry mainly comprises natural products, dietary sup-
plements, and functional foods. For the skincare, however, the application 
of nutraceuticals, although still limited, mainly involves in topical delivery. 
In this chapter, we consider the skincare as the use of cosmetics to care for the 
skin (Oxford English Dictionary 2014) and focus on antioxidant nutraceuticals 
applied for skin’s cleansing, massaging, toning, and moisturizing.

17.2 Skin structure and physiology

The skin provides the largest barrier between human body and the outside 
environment. It contains three layers: epidermis, the dermis, and subcutaneous 
layer (Nicol 2005). The epidermis contains keratinocytes whose function is to 
make keratin to protect the skin. The dermis is the middle layer of the skin. It 
is made of structural protein collagen, which is one of the important building 
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blocks of human skin that provides strength to the skin. The  subcutaneous 
layer, or hypodermis, is the lowermost layer that is mainly for fat storage.

The skin plays a vital role in many functions including protecting the body 
from physical, chemical, and biologic attacks from external environment. The 
stratum corneum is the main barrier of the skin and is located in the outermost 
layer of the skin. It is also the main barrier for drug absorption into the skin 
(Nicol 2005). The stratum corneum is composed of proteins and lipids. The 
lipids are sequestered within the extracellular spaces of stratum corneum. The 
function of lipids is to both prevent excessive loss of water from the body and 
block entry of many topical drugs except for the drugs that are lipid soluble or 
of low molecular weight. This causes a significant challenge to administering 
drugs through the skin either for local cutaneous effects or as systemic treatment 
entering through superficial dermal capillaries.

17.3 Aging on skin

Skin aging is a constant process. Skin changes as people age. The skin aging 
process is determined by our body’s natural aging process and environmen-
tal factors such as sun exposure, and lifestyle factors such as smoking and 
menopause. During the skin aging process, both the appearance of the skin 
and function of the skin are impacted. Changes in the appearance of skin are 
the most obvious signs of aging. They include wrinkles, age spots, sagging of 
the skin, dry skin, loss of elasticity, and dilated blood vessels near the surface 
of the skin (Fisher et al. 1997). Sun damage is the major cause of wrinkling 
(Helfrich et al. 2008). Sun-exposed areas of the skin such as face, neck, upper 
chest, hands, and forearms have shown most obvious changes of skin aging. In 
addition, repeated exposure to the sun or tanning both can destroy collagen, 
elastin and can make skin aging faster.

17.4 Free radicals and skin health

The skin is directly exposed to the environmental pollutants, sun, and others, 
which are able to cause free radicals in addition to reactive oxygen species 
(ROS) (Agarwal et al. 1993) produced by body’s metabolism (Fisher et al. 1997, 
Helfrich et al. 2008). The ROS are commonly generated from exposure to UV 
radiation, environmental pollution, alcohol intake, and smoking (Ernster et al. 
1995, Fisher et al. 1997, Kennedy et al. 2003, Vierkotter et al. 2010, Lademann 
et al. 2011).

17.4.1 Ultraviolet radiation
Ultraviolet irradiation from the sun has a detrimental effect on the skin such 
as sunburn and premature skin aging (Fisher et al. 1997). In a study of the 
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pathophysiology of premature skin and skin aging induced by ultraviolet light, 
59 white participants (33 men and 26 women) from age 21 to 58 years were 
examined (Fisher et al. 1997). Participants had no prior skin disease. The but-
tock skin of the participants was irradiated with fluorescent ultraviolet lights, 
and skin specimens were obtained from irradiated and nonirradiated areas by 
biopsy. The results showed that multiple exposures to ultraviolet irradiation 
caused an increase in matrix metalloproteinase (MMP), which decreased skin 
collagen and may lead to skin aging.

In another study, the effect of smoking and sun on the aging skin is evaluated 
in terms of developing cutaneous elastosis (i.e., premature aging due to pro-
long exposure to sunlight) and telangiectasia (i.e., small dilated blood vessels 
near the surface of the skin) (Kennedy et al. 2003). There were 966 participants 
enrolling in the study. Exposure to sunlight and smoking was collected, and 
the amount of elastosis and telangiectasia in the face and neck was reported 
based on a four-graded score ranging from none to severe. The results showed 
that there was a strong link between increasing age, sun exposure, and pre-
mature aging. The amount of telangiectasia was more in men than in women. 
In addition, smoking was also related to premature aging with both men and 
women. The study concluded that sunlight exposure and smoking are related 
to skin aging.

Sunscreens have been well recommended to protect skin from ultraviolet-B-
associated skin burning and damage. However, it demonstrated inadequately 
to protect the skin against ultraviolet-A-induced free radicals, which are impli-
cations for skin aging and melanoma (Eberlein-Konig et al. 1998).

17.4.2 Air pollution
Skin aging has been well known to be associated with sun exposure, but 
growing evidence suggested that environmental factors such as air pollution 
may also have an impact in this process (Krutmann et al. 2014). In a study of 
airborne particle exposure and extrinsic skin aging, the impact of air pollution 
on skin aging in 400 Caucasian women aged 70–80 was evaluated. Skin aging 
was measured by score of intrinsic and extrinsic skin aging, a validated skin 
aging score. Traffic particle emissions and soot in fine dust around the area 
of residence were measured. The results showed that air pollution exposure 
was markedly related to sign of skin aging, especially associated with pigment 
spots but less associated with wrinkles. The study reported that increase in 
soot (per 0.5 × 10−5 per m) particles from busy traffic (per 475 kg per year and 
square km) was related to 20% more pigment spots on forehead and cheeks.

17.4.3 Alcohol
In a study of interaction between carotenoids and free radicals in human skin, the 
level of antioxidant network, essential to protect the skin against free radicals, 
was reported to decrease with alcohol consumption (Lademann et al. 2011). 
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Similarly, melanoma risk was increased in patients with high consumption of 
alcohol, who had more than 14 drinks per week as compared to nondrinkers 
(Freedman et al. 2003). It was stated that alcohol consumption increases free 
radicals, which greatly contributed to the disease.

17.4.4 Smoking
In a study regarding the impact of smoking on skin health, it was reported 
that cigarette smoking was associated with skin wrinkle (Ernster et al. 1995). 
The study evaluated patients’ smoking status in terms of pack years of smok-
ing by questionnaire, whereas facial wrinkle category and facial wrinkle score 
were analyzed by blinded standardized visual assessment. The results showed 
that the relative risk of moderate-to-severe wrinkling for current smokers was 
in age 40–69 for women and age 40–59 for men. The study excluded individu-
als who aged 30–39, as wrinkles are not common among this age group. In 
addition, the risk of wrinkling was equal to about 1.4 years of aging in both 
sexes. Similarly, in another study, it was reported that smoking increased skin 
aging including loss of skin elasticity due to loss of connective tissue and 
increased skin wrinkle. Interestingly, this loss caused by smoking is similar to 
UV irradiance (Grant 2008).

17.4.5 Diet
It has been well known that nutrition played an important role in skin func-
tioning. However, the effect of diet on skin aging appearance is not quite 
clear. In a study of dietary nutrient intakes and skin aging appearance among 
middle-aged American women, 4025 women aged between 40 and 74 years 
were examined (Cosgrove et al. 2007). Nutrient intakes were reported from a 
24-hour recall, and dermatologists examined the skin appearance. Skin aging 
was considered as having skin wrinkle, skin dryness due to old age, and skin 
atrophy. The results showed that taking higher amounts of vitamin C lowered 
skin wrinkle; in addition, taking higher amounts of linoleic acid decreased 
skin dryness due to aging and skin atrophy. It was also reported that an 
increase in 17 g of fat and 50 g of carbohydrate consumption was associated 
with increased skin wrinkle.

17.5 Antioxidant nutraceuticals beneficial for the skin
17.5.1 Green tea
Green tea polyphenols (GTPs) have been extracted from the leaves of 
Camellia sinensis. Green tea has been well proved to provide a great deal 
of benefits due to its antioxidant, photochemopreventive, and anti-aging 
properties. It has been proved to inhibit photoaging process in human 
skin (Schagen et  al. 2012). Its healthy effects may be explained by poly-
phenols, in particular epicatechin, epicatechin-3-gallate, epigallocatechin, 
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and epigallocatechin-3-gallate (EGCG). Based on a study on hairless mice, 
Agarwal et al. (1993) observed a considerable reduction in UV-induced edema 
and cyclooxygenase activity after the use of GTPs. However, in a more recent 
clinical work, treatment of topical and oral GTPs did not produce a signifi-
cant improvement in elastic tissue content (Chiu et al. 2005). Green tea has 
been widely used either as monotherapy or combined with other ingredients 
for synergistic effects. Tanase-converted green tea extract was found to pro-
vide statistically higher anti-wrinkle activity or significantly decrease the size 
of wrinkles, as estimated by Skin Visiometer SV 60. In a research with 33 
female subjects, Mahmood and Akhtar explored the enhanced effectiveness 
of green tea with the aid of lotus in rhytides treatment. The combination of 
green tea and lotus extract proposed a considerably better impact on skin 
wrinkle than either of them alone (Mahmood and Akhtar 2013). Green tea 
polyphenols are inherently unstable and are therefore significantly dimin-
ished into commercial tea products after short-duration preparation. In order 
to reduce oxidation rate, butylated hydroxytoluene has been added into topi-
cal formulation of polyphenols. It has been noted that various tea extracts 
provide different level of antioxidant activities. A comprehensive review of 
Stephen Hsu provides a profound understanding of catechins, polyphenol 
compounds in green tea, about its chemopreventive, natural healing, and 
anti-aging properties for human skin (Hsu 2005). Many laboratory researches 
on animal models have postulated that the use of green tea polyphenols by 
topical application or oral administration reduces UV-induced skin tumori-
genesis. In addition, polyphenolic constituents, especially EGCG, in GTPs 
are believed to possess anti-inflammatory and antitumor effects (Katiyar and 
Elmets 2001). The beneficial effects of EGCG on skincare will be clarified in 
Section 17.5.20.

17.5.2 Mushrooms
Mushrooms have long been used in healthcare due to its potent antioxi-
dants such as flavonoids, tocopherols, ascorbic acid, phenolic acids, and 
carotenoids. Furthermore, mushrooms exhibit activities against oncogenesis, 
tumor metastasis. Mushroom species vary in their use; specifically, Lentinus 
edodes and Ganoderma lucidum have antioxidant properties, whereas 
Cordyceps taii and Sparassis cripsa are employed in photoaging treatment 
(Bowe 2013). These beneficial activities have been well validated in in vitro 
and in vivo studies.

17.5.3 Vitamin E
Tocopherol (vitamin E) is a lipophilic antioxidant found in skin,  various 
 vegetables, and meat. Some plants such as wheat germ (Triticum  vulgare), 
hazelnut (Corylus avellana), sunflower (Helianthus annuus), sesame 
(Sesamum indicum) and pumpkin (Cucurbita pepo) are particularly rich in 
vitamin E. It has been used for more than 60  years in both experimental 
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and clinical studies. Eight active isoforms of vitamin E are classified into two 
groups: tocopherols and tocotrienols. α-tocopherol has been shown to  protect 
animal and human skin from photoaging activities (Fryer 1993). Topical use 
of vitamin E helps reduce both light-induced acute and chronic damage. In 
particular, α-tocopherol and tocotrienol efficiently improve skin roughness, 
facial lines, and wrinkles. These activities can be attributed to their ability to 
increase water content and water-binding capacity of the skin stratum  corneum. 
α-tocopherol reduced activities of collagenase, an enzyme digests collagen to 
cause aging skin. In addition, vitamin E is also employed to  scavenge free radi-
cal and soothe the skin (Dayan 2008). Studies suggest that a combination of 
different antioxidants can enhance their potency of photoprotection. This was 
observed by Lin et al. when they investigated the ultraviolet (Hamilton-Reeves 
et al. 2010) photoprotection after application of vitamin E and vitamin C (Lin 
et al. 2003). However, attention needs to be paid on cutaneous adverse effect 
of vitamin E.

17.5.4 Coenzyme Q10
Coenzyme Q10 (CoQ10) or ubiquinone is a fat-soluble, endogenous, and 
vitamin-like antioxidant that is found naturally in all human cells, especially in 
fat tissues. The majority of CoQ10 locates in mitochondria of most eukaryotic 
cells. CoQ10 is a key factor in electron transport chain in cellular respiration 
process in which it generates 95% of the human body’s energy (Schagen et al. 
2012). In skin, CoQ10 is abundant in epidermis to serve as a primary barrier 
to damaging oxidant. In vitro and human studies have been performed to 
demonstrate the photoprotective properties of CoQ10 by reducing the expres-
sion of collagenase after UVA irradiation (Hoppe et al. 1999). In the case of 
CoQ10 deficiency, it can be taken from oily fish (salmon, tuna), organ meats 
(Cerundolo et al. 2009), and whole grains through a healthy and balanced diet 
(Schagen et al. 2012). CoQ10 has been formulated into various dosage forms of 
supplements such as soft/hard capsule, oral spray or tablets, or several sometic 
products in brand name of Coenzyme Q10, Co-Q10, elppa CoQ10, LiQSorb, 
Liquid Co-Q10, NutraDrops, Q-Sorb Co Q-10, and QuinZyme. The intake of 
CoQ10 effectively increases CoQ10 level in tissues and mitochondria in order 
to lower oxidative potential (Kwong et al. 2002). An in vitro  laboratory work 
has suggested the use of complementary CoQ10 to deal with oxidative stress 
in case of primary CoQ10 shortage (Lopez et al. 2010). However, CoQ supple-
mentation neither improved main antioxidant defense on mice nor lengthened 
the life span of mice.

17.5.5 Vitamin C
Vitamin C (l-ascorbic acid) is known as a potent hydrophilic, intracellular, and 
extracellular antioxidant, protecting skin from free radicals. The benefits of 
vitamin C to skin come from its ability to enhance collagen synthesis and pho-
toprotection (Korac and Khambholja 2011). Vitamin C can be taken from food, 
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especially citrus fruits, tomatoes, potatoes, and so on. However, the level of 
vitamin C in skin decreases continuously due to sunlight and environmen-
tal factors. Therefore, regular supply of vitamin C is reasonable to maintain 
its level in skin. It was evident in in vitro and in vivo studies that topical 
vitamin C reduces sunburn cells and erythema to prevent skin damage after 
exposure to both UVA and UVB irradiation. In addition, vitamin C improves 
photoprotectant activities of sunscreen products. Its anti-inflammatory proper-
ties have been employed to heal light-induced damage such as solar lentigines. 
The enhanced synthesis of collagen and inhibition of MMP-1 lead to skin wrin-
kle reduction (Dayan 2008). Regarding formulation preparation, oxidation of 
vitamin C needs to be avoided. Vitamin C is a light and air-sensitive compound 
and should be prepared in airtight, light-resistant environment.

17.5.6 Selenium
Selenium, an essential trace mineral for human body, protects cells from 
damaging effects of free radicals. It can be taken from various mushroom 
species, nuts, cod, tuna, and calf’s liver. Selenium plays a key role in the 
activities of glutathione peroxidase, thioredoxin reductase, and vitamin E 
regeneration. In topical treatment, selenium sulfide and L-selenomethionine 
are commonly used. L-selenomethionine has an excellent transdermal deliv-
ery and safety profile (Lin et al. 2011). With the aid of vitamin E, selenium 
was shown to effectively cure blistering, pigmentation, and skin tumor in 
mice model (Burke et al. 2003).

17.5.7 Vitamin A
Vitamin A is a fat-soluble compound. Provitamin A, most commonly β-carotene, 
is found in various foods such as meat, fish, poultry, fruits, and vegetables. 
Vitamin A is used in topical products in the forms of retinoids and carotenoids 
(Chen et al. 2012). It was observed that UV irradiation causes a reduction in 
the level of carotenoids, β-carotene, and lycopene in human skin (Ribaya-
Mercado et  al. 1995). Vitamin A and its derivatives (tretinoin, isotretinoin, 
and tazarotene) have displayed anti-aging properties. By binding to nuclear 
receptors, retinoic acid receptors, and retinoid X, vitamin A enhances collagen 
generation and increases thickness of epidermal layer.

17.5.8 Proanthocyanidin
Proanthocyanidin inhibits DNA mutation and elastase to protect the integ-
rity of skin elastin. It has been used as a potent antioxidant and free radical 
scavenger (Korac and Khambholja 2011). It was found to have synergis-
tic effects with vitamin C and vitamin E. Its topical application has been 
used to keep skin away from deleterious effect of UV rays in sunlight. 
If a thin layer of proanthocyanidin cream is applied on skin, less burning 
is observed. Regarding skin carcinogenesis, grape seed proanthocyanidin 
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effectively decreases the size of UV radiation-induced skin tumor in hairless 
mice, prevents the tumor formation, and increases tumor cell death rate 
(Baliga and Katiyar 2006).

17.5.9 Anthocyanins
Anthocyanins are frequently consumed as various foods to protect the body 
against oxidants. An in vivo study has been conducted to prove the potent 
antioxidant effect of anthocyanins (Tsuda et al. 2000). A possible mechanism 
of oxidant elimination of anthocyanins belongs to their capacity to inter-
fere the hydroxyl radical generation process. Moreover, cyanidin’s antioxidant 
activity is four times more potent than vitamin E (Rice-Evans et al. 1995). In 
addition, amino acid tyrosine can be kept away from reactive oxidant per-
oxynitrite by anthocyanin pelargonidin.

17.5.10 Resveratrol
Resveratrol is classified into natural polyphenol group that is rich in the skin 
of red grapes. Supply of resveratrol is from wine, grape juice, cranberries, 
peanuts, peanut products, root of Polygonum cuspidatum, leaves of Veratrum 
grandiflorum, roots, and rhizomes of Veratrum formosanum (Sanders et al. 
2000, Wang et al. 2002, Counet and Collin 2003). It is a lipophilic compound 
with trans and cis configuration. It has been investigated for unique anti-
aging, antioxidant, antimutagen, and anti-inflammatory properties. Resveratrol 
exhibits the characteristics of a chelating agent, a radical scavenger, and 
inflammation inhibitor (Giardina et al. 2010). It was found to inhibit tumori-
genesis in mouse skin (Haidarali et al. 2014). Regarding skin protection, an 
in vitro study on HaCaT cells was conducted to prove that resveratrol offered 
protective activities against nitric oxide free radical donor sodium nitroprus-
side (Bastianetto et al. 2010). Giardina et al. used resveratrol in skin fibroblast 
treatment and figured out that an increase in the drug dose resulted in an 
increase in cell proliferation (human promyelocytic leukemia cell differentia-
tion) rate and a decrease in collagenase activity (Giardina et al. 2010). A review 
of Baxter offers an insight into the effectiveness of prevention of photoaging 
as compared with other antioxidants in skincare formulation (Baxter 2008).

17.5.11 Curcumin
Curcumin, also known as diferuloylmethane, has been utilized as anti- 
inflammatory, antiproliferative, and cancer-preventive agent. It has been 
extracted from dried root of Indian spice turmeric (Curcuma longa), which 
belongs to ginger family (Zingiberaceae). Curcumin has displayed action 
against oxidative stress and inflammation to reduce deleterious consequences 
of injury. Several laboratory researches have validated its anti-inflammatory, 
antitumoral, and antioxidant properties (Saraf and Kaur 2010). The effective-
ness of curcumin on mouse model has been well documented in the literature. 
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UVA-induced ornithine decarboxylase activity in epidermis of mouse skin 
was found to remarkably decrease after topical treatment of curcumin. This 
 observance can be explained by its potential to scavenge reactive oxygen 
species. In addition, curcumin is effective in treating UV-induced apoptosis in 
human epidermal carcinoma cell. Regarding anti-aging properties, mechanism 
of action of curcumin in human fibroblast is carried out through phosphati-
dylinositol 3-kinase/Akt pathways to provoke cellular antioxidant response 
(Schagen et al. 2012).

17.5.12 Silymarin
Silymarin (Silibinin) is a polyphenol that is abundant in milk thistle 
(Silybum marianum). Silymarin’s photopreventive activities exhibit in sily-
bin, silidianin, and silicristin; among them silybin has been found the most 
active photochemical compound. Topical use of silymarin demonstrated a 
significant  antitumor effect. In a hairless mice skin study, the number of 
UVB-induced tumor was decreased by 92% (Korac and Khambholja 2011). 
Antioxidant effects of silymarin were successfully utilized to inhibit sunburn 
cell formation and apoptosis due to UV exposure. In another work, Katiyar 
et al. showed the effectiveness of silymarin application on mouse skin to 
scavenge reactive oxygen species, to prevent UV-induced immune suppres-
sion and oxidative stress, and to decrease pyrimidine dimers and skin tumor 
(Katiyar 2002).

17.5.13 Quercetin
Quercetin plays a key role as a building block for the flavonoid family. It exists 
in many vegetables such as mayapple (Podophyllum), apple (Malus domestica), 
tea (Camellia sinensis), onion (Allium cepa), nuts, cauliflower, cranberry 
(Vaccinium macrocarpon), and cabbage. The highest level of quercetin is 
found in onion. Anti-inflammatory and antioxidant properties of quercetin 
have been reported to have anticarcinogenic effects on rat mammary cancer, 
colonic neoplasia, oral carcinogenesis, and mice skin carcinogenesis (Nishino 
et al. 1984). For skincare, quercetin helps protect human skin from UVA and 
UVB range (Choquenet et al. 2008).

17.5.14 Apigenin
Apigenin is a commonly known flavonoid that is rich in a great deal of 
plants including citrus fruit, parsley, yarrow, horsetail, lemon, peppermint, 
marigold, Artemisia, cumin, carrot, agrimony, amica, purple coneflower, 
and eyebright. Svobodova et  al. found out that apigenin has protec-
tive properties against UV-induced skin carcinogenesis in mouse model 
(Svobodova et al. 2003). Apigenin displays anti-inflammatory activities in 
several studies.
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17.5.15 Flavonoids
Flavonoids have been found ubiquitously in plants. Schroeter et al. have stud-
ied the use of these antioxidant and chelating agents to prevent chronic and 
aging diseases (Schroeter et al. 2002). In food or diet, flavonoids exist in two 
major forms as glycosides and polymers. Flavonoids can serve as antioxidant, 
enzyme modulator, and antimutagenic or cytotoxic compounds. These bio-
logical effects are recognized based on the extent, nature, and position of 
the substituents and hydroxyl groups. The most widely validated property of 
flavonoids is their protective activity from oxidative stress. It can be explained 
by the fact that flavonoids can eliminate peroxyl radicals, can chelate redox-
active metals, and can inhibit lipid peroxidation.

17.5.16 Licorice
Licorice extract contains several active agents such as licochalcone A, gla-
bridin, liquiritin, and glabrene and is found in Glycyrrhiza glabra. Each 
compound displays different properties. Liquirtin has been utilized in hyper-
pigmentation treatment, whereas glabridin and licochalcone A possess anti-
inflammatory effects (Fowler et al. 2010). In human studies, licochalcone A 
was concluded to considerably reduce erythema and heal irritated skin sites, 
which is confirmed by a reduction of prostaglandin E2, leukotriene B4, IL-6, 
and TNF-α (Kolbe et al. 2006).

17.5.17 Soy isoflavones
Several researches have shown soy and its components as powerful 
 antioxidants for skincare. Isoflavones are present in soybeans in the forms 
of daidzein and genistein. A study on postmenopausal women found that 
soy isoflavone treatment increased the epidermis’ thickness by 9.46% in 23 
subjects, reduced wrinkle, and enhanced desired properties of skin such as 
the amount of collagen, number of elastic fibers, and number of blood vessels 
(Accorsi-Neto et al. 2009). Kim et al. conducted an in vivo study to investigate 
the effects of topical dietary soy isoflavones on (Hamilton-Reeves et al. 2010) 
photoaged hairless mouse model. Anti-aging property of isoflavones can be 
explained via the inhibition of UV-induced metalloproteinase and prevention 
of collagen degradation (Kim et al. 2004). Soy isoflavone aglycone was not 
only used in topical administration but also (40 mg per day) was taken orally 
to improve fine wrinkle and skin elasticity of the aged skin of women volun-
teer (Izumi et al. 2007).

17.5.18 Polyphenols
Polyphenols are characterized as structures of a number of phenol units. 
They can be classified into a number of groups including phenolic acids, 
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flavonoids (anthocyanins, catechins, flavones, flavonols), stibenes, isoflavones, 
 proanthocyanins, tannins, and lignans based on the amount of phenol rings 
and the ring linkage. They are plentiful in fruit juices, red wine, grape skin, 
grape seeds, tea, coffee olive pulp, and maritime pine bark and formulated 
into functional foods, cosmetic products, or dietary supplements. Source 
and content of polyphenols in foods are intensively presented in Manach’s 
review work (Manach et al. 2004). Multiple researches have been performed to 
 validate the Anti-aging effect of plant-derived polyphenols over recent years. 
They can be used to suppress oxidative stress in cancer, cardiovascular, and 
neurodegenerative treatment and can offer defense against diabetes and osteo-
porosis diseases. Polyphenol structural molecules possess activities against UV 
radiation and pathogen (Pandey and Rizvi 2009). In vivo laboratory researches 
using animal skin model investigated the effectiveness of various polyphe-
nols including genistein, silymarin, grape seed proanthocyanidins, and green 
tea polyphenols in treating UV-induced skin damage, possibly skin cancer 
(Nichols and Katiyar 2010). In order to understand the mechanism of action of 
polyphenols, several pathways have been thoroughly proposed and studied. 
The most widely accepted theory is of direct, redox-dependent interaction 
between polyphenols and cell’s receptors or enzymes in signal transduction 
pathway (Halliwell et al. 2005).

17.5.19 Carotenoids
Carotenoids play a key role in pigmentation in plants, algae, microorganisms, 
and photosynthetic bacteria. Fruits and vegetables are the abundant sources 
of carotenoid in human diet. Carotenoid-rich diet has been found to lower 
the risk of age-associated diseases (Rahman 2007). In the group, lycopene 
and β-carotene help protect skin from harmful effects of UV and short visible 
radiation (Ermakov et  al. 2005). Regarding chemical structure, the number 
of conjugated double bonds accounts for antioxidant activities by differ-
ent mechanism such as extinguishing singlet oxygen, delocalizing unpaired 
 electrons, and chemically reacting with free radicals. In addition, antioxidant 
potency of carotenoids depends on their concentration and oxygen partial 
pressure. In particular, β-carotene is used as an antioxidant agent at either 
low concentration or low oxygen partial pressure, whereas it exhibits prop-
erties of prooxidants at high concentration or high partial pressure of oxy-
gen. Carotenoid levels, as measured by noninvasive method using resonance 
Raman  spectroscopy, indicate the antioxidant status in the body. The level 
of carotenoid antioxidant substances in the skin has a strong correlation to 
lifestyles including dietary supplementations and stress factors. The amount 
of carotenoid decreases due to high oxidative stress factors such as illness, 
smoking, alcohol consumption, and sunlight overexposure, whereas a healthy 
diet with fruits and vegetables provides a high level of carotenoids in skin 
to treat furrows and wrinkles. A study has been conducted to investigate the 
effect of fresh orange juice consumption on skin carotenoid level. Skin carot-
enoid score was used as a means to compare two types of orange juice that 
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are harvested from regularly and partially irrigated trees. The score was found 
to increase by regular consumption of orange juice (Massenti et al. 2015). In 
addition, Darvin et al. found an increase in the level of carotenoids during 
summer and autumn seasons (Darvin et al. 2008).

17.5.20 Epigallocatechin-3-Gallate
There are a vast variety of polyphenolic compounds or catechins in green 
tea including epicatechin-3-gallate (ECG), epigallocatechin (EGC), epicatechin 
(EC), (+)-catechin, and EGCG. The major component in green tea responsible 
for its beneficial effects is EGCG that contribute to more than 50% of the mass 
of catechin in green tea (Nagle et  al. 2006). Anti-inflammatory and anticar-
cinogenic properties of green tea have been validated in numerous studies 
and medical practice. It is evident that EGCG interferes with multiple MMP 
 including MMP-2, MMP-9, and MMP-12 and inhibits the activities of  leukocyte 
elastase in cancer treatment.

17.6 Skincare routine and products
17.6.1 Skincare routine
It has been well known that a daily routine to care the skin generally includes 
four steps: cleansing, toning, specific targeting, and moisturizing. It is recom-
mended that sunscreen should be applied during the daytime (Figure 17.1).

17.6.2 Cleanser
A cleanser is a facial care product that is used to remove makeup, dead skin 
cells, oil, dirt, and other types of pollutants from the face. This helps to unclog 
pores and prevent skin condition such as acne. It is best to use a cleanser in 
the morning and at night to remove all the impurities and oils that the face 

Sunscreen SPF
30+

Moisturizer/Eye
cream

Cleanser Toner/softener Serum

Figure 17.1 General routine skincare regimen.
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has collected during the day. In order to use the cleanser, splash the face with 
warm water, apply a small amount of cleanser onto the palm, put the cleanser 
to the face, and rinse of the cleanser thoroughly with lukewarm water.

17.6.3 Toner
A toner removes the traces of makeup, dirt, and oil that a cleanser may have 
missed. It also reduces pores, eliminates oil, and refines the skin. The toner 
makes skin feel tighter and prepares the skin for the moisturizer. Once a 
person has cleansed her face, it should begin with the next step—tone a 
person’s skin. Toner is applied by dampening a cotton ball with toner and 
wiping it across the face. Remember to avoid the eye area while applying a 
toner and do not use a toner more than once a day, especially a person who 
has dry skin.

17.6.4 Softener
The toner and softener can be used interchangeably. Skin softener helps to 
protect, nourish, and moisturize very dry, itchy, or irritated skin. It enhances 
the benefits of moisturizer. Softener should be used after cleansing; if the skin 
is little dry, apply softener to hydrate the skin. Softener is used by applying a 
small amount of softener to a cotton ball and by gently patting over the face. 
Wait a minute or two before moving on to next steps.

17.6.5 Serum
Face serums are lightweight moisturizers that penetrate deeper to deliver 
active ingredients such as antioxidants into the skin. Using serum regularly 
can give skin a firmer smoother texture, can make pores appeal smaller, and 
can increase moisture level. Serum can be applied in the morning, at night, or 
both. It is used by applying tiny dots of serum all over the face and by blend-
ing lightly. Gently tap the surface of the face with fingers. The tapping action 
helps the serum to sink fully into the deeper layers of the skin.

17.6.6 Moisturizer
Although lotions and creams are both moisturizers and can make the skin 
feel soft and smooth, they can be applied to different skin types. Both lotions 
and creams can be oil-based or water-based. If they are oil-based, they are 
an emulsion, or mixture, of water in oil. If they are water-based, they are an 
emulsion of oil in water. Most lotions and creams are water-based. Lotions are 
of low viscosity, so they are lighter and less oily than creams. A person with 
normal skin can apply lotion to keep skin moisturized. Creams work well on 
dry skin, as creams are thicker and can provide extra protection. Moisturizer 
should be applied onto a clean and toned face, which is recommended after 
applying toner/softener and serum.



335Antioxidant Nutraceuticals and Skincare

17.6.7 Eye cream
An eye cream is a specially formulated moisturizer that is used to reduce the 
signs of aging: fine lines, wrinkles, and dark circles. It should be applied spe-
cifically to the skin around eyes daily after applying serum.

17.6.8 Sunscreen
Sunscreen prevents the sun’s ultraviolet radiation from reaching the skin. 
Two types of ultraviolet radiation, UVA and UVB, can damage the skin, age 
it prematurely, and can increase the risk of skin cancer. It can be applied 
daily for anyone above the age of six months. Sunscreen should be applied 
15–30 minutes before going outdoors to give the sunscreen enough time to 
be absorbed into the skin. Reapply every 2 hours if a person is staying out-
door and apply every 30 minutes if a person is engaging in outdoor activities 
causing a sweat.

17.6.9 Facial mask
A facial mask can help hydrate skin, can remove excess oils, and can help 
improve the appearance of the pores. It can also help to pull out impurities. 
A facial mask can be used once a week, depending on a person’s skin and 
skincare concerns. It is used by applying facial mask directly onto the damp 
skin after applying cleanser. Be sure to avoid the eye area. Let the facial mask 
stay on the skin for 10–15 minutes. Then use a washcloth to gently wash away 
the mask. Pat, do not rub, the skin and dry the skin with a towel.

17.7 Nutraceuticals in skincare products

According to different cosmetic manufacturers, skincare products are  typically 
categorized into cleanser, toner, softener, serum, mask, and  moisturizer. 
Sunscreen is classified as another type of skin product. In this chapter, we 
included sunscreen to discuss the use of antioxidant nutraceuticals for the 
health of skin. More than 100 products were searched and recorded from 
the Internet as well as from famous beauty websites. Below are the common 
nutraceuticals found in the skincare products that we explored (Table 17.1).

Aloe vera is most frequently found in the formulation of cleanser, softener/
toner, facial mask, moisturizer, and sunscreen. It has been well known to 
soothe the skin and help prevent wrinkles and premature aging by keeping 
the skin hydrated and by boosting the skin’s own natural regenerative abilities 
(Tanaka et al. 2015).

Similar to aloe, chamomile has also been used on the skin for minor burns 
as it contains flavonoids and essential oils that possess significant anti-
inflammatory activity. Specifically, chamomile was reported to improve the 
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appearance of the skin due to its antioxidant activity by improving skin’s 
texture and elasticity, as well as reduces signs of photodamaging (Srivastava 
et al. 2010).

Jojoba oil is also frequently found in the formulation of cleanser, serum, sun-
screen, and facial mask as it offers various benefits for the skin. It can be used 
as a skin moisturizer as the oil is light and easily absorbed by the skin. Jojoba 
oil has been reported to keep the skin hydrated to prevent early signs of aging 
(Kapoor and Saraf 2010).

Witch hazel is found most frequently in skin softener/toner due to its astrin-
gent properties. It can help to remove excess oil from the skin, making it 
effective at treating blackheads or other blemishes caused by an accumulation 
of dried sebum in the pores (Graf 2000).

Grape seed extract contains potent antioxidants such as flavonoids and 
polyphenols that help to protect the skin from the sun damage and free 
radicals. Topical application of grape seed extract was reported to pro-
vide protection from the sun and prevent aging (Bogdan Allemann and 
Baumann 2008).

Topical green tea has been found to provide a photoprotective effect. 
Specifically, it reduces the number of sunburn cells, protects epidermal 
Langerhans cells from UV damage, and reduces the DNA damage that is 
formed after UV radiation.

Sunflower seed oil is used as an emollient in cosmetics. It is rich in fatty acids 
such as linoleic acid. It is an excellent source for dry skin. It has the ability to 
help repair skin’s barrier and reduce inflammation.

Olive oil contains three major antioxidants: vitamin E, polyphenols, and phy-
tosterols. When applied topically, it helps protect the skin from premature 
aging, restores skin smoothness, and prevents free radical damage to the skin 
(Cicerale et al. 2010).

Both coconut oil and sweet almond oil contain saturated fat and vitamin E. 
When applied on the skin, they keep the skin smooth to touch. They also 
retain the moisture content of the skin as fats eliminate moisture loss through 
the pores on skin. Above all, they prevent premature aging and wrinkling of 
the skin. They can also reverse the damages that are brought about by sun 
exposure due to their antioxidant activities (Sultana et  al. 2007, Nevin and 
Rajamohan 2010).

Shea butter is a triglyceride derived mainly from stearic acid and oleic acid. 
It is widely used in cosmetics as a moisturizer. Shea butter contains vitamin A, 
which is important for improving a number of skin conditions such as 
sunburn.
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17.8 Conclusion

The use of topically applied antioxidants for the skincare is promising as 
the tendency toward natural products has been increasing. Further profound 
studies are needed in examining the potential adverse effects of antioxidants 
because many natural ingredients may potentially cause allergies, irritation, 
and skin sensitivities. In addition, more controlled clinical trials in humans 
are essential in examining the efficacy of antioxidant in preventing skin aging.

References
Accorsi-Neto, A., M. Haidar, R. Simoes, M. Simoes, J. Soares-Jr, and E. Baracat. 2009. Effects 

of isoflavones on the skin of postmenopausal women: A pilot study. Clinics (Sao 
Paulo) 64 (6):505–510.

Agarwal, R., S. K. Katiyar, S. G. Khan, and H. Mukhtar. 1993. Protection against ultraviolet 
B radiation-induced effects in the skin of SKH-1 hairless mice by a polyphenolic frac-
tion isolated from green tea. Photochem Photobiol 58 (5):695–700.

Allemann, I. B. and L. Baumann. 2008. Antioxidants used in skin care formulations. Skin 
Ther Lett 13 (7):5–9.

Baliga, M. S. and S. K. Katiyar. 2006. Chemoprevention of photocarcinogenesis by selected 
dietary botanicals. Photochem Photobiol Sci 5 (2):243–253. doi:10.1039/b505311k.

Bastianetto, S., Y. Dumont, A. Duranton, F. Vercauteren, L. Breton, and R. Quirion. 2010. 
Protective action of resveratrol in human skin: Possible involvement of specific recep-
tor binding sites. PLoS One 5 (9):e12935. doi:10.1371/journal.pone.0012935.

Baxter, R. A. 2008. Anti-aging properties of resveratrol: Review and report of a potent 
new antioxidant skin care formulation. J Cosmet Dermatol 7 (1):2–7. doi:10.1111/ 
j.1473-2165.2008.00354.x.

Bowe, W. P. 2013. Cosmetic benefits of natural ingredients: Mushrooms, feverfew, tea, and 
wheat complex. J Drugs Dermatol 12 (9 Suppl):s133–s136.

Burke, K. E., J. Clive, G. F. Combs, Jr., and R. M. Nakamura. 2003. Effects of topical 
L-selenomethionine with topical and oral vitamin E on pigmentation and skin cancer 
induced by ultraviolet irradiation in Skh:2 hairless mice. J Am Acad Dermatol 49 (3): 
458–472.

Cerundolo, R., K. E. Michel, M. H. Court, B. Shrestha, K. R. Refsal, J. W. Oliver, V. Biourge, 
and F. S. Shofer. 2009. Effects of dietary soy isoflavones on health, steroidogen-
esis, and thyroid gland function in dogs. Am J Vet Res 70 (3):353–360. doi:10.2460/
ajvr.70.3.353.

Chen, L., J. Y. Hu, and S. Q. Wang. 2012. The role of antioxidants in photoprotection: A 
critical review. J Am Acad Dermatol 67 (5):1013–1024. doi:10.1016/j.jaad.2012.02.009.

Chiu, A. E., J. L. Chan, D. G. Kern, S. Kohler, W. E. Rehmus, and A. B. Kimball. 2005. 
Double-blinded, placebo-controlled trial of green tea extracts in the clinical and 
histologic appearance of photoaging skin. Dermatol Surg 31 (7 Pt 2):855–860; dis-
cussion 860.

Choquenet, B., C. Couteau, E. Paparis, and L. J. Coiffard. 2008. Quercetin and rutin as 
potential sunscreen agents: Determination of efficacy by an in vitro method. J Nat 
Prod 71 (6):1117–1118. doi:10.1021/np7007297.

Cicerale, S., L. Lucas, and R. Keast. 2010. Biological activities of phenolic compounds pres-
ent in virgin olive oil. Int J Mol Sci 11 (2):458–479. doi:10.3390/ijms11020458.

Cosgrove, M. C., O. H. Franco, S. P. Granger, P. G. Murray, and A. E. Mayes. 2007. Dietary 
nutrient intakes and skin-aging appearance among middle-aged American women. 
Am J Clin Nutr 86 (4):1225–1231.



349Antioxidant Nutraceuticals and Skincare

Costantini, D. 2008. Oxidative stress in ecology and evolution: Lessons from avian studies. 
Ecol Lett 11 (11):1238–1251. doi:10.1111/j.1461-0248.2008.01246.x.

Counet, C. and S. Collin. 2003. Effect of the number of flavanol units on the antioxi-
dant activity of procyanidin fractions isolated from chocolate. J Agric Food Chem 
51 (23):6816–6822. doi:10.1021/jf030349g.

Darvin, M. E., A. Patzelt, F. Knorr, U. Blume-Peytavi, W. Sterry, and J. Lademann. 2008. 
One-year study on the variation of carotenoid antioxidant substances in living 
human skin: Influence of dietary supplementation and stress factors. J Biomed Opt 
13 (4):044028. doi:10.1117/1.2952076.

Dayan, N. 2008. Skin Aging Handbook: An Integrated Approach to Biochemistry and 
Product Development. Norwich, NY: William Andrew.

Eberlein-Konig, B., M. Placzek, and B. Przybilla. 1998. Protective effect against sunburn 
of combined systemic ascorbic acid (vitamin C) and d-α-tocopherol (vitamin E). 
J Am Acad Dermatol 38 (1):45–48.

Ermakov, I. V., M. Sharifzadeh, M. Ermakova, and W. Gellermann. 2005. Resonance 
raman detection of carotenoid antioxidants in living human tissue. J Biomed Opt 
10 (6):064028. doi:10.1117/1.2139974.

Ernster, V. L., D. Grady, R. Miike, D. Black, J. Selby, and K. Kerlikowske. 1995. Facial wrin-
kling in men and women, by smoking status. Am J Public Health 85 (1):78–82.

Fisher, G. J., Z. Q. Wang, S. C. Datta, J. Varani, S. Kang, and J. J. Voorhees. 1997. 
Pathophysiology of premature skin aging induced by ultraviolet light. N Engl J Med 
337 (20):1419–1428. doi:10.1056/NEJM199711133372003.

Fowler, J. F., Jr., H. Woolery-Lloyd, H. Waldorf, and R. Saini. 2010. Innovations in natural 
ingredients and their use in skin care. J Drugs Dermatol 9 (6 Suppl):S72–S81.

Freedman, D. M., A. Sigurdson, M. M. Doody, R. S. Rao, and M. S. Linet. 2003. Risk of mela-
noma in relation to smoking, alcohol intake, and other factors in a large occupational 
cohort. Cancer Causes Control 14 (9):847–857.

Fryer, M. J. 1993. Evidence for the photoprotective effects of vitamin E. Photochem Photobiol 
58 (2):304–312.

Giardina, S., A. Michelotti, G. Zavattini, S. Finzi, C. Ghisalberti, and F. Marzatico. 2010. Efficacy 
study in vitro: Assessment of the properties of resveratrol and resveratrol + N-acetyl-cysteine 
on proliferation and inhibition of collagen activity. Minerva Ginecol 62 (3):195–201.

Graf, J. 2000. Herbal anti-inflammatory agents for skin disease. Skin Therapy Lett 5 (4):3–5.
Grant, W. B. 2008. Skin aging from ultraviolet irradiance and smoking reduces risk of mela-

noma: Epidemiological evidence. Anticancer Res 28 (6B):4003–4008.
Haidarali, S., C. R. Patil, S. Ojha, R. Mohanraj, D. S. Arya, and S. N. Goyal. 2014. Targeting 

apoptotic pathways in myocardial infarction: Attenuated by phytochemicals. 
Cardiovasc Hematol Agents Med Chem 12 (2):72–85.

Halliwell, B., J. Rafter, and A. Jenner. 2005. Health promotion by flavonoids, tocopherols, 
tocotrienols, and other phenols: Direct or indirect effects? Antioxidant or not? Am J 
Clin Nutr 81 (1 Suppl):268S–276S.

Hamilton-Reeves, J. M., G. Vazquez, S. J. Duval, W. R. Phipps, M. S. Kurzer, and M. J. 
Messina. 2010. Clinical studies show no effects of soy protein or isoflavones on repro-
ductive hormones in men: Results of a meta-analysis. Fertil Steril 94 (3):997–1007. 
doi:10.1016/j.fertnstert.2009.04.038.

Helfrich, Y. R., D. L. Sachs, and J. J. Voorhees. 2008. Overview of skin aging and photoag-
ing. Dermatol Nurs 20 (3):177–183.

Hoppe, U., J. Bergemann, W. Diembeck, J. Ennen, S. Gohla, I. Harris, J. Jacob et al. 1999. 
Coenzyme Q10, a cutaneous antioxidant and energizer. Biofactors 9 (2–4):371–378.

Hsu, S. 2005. Green tea and the skin. J Am Acad Dermatol 52 (6):1049–1059. doi:10.1016/j.
jaad.2004.12.044.

Izumi, T., M. Saito, A. Obata, M. Arii, H. Yamaguchi, and A. Matsuyama. 2007. Oral intake of 
soy isoflavone aglycone improves the aged skin of adult women. J Nutr Sci Vitaminol 
(Tokyo) 53 (1):57–62.



350 Antioxidant Nutraceuticals

Kapoor, S. and S. Saraf. 2010. Assessment of viscoelasticity and hydration effect of herbal 
moisturizers using bioengineering techniques. Pharmacogn Mag 6 (24):298–304. 
doi:10.4103/0973-1296.71797.

Katiyar, S. K. 2002. Treatment of silymarin, a plant flavonoid, prevents ultraviolet light-
induced immune suppression and oxidative stress in mouse skin. Int J Oncol 
21 (6):1213–1222.

Katiyar, S. K. and C. A. Elmets. 2001. Green tea polyphenolic antioxidants and skin photo-
protection (Review). Int J Oncol 18 (6):1307–1313.

Kennedy, C., M. T. Bastiaens, C. D. Bajdik, R. Willemze, R. G. Westendorp, J. N. Bouwes 
Bavinck, and Study Leiden Skin Cancer. 2003. Effect of smoking and sun on the aging 
skin. J Invest Dermatol 120 (4):548–554. doi:10.1046/j.1523-1747.2003.12092.x.

Kim, S. Y., S. J. Kim, J. Y. Lee, W. G. Kim, W. S. Park, Y. C. Sim, and S. J. Lee. 2004. 
Protective effects of dietary soy isoflavones against UV-induced skin-aging in hairless 
mouse model. J Am Coll Nutr 23 (2):157–162.

Kolbe, L., J. Immeyer, J. Batzer, U. Wensorra, K. Tom Dieck, C. Mundt, R. Wolber 
et  al. 2006. Anti-inflammatory efficacy of Licochalcone A: Correlation of clini-
cal potency and in vitro effects. Arch Dermatol Res 298 (1):23–30. doi:10.1007/
s00403-006-0654-4.

Korac, R. R. and K. M. Khambholja. 2011. Potential of herbs in skin protection from ultravio-
let radiation. Pharmacogn Rev 5 (10):164–173. doi:10.4103/0973-7847.91114.

Krutmann, J., W. Liu, L. Li, X. Pan, M. Crawford, G. Sore, and S. Seite. 2014. Pollution 
and skin: From epidemiological and mechanistic studies to clinical implications. 
J Dermatol Sci 76 (3):163–168. doi:10.1016/j.jdermsci.2014.08.008.

Kwong, L. K., S. Kamzalov, I. Rebrin, A. C. Bayne, C. K. Jana, P. Morris, M. J. Forster, and 
R. S. Sohal. 2002. Effects of coenzyme Q(10) administration on its tissue concentra-
tions, mitochondrial oxidant generation, and oxidative stress in the rat. Free Radic 
Biol Med 33 (5):627–638.

Lademann, J., S. Schanzer, M. Meinke, W. Sterry, and M. E. Darvin. 2011. Interaction 
between carotenoids and free radicals in human skin. Skin Pharmacol Physiol 
24 (5):238–244. doi:10.1159/000326074.

Lin, C. H., C. L. Fang, S. A. Al-Suwayeh, S. Y. Yang, and J. Y. Fang. 2011. In vitro and in vivo 
percutaneous absorption of seleno-L-methionine, an antioxidant agent, and other 
selenium species. Acta Pharmacol Sin 32 (9):1181–1190. doi:10.1038/aps.2011.89.

Lin, J. Y., M. A. Selim, C. R. Shea, J. M. Grichnik, M. M. Omar, N. A. Monteiro-Riviere, and 
S. R. Pinnell. 2003. UV photoprotection by combination topical antioxidants vitamin 
C and vitamin E. J Am Acad Dermatol 48 (6):866–874. doi:10.1067/mjd.2003.425.

Lopez, L. C., C. M. Quinzii, E. Area, A. Naini, S. Rahman, M. Schuelke, L. Salviati, S. Dimauro, 
and M. Hirano. 2010. Treatment of CoQ(10) deficient fibroblasts with ubiquinone, 
CoQ analogs, and vitamin C: Time-and compound-dependent effects. PLoS One 
5 (7):e11897. doi:10.1371/journal.pone.0011897.

Lushchak, V. I. 2014. Free radicals, reactive oxygen species, oxidative stress and its classifica-
tion. Chem Biol Interact 224C:164–175. doi:10.1016/j.cbi.2014.10.016.

Mahmood, T. and N. Akhtar. 2013. Combined topical application of lotus and green tea 
improves facial skin surface parameters. Rejuvenation Res 16 (2):91–97. doi:10.1089/
rej.2012.1380.

Manach, C., A. Scalbert, C. Morand, C. Remesy, and L. Jimenez. 2004. Polyphenols: Food 
sources and bioavailability. Am J Clin Nutr 79 (5):727–747.

Massenti, R., A. Perrone, M. A. Livrea, and R. Lo Bianco. 2015. Regular consumption of 
fresh orange juice increases human skin carotenoid content. Int J Food Sci Nutr 
66 (6):718–721. doi:10.3109/09637486.2015.1077794.

Nagle, D. G., D. Ferreira, and Y. D. Zhou. 2006. Epigallocatechin-3-gallate (EGCG): Chemical 
and biomedical perspectives. Phytochemistry 67 (17):1849–1855. doi:10.1016/j.
phytochem.2006.06.020.



351Antioxidant Nutraceuticals and Skincare

Nevin, K. G. and T. Rajamohan. 2010. Effect of topical application of virgin coconut oil on 
skin components and antioxidant status during dermal wound healing in young rats. 
Skin Pharmacol Physiol 23 (6):290–297. doi:10.1159/000313516.

Nichols, J. A. and S. K. Katiyar. 2010. Skin photoprotection by natural polyphenols: 
Anti-inflammatory, antioxidant and DNA repair mechanisms. Arch Dermatol Res 
302 (2):71–83. doi:10.1007/s00403-009-1001-3.

Nicol, N. H. 2005. Anatomy and physiology of the skin. Dermatol Nurs 17 (1):62.
Nishino, H., A. Iwashima, H. Fujiki, and T. Sugimura. 1984. Inhibition by quercetin of the 

promoting effect of teleocidin on skin papilloma formation in mice initiated with 
7,12-dimethylbenz[a]anthracene. Gan 75 (2):113–116.

Oxford English Dictionary. 2014. Oxford English Dictionary. Oxford, UK: Oxford University 
Press.

Pandey, K. B. and S. I. Rizvi. 2009. Plant polyphenols as dietary antioxidants in human 
health and disease. Oxid Med Cell Longev 2 (5):270–278. doi:10.4161/oxim.2.5.9498.

Rahman, K. 2007. Studies on free radicals, antioxidants, and co-factors. Clin Interv Aging 
2 (2):219–136.

Ribaya-Mercado, J. D., M. Garmyn, B. A. Gilchrest, and R. M. Russell. 1995. Skin lycopene is 
destroyed preferentially over beta-carotene during ultraviolet irradiation in humans. 
J Nutr 125 (7):1854–1859.

Rice-Evans, C. A., N. J. Miller, P. G. Bolwell, P. M. Bramley, and J. B. Pridham. 1995. The 
relative antioxidant activities of plant-derived polyphenolic flavonoids. Free Radic 
Res 22 (4):375–383.

Sanders, T. H., R. W. McMichael, Jr., and K. W. Hendrix. 2000. Occurrence of resveratrol in 
edible peanuts. J Agric Food Chem 48 (4):1243–1246.

Saraf, S. and C. D. Kaur. 2010. Phytoconstituents as photoprotective novel cosmetic formu-
lations. Pharmacogn Rev 4 (7):1–11. doi:10.4103/0973-7847.65319.

Schagen, S. K., V. A. Zampeli, E. Makrantonaki, and C. C. Zouboulis. 2012. Discovering 
the link between nutrition and skin aging. Dermatoendocrinol 4 (3):298–307. 
doi:10.4161/derm.22876.

Schroeter, H., C. Boyd, J. P. Spencer, R. J. Williams, E. Cadenas, and C. Rice-Evans. 2002. 
MAPK signaling in neurodegeneration: Influences of flavonoids and of nitric oxide. 
Neurobiol Aging 23 (5):861–880.

Srivastava, J. K., E. Shankar, and S. Gupta. 2010. Chamomile: A herbal medicine of the past 
with bright future. Mol Med Rep 3 (6):895–901. doi:10.3892/mmr.2010.377.

Sultana, Y., K. Kohli, M. Athar, R. K. Khar, and M. Aqil. 2007. Effect of pre-treatment 
of almond oil on ultraviolet B-induced cutaneous photoaging in mice. J Cosmet 
Dermatol 6 (1):14–19. doi:10.1111/j.1473-2165.2007.00293.x.

Svobodova, A., J. Psotova, and D. Walterova. 2003. Natural phenolics in the prevention 
of UV-induced skin damage. A review. Biomed Pap Med Fac Univ Palacky Olomouc 
Czech Repub 147 (2):137–145.

Tanaka, M., E. Misawa, K. Yamauchi, F. Abe, and C. Ishizaki. 2015. Effects of plant sterols 
derived from Aloe vera gel on human dermal fibroblasts in vitro and on skin condi-
tion in Japanese women. Clin Cosmet Investig Dermatol 8:95–104. doi:10.2147/CCID.
S75441.

Tsuda, T., F. Horio, and T. Osawa. 2000. The role of anthocyanins as an antioxidant under 
oxidative stress in rats. Biofactors 13 (1–4):133–139.

Vierkotter, A., T. Schikowski, U. Ranft, D. Sugiri, M. Matsui, U. Kramer, and J. Krutmann. 
2010. Airborne particle exposure and extrinsic skin aging. J Invest Dermatol 
130 (12):2719–2726. doi:10.1038/jid.2010.204.

Wang, Y., F. Catana, Y. Yang, R. Roderick, and R. B. van Breemen. 2002. An LC-MS method 
for analyzing total resveratrol in grape juice, cranberry juice, and in wine. J Agric 
Food Chem 50 (3):431–435.



http://taylorandfrancis.com


353

18
Catechins as Potential 
Therapeutic Agents for 
Ocular Diseases

Radouil Tzekov, Shannon Kelly, and Anjali Hirani

Contents
18.1 Introduction ..........................................................................................354
18.2 Natural occurrences .............................................................................354
18.3 Physicochemical properties .................................................................354

18.3.1 Stability....................................................................................356
18.4 Metabolism ...........................................................................................357

18.4.1 Biosynthesis ............................................................................357
18.4.2 Biodegradation ........................................................................357
18.4.3 Biotransformation ...................................................................359
18.4.4 Bioactivity ...............................................................................360

18.4.4.1 Bioavailability .........................................................360
18.5 Effects on ocular tissues ......................................................................361

18.5.1 Effects on cornea ....................................................................361
18.5.2 Effects on trabecular meshwork, intraocular pressure, 

and glaucoma ..........................................................................361
18.5.3 Effects on lens .........................................................................362
18.5.4 Effects on vitreous and retina ................................................362

18.5.4.1 In vitro effects of catechins on neural retina ........362
18.5.4.2 In vivo effects of catechins on neural retina .........363
18.5.4.3 Effects on retinal pigment epithelium ...................363
18.5.4.4 Effects on vitreous ..................................................363

18.5.5 Effects on optic nerve .............................................................364
18.6 Current developments as candidates for ocular therapeutics ............364

18.6.1 Lipid nanoparticles .................................................................365
18.7 Perspectives ..........................................................................................365
18.8 Conclusion ............................................................................................365
References .......................................................................................................365



354 Antioxidant Nutraceuticals

18.1 Introduction

Catechins are a type of natural phenol compounds with potent antioxidant 
activities. They belong to the group of hydroxyflavans (flavonols), a subgroup 
within the large flavonoid family with more than 5000 members identified to 
date, which are 15-carbon molecules, plant secondary metabolites (Figure 18.1). 
The name of the catechin chemical family is derived from catechu, which is the 
juice or extract of the Asian plant Mimosa catechu (Acacia catechu).

Although there are more than 30 different types of catechins, one form, the 
epigallocatechin 3-gallate (EGCG) (Figure 18.2), has been studied most exten-
sively in medicinal chemistry and pharmacology. This is the most abundant 
and active constituent among tea polyphenols, mostly found in green and 
white teas, and in smaller quantities in black teas (Cabrera et al. 2003, 2006). 
Another three major catechins, (−)-epigallocatechin (EGC), (−)-epicatechin-
3-gallate (ECG), and (−)-epicatechin (EC), have also been studied, mostly due 
to their abundance in different types of tea leaves.

18.2 Natural occurrences

Catechins are present in several food items. Chocolate and tea leaves have a par-
ticularly high catechin content. Unroasted cocoa beans contain (−)- epicatechin 
(EC) and (+)-catechin (C) (Robinson et al. 1961, Hurst et al. 2011), producing a 
bitter taste. Unprocessed cocoa beans contain 21.9–43.3 mg EC and 21.51 mg 
(+)-C per gram (Kim and Keeney 2006, Bhagwat et al. 2014). The high tem-
peratures required to ferment and roast cocoa results in epimerization of EC 
to (−)-catechin (Robinson et al. 1961, Kofink et al. 2007). Thus, roasted cocoa 
products contain (−)-catechin as well as EC and (+)-C in smaller amounts than 
unroasted beans (Kofink et al. 2007, Hurst et al. 2011). Fermentation results in 
a nearly 80% loss of C and EC (Payne et al. 2010), resulting in a much sweeter 
flavor than that of fresh beans.

Catechins constitute up to 30% of the dry weight of green tea leaves (Graham 
1992, Lin 2006). Once processed, approximately 10% of the dry weight of 
green tea is comprised of (+) C, EC, ECG, EGC, EGCG, and (+)-gallocatechin 
(GC) (Juneja et al. 2000). Nearly 50% of the catechin content of green tea is 
made up of EGCG (Izawa et al. 2010). About 5% of the dry weight of black tea 
consists of catechins because many catechins and other polyphenols are lost 
in the processing of black tea due to oxidation (Juneja et al. 2000).

18.3 Physicochemical properties
The main physicochemical properties of the five types of catechins mostly 
used in research are summarized in Table 18.1.
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18.3.1 Stability
Catechins can undergo various transformations during food processing: deg-
radation, oxidation, epimerization, and polymerization, depending on dif-
ferent factors such as ambient temperature, presence of oxygen, pH, and 
so on. Even under stable and carefully monitored storage conditions, the 
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Figure 18.2 Biosynthesis of catechins.

Table 18.1 Physicochemical Properties of Main Catechins

Catechin EC GC EGC EGCG

Chemical formula C15H14O6 C15H14O6 C15H14O7 C15H14O7 C22H18O11

Molar mass (g/mol) 290.3 290.3 306.3 306.3 458.4

Appearance Colorless solid Colorless solid Colorless solid Colorless solid Colorless solid

Melting point (°C) 176 242 188 218 254

Water solubility Slightly soluble Slightly soluble Slightly soluble Slightly soluble Slightly soluble
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content decreases over time as it was demonstrated for green tea catechins 
during 6 months of storage, where overall catechin content decreased ~30% 
(Friedman et al. 2009).

18.4 Metabolism
18.4.1 Biosynthesis
Catechins are biosynthesized in plants as part of the shikimate pathway. This 
is a metabolic pathway that links metabolism of carbohydrates to the bio-
synthesis of aromatic compounds and is used by bacteria, fungi, and plants, 
but not animals for the biosynthesis of aromatic amino acids (Herrmann and 
Weaver 1999). Thus, catechins must be consumed from external sources, 
mainly plants, to enter the human body.

In the process of catechins plant biosynthesis (Figure 18.2), one molecule 
of 4-hydroxycinnamoyl-CoA reacts with 3 units of malonyl-CoA to produce 
polyketide. This polyketide can then follow one of the three paths. One of 
these paths results in the production of naringenin, a flavanone (Dewick 
2002). Enzymatic catalysis by anthocyanidin synthase (ANS), leucoanthocy-
anidin reductase (LAR), and anthocyanidin reductase (ANR) leads to the pro-
duction of (+)-C, EC, GC, and EGC (Wu et al. 2014).

18.4.2 Biodegradation
There are several natural processes by which catechins can be degraded. EC, 
for example, can be reduced by lithium aluminum hydride and  aluminum 
chloride to produce propanol (Bokadia 1962, Hathway 2014). However, this 
process is not found in nature because these compounds do not naturally 
exist in their pure form. Some bacteria and fungi contain catechin oxygen-
ase, the enzyme necessary for the oxidation of catechins (Arunachalam 
et al. 2003). Studies have shown that catechins can be oxidized by P. camp-
estris through polyphenoloxidase oxidation (Hathway and Seakins 1957, 
Mahadevan and Sivaswamy 1985). Lewis and Starkey (1969) found that the 
fungi Aspergillus fumigatus and some Fusarium species decomposed cul-
tures of catechins after 8  days. The same study showed that the fungus 
Aspergillus niger decomposed 100% of the catechin present in a sample 
(Lewis and Starkey 1969, Singh 2002). The bacterial species Pseudomonas 
and Rhizobium have also been shown to degrade catechins (Singh 2002). 
Specifically, Muthukumar et al. (1982) found that Rhizobium japonicum effi-
ciently decomposed catechins.

The mechanisms associated with the aerobic biodegradation of catechins by 
fungi and bacteria are very similar (Arunachalam et al. 2003). A summary of 
this process is shown in Figure 18.3. Catechin oxygenase breaks catechin 
into phloroglucinol carboxylic acid and protocatechuic acid. Phloroglucinol 
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carboxylic acid metabolizes further into phloroglucinol, then resorcinol, 
and then hydroxy-hydroquinone. Hydroxyquinon-1,2-dioxygenase cleaves 
hydroxyl-hydroquinone into maleyl acetate, which becomes β-ketoadipate. 
Protocatechuic acid is converted into both β-carboxy-cis,cis-muconate and 
catechol. β-Carboxy-cis,cis-muconate forms ketoadipate. Catechol cleaves to 
form cis,cis-muconate and ketoadipate. The ketoadipate formed then enters 
the citric acid cycle, forming acetyl CoA (Arunachalam et al. 2003).

In addition to the aerobic pathway shown in Figure 18.3, catechin and epi-
catechin can also be metabolized anaerobically. This has been seen in the 
microflora found in the colons of humans and rats (Arunachalam et al. 2003, 
Lhoste et al. 2003). The anaerobic degradation of catechins proceeds through 
a different mechanism. Catechin is first converted into diaryl propanol, which 
is then broken into acetate and phenylvalerolactone. Phenylvalerolactone is 
then transformed into phenylpropionate derivatives and may form phenylac-
etate (Arunachalam et al. 2003).

Taken orally, (+)-catechin is metabolized and excreted by humans within 
24 hours. This process produces eleven metabolites found in urine, including 
m-hydroxyphenylpropionic acid, d-(3,4-dihydroxyphenyl)-g-valerolactone, 
and d-(3-hydroxyphenyl)-g-valerolactone (Das 1971). Rats metabolize cat-
echins in the small intestine and liver, and catechins are excreted primar-
ily through bile (Donovan et  al. 2001). Green tea catechins (0.6%) were 
consumed by rats and mice in a study conducted by Kim et al. (2000). The 
concentrations of EGCG, EC, and EGC present in the blood plasma of these 
rats and mice peaked after 14 days and returned to day 1 levels after 28 days 
(Kim et al. 2000). The amounts of EGCG found in the rat plasma were con-
sistently lower than the EC and EGC concentrations. The concentrations 

Catechin

Catechin
oxygenase

Phloroglucinol
carboxylic acid

Protocatechuic acid

Phloroglucinol

Resorcinol

Hydroxy-hydroquinone Maleyl acetate

Citric acid cycleβ-Ketoadipate

Hydroxyquinone-
1,2-dioxygenase

Catechol

β-Carboxy cis,cis-muconate cis,cis-muconate

Figure 18.3 Aerobic biodegradation pathway of catechin. (From Arunachalam, M. et al., 
Proc. Ind. Nat. Sci. Acad. B., 69, 353–370, 2003.)
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of EGCG found in mice plasma, lung tissue, and liver tissue were much 
higher than the concentration found in rats (Kim et al. 2000). Mata-Bilbao 
et al. (2008) studied the metabolism of green tea catechins in beagles over 
24 hours. They found that peak catechin concentrations in blood plasma 
occurred 1 hour after oral intake. Catechin derivatives were found in urine 
samples, indicating that, similar to rats, beagles excrete EGCG and ECG 
through bile (Mata-Bilbao et al. 2008).

18.4.3 Biotransformation
A natural part of catechin metabolism is biotransformation. This can take 
different forms. The condensation of (+)-C and EC, for example, results in 
the formation of proanthocyanidins, a group of antioxidants found in plants 
(Park et  al. 2011, Zaprometov 2012). Catechin metabolism in rats involves 
methylation and sulfonation in the liver (Donovan et al. 2001). This study 
also demonstrated that methylation and glucuronidation occur in the small 
intestine of rats (Donovan et al. 2001). Meselhy et al. (1997) found that EC 
and EGC are extensively metabolized by human intestinal bacteria within 
24 hours. Schantz et al. (2010) later determined that EGCG and ECG were 
cleaved during this process. Rat fecal suspensions, on the other hand, 
resulted in no degradation of EC or EGC (Meselhy et al. 1997). This suggests 
a distinct difference in the bacteria found in the gastrointestinal tracts of rats 
and humans.

Oxidation is another form of biotransformation experienced by catechins and 
has been studied extensively. Shibuya et al. (2005) found that (+)-C and EC can be 
transformed by the Diaporthe species of fungus into (+)-(2R,3S,4S)-3,4,5,7,3′,4′-
hexahydroxyflavan and (−)-(2R,3R,4R)-3,4,5,7,3′,4′-hexahydroxyflavan. The 
bacterial species Burkholderia KTC-1 was discovered by Matsuda et al. (2007) 
to oxidize (+)-catechin into taxifolin in two steps. Osman et al. (2007) inves-
tigated the oxidation of (+)-catechin by laccase. They found that dimers of 
dehydrocatechin types A and B were formed as well as other oligomers. The 
addition of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) in 
combination with laccase produced a higher proportion of the hydrophobic 
oligomers. Low concentrations of ascorbic acid combined with the addition 
of laccase resulted in a higher proportion of hydrophilic products. High con-
centrations of ascorbic acid, however, inhibited the oxidation of catechin by 
laccase (Osman et al. 2007). Chen et al. (1998) studied the effects of ascorbic 
acid and citric acid on EC, ECG, EGC, and EGCG in vitro. They noted that, 
although EC and ECG are somewhat stable in sodium phosphate buffer, EGCG 
and EGC are both unstable. The addition of citric acid had no effect on the 
stability of these catechins. The presence of ascorbic acid, however, resulted 
in an increased stability of all four catechins (Chen et al. 1998). In addition, 
Peters et al. (2010) found that catechins demonstrate a higher bioavailability 
in the presence of ascorbic acid and sucrose. This discovery could play an 
important role in catechin drug development.
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18.4.4 Bioactivity
18.4.4.1 Bioavailability

Each variety of catechins demonstrates low bioavailability in humans and in 
rodents of which EGCG is the least bioavailable (Chen et al. 1997, Zhu et al. 
2000, Lipinski et al. 2001, Yashin et al. 2012). Only 1.6% of an oral dose of 
EGCG was reportedly absorbed by rats, and a 26.5% bioavailability of EGCG 
was recorded in mice (Chen et al. 1997, Lambert et al. 2003). This low bio-
availability is caused by several factors. Much of the catechin degradation 
that occurs in the body occurs in the small intestine, resulting in a significant 
loss of catechins (Peters et al. 2010). The transport of catechins is also limited 
due to their low affinity for efflux transport systems (Peters et al. 2010). The 
combination of their instability in the small intestine and their poor ability 
to transport result in a low absorption of catechins (Peters et  al. 2010). In 
addition, catechins are metabolized and excreted by humans very quickly, 
typically within 24  hours (Peters et  al. 2010). Thus, the concentrations of 
catechins that are absorbed typically after oral administration are lower com-
pared to an estimated therapeutic plasma concentration (Chow et al. 2005).

The oral bioavailability of EGCG and other catechins may be affected by 
combination with different foods or water, vitamin C, fish oil, and so on 
(Mereles and Hunstein 2011). Catechins demonstrate a very low solubility in 
water (Cuevas-Valenzuela et al. 2014), which also leads to poor absorption of 
catechins in the gastrointestinal tract. Studies have shown that using a water-
ethanol mixture and increased temperatures result in a higher solubility of 
catechins (Srinivas et  al. 2010, Cuevas-Valenzuela et  al. 2014). Peters et  al. 
(2010) found that a combination of ascorbic acid and sucrose results in an 
increased bioavailability of EGC, EGCG, and ECG. Milk, however, has been 
shown to have no effect on the bioavailability of tea catechins (Van het Hoff 
et al. 1998). Chow et al. (2005) discovered a higher bioavailability of catechins 
when consumed after fasting overnight.

Methylation, sulfonation, ring fission, and other biotransformations occur dur-
ing the absorption of catechins (Meng et al. 2002; Yashin et al. 2012), result-
ing in a low absorption of raw catechins. This has been reflected in several 
studies. Del Rio et al. studied the bioavailability of catechins from ready-to-
drink (RTD) tea by analyzing urine samples of healthy human volunteers. 
They found that 7.2% of the catechins originally consumed were recovered 
in the urine samples (Del Rio et  al. 2010). Warden et  al. (2001) measured 
the peak amounts of EGC, EC, EGCG, and ECG in plasma, urine, and fecal 
samples. The results showed 0.16%, 1.1%, and 0.42% recovery of catechins in 
the plasma, urine, and fecal samples, respectively. Conjugated and methylated 
forms of catechins reportedly make up approximately 80% of tea catechins in 
plasma and urine (Baba et al. 2001, Yashin et al. 2012). However, it is difficult 
to analyze the absorption of catechins from urine and fecal samples due to 
metabolism by the liver and conjugation in the gastrointestinal tract (Warden 
et al. 2001).
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18.5 Effects on ocular tissues
18.5.1 Effects on cornea
Even after oral administration, generally considered to be very ineffective 
because of low bioavailability, the levels of some catechins such as EGC can 
remain elevated in the corneal tissue in high concentrations for up to 10 hours 
(Chu et al. 2010). This finding prompted additional research, which showed 
that EGCG acts as an anti-inflammatory and antioxidant agent in vitro on 
human corneal epithelial cells (Cavet et al. 2011). Catechins were also effec-
tive in quenching reactive oxygen species (ROS) in a similar in vitro model 
(Stoddard et al. 2013).

Catechin efficacy in in vivo models confirmed an anti-inflammatory and anti-
neovascular potential but did not support an antioxidative action. Thus, in 
a murine model of dry eye, EGCG treatment was able to reduce the clinical 
signs in the mouse model and to suppress the cytokine expression in the 
cornea (Lee et al. 2011). Similar results were obtained in a mouse model with 
corneal ulceration and severe epithelial exfoliation as a result of ultraviolet 
irradiation of the cornea, where EGCG exhibited potent protective effects 
(Chen et al. 2014). In vivo efficacy for EGCG has been demonstrated also in 
a rabbit model of corneal neovascularization, where its topical administra-
tion inhibited the neovascular process (Koh et al. 2014). This in vivo efficacy 
is likely not mediated by an increase in the antioxidative capacity, as recent 
work demonstrated either no difference or even an increase in oxidative stress 
in the cornea (measured by concentration of 8-isoprostane) at certain time 
points, for example, 6 and 20 hours after oral administration of green tea 
extract containing a mixture of various catechins in rats (Chu et al. 2015).

18.5.2  Effects on trabecular meshwork, intraocular 
pressure, and glaucoma

Presently the local concentration of catechins in the trabecular meshwork tis-
sue in animals or humans after administration of individual catechin species 
or a mixture (e.g., green tea extract) remains unknown. Thus, the effect of 
catechins on the trabecular meshwork has to be deduced indirectly by mea-
suring the consternation in the aqueous humor. Studies have shown that this 
concentration increases and remains elevated for several hours in the rat after 
oral administration of green tea extract (Chu et al. 2010, 2015). Surprisingly, 
this is not mirrored by a decrease in local oxidative stress levels assessed by 
8-isoprostane; to the contrary, these levels increased significantly at 10 and 
15 hours post-administration (Chu et al. 2015). Despite the lack of antioxida-
tive enhancement, individual catechin species such as EGCG showed a neuro-
protective effect in a mouse model of glaucoma using microbeads injection to 
induce elevated intraocular pressure (Shen et al. 2015) by reducing the loss of 
retinal ganglion cells (RGC).
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To date, only one clinical trial reported effects of catechins in glaucoma in 
humans. This was a 3-month, randomized, placebo-controlled, double-blind, 
cross-over design clinical trial involving 18 patients with ocular hyperten-
sion (OHT) and 18 patients with primary open angle glaucoma (POAG) who 
received either oral placebo or EGCG. Pattern electroretinography (ERG) 
increased in amplitude in POAG patients taking EGCG, and this increase was 
inversely correlated with baseline amplitudes (Falsini et al. 2009). Although 
this was a short-term study, this confirms the potential for catechins as thera-
peutic agents in POAG.

18.5.3 Effects on lens
Opacification of the lens, also known as cataract, is a major cause of visual 
loss and blindness in the developing world. One of the causes for cataract 
development is likely oxidative damage to the lens proteins. Thus, powerful 
antioxidants such as catechins could play an important role in preventing 
oxidative damage to lens proteins. This, indeed, was found to be the case for 
EGCG in vitro by several studies (Ye et al. 1992, Huang et al. 2000, Yao et al. 
2009, Dubey et al. 2015).

Furthermore, studies using animal models of cataract formation support the 
effectiveness of catechins. Thus, cataract formation induced by intraperitoneal 
injection of N-methyl-N-nitrosurea (MNU) in young rats was reduced by cat-
echin treatment (Lee et al. 2010). Similarly, cataract induced by intraperitoneal 
injection of sodium selenite in young rats was suppressed by administration of 
the flavonoid fraction of Moringa oleifera leaves containing a high amount 
of flavonoids, including catechins (Sasikla et al. 2010). Finally, administration 
of procyanidin-B2, a catechin dimer, delayed cataract formation in diabetic rats 
(Muthenna et al. 2013). In contrast to other eye tissues discussed previously 
(cornea and aqueous humor), recent evidence suggests that levels of oxidative 
stress in the lens monitored by measuring the levels of 8-isoprostane were 
decreased after administration of green tea extract in rats (Chu et al. 2015).

18.5.4 Effects on vitreous and retina
The retina is a highly metabolically active tissue and consumes a considerable 
amount of oxygen, especially in the outer retina, located close to the choroid. 
The high oxygen tension (70–90 mm Hg) (Ahmed et  al. 1993, Wang et  al. 
2010) in the outer segments of the photoreceptors leads to constant oxidation 
of phospholipids (Birkle and Bazan 1989, Sun et  al. 2006, Lei et  al. 2013), 
which make a substantial portion of the photoreceptor membranes.

18.5.4.1 In vitro effects of catechins on neural retina

Catechins reversed the increase in retinal malondialdehyde (indicating lipid 
peroxidation) after glutamate administration on porcine retinal culture and 



363Catechins as Potential Therapeutic Agents for Ocular Diseases

reversed the changes in four out of the seven retinal proteins dysregulated 
after excessive glutamate injury (Siu et al. 2008). Another study demonstrated 
that EGCG potently inhibits in vitro the aggregation of mutant HTT exon 1 pro-
tein, involved in the development of Huntington disease (HD) and improves 
photoreceptor degeneration in transgenic HD flies (Ehrnhoefer et al. 2006). 
This is an important indicator of potential therapeutic usability, as protein 
misfolding plays a significant role in the pathogenesis of several inherited 
retinal degenerations (Tzekov et al. 2011).

18.5.4.2 In vivo effects of catechins on neural retina

Injection of sodium nitroprusside (SNP) in the vitreous of adult rats causes a 
dramatic increase in lipid peroxidation and a decrease in the electrical activity 
of the retina as measured by ERG. In this model, an intravitreal application of 
EGCG attenuated the detrimental influence of SNP to retinal photoreceptors as 
measured by significant amplitude ERG preservation 3 days after SNP adminis-
tration (Zhang and Osborne 2006). Similar results were obtained in an ischemia-
reperfusion model (Zhang et al. 2008) and in a rat model of retinal degeneration 
induced by MNU intraperitoneal injection (Emoto et al. 2014). Survival of RGC 
after glutamate injury in vivo after N-Methyl-D-aspartic acid (NMDA)-induced 
excitotoxicity in the retina was established in a rat model (Chen et al. 2012).

18.5.4.3 Effects on retinal pigment epithelium

The retinal pigment epithelium (RPE) is a unique cellular layer, exposed to 
high oxygen levels from the neighboring choroid and to high metabolic stress 
from constant digestion of photoreceptor outer segments, rich in oxidized 
phospholipid material. There have been many studies in the last 15 years, 
all confirming the beneficial effects of catechins, mostly EGCG, on RPE cells 
in vitro in terms of reducing Vascular Endothelial Growth Factor (VEGF) lev-
els, cell proliferation, UV damage, oxidative stress, and so on (Chida et al. 
1999, Hanneken et al. 2006, Yang et al. 2007, Chan et al. 2008, Li et al. 2013, 
Chen et al. 2014, Cia et al. 2014, Lee et al. 2014). How much of this in vitro 
efficacy translates into in vivo protective and beneficial effects remains to be 
determined in future studies as in vivo and human data are lacking.

18.5.4.4 Effects on vitreous

To the best of our knowledge, there have been no reported studies on the 
effects of catechins on models of vitreous diseases. What is known to date is 
that some catechins, such as GC, can reach the vitreous and accumulate in it 
up to 20 hours after oral administration in rats (Chu et al. 2010). The vitreous 
has high oxygen content in the layer closest to the retina (vitreous cortex). 
This gradient can extend further anteriorly and affect the lens after vitreous 
removal when vitrectomy is performed (Kleinberg et al. 2011). One form of 
catechin, GC, was selectively absorbed in the vitreous humor, whereas other 
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catechins such as EGCG remained at high levels but showed classic pharma-
cokinetic elimination in a recent study (Chu et al. 2015). Thus, catechins have 
the potential to exert antioxidative action in the vitreous and the surround-
ing tissues. However, the same study by Chu et al. showed that the oxidative 
stress marker 8-isoprostane levels were increased in the vitreous at several 
time points after treatment, suggesting that, under some combinations and 
dosages in vivo, catechins may also have prooxidative properties in ocular 
tissues in general and in the vitreous in particular.

18.5.5 Effects on optic nerve
The optic nerve is comprised of the axons of the RGC and plays a crucial 
role in the transmission of visual information to the brain. Currently, there is 
a lack of studies on the effect of catechins on RGC axons in vitro. However, 
application of EGCG on hippocampal axons in an outgrowth assay showed 
regenerative effects in support of the studies demonstrating neuroprotective 
properties in neural tissue (Herges et al. 2011).

The neuroprotective properties of catechins were investigated in vivo in mod-
els of optic nerve diseases. One of the most used models for optic nerve 
degeneration is the optic nerve crush model. A study by Xie et al. indicated 
protective effects of EGCG on RGCs after optic nerve crush in rats 7 to 28 days 
after injury as measured by the counts of surviving RGCs and the expression 
of neurofilament light protein (Xie et al. 2010). At a similar short time period 
after retinal and optic nerve injury induced by elevating the intraocular pres-
sure in rats, EGCG was effective in increasing the levels of two proteins in the 
optic nerve: tubulin and neurofilament light (Zhang et al. 2007). Surprisingly, 
similar protective results were obtained after a more severe type of injury—
optic nerve axotomy in rats, where EGCG treatment reduced retinal ganglion 
cell loss by 12% at 7 days post injury (Peng et al. 2010).

18.6 Current developments as candidates for ocular therapeutics

Several challenges remained before catechins could be used widely for treat-
ment of ocular diseases. One of the key issues as an obstacle for application 
as a topical agent or for intraocular administration is the rate of compound 
oxidation, which for catechins is very high. Another issue is low water solubil-
ity. Therefore, formulation work is necessary to make catechins suitable for 
widespread clinical development in ophthalmology.

Currently, formulation efforts for catechins are focused in two directions—
micro and nanoparticles. A recent review summarized these and some addi-
tional efforts, which include colloidal complexes, cyclodextrin complexes, 
liposomes, and so on (Rodrigues et  al. 2013). However, very few of these 
formulation efforts are tailored for topical or intraocular ophthalmic drug 
delivery, which has a number of specific requirements related to delivery to 
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the anterior or posterior segment of the eye, such as water solubility, stability, 
rate of release in the vitreous, uptake by the retina, and so on (Kompella et al. 
2010, Achouri et al. 2013, Molokhia et al. 2013).

18.6.1 Lipid nanoparticles
Encapsulating catechins in lipid nanoparticles could be a suitable approach 
to avoid drug oxidation, which is currently one of the major challenges in 
formulating catechins for topical or intraocular drug delivery. One of the very 
few examples of formulation efforts using lipid nanoparticles was reported 
recently. In this work, EGCG was successfully encapsulated in lipid nanopar-
ticles with good physicochemical stability and compatibility to ocular admin-
istration (Fangueiro et  al. 2014), which undoubtedly will stimulate further 
ophthalmic clinical development.

18.7 Perspectives

If confirmed by further work in vivo, the neuroprotective, anti-inflammatory, 
and neuroregenerative properties of the catechins described earlier would 
expand their potential application in ocular diseases into additional directions 
beyond more narrow approaches that are based solely on their antioxidative 
capacity. Thus, catechins can be used either as monotherapy or in combina-
tion with established treatments for a variety of ocular conditions of consid-
erable public health importance, such as age-related macular degeneration, 
diabetic retinopathy, glaucoma, and so on.

18.8 Conclusion

Many studies in the last two decades have demonstrated a variety of impor-
tant and potentially beneficial properties of catechins in ocular tissues in vitro 
and in vivo models. However, the original concept that their beneficial anti-
inflammatory and neuroprotective activities are due mostly, if not exclusively, 
to their antioxidant properties is currently undergoing revision. Apparently, 
the mechanisms behind the positive action of catechins in animal models of 
several degenerative inflammatory ocular diseases are more complex and still 
poorly understood. Nevertheless, the overall impression from the current lit-
erature describing the potential use of these compounds in ocular conditions 
is positive and will stimulate further work.
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19.1 Introduction

The respiratory system is one of the critical organ systems in our body that 
performs the life-supporting role of providing oxygen and eliminating the toxic 
carbon dioxide (Santus et al. 2014). The extraordinarily large surface area of the 
lungs renders them highly prone to being exposed to a variety of prooxidants 
and toxic agents (Santus et al. 2014). The airways are knowingly or unknow-
ingly being bombarded with environmental gaseous and  particulate matter 
present in air pollution (Liu et al. 2009; Valavanidis et al. 2013), tobacco smoke 
(Valavanidis et al. 2009), or occupational  settings (Kaushik et al. 2012) lead-
ing to generation of inflammation and oxidative stress. Thankfully, our lungs 
are fairly robust, as they are capable of  managing a certain threshold level 
of inflammatory– oxidative stress that prevents or delays the onset of acute 
and chronic pulmonary diseases via a healthy antioxidant defense mecha-
nism (Comhair and Erzurum 2002). A breach of this critical threshold leads 
to an imbalance of prooxidants and antioxidant factors resulting in unabated 
inflammatory– oxidative stress that forms the basis of numerous  debilitating 
lung conditions such as acute lung injury (ALI), acute respiratory distress 
 syndrome (ARDS), bronchopulmonary  dysplasia (BPD), asthma, chronic 
 bronchitis, chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), 
and  idiopathic pulmonary fibrosis (IPF) (Park et al. 2009; Holguin 2013). The 
leading deleterious agents known to cause oxidative damage are the  reactive 
oxygen species (ROS) and reactive nitrogen  species (RNS), both contributing to 
 initiation and progression of various lung diseases (Holguin 2013). Moreover, 
numerous types of inflammatory cells that infiltrate the pulmonary vasculature 
upon any external insult are activated by the cell surface  receptors–ligand 
interaction (Lao et al. 2014). These ligands include secreted factors such as 
cytokines (Lao et al. 2014), chemokines (Lao et al. 2014), and the proteases–
antiproteases (Bodas et al. 2012) that regulate pulmonary immune responses. 
The activated immune cells are also the major source of the ROS/RNS (Domej 
et al. 2014; Lao et al. 2014). Once generated, these ROS/RNS undergo com-
plex chemical interactions with biomolecules and inflict oxidative damage to 
proteins, DNA, and/or lipids (Domej et al. 2014), thus targeting key cellular 
homeostatic  processes such as cell proliferation (Matés et al. 2008),  protease/
antiprotease balance (Bodas et  al. 2012), inflammation and  proteostasis/
autophagy (Holguin 2013), and so on. The perturbations in these critical cellular 
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mechanisms contribute to initiation and progression of pathophysiological 
changes leading to lung  diseases (Comhair and Erzurum 2002; Holguin 2013). 
Thus, subduing the elevated inflammatory–oxidative stress forms the basis of 
numerous therapeutic strategies utilized for management of several lung dis-
orders, where there is a clear and urgent need to address the progression of 
acute and chronic lung diseases (Lao et al. 2014). Although various therapeutic 
compounds are being developed, they have significant side effects (Kawada 
et  al. 2012). Thus, bringing major transformations in our regular diet (life-
style) supplemented with nutraceuticals—based on prevention and treatment 
of lung diseases—seems promising (Sharafkhaneh et al. 2007; Sorkness 2009). 
This strategy may well become the choice of both medical fraternity and the 
common man, aptly supported by the intriguing understanding of the gut–
lung axis and its role in modulating immune responses (Marsland et al. 2015).

Although the term nutraceutical was coined by Stephen DeFelice in 1989 
(Chauhan et al. 2013), the fundamental idea comes from ancient traditional 
knowledge where food was considered to possess immense preventive and 
therapeutic values. A quote from an ancient Indian text, Charaka Samhita 
says that “It is the wholesome use of food that promotes the health of a person, 
and that which is unwholesome is the cause of disease.” Intriguingly, the same 
text also highlights the currently neglected fact that majority of our health 
problems arise due to the kind of food stuff we put inside our bodies. Thus, 
in Ayurveda, the traditional Indian science of medicine, food is considered 
divine and more powerful than just nourishment, and forming the essence 
of your body and mind, whether sick or healthy, is entirely one’s choice. 
During the last century, the scarcity of time to prepare or consume whole-
some meals has led to the exponential rise of fast/convenience foods that is 
leading to diminished use of foods with high nutritional value resulting in an 
exponential increase in poor lifestyle-related diseases (Wickens et al. 2005). 
In addition, the unrestricted use of antibiotics and chemical compounds (with 
a longer list of side effects than its benefits) for medical treatment was like 
adding fuel to the fire! (Dahl 2006; Carter et al. 2014; Barnes 2015; Blair et al. 
2015). After years of suffering, we are slowly realizing the benefits of main-
taining a healthy and disease-free lifestyle, which has led to the advent of 
natural dietary supplements and nutraceuticals. The term nutraceutical is an 
amalgamation of nutrition (indicating a nourishing-food or food-component) 
and pharmaceutical (with reference to a drug; Chauhan et  al. 2013). Any 
product of either animal or plant origin that has a beneficial pharmaceuti-
cal effect apart from its nutritional value is identified as a nutraceutical. On 
the other hand, dietary supplements may provide beneficial health effects if 
included as a part of the daily diet, albeit they lack any proven pharmaco-
logical health effect (Kofoed et al. 2015). There is a worldwide escalation in 
the use of nutraceuticals in prevention (proactive medicine) and treatment of 
various chronic disease conditions (Santini et al. 2016). On the other hand, 
an alarming increase in the global burden of acute and chronic respiratory 
diseases, such as COPD, asthma, lower respiratory tract infections, and so on 
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(Ferkol and Schraufnagel 2014; Burney et al. 2015), suggests an urgent need 
to assess the currently available and prospective nutraceuticals that can assist 
in the prevention and treatment of these life-threatening respiratory condi-
tions. Although the currently available nonnatural drugs for the treatment of 
airway diseases are quite effective, they have adverse side effects that pro-
hibit their extended use for treating prolonged or lifelong chronic conditions 
(Dahl 2006; Karbasi-Afshar et al. 2014). Thus, this chapter aims to compile 
the current knowledge on the application of nutraceuticals for prevention and 
treatment of inflammatory–oxidative stress-mediated acute and chronic lung 
disease states. Our long-term goal should be to drastically reduce or eliminate 
the use of nonnatural drugs or chemicals as human therapeutics.

19.2  Role of poor lifestyle-related inflammatory–oxidative 
stress and pulmonary disease pathogenesis

19.2.1 Generation of inflammatory–oxidative stress in the lungs
There are many factors that may lead to generation of inflammatory–oxidative 
stress in the lungs with poor lifestyle and environmental exposures being the 
prominent one (Barnes et al. 2003). The major mediator of this inflammatory–
oxidative stress is ROS that can be either generated endogenously within the 
cell or introduced into our airways upon exposure to external agents such as 
cigarette smoke (CS; Valavanidis et al. 2009) or air pollutants, which contain 
high levels of gaseous oxidants. Within the lung or deep airway, the stimulus-
induced activation of inflammatory and/or other cells such as macrophages, 
neutrophils, eosinophils, lymphocytes, and epithelial/endothelial cells can 
lead to the production of superoxide (O2

•−), which is quickly converted to 
H2O2 by the superoxide dismutase (SOD) enzyme (Park et al. 2009). While this 
happens, the hydroxyl radical (•OH) is formed as a secondary reaction with 
ferrous ion (Fe2+) (Park et al. 2009). These reactive molecules produced by 
these cells are a major cause of cellular oxidative stress. The major intracellu-
lar sources of ROS include mitochondrial respiration, cytochrome P-450, and 
the NADPH oxidase enzyme complex, and so on, which can all be modulated 
by poor lifestyle or environmental exposures further exacerbating the lung 
condition (Park et al. 2009), all of which contribute to the pathogenesis of 
inflammatory–oxidative stress-related lung diseases.

19.2.2  Tobacco smoking as the primary cause 
of pulmonary oxidative stress

Exposure to tobacco smoke is the primary cause of inflammatory–oxidative 
stress that is evident in a variety of chronic inflammatory and/or obstructive 
lung conditions such as asthma, IPF, and COPD. CS is composed of numerous 
chemicals and toxins that trigger inflammatory–oxidative stress (Church and 
Pryor 1985; D’hulst et al. 2005; Rahman and Adcock 2006; Faux et al. 2009; 
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Wu et al. 2014; Zuo et al. 2014). Briefly, CS exposure-induced ROS activates 
proinflammatory cytokines and chemokines that help with the recruitment 
of inflammatory cells, further increasing the inflammatory response in the 
airways (Zuo et al. 2014). It is well known that lungs of cigarette smokers 
have high levels of oxidative stress than their nonsmoking counterparts as a 
result of the large amounts of free radicals found in the gaseous components 
of CS (Zuo et al. 2014). Both acute and chronic CS exposures have also been 
shown to activate leukocytes that further increase ROS production in the air-
ways (Zuo et al. 2014). Thus, excessive ROS produced through CS exposure 
cannot be neutralized by the lungs antioxidant-system due to the oxidant/ 
antioxidant imbalance, which has been implicated in the pathogenesis of 
inflammatory–oxidative stress-related lung disorders such as COPD-
emphysema (Zuo et al. 2014).

19.2.3  Environmental and occupational exposures 
affecting airway health

Similar to first-hand CS exposure, other environmental or occupational expo-
sures are the important sources of toxicant-induced airway diseases (Hnizdo 
2010; Jordan et al. 2011; Goldklang et al. 2013; Kostikas et al. 2013; Poljšak 
and Fink 2014; Banderali et al. 2015; Bono et al. 2015; Vieira 2015).

As described earlier, CS is the primary cause of oxidative stress in the lungs. 
Even if a person is not an active smoker, he or she can be at a significant risk 
of developing CS-induced inflammatory–oxidative stress-related lung dysfunc-
tion by being passively exposed to second-hand cigarette smoke (SHS). In fact, 
SHS is a prominent risk factor for the development of COPD in people who do 
not smoke (Goldklang et al. 2013; Kostikas et al. 2013). In a study by Kostikas 
et al. (2013) on the effects of SHS on the airway, it was found that there was an 
increased amount of oxidative stress in the airway presented by an increase 
in H2O2 levels in the exhaled breath of participants. Along with the increase 
in oxidative stress, SHS exposure was shown to induce the inflammatory pro-
cesses by recruiting and activating proinflammatory immune cells (Kostikas 
et  al. 2013). These inflammatory cells generate ROS and thus augment the 
oxidative burden in the lungs leading to COPD-emphysema initiation and 
progression.

Acute and chronic exposures to environmental pollution also promote oxida-
tive stress in the lungs. Various noxious particles in the polluted air have been 
shown to exhibit physiochemical and toxicological properties that can have 
negative effects on human health (Bono et al. 2015). These pollutants have 
been shown to trigger ROS-mediated oxidative stress (Poljšak and Fink 2014), 
which is shown to exacerbate a variety of respiratory conditions (Figure 19.1). 
These results displayed that there was increased signs of oxidative stress in 
the airways of nonsmoking youths in urban environments suggesting the 
impact of air pollutants on airway.
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Figure 19.1 Role of balanced diet and nutraceuticals in lung health. Our lungs are 
constantly being exposed to toxic agents from several environmental factors or 
tobacco smoke. This leads to generation of reactive molecules, which collectively 
trigger the inflammatory–oxidative stress response in the airways. An antioxidant 
sufficient diet helps in maintaining the balance of oxidants and antioxidants and 
thus protects the lung from inflammatory–oxidative stress-related outcomes, thus 
maintaining a healthy lung. Moreover, consumption of antioxidant nutraceuticals 
can be of additional advantage in maintaining the oxidant–antioxidant balance 
and thus acting as preventive medicine to protect the lung against inflammatory–
oxidative stress. Conversely, intake of an antioxidant insufficient diet shifts the 
balance toward higher oxidant levels leading to inflammatory–oxidative stress-
related pathologies and a diseased lung. Thus, nutraceuticals could be beneficial 
in treating acute and chronic lung diseases, but the consumption of a balanced 
antioxidant sufficient diet along with a watchful intake of essential nutraceuticals 
is the best way to prevent the advent of inflammatory–oxidative stress-related 
respiratory disorders and thus sustaining optimal lung function.
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Occupational exposure to toxic agents can similarly promote airway oxidative 
stress. Briefly, agricultural workers are repeatedly exposed to germicides and 
pesticides that have a role in increasing oxidative stress through increased 
ROS production (Poljšak and Fink 2014). This suggests that agricultural, 
industrial, or housekeeping workers have the increased risk for oxidative 
stress-related lung conditions. It has been shown that pesticides, cleaning sup-
plies, or industrial resins can produce an increased oxidative burden through 
the production of ROS and lipid peroxidation (Hnizdo 2010; Poljšak and Fink 
2014; Vieira 2015), thus acting as an occupational initiator of lung disease.

19.2.4  Poor lifestyle-related accelerated lung 
aging and airway dysfunction

Toxic inhalants are not the only source of pulmonary oxidative stress but they 
can also accelerate the normal aging process that is linked to proteostasis/
autophagy decline-related imbalance in the redox mechanisms, which exac-
erbate oxidative stress (Chandrasekaran et  al. 2016; Davalli et  al. 2016; 
Kurundkar and Thannickal 2016). Thus, these mechanisms lead to the age-
related increases in ROS (Stadtman 2002; Chandrasekaran et al. 2016; Davalli 
et al. 2016; Kurundkar and Thannickal 2016), and progressive lung function 
declines. It is now well appreciated that COPD is a disease of accelerated 
lung aging (Ito and Barnes 2009; Mercado et al. 2015; Kuwano et al. 2016), 
and there is an increased prevalence of COPD in the aging population (Ito 
and Barnes 2009; Mercado et  al. 2015; Fragoso 2016). Both aging and CS 
exposure are implicated in the generation of higher than normal amount of 
ROS that eventually impacts lung health through its widespread deleterious 
effects on the lung homeostatic machinery such as proteostasis or autophagy 
(Chandrasekaran et al. 2016; Kurundkar and Thannickal 2016; Kuwano et al. 
2016; Yue and Yao 2016). In fact, ROS can trigger cellular senescence mech-
anisms that facilitate the progression of chronic lung diseases (Choudhury 
and MacNee 2016; Kurundkar and Thannickal 2016; Kuwano et  al. 2016). 
Mechanistically, the poor lifestyle-related accelerated aging process can lead 
to ROS-mediated DNA damage (Choudhury and MacNee 2016; Davalli et  al. 
2016), mitochondrial dysfunction (Hoffmann et al. 2013; Aravamudan et al. 2014; 
Davalli et al. 2016), proteostasis/autophagy impairment (Mercado et al. 2015; Li 
et al. 2016; Tai et al. 2017), and cellular senescence (Hwang et al. 2013; Mercado 
et al. 2015). In fact, ROS induces a decrease in SIRT1 expression and/or activ-
ity suggesting accelerated aging (Hwang et al. 2013; Poulose and Raju 2015). 
Briefly, SIRT1 is a histone deacetylase that regulates the expression of genes 
involved in the antioxidant response, inflammation, and autophagy, and ROS-
mediated decreased activity of SIRT1 provokes inflammatory– oxidative stress 
and autophagy impairment that accelerates lung aging (Hwang et al. 2013). The 
aging-associated increase in ROS is also considered to play a crucial role in the 
pathogenesis of other chronic lung diseases such as ALI, ARDS, and IPF (Leung 
et al. 2015; Schouten et al. 2015; Kling et al. 2016).



378 Antioxidant Nutraceuticals

19.2.5 Improper diet and oxidative stress
Eating food is essential for living or survival; thus, the food we eat has a 
direct impact on our health. In general, poor eating habits or lifestyle can 
initiate acute inflammatory–oxidative or even apoptotic responses. Moreover, 
our lungs can also be affected by our dietary habits, and studies have shown 
that diets with high levels of refined starches, sugars (especially high-fructose 
corn syrup), and fats or diets that are low in fruits and vegetables promote 
systemic inflammatory–oxidative stress (Figure 19.1) that can result in the 
initiation and/or aggravation of chronic lung diseases such as asthma, IPF, 
and COPD (Yu et  al. 2013; Agrawal and Prakash 2014; Singh et  al. 2015; 
Baffi et al. 2016; Li et al. 2016). Improper diet is also directly correlated with 
an alarming increase in the incidences of obesity and metabolic syndrome 
(MetS) (Bjorklund and Chirumbolo 2017; Rani et al. 2016), both of which are 
now also considered as important risk factors for asthma in children and 
adults (Agrawal and Prakash 2014; Garmendia et  al. 2014; Serafino-Agrusa 
et al. 2015; Baffi et al. 2016). In mice, a maternal high-fat diet during lacta-
tion induces early-onset obesity, hyperinsulinemia, and asthma-like disease 
in the offsprings (Dinger et  al. 2016; Johnson et  al. 2017). Moreover, mice 
fed with a high-fat or high-fructose diet also demonstrate features of MetS 
along with increased oxo-nitrative stress and asthma-like complications in the 
lungs (Singh et al. 2015), thus providing experimental evidence to the clinical 
 findings that correlate MetS with decreased lung function and asthma-like 
phenotype (Thuesen et al. 2009; Singh et al. 2016).

Another thought-provoking aspect of diet and lung health comes from the recent 
studies on the gut–lung axis, which demonstrates that the gut  microbiota could 
impact lung immunity and the pulmonary response to environmental allergens 
or toxins (Samuelson et al. 2015). Thus, oxidative stress-mediated gut microbiota 
impairment can influence the pathogenesis of MetS and lung diseases such as 
asthma, pulmonary infections, septic shock, ALI, ARDS, and COPD (Noval Rivas 
et al. 2016; Young et al. 2016). Thus, the maintenance of a healthy gut microbiota 
seems to be crucial for prevention of acute and chronic lung conditions, and the 
best approach to achieve this is to maintain a healthy antioxidant/ inflammatory-
rich diet or utilizing nutraceuticals when disease is developed.

19.3  Pathogenesis of lifestyle-related respiratory diseases 
and their control by antioxidant nutraceuticals

19.3.1  Role of nutraceuticals in acute lung injury 
and acute respiratory distress syndrome

A poor lifestyle may hamper normal lung functions such as gaseous exchange 
that leads to an inadequate amount of oxygen reaching the peripheral organ 
systems, which forms the basis of ALI/ARDS pathogenesis. In the event of a 
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severe insult such as infections, major injuries, and trauma, the  pulmonary 
edema fluid starts to build up in the air sacs or alveoli that impairs the 
 respiration process, leading to low oxygen levels in the blood and eventu-
ally multiple organ failure or death in very severe cases. Although both these 
diseases have similar pathology, ARDS is considered a more severe form of 
ALI (Lesur et al. 1999; Ware and Matthay 2000; Chow et al. 2003; Castillo et al. 
2015), as it results in severe endothelial damage resulting from pulmonary 
edema fluid that enters the airways as a consequence of the increased capillary 
permeability (Goldenberg et al. 2011; Castillo et al. 2015). This, in conjunction 
with epithelial damage, prevents the fluid from being expelled from the alve-
oli and thus results in elevated levels of cytokines/chemokines that promote 
inflammation and recruitment of neutrophils (Tyrrell et al. 2012; Castillo et al. 
2015). The activation of these proinflammatory cells leads to intense inflam-
mation and oxidative stress in the airway that leads to the pathogenesis of ALI 
and ARDS (Chow et al. 2003; Bhatia et al. 2012; Castillo et al. 2015). Briefly, 
these activated immune cells generate potentially harmful metabolites, such as 
proteolytic enzymes (neutrophil elastase) and reactive oxygen/nitrogen (ROS/
RNS) species, that eventually lead to pulmonary epithelial and endothelial cell 
damage. Moreover, heightened oxidative stress further activates NF-κB that 
augments the expression of several proinflammatory cytokines (Chow et al. 
2003; Guo and Ward 2007; Castillo et al. 2015). In addition, the reaction of 
nitric oxide (NO) and superoxide (O2

−) leads to the formation of peroxynitrite, 
the most notorious oxidative species that mediates the oxidation and nitration 
of crucial amino acids in numerous lung proteins such as surfactant protein A. 
This posttranslational modification diminishes the functions of these critical 
proteins, thus contributing to the pulmonary dysfunction associated with ALI 
and ARDS (Park et al. 2009). As anticipated, decreased levels of key protec-
tive antioxidants such as glutathione (GSH), superoxide dismutase (SOD), and 
catalase are reported in ALI/ARDS subjects, which is indicative of an imbal-
ance in prooxidant and antioxidant systems.

Therefore, antioxidant nutraceuticals are being utilized in improving the suf-
fering of critically ill ALI and ARDS patients. Briefly, Berberine is an active 
component of the Chinese herb Rhizoma Coptidis and is known to possess 
both antioxidant and anti-inflammatory activities (Gao et  al. 2014). It was 
recently reported that Berberine has the potential to protect against ALI/
ARDS through its inhibitory activity on tissue factor (TF) protein that is 
involved in the pathogenesis of ALI/ARDS (Gao et al. 2014). Similarly, fisetin 
(3,7,3′,4′- tetrahydroxyflavone) is another potent anti-inflammatory/ antioxidant 
molecule, which is a flavonol, a structurally different chemical that belongs 
to the flavonoid group of polyphenols (Geraets et al. 2009; Feng et al. 2016). 
A recent study shows that lipopolysaccharide (LPS)-induced ALI could be con-
trolled by fisetin treatment (Geraets et al. 2009), thus warranting its further 
evaluation in protecting ALI/ARDS in human subjects. Another promising 
nutraceutical candidate for ALI/RDS treatment is Tanreqing (TRQ), a water-
soluble extract from five traditional Chinese medicines (Rogerio et al. 2016). 
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TRQ protects rats from LPS-induced ALI by reducing the levels of inflammatory– 
oxidative stress mediators, thus showing potential benefits in the treatment 
of ALI/ARDS (Rogerio et al. 2016). Although these studies indicate that some 
nutraceuticals are currently being tested for ALI/ARDS as shown in Table 19.1, 
they are not very successful in some groups of patients (Rice et al. 2011; Zhu 
et al. 2014), and thus more stringent multicenter clinical studies are warranted 
to devise strategies for proper dosing and administration to attain widespread 
application in a diverse population.

Table 19.1 Nutraceuticals for Prevention and Treatment of Respiratory Diseases

Respiratory 
Disease

Nutraceuticals 
Tested Models Useda

Prospective Nutraceuticals 
That Hold Promise

ARDS Berberine
Emodin
Fisetin
Magnolia
Sanguinarine
Tylophora asthmatica

IV
AM (mice)
AM (rat, mice)
IV
AM (mice)
IV

Broccoli
Curcumin
Picrorhiza kurroa
Tylophora asthmatica

Asthma ASHMI
Ding Chuan Tang (DCT)
Fisetin
Kanakasava
Magnolia
Picrorhiza kurroa
Pycnogenol
Resveratol
Saiboku-to (TJ-96)

IV, AM (mice), CT
CT
IV, AM (mice)
AM (rat)
IV
IV
CT
IV
CT

Broccoli
Curcumin
Emodin
Tylophora asthmatica

Bronchopulmonary 
dysplasia

Vitamin A
Zinc

CT
CT

Cystic fibrosis Curcumin
Ginseng
Piceatannol

IV
IV, AM (rat)
IV

Garlic

COPD Berberine
Emodin
Fisetin
Ginseng
Magnolia
Picrorhiza kurroa
Resveratol
Sulforaphane

AM (mice)
AM (mice)
CT
CT
IV
IV
IV
IV, AM (mice)

Curcumin
Tylophora asthmatica

Pulmonary fibrosis Berberine
Emodin

AM (rat)
AM (rat, mice)

Broccoli
Curcumin

a IV, in vitro; AM, animal; CT, clinical trial.
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19.3.2  Poor maternal nutrition and bronchopulmonary 
dysplasia: Can nutraceuticals help?

Bronchopulmonary dysplasia (BDP) is a chronic lung disease that affects pre-
mature infants who undergo  artificial ventilation (Saugstad 2003; Perrone et al. 
2012). It is well accepted that maternal nutrition plays a crucial role in overall 
fetal development,  including the lungs, and an unhealthy diet during preg-
nancy may lead to premature birth, inviting the onset of BPD in the newborn 
(Bloomfield 2011). The characteristic feature of BDP is impaired lung develop-
ment and the remodeling of lung tissue that involves distorted alveolarization 
and impaired vasculogeneis (Shahzad et al. 2016). Briefly, exposure to high 
oxygen levels during mechanical ventilation (oxygen toxicity) leads to height-
ened inflammatory–oxidative stress that plays a prominent role in the patho-
genesis of BDP (Saugstad 2003; Perrone et al. 2012). The developing immature 
lung is highly prone to oxidative insults due to the following primary reasons: 
hypoxic–hyperoxic challenge at birth, infections related to incomplete devel-
opment of immune system, lack of antioxidants, and high levels of free iron 
that leads to  production of highly reactive species such as superoxide (O2

−) 
and hydroxyl radical (OH) (Gitto et  al. 2009; Ozsurekci and Aykac 2016). 
This elevated oxidative stress leads to activation of NF-κB (Saugstad 2003), 
which triggers the induction of  proinflammatory mediators. The inflammatory 
response in BPD is mediated by an increase in proinflammatory cytokines 
such as IL-1β, IL-6, IL-8, TNFα, and monocyte chemoattractant proteins and 
a parallel decrease in anti- inflammatory factors such as IL-10 and normal 
alveolar and vascular growth factors (Shahzad et al. 2016). These inflamma-
tory cytokines along with continuing oxidative stress recruit and activate the 
inflammatory cells, primarily alveolar macrophages and neutrophils (Perrone 
et al. 2012; Shahzad et al. 2016), which further release proinflammatory cyto-
kines and proteases that result in severe tissue damage via lipid peroxida-
tion, increased vascular permeability, surfactant inactivation, and pulmonary 
edema in the airways along with alveolar cell death (Perrone et  al. 2012; 
Shahzad et al. 2016; Ozsurekci and Aykac 2016).

Mechanistically, an imbalance of proteinases and antiproteinases is reported in 
BPD patients, which when coupled with high oxygen level-induced oxidative 
stress increases the expression of tissue destructive enzymes such as matrix 
metalloproteins (MMPs), elastase, cysteine protease, and trypsin that play a 
pathogenic role in the BPD-related epithelial and alveolar damage leading 
to pulmonary-dysfunction (Saugstad 2003). Moreover, inflammatory–oxidative 
stress also induces transforming growth factor-β (TGFβ) levels, which is an 
important mediator of fibroblast/myofibroblast proliferation and resulting 
tissue remodeling observed in BPD subjects (Shahzad et al. 2016).

The pathophysiology of BPD indicates that prevention and treatment of BPD 
through nutritional supplements may protect the infants from developing 
chronic lung disease in later life (Ma et al. 2016; Shahzad et al. 2016), although 
intense research and large multicenter clinical trials preclude the widespread 
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use of nutrition-based improvement in this complex and chronic lung disease 
(Poindexter 2015). A recent study showed that maternal polyunsaturated fatty 
acid (PUFA) ω-3 supplementation protects rats from hyperoxia-induced lung 
injury, thus highlighting the importance of maternal nutrition in preventing 
the onset of BPD (Sharma et al. 2015). Moreover, postnatal nutrient supple-
mentation strategies are also implemented to protect against BPD (Ma et al. 
2016) but lack enough clinical studies to support their widespread applica-
tion. One of the few clinical studies suggesting the utility of nutraceuticals in 
infants with BPD showed a combinatorial therapeutic approach where infants 
who received inhaled nitric oxide (iNO) plus vitamin A were protected from 
BPD symptoms, although the effect was significant only in 750–999 g birth 
weight group (Gadhia et al. 2014; Darlow et al. 2016). Similarly, another clini-
cal trial showed that the application of Zinc supplementation on extremely 
low-birth weight (ELBW) infants with chronic lung disease improves infant 
growth, although no lung injury-related parameters were studied (Terrin et al. 
2014), indicating toward the need for more specific research and large-scale 
clinical trials to support the use of Zinc in the treatment of BPD.

19.3.3 Antioxidant nutraceuticals for poor lifestyle-related asthma
Globally, around 300  million people are afflicted with asthma (Yoon et  al. 
2016), which is a chronic obstructive lung disease that is characterized by 
airway inflammatory–oxidative stress, increased airway responsiveness, and 
irregular airflow obstruction (Ercan et al. 2006; Park et al. 2009; Yoon et al. 
2012; Yoon et  al. 2016). It is believed that improper diet lacking sufficient 
antioxidants plays a decisive role in the initiation and progression of asth-
matic changes in the airways (Garcia-Larsen et al. 2016; Schneider et al. 2006). 
Maternal dietary supplementation of antioxidants during pregnancy has been 
linked to decreased incidence of childhood asthma, which may be either due 
to reduction in the genetic predisposition of the offspring toward developing 
childhood asthma or transfer of protective antioxidants through breastfeeding 
(Schneider et al. 2006). Although, in adults with asthma, nutrient supplementa-
tion with antioxidants and anti-inflammatory compounds has not shown much 
promise in clinical trials (Smith et al. 2015; Litonjua et al. 2016), thus suggest-
ing the need for more experimental and clinical investigations. The causal 
relationship between diet and asthma has become more complex with the 
identification of a population with obese–asthma phenotype, which confirms 
the role of nutritional imbalance in the development of asthma-like features 
(Agrawal et al. 2013; Agrawal and Prakash 2014).

Thus, exposure to environmental and/or food allergens coupled with poor 
lifestyle leads to production of several endogenous hyperreactive free radi-
cals such as ROS, hydrogen peroxide, and peroxynitrite, which can initiate 
transcription and translation of proinflammatory cytokines and chemokines 
that attract inflammatory cells to the airways. The activation of inflammatory 
cells such as eosinophils, alveolar macrophages, and neutrophils and also the 
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resident structural cells such as epithelial and smooth muscle cells leads to 
further generation of oxidant species, thus maintaining continued inflammatory–
oxidative stress in the asthmatic airways (Sahiner et al. 2011). Moreover, a 
direct exposure to exogenous oxidants from toxic gases in air pollution or 
the gaseous phase of CS also contributes to asthma exacerbations (Sahiner 
et al. 2011). These pathophysiology of asthma include an increase in airway 
smooth muscle contraction, epithelial cell death, and mucus production and a 
concomitant decrease in mucociliary clearance of pathogenic microorganisms 
from the upper airways (Sahiner et al. 2011). Further evidence for oxidative 
stress playing a role in the pathology of asthma comes from a study by (Ercan 
et al. 2006) in which they selected a few hundred asthmatic children in Turkey 
to study for oxidants and antioxidants to determine the role of oxidative stress 
in the disease. They used malondialdehyde as a marker for oxidative stress 
and glutathione as a marker for antioxidant levels. They found that malondial-
dehyde levels were increased in the asthmatic children over the controls and 
that the levels of glutathione decreased, which suggests that there are more 
oxidants than antioxidants in the asthmatic airways leading to the observed 
oxidative stress. Thus, similar to other inflammatory–oxidative stress-related 
airway diseases, an imbalance of prooxidants and antioxidants  forms the 
principal orchestrator of asthma pathogenesis, although whether this imbal-
ance is the cause of disease or an outcome of ongoing inflammatory signaling 
in the airways is still not clear (Sahiner et al. 2011).

As asthma is a global disease afflicting people of all ages that confronts us 
with a significant economic burden in treatment costs, it is not a surprise that 
there are several antioxidant nutraceuticals and natural products currently 
available for the prevention and treatment of asthma (Table 19.1). Some of the 
most widely studied antioxidant nutraceuticals used for asthma control are 
resveratrol (Murcia and Martínez-Tomé 2001; Stojanović et  al. 2001; Culpitt 
et al. 2003; Shen et al. 2003; Olas et al. 2005; Richard et al. 2005; Nam 2006; 
Sharafkhaneh et al. 2007; Donnelly et al. 2015), anti-asthma simplified herbal 
medicine intervention (ASHMI) (Wen et al. 2005; Sorkness 2009), Saiboku-to 
(Nakajima et al. 1993; Urata et al. 2002; Sorkness 2009), Kanakasava (Arora 
et al. 2017), vitamin D (Fischer et al. 2016), Ding Chuan Tang (DCT) (Chan 
et al. 2006; Sorkness 2009), curcumin (Chong et al. 2014), Adathoda vasica 
Nees (Nilani et al. 2010), Picrorhiza kurroa extract (Dorsch et al. 1991; Stolk 
et  al. 1994; Peters et  al. 2001; Sharafkhaneh et  al. 2007), and Tylophora 
asthmatica (Ganguly et al. 2001; Yang et al. 2006; Sharafkhaneh et al. 2007). 
Briefly, numerous studies have proven the effectiveness of resveratrol in con-
trolling airway inflammation and oxidative stress in both eosinophilic and 
noneosinophilic asthma phenotypes, which cannot be treated by general anti-
asthmatic glucocorticoids (Murcia and Martínez-Tomé 2001; Stojanović et al. 
2001; Culpitt et al. 2003; Shen et al. 2003; Donnelly et al. 2004; Olas et al. 2005; 
Richard et al. 2005; Nam 2006; Sharafkhaneh et al. 2007). Intriguingly, resvera-
trol is recently shown to protect mice against high-fat diet (obesity)-associated 
allergic airway inflammation (Andre et  al. 2016), thus demonstrating its 
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broad therapeutic potential in asthma. Even after all these beneficial effects, 
 consumption of resveratrol as a dietary supplement is restricted by the lack of 
proper clinical research about the dosing and potential reactions with other 
common medications (Murcia and Martínez-Tomé 2001; Stojanović et al. 2001; 
Culpitt et al. 2003; Shen et al. 2003; Donnelly et al. 2004; Olas et al. 2005; 
Richard et al. 2005; Nam 2006; Sharafkhaneh et al. 2007). Another extensively 
investigated therapeutic candidate is the ASHMI that has shown substantial 
promise as an antioxidant/anti-inflammatory nutraceutical by controlling 
critical disease parameters associated with asthma such as airway hyperre-
sponsiveness (AHR), Th2-cytokines, neutrophilic inflammation, and mucus 
production (Wen et al. 2005; Sorkness 2009). In a recent interesting study, the 
offsprings of mice treated with ASHMI showed reduced airway inflammation 
post ova challenge (Lopez-Exposito et al. 2015), and this reduction was supe-
rior to that seen with a parallel treatment with dexamethasone (DEX), one 
of the most common anti-asthmatic drugs (Lopez-Exposito et al. 2015). Apart 
from the nutraceuticals cited earlier, there are other prospective candidates 
that are also used to improve asthma symptoms but are not yet commercial-
ized such as the herb thyme (Engelbertz et al. 2008) and ferulic acid (Rogerio 
et al. 2016), a compound found in many fruits and vegetables (Rogerio et al. 
2016). Thus, future studies are necessary to characterize these and other new 
nutraceutical options with special emphasis on prevention rather than the 
treatment after the occurrence of disease.

19.3.4  Nutraceuticals to control poor lifestyle-related 
pathology in cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder mostly found in 
Caucasians and is the most common fatal disease caused by a single genetic 
defect in Europe and North America (Cantin et al. 2007; Voisin et al. 2014). 
The disease is caused by mutations in the cystic fibrosis transmembrane 
 conductance regulator gene (cftr) and is characterized by chronic airway 
inflammation and infection (Jungas et  al. 2002; Cantin et  al. 2007; Luciani 
et al. 2010; Voisin et al. 2014). The dysfunction in CFTR protein due to gene 
mutations may render the airways of CF patients to be more susceptible to 
oxidative stress because experiments have shown that CFTR-deficient mice 
have lower levels of glutathione, an antioxidant, in the lung epithelial lining 
fluid than control mice (Jungas et al. 2002; Cantin et al. 2007). Moreover, we 
and others have shown that CFTR deficiency leads to elevated inflammatory– 
oxidative stress via ROS activation (Luciani et al. 2010; Bodas et al. 2011), and 
 rescuing the misfolded CFTR to plasma membrane or potentiating its function 
ameliorates the CF-related lung pathologies (Rowe and Verkman 2013; De 
Stefano et al. 2014), thus confirming the mechanistic role of CFTR in regulating 
inflammatory–oxidative stress response. As CF is a genetic condition, nutri-
tion mostly plays a role in managing disease outcomes, rather than preventing 
them. Poor dietary habits lacking sufficient antioxidant/ anti-inflammatory fac-
tors may exacerbate the already existing inflammatory– oxidative stress in the 
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CF airways and also render the person more susceptible to lung infections, 
further worsening disease pathology. Mechanistically, the elevated inflamma-
tory–oxidative stress in CF airways leads to the activation of NF-κB pathway, 
which induces the expression of proinflammatory mediators (Cantin et  al. 
2007; Bodas and Vij 2010; Luciani et al. 2010; Nichols and Chmiel 2015). Once 
activated, NF-κB further involves other transcription factors such as Nuclear 
factor of activated T cells (NFAT), Activator protein-1 (AP-1), Activator protein-2 
(AP-2), and Mitogen activated protein kinase (MAPK) to act as transcriptional 
regulators of inflammation to initiate a hyperinflammatory response (Cantin 
et al. 2007; Bodas and Vij 2010; Nichols and Chmiel 2015).

Moreover, the NF-κB pathway can also be activated by bacterial infection that 
is very common in CF, with Pseudomonas aeruginosa (Pa) being the foremost 
pathogen prevalent in the CF airways (Bodas and Vij 2010). Bacterial infection 
exacerbates the inflammatory–oxidative stress response by activating neutro-
phils that produce reactive species such as superoxide, hydrogen peroxide, 
and hydroxyl radical and neutrophil-specific enzymes such as myeloperoxi-
dase (MPO), which collectively potentiate the proinflammatory response in CF 
airways (Bodas and Vij 2010; Galli et al. 2012). The inflammatory response in 
the CF lungs is mediated by cytokines and chemokines such as IL-6 and IL-8 
that constantly expose the airway with copious amounts of inflammatory– 
oxidative stress, resulting in lung function decline. Apart from sustained 
inflammatory–oxidative stress, another classical feature of CF airways that 
potentiates the infection-related CF pathology is the massive production of 
thick sticky mucus that is attributed to lack of functional CFTR-mediated 
ion transport and resulting hypohydration of the airways (Kreda et al. 2012; 
Vij et al. 2013). It is interesting to note that CFTR may be directly or indi-
rectly associated with mucus hypersecretion or altered composition of mucus 
(Kreda et al. 2012), although both these hypotheses are unequivocally associ-
ated with elevated inflammatory–oxidative stress. For example, GSH, one of 
the crucial antioxidants in the CF airways, regulates mucus viscosity by modu-
lating the disulfide bond-mediated aggregation of mucins (Kreda et al. 2012), 
and increased oxidant levels are associated with induction of mucin secretion 
(Takeyama et al. 2000; Kreda et al. 2012). In addition, oxidative damage also 
affects the lung surfactant proteins that form the fluid coating inside the alveoli 
to maintain robust alveolar/lung function (Kreda et al. 2012).

Thus, any antioxidant nutraceutical for CF treatment should be coupled with an 
ability to correct the genetic defect so as to rescue the functional CFTR and to 
subdue the pulmonary dysfunction in CF subjects. The current pharmacologi-
cal treatments available for rescuing the mutant CFTR are quite potent, and one 
of them was recently approved by the FDA (Schmidt et al. 2016). The biggest 
caveat of these synthetic compounds is their severe side effects and also the 
humongous cost of long-term treatment. Thus, a large  population of CF sub-
jects is desiring for alternative treatment strategies to fight CF although it seems 
to be a far cry seeing the currently available options (Table 19.1). Genistein, a 
plant-derived isoflavonone with antioxidant properties has been shown to act 
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as a CFTR potentiator for both G551D and ΔF508 CFTR mutations, thus gaining 
attention as a potential CF nutraceutical. Even though genistein shows promise 
as it is also reported to increase expression of mutant CFTR protein upon long-
term in vitro treatment (Schmidt et al. 2008), there is lack of any clinical studies 
to support its current use as a nutraceutical for CF. One of the most talked about 
antioxidant compound, curcumin, is the active ingredient of the Asian spice, 
turmeric (Berger et al. 2005; Braga and Almgren 2013). In vitro and murine 
studies using curcumin showed that it can correct the processing defect and can 
induce trafficking of ΔF508 CFTR to the plasma membrane (Cartiera et al. 2010) 
along with beneficial effects on reducing intestinal obstruction observed in CF 
mouse models (Egan et al. 2004). The translation of curcumin to a CF nutraceu-
tical is crippled by confounding preclinical studies, poor plasma bioavailability, 
and a rapid metabolism rate (Mall and Kunzelmann 2005). The application of 
nanotechnology could be useful in designing curcumin delivery systems that 
could improve its bioavailability and allow targeted and sustained release of 
this potential CF nutraceutical drug candidate.

19.3.5  Antioxidant nutraceuticals for combating 
the inflammatory–oxidative stress in chronic 
obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is one of the most common pre-
ventable albeit fatal diseases in the world and is the leading cause of morbidity 
and mortality (Kirkham et al. 2011; Kirkham and Barnes 2013; Barnes 2016). 
COPD is characterized by chronic inflammation of the airways primarily caused 
by exposure to tobacco/ biomass smoke, which leads to irreversible airway 
obstruction (chronic bronchitis) and alveolar destruction (emphysema). Although 
there is a plethora of evidence suggesting the prominent role of CS-induced oxi-
dative stress in the initiation and progression of COPD (Barnes 2016), nonethe-
less poor nutrition-related insufficiency of crucial antioxidants also correlates 
with COPD-emphysema disease severity (Heulens et  al. 2015; Kodama et  al. 
2016; Odler et al. 2015), suggesting the protective role of a balanced antioxidant-
rich diet in reducing airway inflammatory–oxidative stress in COPD subjects. 
Briefly, poor dietary habits will worsen the deleterious impact of CS and/or 
other oxidants leading to severe inflammatory–oxidative stress that has been 
observed in the epithelial lining fluid, exhaled breath, and urine of persons 
with COPD-emphysema (Park et al. 2009). Mechanistically, the CS-mediated acti-
vation of airway epithelial cells and alveolar macrophages in COPD patients 
results in ROS generation (Kirkham et al. 2011), which activates NF-κB that in 
turn facilitates transcription of many proinflammatory cytokine genes such as 
IL-8 and TNF-α, as well as chemokines, which are considered to be important 
in COPD pathogenesis (Barnes 2016). Moreover, ROS has been shown to play 
an important role in the recruitment of inflammatory cells such as monocytes, 
neutrophils, and lymphocytes (Park et al. 2009) into the airways, which once 
activated produce more ROS resulting in a notorious cycle of oxidative stress 
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and inflammation in the lungs. This elevated ROS reacts with various biological 
molecules to  hamper key cellular homeostatic processes such as the protease–
antiprotease balance, tissue repair mechanisms, autophagy, and the resulting 
viability of airway  epithelial/endothelial cells that eventually leads to irreparable 
damage to the airways of COPD subjects (Park et al. 2009). Moreover, the crucial 
role of the redox sensitive transcription factor, nuclear factor erythroid-2-related 
factor 2 (Nrf2), is widely acclaimed in regulating the inflammatory–oxidative 
stress response in COPD subjects (Boutten et al. 2010). Activation of Nrf2 leads 
to transcriptional activation of a battery of antioxidant cytoprotective genes 
that defend the lungs against CS–ROS-mediated cellular damage and resulting 
emphysema (Boutten et al. 2011). The decreased levels of Nrf2 protein in COPD 
subjects further highlight its significance in controlling redox homeostasis in 
CS–ROS-induced chronic obstructive lung disease (Malhotra et al. 2008).

As discussed earlier, autophagy is another vital cellular homeostatic mecha-
nism that protects the cell by mediating the clearance of damaged/misfolded 
 proteins that accumulate into perinuclear bodies termed aggresomes (Tran 
et  al. 2015; Bodas et  al. 2017a). We and others have suggested the crucial 
role of CS-induced oxidative/nitrative stress in autophagy impairment (Bodas 
et al. 2017a). It is clear that formation of aggresomes mediates deleterious 
lung pathologies and correlates with the severity of emphysema in COPD 
subjects (Bodas et  al. 2017a). Mechanistically, we and others have shown 
that CS exposure leads to diminished expression and function of CFTR pro-
tein that potentiates the inflammatory–oxidative stress and thus hampers the 
autophagy process. Intriguingly, we have recently described that CS–ROS-
induced acquired CFTR dysfunction by virtue of its perinuclear accumulation 
into aggresome bodies correlates with the pathogenesis of COPD emphysema 
(Bodas et al. 2017b). Moreover, we recently identified that CS exposure leads 
to perinuclear accumulation of transcription factor EB (TFEB), the master 
transcriptional regulator of several key autophagy and lysosome biogenesis 
genes (Pena-Llopis and Brugarolas 2011; Bodas et al. 2017a), resulting in its 
functional unavailability and thus autophagy impairment (Bodas et al. 2017b). 
We also found that the nuclear accumulation of TFEB decreases while its peri-
nuclear aggregation increases with the severity of emphysema in COPD sub-
jects, further highlighting the role of CS-ROS mediated autophagy-impairment 
as the key mechanism of COPD-emphysema pathogenesis. We have success-
fully utilized some FDA-approved antioxidant drugs with autophagy inducing 
properties, such as cysteamine, gemfibrozil, and fisetin to nullify the delete-
rious effects of CS exposure-mediated lung injury and COPD-emphysema 
(Bodas et al. 2017b).

Thus, the use of nutraceuticals and natural compounds with potent antioxi-
dant properties is warranted and has been implemented in the prevention 
and treatment of chronic obstructive lung diseases such as COPD-emphysema 
(Figure 19.1). Fisetin is a nutraceutical flavanol belonging to the flavo-
noid group of polyphenols and an over the counter drug to improve brain 
health (Weseler et al. 2009). We have recently shown the efficacy of Fisetin 
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in controlling cigarette smoke extract (CSE)-induced oxidative stress, 
 autophagy-impairment and resulting emphysema (Bodas et al. 2017a), thus 
providing experimental evidence for its candidature as a prospective nutra-
ceutical for controlling COPD-emphysema. In fact, Fisetin was reported to 
control LPS-induced proinflammatory cytokine production from peripheral 
blood of COPD patients (Weseler et  al. 2009), further indicating its COPD 
restricting potential only after a detailed clinical investigation. There are 
numerous other natural compounds known to suppress oxidative stress in 
COPD (Table 19.1) or to enhance the endogenous antioxidant levels, which 
is always a more judicious strategy (Biswas et al. 2013). Briefly, after the dis-
covery of sulforaphane, a potent antioxidant natural compound derived from 
broccoli sprouts (Morimitsu et al. 2002; Barnes 2008), its efficacy in  controlling 
CS-induced inflammatory–oxidative stress was tested in several studies ( Jiao 
et al. 2013). Sulforaphane activates the transcription factor nuclear factor ery-
throid 2-related factor 2 (Nrf2), a critical regulator of antioxidant response 
genes, and controls diverse pathogenic aspects of CS-induced oxidative stress 
(Morimitsu et  al. 2002; Barnes 2008). Although its future use as a COPD-
targeting nutraceutical was set back as a recent clinical trial showed that 
sulforaphane failed to activate the expression of key Nrf2 target genes (Wise 
et al. 2016). Another potential nutraceutical candidate, the red wine wonder 
drug, resveratrol is an antioxidant which activates SIRT1 protein that is impli-
cated in premature lung aging in COPD subjects (Hwang et al. 2010, 2013). 
A plethora of studies have cited the potential utility of resveratrol in control-
ling CS-induced inflammatory–oxidative stress, albeit the lack of supportive 
clinical studies still prevents its use in COPD-emphysema subjects. A few 
other natural antioxidant compounds such as berberine (Xu et al. 2015) and 
emodin (Nemmar et al. 2015; Xue et al. 2015) were tested in murine models of 
CS-induced COPD-emphysema; and consumption of soy which is rich in the 
antioxidant Genistein, improved lung function in COPD subjects (Hirayama 
et al. 2009), although future clinical studies preclude their human application.

19.3.6  Role of inflammatory–oxidative stress in idiopathic pulmonary 
fibrosis and prospects of antioxidant nutraceuticals

Idiopathic pulmonary fibrosis (IPF) is a chronic lung condition caused by 
exposure to various toxins, infections and the resulting inflammatory– 
oxidative stress (Cantin et al. 1987; Gao et al. 2008; Park et al. 2009). In IPF, 
there is an accumulation of alveolar macrophages and neutrophils in the 
lower respiratory tract which mediates inflammation, apoptosis and lung 
fibrosis also called scarring (Cantin et al. 1987; Gao et al. 2008). For most 
people that suffer from PF, the disease continuously progresses and ulti-
mately leads to death (Cantin et al. 1987; Gao et al. 2008). Although the 
precise mechanisms that cause the onset of this disease are not fully under-
stood, oxidative stress and inflammation are suggested to  be the major 
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orchestrators of lung injury observed in pulmonary fibrosis (Gao et  al. 
2008; Park et al. 2009), thus maintaining an antioxidant-rich diet may assist 
in delaying disease progression.

As described previously, the inflammatory cells recruited into the airways 
release ROS that plays a role in increasing oxidative stress in IPF subjects 
(Cantin et al. 1987). Along with releasing ROS, macrophages also recruit 
other proinflammatory cells that secrete cytokines and chemokines (Cantin 
et al. 1987; Gao et al. 2008; Park et al. 2009). The major cytokine attributed 
to lung tissue injury is TGF-β (Gao et  al. 2008; Park et  al. 2009), whose 
expression and/or activation is induced by ROS and conversely TGF-β 
can  trigger mitochondrial ROS  generation, thus maintaining a continu-
ous vicious cycle of inflammatory–oxidative stress. Moreover, TGF-β also 
decreases the antioxidant responses in the airway (Park et al. 2009; Liu and 
Desai 2015) and also promotes fibrotic changes in the lungs of IPF sub-
jects (Park et al. 2009; Liu and Desai 2015). Mechanistically, ROS-induced 
TGF-β mediates profibrotic changes in the  airways by promoting fibroblast 
proliferation and collagen production, inducing epithelial to mesenchymal 
transition (EMT), overproducing extracellular matrix (ECM) proteins, and 
triggering epithelial cell death (Rupp et  al. 2008; Liu and Desai 2015). 
Although it is clear that oxidative stress plays a crucial role in the patho-
genesis of PF, there are scarce reports of antioxidant therapeutics being 
successful in IPF management (Chen et al. 2009; Chitra et al. 2013; Guan 
et al. 2016) pointing toward the complexity of the underlying mechanisms. 
Thus, there is an urgent need to devise new prevention and/or treatment 
strategies based on nutraceuticals that may control ROS-mediated disease 
pathogenesis in IPF subjects.

19.4 Conclusion and future perspectives

Dietary nutraceuticals now form a major constituent of several ongoing studies 
for prevention and treatment of acute and chronic respiratory diseases. These 
basic and translational investigations have sprouted considerable interest in 
the common man to embrace antioxidant nutraceuticals to complement their 
therapeutic strategies against airway diseases apart from the presently used 
nonnatural drugs. The future will depend on whether the translational stud-
ies can help in setting up proper guidelines for the dosage or can improve the 
bioavailability of some of the promising nutraceutical candidates. Moreover, 
it will be a daunting task to pursue large pharma companies to include these 
slightly less potent but much safer compounds into their testing/production 
repertoire. We think that nutraceuticals would be a better choice to treat acute 
and chronic lung diseases, but the consumption of a balanced antioxidant suf-
ficing diet is the healthiest way to prevent the generation of excessive oxida-
tive stress, rather than suppressing it!
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TLR and NLR activation, 201–202

Cardiovascular health, 30
Carnosic acid, 120, 120f, 304
Carnosol, 304
Carotenoids, 5t, 241

antioxidant vitamins, 299–300
effects of, 179–180
health drinks, 179t
immunomodulation, 263
for skin, 332–333

Carrots, health drink, 179
Carvacrol, volatile oils, 307–308
Castor oil, 10, 11f
Castration-resistant prostate cancer 

(CRPC), 64
Catalase (CAT), 47, 241
Cataracts, oxidative stress, 283
Catechins, 6, 354. See also Epicatechin 

(EC); Epigallocatechin 
(EGC); Epigallocatechin 
gallate (EGCG)

EGCG, 354, 355f
in lipid nanoparticles, 365
occurrences, 354
on ocular tissues. See Ocular tissues
properties of, 356t
stability, 356–357

Catechins metabolism
bioavailability, 360
biodegradation, 357–359, 358f
biosynthesis, 357
biotransformation, 359

Catechol-O-methyltransferase (COMT) 
inhibitors, PD treatment, 113t

Centers of Disease Control and Prevention 
(CDC), 222

Chamomile in skincare product, 
335, 347

Chamomile tea (Matricaria 
chamomilla), 229

Chelators, 275
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China, nutraceuticals
Astragalus, 12, 12f
ginseng, 14, 15f
licorice, 13, 13f–14f
wolfberry, 14, 15f

Cholinesterase inhibitors, dementia, 99
Chronic diseases, 82–83
Chronic inflammatory diseases, 243–244

IBDs, 246
multimodal interprofessional 

approach, 238
psoriasis, 246–247
psoriatic co-morbidities and 

nutraceutical therapy, 247–249
rheumatoid arthritis, 244–245

antioxidant vitamins and, 245
compound K and, 245–246
fish oil and, 245

vitamin D
CD patients, 249
endogenous, 250
IBD patients, 250
osteoporosis of IBD and CD, 

250–251
SIBDQ, 249–250

Chronic low-grade magnesium 
deficiency, 266

Chronic obstructive pulmonary disease 
(COPD), 280, 386–388

Cigarette smoke (CS) exposure. See also 
Smoking

aging and, 377
and COPD, 387
and ROS production, 375

Cinnamaldehyde (cinnamon), 202
Cinnamon (Cinnamomum cassia), 

diabetes, 229
Cisplatin, vitamin C, 88
Citric acid, 275
Cleanser, skincare product, 333–334, 

337t–338t
Cobalamin. See Vitamin B12
Cocoa beans

antioxidants, 4, 5f
catechins, 354

Cocoa drink, 184
Coconut oil in skincare product, 347
Coconut water, health drink, 185
Coenzyme Q10 (CoQ10), 5t, 106, 267, 327. 

See also Ubiquinone
Coffee

cardiovascular health, 30
health drink, 183
Parkinson’s disease (PD), 121

Cognitive dysfunction, 98

Compound K and rheumatoid arthritis, 
245–246

Congestive heart failure (CHF), treatment, 
216, 216t

Coriander, 16, 18, 18f
Coriandrum sativum, 16
Cornea, catechins effect, 361
Coronary artery disease (CAD), 30
Coronary heart disease (CHD), 

203–204, 204f. See also 
Cardiovascular disease 
(CVD)

dysglycemia, 210–212
dyslipidemia, 209–210, 211t
hypertension, 205, 206t–209t
noninvasive vascular testing, 212, 

213t–214t
treatment, 216, 216t

Cortical dementia, 97
Crohn’s disease (CD) patients to vitamin D, 

249–250
Curcuma longa, 89, 329
Curcumin (tumeric), 202

to CF, 386
Hcy, 100
natural antioxidants, 89–90
PD, 118, 118f
for skin, 329–330

Cystic fibrosis (CF), nutraceuticals for, 
384–386

D
Deep Brain Stimulation (DBS), PD 

treatment, 114t
Dementia, 97

AD, 97–98
diagnosis, 98
neurology, 98
treatment, 98–99

folic acid, 103–104
homocysteine (Hcy), 100
vitamin A, 104–105
vitamin B12, 99–101
vitamin D, 101–103, 102t

Depression, 129–130
antioxidant capacity (AC), 136–138, 

139t–140t, 141
antioxidants, 133–134, 141–144, 143t
dietary antioxidants, 135t
diet in, 141–143
free radicals, 131, 133
incidence and prevalence, 130–131
nitrosative stress, 131, 132f
nutrient antioxidants, 134t
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oxidative stress, 131, 132f, 135–138, 
139t–140t, 141

Diabetes, 221–223. See also Anti-diabetes 
function

Morinda lucida, 226–227
therapeutic benefits

fruit, 228
herbal tea, 228–229
medicinal plants, 226–228
spices, 229–230

treatment
insulin, 223
lifestyle changes, 224
non-insulin anti-diabetic agents, 

224–225
Diet

in depression, 135t, 141–143
and oxidative stress, 378
preeclampsia, 156
skin health, 325

Dietary factors, 82t
Dietary food choices, immunomodulation, 

268–269
Dietary intervention, preeclampsia, 

149–150
Dietary polyphenols, preeclampsia, 158
Dietary Supplement Health and Education 

Act (DSHEA), 8
Dietary supplements, 26. See also 

Supplements
Diferuloylmethane. See Curcumin 

(tumeric)
Dihydrotestosterone (DHT), 38, 41
Dimethylbenz[a]anthracene (DMBA), 86
Dipeptidyl peptidase-4 (DPP-4) inhibitors, 

diabetes, 225
Disability-adjusted life years (DALYs), 

130–131
Disease-modifying antirheumatic drug 

(DMARDs), rheumatoid arthritis, 
244, 245

DNA damage, prostate cancer, 43–44
Dopamine agonists, PD treatment, 113t
Dopamine replacement therapy, PD, 112
Drinks. See Health drinks
Dysglycemia, CHD, 210–212
Dyslipidemia, CHD, 209–210, 211t

E
Ebers Papyrus, 16, 17f, 19
E-cadherin transcription, 45
Eclampsia, 148
Egypt, nutraceuticals

aloe vera, 16, 17f

coriander, 16, 18, 18f
honey, 18–19, 18f

Eicosanoids, 239
Eicosanoyl-5-hydroxytryptamide 

(EHT), 121
Eicosapentaenoic acid, 239–240
Electron spin resonance, 285
Electron transport chain (ETC), 295
Emblica officinalis (EB), 85
Endocannabinoid system (ECS), 264
Endogenous antioxidants, 241

α-lipoic acid, 291–292
amino acids

arginine, 297
aspartate, 297
glutamate, 297
lysine, 297

glutathione, 290–291
L-carnitine, 296–297
melatonin, 294–296
ubiquinone, 292–293
uric acid, 293–294

Endogenous free radicals, 258
Endogenous vitamin D, 250
EndoPAT, 212
Endothelial dysfunction, 202

CVD, 199, 200, 202–203, 215–216, 215t
treatment, 215–216, 215t

Endothelial function, CVD, 199
Endothelium, CVD, 198, 198f, 

200–201, 201f
Enterococcus durans LAB18s, 171
Enzymatic antioxidants, 4, 46–48, 48f
Enzymatic reactions, 278, 279
Enzymes, immunomodulation, 267
Epicatechin (EC), 6, 355f, 356t

biodegradation, 357
biotransformation, 359
concentrations of, 358–359
occurrences, 354

Epigallocatechin (EGC), 355f, 356t
bioavailability of, 360
biotransformation, 359
concentrations of, 358–359
effects on cornea, 361
occurrences, 354

Epigallocatechin gallate (EGCG) (green 
tea), 116–117, 116f, 202, 355f. 
See also Catechins

bioavailability of, 360
concentrations of, 358–359
as health drink, 182
on RGCs, 364
for skin, 333
in vivo efficacy for, 361
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Ergothioneine (ET), 268
Estrogen receptor β (ERβ), prostate 

cancer, 45
Ethylenediaminetetraacetic acid 

(EDTA), 275
Eugenol, volatile oils, 307
European legislations, 27
Europe, global market, 26–27
Exogenous antioxidants, 241–242
Exogenous free radicals, 258
Extracellular matrix (ECM), 246, 389
Eye cream, skincare product, 335, 

345t–346t
Eye disorders, oxidative stress, 283

F
Facial mask, skincare product, 335, 

343t–345t
Fasting blood sugar (FBS), 210–211
Fatty acids, androgens, 45
Fenugreek seed (trigonella 

foenum-graecum), 227
Ferric ion reducing antioxidant power 

(FRAP), 136
Fetal growth, oxidative stress, 280
Fiber, preeclampsia, 158–159
Fisetin, 387–388
Fish oil and rheumatoid arthritis, 245
Flavonoid polyphenols, PD

EGCG, 116–117, 116f
quercetin, 117, 117f

Flavonoids, 5t, 6, 180, 305
cardiovascular health, 30
immunomodulation, 263–264
kaempferol, 306
naringenin, 305–306
quercetin, 305
rutin, 306
for skin, 331

Folic acid, 103–104, 262
Folin assay, 136
Follicle stimulating hormone (FSH), 42
Food frequency questionnaire (FFQ), 

preeclampsia, 157–158
Foods. See Health drinks
Free radical activity, 284–285
Free radicals, 4, 167, 278, 278t

benefits, 279
category, 274
depression, 131, 133
oxidative stress. See Oxidative stress
production, 278–279, 279f

ROS and, 42–43, 46f. See also Reactive 
oxygen species (ROS) and free 
radicals

Free radicals and skin health
air pollution, 324
alcohol, 324–325
diet, 325
smoking, 325
ultraviolet radiation, 323–324

Free radical theory, 283
Fruit and vegetable juices, health drink, 

178–181, 180t
Fruit, diabetes, 228
Functional food, 159

G
Gallic acid, 303
Gamma glutamyl transpeptidase (GGT), 

266
Garcinia cambogia (tropical fruit), 228
Garlic (Allium satvium), diabetes, 229
Ginger, 10, 230
Ginseng, 14, 15f
Glaucoma, catechins effect, 361–362
Global market

Asia–Pacific, 27
Europe, 26–27
United States, 26

Glucagon-like peptide-1 receptor agonists 
(GLP-1 RA), diabetes, 225

Glucose tolerance test (GTT), 211
Glucosinolates, 28
Glutamate–cysteine ligase (GCL), 302
Glutamate, endogenous 

antioxidants, 297
Glutamate receptor modulator, 

dementia, 98
Glutamine, diabetes, 231
Glutathione (GSH), 5t

endogenous antioxidants, 290–291
free radicals and ROS, 46
and glutathione disulfide (GSSG) 

ratios, 285
synthesis, 302

Glutathione peroxidase (GPx), 46, 133, 178, 
240, 301

Gonadotropin-releasing hormone (GnRH), 42
Grape fruit juice, health drink, 181
Grape seed extract in skincare 

product, 347
Grape skin, prostate cancer prevention, 

60–61
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Green tea
EGCG, 333
as health drink, 181–182
for prostate cancer prevention, 57–58
for skin, 325–326, 347

Green tea polyphenols (GTPs), 325–326
Growth of nutraceuticals, 27–28

brain health, 29–30
cancer prevention, 28–29
cardiovascular health, 30

Gurmar (Gymnema sylvestre), 227–228
Gut–lung axis, 378

H
Haber–Weiss reaction, 275–276
Health drinks

cocoa drink, 184
coffee, 183
fruit and vegetable juices, 178–181, 180t
herbal drinks, 184–185
milk, 183
prevention and treatment, 179t
processing conditions, impact of, 

185–186
ready-to-drink, 185
red wine, 184
soybean milk drink, 184
tea, 181–183

Herbal drinks, 184–185
Hibiscus sabdariffa (panacea drinks), 

184–185
High-density lipoprotein (HDL), 210
High-grade prostate intraepithelial 

neoplasia (HGPIN), 57, 58, 62
Histone deacetylase (HDAC) activity, SFN, 

59–60
Homocysteine (Hcy), 99, 100

curcumin and polyphenolic antioxidant 
compound, 100

experimentation, 100–101
folate deficiency, 104
MDA and SOA levels, 100

Honey, 18–19, 18f, 230
Hormone therapy/androgen deprivation 

therapy, 42
Human body, antioxidant

endogenous. See Endogenous 
antioxidants

minerals, 300–302
phenolic. See Phenolic antioxidants
vitamins, 298–300

Hydrogen atom transfer (HAT), 303

Hydroxytyrosol/tyrosol, stilbenoids, 309
Hypercalcemia, 65
Hyperhomocysteinemia (HHcy), 99, 100
Hypertension, 197, 205, 206t–209t

I
Idiopathic pulmonary fibrosis (IPF), 

nutraceuticals for, 388–389
Immune system

functions, 85–86
oxidation and, 259

Immunomodulation, 256
α-lipoic acid, 268
antioxidant nutraceuticals, 257–258
antioxidants, 256–257
dietary food choices, 268–269
enzymes, 267

coenzyme Q10, 267
innate antioxidants, 260
mushrooms, 268
nutraceutical, 257
omega-3 fatty acids, 267–268
oxidation, 258

and immune system, 259
oxidative burst, 259–260
oxidative stress, 258–259

Immunomodulation, microminerals
magnesium, 266
selenium, 266–267
zinc, 265–266

Immunomodulation, phytochemicals, 263
allyl sulfides, 264
cannabis. See Cannabis
carotenoids, 263
flavonoids, 263–264
polyphenols, 263

Immunomodulation, vitamins
β-carotene, 262
folic acid, 262
vitamin A, 262
vitamin C, 261–262
vitamin E, 260–261

India, nutraceuticals
castor oil, 10, 11f
ginger, 10
pomegranate, 10–11

Inflammation, CVD, 200
Inflammatory bowel disease (IBD), 

246, 250
Inflammatory–oxidative stress, lung 

diseases, 374
Innate antioxidants, 260
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Insulin, diabetes, 223
Insulin pump, 223
International Diabetes Federation (IDF), 222
Intraocular pressure, catechins effect, 

361–362
In vitro study

broccoli, 58–59
CoQ10, 327
curcumin, 118
EGCG, 116
grape skin, 60
lycopene, 56
propolis, 63–64
quercetin, 62
resveratrol, 119
rosmarinic acid, 120
saw palmetto, 56
soy, 61

In vivo study
anthocyanins, 329
broccoli, 58–59
catechin efficacy in, 361
cornea, 361
curcumin, 89
grape skin, 60
propolis, 63–64
quercetin, 62
soy, 331

IPF. See Idiopathic pulmonary fibrosis 
(IPF)

Ipomoea batatas (sweet potato), 227
Isoflavones, soy, 331
Isothiocyanates, 58–59

J
Jimenez-Fernandez, S.M., 138
Jojoba oil in skincare product, 347

K
Kaempferol, flavonoids, 306

L
Lactobacillus, 169, 170
Lactobacillus acidophilus strain 5 

(LA5), 172
L-arginine, 185, 297
Laskin, C.A., 156
Latimer, C.S., 102
L-carnitine, 296–297
Leek (Allium ampeloprasum var. 

porrum), 172
Lemon juice, health drink, 181

Lens, catechins effect, 362
Levodopa-induced dyskinesias 

(LIDs), 112
Levodopa, PD treatment, 113t
Lewy bodies (LBs), 112
Licorice, 13, 13f–14f, 331
Lifestyle changes, diabetes, 224
Lipid nanoparticles, catechins in, 365
Lipid peroxidation, 284
Lobo, V., 152
Lockwood, B., 2
Low-density lipoproteins (LDLs), 85, 280

cholesterol, 199, 199f, 210
oxidation, 13
uric acid role in, 294

Lower urinary tract symptoms (LUTS), 38
Low-grade magnesium deficiency, 266
Low-grade prostate cancer, 62
L-type voltage-sensitive Ca2+ channels 

(L-VSCC), 102
Lung aging, 377
Lung cancer, 86
Lung diseases, 372–374

aging and airway dysfunction, 377
ALI/ARDS, 378–380, 380t
asthma, 382–384
BDP, 381–382
COPD, 386–388
cystic fibrosis (CF), 384–386
diet and oxidative stress, 378
environmental/occupational exposures, 

375, 376f, 377
inflammatory–oxidative stress, 374
IPF, 388–389
maternal nutrition, 381–382
pulmonary oxidative stress, tobacco 

smoking to, 374–375
Luteinizing hormone (LH), 42
Luteinizing hormonereleasing hormone 

(LHRH), 42
Luteolin, 202
Ly, C., 158
Lycopene, 179, 241

natural antioxidants, 90
prostate cancer prevention, 56–57

Lycopersicum esculentum (lycopene), 
56–57

Lysine, endogenous antioxidants, 297

M
Magnesium deficiency, 266
Malondialdehyde (MDA), 100
Manyonda, I.T., 155–156
Maternal nutrition, lung diseases, 381–382



409Index

Matricaria chamomilla (chamomile 
tea), 229

Measured malondialdehyde (MDA), 242
Media, nutraceutical, 28
Melatonin, 121–122, 121f, 294–296
Memantine, dementia, 98–99
Metabolic memory, CVD, 200
Metabolic syndrome, chronic inflammatory 

diseases, 247–248
Metabolism, catechins

bioavailability, 360
biodegradation, 357–359, 358f
biosynthesis, 357
biotransformation, 359

Metalloproteinases (MMPs), 246
Metallothionein (MT), zinc, 302
Metformin, type 2 diabetes (NIDDM), 224
Methanol, volatile oils, 308
Methylmalonic acid (MMA), 99
Microminerals, immunomodulation

magnesium, 266
selenium, 266–267
zinc, 265–266

Milk, health drink, 183
Minerals, 276. See also Antioxidant 

minerals
mitochondrial DNA (mtDNA), 44, 295
Mitogen-activated protein kinases 

(MAPKs), 48, 48f, 211
Moisturizer, skincare product, 334, 

338t–340t
Momordica charantia (fruit), 228
Monoamine oxidase B (MAO-B) inhibitors, 

PD treatment, 113t
Morinda lucida, 226–227
Moringa oleifera, 29
MPTP-induced neurotoxicity model, 

PD, 122
Muscadine grape, prostate cancer 

prevention, 60–61
Muscadine grape skin extract (MSKE), 61
Mushrooms

immunomodulation, 268
for skin, 326

Myelin basic protein, 100
Myeloperoxidase (MPO), 385
Myrrh, 19

N
Naringenin, flavonoids, 305–306
National Institutes of Health (NIH) 

budget, 32
Natural Antihypertensive Compounds, 

hypertension, 206t–207t

Natural antioxidants, 84, 84t, 168, 
276–277, 284

beta-carotene, 87
curcumin, 89–90
lycopene, 90
vitamin C, 88
vitamin E, 88, 89t

Neurodegenerative disorder
AD, 97
oxidative stress, 105
Parkinson’s disease (PD). See 

Parkinson’s disease (PD)
vitamin A, 104–105
vitamin B12, 99–101
vitamin D, 101–103, 102t

Neurological diseases, 280, 282
Neurology dementia, 98
NF-ĸB pathway, 385
NF-ĸB transcription factors, 47–48, 48f
Nitrosative reaction, 133
Nitrosative stress, 131, 132f
Nondipping, BP, 205
Nonenzymatic antioxidants, 4, 46
Nonenzymatic reactions, 278, 279
Non-flavonoid polyphenols, PD

curcumin, 118, 118f
resveratrol, 118–119, 119f

Non-insulin anti-diabetic agents, 
224–225

Noninvasive vascular testing, CVD, 212, 
212t, 213t–214t

Nonsteroidal anti-inflammatory drug 
(NSAID), 244, 245

Novel antioxidant (NAO), 84
Nuclear factor erythroid-2-related factor 2 

(NFE2L2), 47, 387
Nutraceuticals, 81–82, 238–239

in Asian–Pacific region, 21
against cancer, 86–87, 87f
definition, 2–3, 3t
dietary factors, 82t
future of, 32
global market, 26–27
growth of, 27–30
immunomodulation, 257
and pharmaceuticals, 32–33
regulation of, 8–9, 31–32
in skincare products, 335, 

336t–346t, 347
in western medicine, 22

Nutrient antioxidants, 8, 134–135, 
134t

Nutritional and nutraceutical 
supplements, 206t–209t. 
See also Supplements
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O
Obese–asthma phenotype, 382
Obesity, 212. See also Anti-obesity 

function
Ocular diseases, oxidative stress, 280, 283
Ocular tissues

catechins effects
cornea, 361
glaucoma, 361–362
intraocular pressure, 361–362
lens, 362
optic nerve, 364
RPE, 363
trabecular meshwork, 361
vitreous, 363–364
in vitro on retina, 362–363
in vivo on retina, 363

Olive oil, skincare product, 347
Omega-3 fatty acids, 202, 267–268
Optic nerve, catechins effect, 364
Orange juice, health drink, 181
Osteoporosis, 250–251
Oxidation

catechins, 359
and the immune system, 259

Oxidative burst, 259–260
Oxidative damage

antioxidants addressing, 152
preeclampsia, 152, 156–157

Oxidative reaction, 133
Oxidative stress, 105

antioxidants addressing, 152
causation of

aging, 283
cancer, 281
cardiovascular disease, 281–282
neurological disease, 282
ocular disorders, 283
pulmonary disease, 282–283
renal disorders, 282
rheumatoid arthritis, 282

chronic diseases and disorders, 
280–281

CVD, 200
depression, 131, 132f, 135–138, 

139t–140t, 141
diet and, 378
immunomodulation, 258–259
PD, 112
preeclampsia, 150

antioxidant, 150, 151f
free radical, 150, 151f
oxidative damage, 152
ROS, 152

synthetic vs. natural antioxidants, 
152–153

and prostate cancer, 43
aging, 44
androgens, 44–45
antioxidation, 45, 46f
DNA damage, 43–44
nuclear receptor, 45

Oxygen radical absorbance capacity 
(ORAC), 136, 172

P
Palafox-Carlos, H., 158
Pancreatic adenocarcinoma, 238
Parkinson’s disease (PD), 29–30, 111–113

coffee, 121
flavonoid polyphenols

EGCG, 116–117, 116f
quercetin, 117, 117f

melatonin, 121–122, 121f
non-flavonoid polyphenols

curcumin, 118, 118f
resveratrol, 118–119, 119f

pathogenesis of, 114–115
phenolic acids

carnosic acid, 120, 120f
rosmarinic acid, 119–120, 119f

treatments, 113t–114t
Payne, M.E., 142
Pharmaceuticals, 32–33

disease prevention, 33
drug interactions, 33

Phenethyl isothiocyanate (PEITC) and 
broccoli, 59

Phenolic acids, 302–303
caffeic acid, 304
gallic acid, 303
PD

carnosic acid, 120, 120f
rosmarinic acid, 119–120, 119f

protocatechuic acid, 303
Phenolic antioxidants

acids, 302–304
diterpenes, 304–305
flavonoids, 305–306
stilbenoids, 308–309
volatile oils, 306–308

Phenolic diterpenes, 304
carnosic acid, 304
carnosol, 304
rosmanol, 305

Phenylethanoids, stilbenoids, 309
Phosphatidylinositol 3-kinase (PI3K) 

pathway, 211
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Phytochemicals, 168, 277
immunomodulation, 263

allyl sulfides, 264
cannabis. See Cannabis
carotenoids, 263
flavonoids, 263–264
polyphenols, 263

Phytoestrogens, 61
Pollution. See Air pollution
Polyphenol health drinks, 179t
Polyphenolic antioxidant compound, 

Hcy, 100
Polyphenols, 135

immunomodulation, 263
preeclampsia, 158
rich fruits, 178
for skin, 331–332

Polyunsaturated fatty acids (PUFAs), 
133–134

Pomegranate, 10–11
juice, health drink, 180–181

Potatoes, antioxidants, 6, 7f
Preeclampsia

antioxidant nutraceuticals, 159–160
antihypertensives, 160
claims, 160–161
prevention, nutraceutical 

antioxidants for, 161, 162t
recommendation, 161, 163

definition, 148
dietary intervention, 149–150
history of, 148–150, 149t
oxidative stress, 150

antioxidant, 150, 151f
free radical, 150, 151f
oxidative damage, 152
ROS, 152
synthetic vs. natural antioxidants, 

152–153
supplemental and dietary antioxidants

ACE inhibitors, 158
diet, 156
dietary polyphenols, 158
fiber, role of, 158–159
food frequency questionnaire, 157–158
intake of antioxidants, 159
oxidative damage and antioxidant 

power, 156–157
prevention, 153, 154t–155t, 155–156

Pregnancy. See Preeclampsia
Primary antioxidants, 168, 274, 276–277
Proanthocyanidin, skin, 328–329
Probiotics

antioxidant effect, 170–171
application, 171–172

defined, 168–169
health food, 171
as rich source, 169–170
safety and benefit, 170–171

Propolis, prostate cancer prevention, 
63–64

Prostate cancer, 38–40, 39f. See also Cancer
ADT use in, 42
drugs use in, 41t
5-α-reductase inhibitors, 41–42
and oxidative stress. See Oxidative 

stress
prevention and treatment, 40, 49t–55t

broccoli, 58–60
grape skin, 60–61
green tea, 57–58
lycopene, 56–57
propolis, 63–64
quercetin, 62–63
saw palmetto, 56
soy, 61–62
vitamin D, 64–66

Prostate specific antigen (PSA) level, 
61–62, 65

Proteinases, imbalance of, 381
Protein kinase C (PKC), 299
Protocatechuic acid, 303
Provitamin A, skin, 328
Pseudomonas aeruginosa (Pa), 385
P66Shc protein levels, 44
Psoriasis, chronic inflammatory diseases, 

246–247
Psoriatic co-morbidities and nutraceutical 

therapy, 247–249
Pterocarpus marsupium (medicinal 

plants), 227
Pulmonary diseases, oxidative stress, 280, 

282–283
Pulmonary oxidative stress, lung diseases, 

374–375

Q
Quenching, antioxidants, 276, 276f
Quercetin, 6, 117, 117f, 202

flavonoids, 305
prostate cancer prevention, 62–63
for skin, 330

Quinone oxidoreductase 1 (NQO1), 293

R
Ray, J.G., 156
Reactive nitrogen species (RNS), 131–134, 240
Reactive oxygen metabolites (ROM), 169
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Reactive oxygen species (ROS), 240, 242
antioxidant regulation, 133–134
as biomarkers, 242
catalytic systems to, 275
in COPD, 386–387
and free radicals, 42–43, 46f

aging, 44
androgens, 44–45
antioxidation, 45, 46f
DNA damage, 43–44
nuclear receptor, 45

in IPF, 389
PD, 112, 115
preeclampsia, 152

Ready-to-drink, health drink, 185
Redox reactions, 42
Red wine, health drink, 184
Regulation, nutraceutical, 8–9, 31–32
Renal disorders, oxidative stress, 282
Resveratrol, 118–119, 119f, 181, 202

grape skin, 60
for skin, 329
stilbenoids, 308–309

Retina, catechins effect, 362–363
Retinal pigment epithelium (RPE), 

catechins effect, 363
Retinoic acid receptors (RARs), 104, 105
Retinoid X receptors (RXRs), 104
Rheumatoid arthritis (RA)

chronic inflammatory disease, 244–245
antioxidant vitamins and, 245
compound K and, 245–246
fish oil and, 245

oxidative stress, 280, 282
Rhizoma coptidis, 379
Roberts, J.M., 149
Rosmanol, 305
Rosmarinic acid, 119–120, 119f
Rutin, flavonoids, 306

S
Sauropus androgynous (medicinal 

plants), 228
Saw palmetto, prostate cancer 

prevention, 56
Secondary antioxidants, 168, 274, 277
Selenium, 278

antioxidant minerals, 300–301
deficiency, 267
immunomodulation, 266–267
for skin, 328

Selenoproteins, 267
Sequential proton loss-electron transfer 

(SPLET), 303

Serenoa repens (saw palmetto), 56
Serotonin reuptake inhibitors, 

dementia, 99
Serum, skincare product, 334, 342t–343t
Shah, D.I., 100
Shea butter in skincare product, 347
Short inflammatory bowel disease 

questionnaire (SIBDQ), 
vitamin D, 249–250

Silymarin, 330
Singh, M., 100
Single electron transfer–proton transfer 

(SETPT), 303
Skin. See also Skincare products; Skincare 

routine
aging on, 323
antioxidant nutraceuticals benefits

anthocyanins, 329
apigenin, 330
carotenoids, 332–333
coenzyme Q10, 327
curcumin, 329–330
EGCG, 333
flavonoids, 331
green tea, 325–326
licorice, 331
mushrooms, 326
polyphenols, 331–332
proanthocyanidin, 328–329
quercetin, 330
resveratrol, 329
selenium, 328
silymarin, 330
soy isoflavones, 331
vitamin A, 328
vitamin C, 327–328
vitamin E, 326–327

structure and physiology, 322–323
Skin aging, 323
Skin and free radicals

air pollution, 324
alcohol, 324–325
diet, 325
smoking, 325
ultraviolet radiation, 323–324

Skincare products
cleanser, 333–334
eye cream, 335
facial mask, 335
moisturizer, 334
nutraceuticals in, 335, 336t–346t, 347
serum, 334
softener, 334
sunscreen, 335
toner, 334
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Skincare routine, 333, 333f
Smoking. See also Cigarette smoke (CS) 

exposure
pulmonary oxidative stress, 374–375
skin health, 324, 325

Sodium-glucose co-transporter 2 (SGLT2) 
inhibitors, diabetes, 225

Sodium nitroprusside (SNP), catechins 
effect

Softener, skincare product, 334, 340t–342t
Sources of antioxidants

food, 277, 277t
selenium, 278
vitamins, 277–278, 277t

Soybean milk drink, health drink, 184
Soy isoflavones, 47, 61, 331
Soy, prostate cancer prevention, 61–62
Spermidine/spermine N1-acetyl transferase 

(SSAT), 44
Spices, diabetes, 229–230
Stilbenoids, 308

hydroxytyrosol/tyrosol, 309
phenylethanoids, 309
resveratrol, 308–309

Subcortical dementia, 97
Substance Abuse and Mental Health 

Services Administration 
(SAMHSA), 130, 131

Sulfonylureas (SUs), diabetes, 224–225
Sulforaphane (SFN), 59–60, 202, 388
Sumerian, nutraceuticals

acacia, 19, 20f
myrrh, 19
thyme, 19, 21, 21t

Sunflower seed oil in skincare product, 347
Sunscreen, skincare product, 335, 

336t–337t
Superfoods, 2–3
Superoxide anion (SOA), 100
Superoxide dismutase (SOD), 46–47, 241
Supplemental and dietary antioxidants

preeclampsia
ACE inhibitors, 158
diet, 156
dietary polyphenols, 158
fiber, role of, 158–159
food frequency questionnaire, 157–158
intake of antioxidants, 159
oxidative damage and antioxidant 

power, 156–157
prevention, 153, 154t–155t, 155–156

Supplements
to CHD and CHF, 216, 216t
dietary, 26
to endothelial function, 215–216, 215t

nutritional and nutraceutical, 206t–209t
selenium, 278

Sweet almond oil in skincare product, 347
Sweet potato (Ipomoea batatas), 

diabetes, 227
Synthetic antioxidants, 168, 277
Synthetic vs. natural antioxidants, 152–153

T
Talaulikar, V.S., 155–156
Tea, 181–183. See also Herbal tea

herbal, 228–229
polyphenols, 57–58

Terminalia bellerica (TB), 85
Terpenes, 265
Tetrahydrocannabinol (THC), 264
Thiazolidinediones (TZDs), diabetes, 225
Thiobarbituric acid reactive substances 

(TBARS) method, 171, 172
Thioctic acid. See α-lipoic acid
Thyme, 19, 21, 21t
Thymol, 21, 308
Tocopherols (vitamin E), 88, 326–327
Tocotrienols (vitamin E), 88, 327
Toner, skincare product, 334, 340t–342t
total plasma homocysteine (tHcy), 100
Trabecular meshwork, catechins effect, 361
Traditional Chinese medicine (TCM), 11
Transcription factor EB (TFEB), 387
Transforming growth factor-β (TGFβ) 

levels, 381, 389
Translational vascular medicine, 198
Trigonella foenum-graecum (  fenugreek 

seed), 227
Trolox equivalence antioxidant capacity 

(TEAC), 136
Turmeric (Curcuma longa), diabetes, 230
Turmeric, tumor incidence, 86, 89
Type 1 diabetes (IDDM),222

insulin deficiency, 223
lifestyle changes, 224

Type 2 diabetes (NIDDM), 222
insulin deficiency, 223
lifestyle changes, 224
metformin for, 224
non-insulin anti-diabetic agents, 

224–225
Tyrosol, stilbenoids, 309

U
Ubiquinone, 292–293. See also Coenzyme 

Q10 (CoQ10)
Ultraviolet radiation, skin health, 323–324



414 Index

Uncoupling protein 1 (UCP1), 85
United States

global market, 26
prostate cancer in, 38–39, 39f

Uric acid, 293–294

V
Vascular disease. See Cardiovascular 

disease (CVD)
Vasoactive Intestinal Growth Factor 

(VEGF), 88
Verocytotoxin, 86
Vitamin A, 5t, 104–105

immunomodulation, 262
for skin, 328

Vitamin B12, 99–101
Vitamin B6 and IBD, 246
Vitamin C, 5t, 105, 106

as exogenous antioxidants, 241
free radicals and ROS, 46
health drinks, 179t, 185
immunomodulation, 261–262
natural antioxidants, 88
for skin, 327–328

Vitamin D, 101–103, 102t
chronic inflammatory diseases

CD patients, 249
endogenous, 250
IBD patients, 250
osteoporosis of IBD and CD, 250–251
psoriasis, 247
SIBDQ, 249–250

prostate cancer prevention, 64–66
Vitamin D2, 101
Vitamin D3, 101
Vitamin D receptor (VDR), 64
Vitamin E, 5t, 106

free radicals and ROS, 46

health drinks, 179t
immunomodulation, 260–261
natural antioxidants, 88, 89t
for skin, 326–327

Vitamins, 277. See also Antioxidant 
vitamins

immunomodulation
β-carotene, 262
folic acid, 262
vitamin A, 262
vitamin C, 261–262
vitamin E, 260–261

Vitreous, catechins effect, 363–364
Volatile oils, 306–307

carvacrol, 307–308
eugenol, 307
methanol, 308
thymol, 308

W
Western medicine, 22
White adipose tissue (WAT), 85
Wine, cardiovascular health, 30
Witch hazel in skincare product, 347
Wolfberry, 14, 15f

Y
Yogurts, 172

Z
Zeisel, S.H., 2
Zinc

antioxidant minerals, 301–302
immunomodulation, 265–266

Zingiber officinale (Ginger), 230
Zobo drinks, 184–185
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