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Preface

This book, Functional Foods and Nutraceuticals: Bioactive Components,
Formulations and Innovations, presents scientific information on the importance of
functional foods to human health and the probable mechanisms of nutraceuticals in
the prevention, treatment, and management of diseases. This book comes at a time
when there is an urgent need to address the increasing cases of metabolic diseases
and high rates of deaths resulting from the lack of proper knowledge or deviation
from good eating habit. This book is designed to serve a useful purpose as substitute
for the unverifiable sources of information on the internet and in the very old litera-
tures, which are doused with all sorts of promotional propaganda for profit-making
while leading people astray. The general public should understand what and why
they should eat certain foods or use certain dietary supplements. This book serves
this purpose while balancing the evidences of their health-promoting benefits and
the associated risks.

The global demand for functional foods and nutraceuticals has continuously
evolved through the years with a projected global nutraceutical market increase
from $241 billion market in 2019 to $373 billion in 2025 at a compound annual
growth rate of 7.5%. The first chapter of this book on functional foods and health
benefits presents the evolution of our understanding about the terms and concepts of
functional foods and nutraceuticals. Evidence-based health benefits of functional
foods and/or nutraceuticals are also presented which are further discussed in the
succeeding chapters. The following chapters are discussions of the different groups
of functional foods and/or nutraceuticals, their sources, bioactive components,
health benefits, and risks. Also included are emerging areas of the industry. Topics
on regulations and safety were also taken into consideration.

The chapter contributors of this book are respected authors and professionals
from key institutions around the world. The primary target audience for this book
are users of functional foods, food supplements, and nutraceuticals, food technology
students, nutritionists, researchers on natural products and phytochemistry, chemis-
try students, and public and private health practitioners. Additionally, the general
public will find this book useful. The chapters are well thought of and crafted using
simple English so that even the general public will be able to understand.
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Our sincere appreciation goes to the chapter contributors for their great contribu-
tions, patience, and cooperation during the editorial process. Their hard work and
dedication have significantly contributed to the completion of this book. Our special
thanks go to our families for their support and patience during the whole process. To
the management of Springer, we will remain thankful for your guidance and sup-
port. To the readers, we hope you will find this book helpful and informative. May
our efforts in coming up with this book shed light in your never-ending quest for
knowledge as we welcome your views.

Port Harcourt, Rivers State, Nigeria Chukwuebuka Egbuna
Davao City, Philippines Genevieve Dable-Tupas
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Chapter 1
Functional Foods and Health Benefits

Check for
updates

Genevieve Dable-Tupas (), Maria Catherine B. Otero, and Leslie Bernolo

1.1 Introduction

Population demographics, socio-economic changes, increase in life expectancy, and
increase in cost of health care have attracted researchers to conduct studies on how
these changes can be managed efficiently (Eufic 2006). Functional foods and nutra-
ceuticals have been identified as one of the leading food categories where research
and development efforts are concentrated (Kindle 2001). Hence, major companies
have become more curious and eventually ventured in the development of foods for
health and wellness market. During the 1990s, food industries, including manufac-
turers of functional foods had 10 to 20% annual increase in sales. In the US, func-
tional foods market has reached $18.5 billion. According to Hasler (2002), the
market for functional foods will continue to be strong for the next several years,
most especially because consumers have developed interest in self-care, aging
demographics and increasing healthcare costs. In 2018, the functional food ingredi-
ents market was valued at $68.60 billion and is forecasted to reach $94.21 billion by
2023 at a compounded annual growth rate (CAGR) of 6.6% (Markets and
Markets 2019).

The concept of functional foods originated in Japan in the mid-1980s when
the Japanese government commenced providing financial assistance to research
programs focused on the capability of certain foods to influence physiological
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functions (Litwin et al. 2018). However, up to this day, there is still no single
definition of functional foods.

International groups in dietetics and nutrition, such as the International Life
Sciences Institute, International Food Information Council, the European
Commission, the American Dietetic Association, and the Academy of Nutrition and
Dietetics, agree that “functional foods provide health benefits beyond basic nutri-
tion.” But there is no consensus on whether medical foods, foods for special dietary
use, and food supplements are qualified as functional foods. Table 1.1 shows the
evolution of the meaning of functional foods.

In this chapter, we operationally define functional foods as “whole foods along
with fortified, enriched, or enhanced foods that have a potentially beneficial effect

Table 1.1 Evolution of functional foods definition

Organization Definition of functional foods Reference
National Academy of Any modified food or food ingredient that may Thomas and
Sciences’ Food and provide a health benefit beyond the traditional Earl (1994)
Nutrition Board nutrients it contains
International Life Foods that, by virtue of the presence of Hasler (2002)
Sciences Institute physiologically-active components, provide a health

benefit beyond basic nutrition
Encyclopedia of Food Food made from natural ingredients, consumable as | Leon (2003)
Sciences and Nutrition part of the daily diet, and has certain function when

taken which serves to regulate body processes such
as enhancement of biological defense mechanisms,
prevention of specific diseases, recovery from
specific illness, control of physical and mental
disorders and slowing of aging process

10th International Natural or processed foods that contain known or Martirosyan
functional food unknown biologically-active compounds which and Singh
conference provide a clinically proven documented health (2015)

benefit for the prevention, management, or
treatment of chronic diseases

17th International Natural or processed foods that contain known or Martirosyan
conference organized by | unknown biologically-active compounds which and Singh
the US Department of provide a clinically proven documented health (2015)
Agriculture (USDA) and | benefit for the prevention, management, or

Agricultural Research treatment of chronic diseases in effective non-toxic

Service (ARS) amounts

Academy of Nutrition and | Whole foods along with fortified, enriched or Wolfram
Dietetics enhanced foods with potential beneficial effect on | (2017)

health when eaten as part of a varied diet on a
regular basis at effective levels based on significant
standards of evidence

British Nutrition Encompassing a very broad range of products from | British
Foundation foods developed for a particular functional Nutrition
ingredient to staple foods fortified with a nutrient Foundation
that are seldom present (2018)
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on health when consumed as part of a varied diet on a regular basis at effective
levels” (Crowe and Francis 2013). We further characterize functional foods as those:

1. found in conventional food forms with inherent sensory characteristics;

2. containing physiologically functional components that are not consumed in
medicinal/therapeutic levels;

3. that confer scientifically-proven physiologic benefit/s when consumed as part of
the regular diet, but not in the pill or isolated forms;

4. scientifically-proven safe for long-term consumption of the intended
population;

5. containing functional components (whether nutrient or phytochemical) that are
naturally present, or are added to the food (Sion et al. 2018),

6. may be used to prevent and treat certain diseases.

Another confusing term often used interchangeably with functional food is
nutraceuticals. Nutraceuticals is a term derived from ‘nutrition’ and ‘pharmaceu-
ticals’ (Kalra 2003). It was coined in 1989 by the founder of Foundation for
Innovation in Medicine, Dr. Stephen De Felice, and is defined as ‘any substance
that is a food or a part of a food and provides medical or health benefits, includ-
ing the prevention and treatment of disease’ (Cencic and Chingwaru 2010). Just
like functional foods, nutraceuticals is defined differently in many countries.
According to Trottier et al. (2010), when functional food aids in the prevention
and/or treatment of diseases and/or disorders other than anaemia, it is called a
nutraceutical. In Canada and US, nutraceuticals is defined as ‘a product produced
from foods but sold in pills, powders, and other medicinal forms not generally
associated with food (Bull et al. 2000; Nasri et al. 2014). Hence, the simplest
difference between functional foods and nutraceuticals is that a functional food
is essentially a food, but a nutraceutical is an isolated or concentrated form used
as medicine to improve health, impede aging, prevent chronic diseases, and
increase life expectancy (Nasri et al. 2014).

Despite the immense interest in health research, the design of functional
foods and nutraceuticals requires high development costs and produces critical
challenges, which are sometimes difficult to handle for food companies
(Villafio et al. 2016). Thus, introducing functional food to the market entails a
series of steps involving research, communication with government agencies,
and effective public marketing (IFT 2015). Currently, research efforts have
been intensified more to increase understanding of the mechanisms in func-
tional foods. Nutrigenomics and biotechnology are two of the most popular
emerging discipline and technology that are known to affect the future of func-
tional foods. According to Pavlidis et al. (2015), nutrigenomics is an emerging
science which look into a specific area of nutrition using molecular tools to
assess and understand different responses gathered through a certain diet
applied between individual and groups. Biotechnology, on the other hand, is a
technology that uses biological systems or living organisms to develop new
products (NUST 2019).
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1.2 Classification of Functional Foods

According to the International Life Sciences Institute, food has three important
roles in the body. First is the provision of nutrients so the body can carry out its day
to day activities, and for growth and development. Second, food gives satisfaction
and improves well-being, especially food that tastes, looks, and smells good. The
third, and the most recently added function of food relates to the regulation of physi-
ologic processes in the body by components other than the main nutrients from the
food (Sion et al. 2018). The appreciation of this role of food for health fueled global
research on functional food science.

There are 3 general classes of functional foods (Table 1.2), based on how these
are prepared: conventional foods, modified foods, and food ingredients. Conventional
food are whole, unmodified food, such as vegetables and fruits, fish, dairy, and
grains, that naturally contain bioactive components that confer health benefits
(Crowe and Francis 2013). Conventional food represents the top functional food
items recognized by consumers (Food Insight 2009).

Modified foods are normal food items that have been enhanced, enriched, or
fortified with functional food components. Some examples of modified foods are
fruit juices with calcium, folate-enriched breads, beverages with plant extracts, and
iodized salt. Functional food components range from macronutrients, essential
micronutrient needed in higher levels, or non-nutrient components like phytochemi-
cals, which are derived from plants, microorganisms, marine organisms, and other
inorganic raw materials (Hasler and Brown 2009; Crowe and Francis 2013). The
health benefits of common functional food components/ingredients will be dis-
cussed in the next section of this chapter.

Food fortification is a general term that describes the supplementation of food
components, whether nutrient or non-nutrient, to improve the properties of func-
tional food (FAO/WHO 1994; Dary and Hurrell 2006). Another technical term
used in food modification is enrichment. Enriched foods are equivalent to forti-
fied foods, where the “fortificants” are food components normally found in the
raw food, but were lost during processing (FAO/WHO 1994; Hoffpauer and
Wright 1994). An emergent innovation in food fortification is Biofortification,
where the nutrient composition of the food source (animal or plant) is increased

Table 1.2 Classification of functional foods

Classes Description Examples
Conventional Whole, unmodified food that naturally | Vegetables and fruits, fish, dairy, and
food contain bioactive components that grains

confer health benefits

Modified foods | Food items that have been enhanced, | Fruit juices with calcium, folate-
enriched, or fortified with functional | enriched breads, beverages with plant
food components extracts, and iodized salt

Synthetic food | Functional components that are Inulin-type fructans

ingredients synthesized in the laboratory
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via selective breeding or feeding, treatment, or genetic engineering (Calvo and
Whiting 2013; Cashman 2015).

The third class of functional foods is synthetic food ingredients, such as
inulin-type fructans, that serve as prebiotics (Crowe and Francis 2013). Inulin
and oligofructose are well-studied prebiotics known to selectively stimulate
beneficial gut microorganisms. Inulin-type fructans are dietary fiber complexes
produced using Aspergillus niger B-fructosidase (Roberfroid 2007). It is esti-
mated that this area of functional foods will have the highest growth in the next
15 years because of its various applications in almost all food groups (Functional
Food Ingredients Market 2018).

International standards and guidelines applied for evaluating functional food are
stipulated in the Codex Alimentarius Guidelines for Use of Nutrition and Health
Claims (CAC/GL 23-1997). Under this set of guidelines, food manufactures of
functional food may label their products with approved health claims when the
defined criteria are met. These claims are:

1. Nutrient function claim, which describes the physiologic role of the nutrient in
normal functioning, growth, and development;

2. Other function claim, which describes the specific benefits of non-nutrient com-
ponents on physiologic functions of the body;

3. Reduction of disease risk claim, which relates on the consumption of food or
food ingredients to decreased risks for a specific disease or condition.

1.3 Health Benefits

Since time immemorial, it has been common knowledge that eating fruits and veg-
etables is good for prevention of diseases and promotion of health. However, scien-
tific studies were lacking. With the advent of global researches on functional foods,
many of the health claims in the past are now supported by scientific evidence.
Indeed, evidence has shown that functional foods can really prevent and/or serve as
adjunct in the management of a number of diseases. Randomized controlled trials
and systematic reviews presented several health benefits on the use of functional
foods. These benefits have been attributed to specific phytochemical components
contained in these food sources (Table 1.3). Shown in the table below are some
important phytochemicals found in functional foods that are shown to provide
health benefits.

There are more phytochemicals contained in functional foods that are not
included in the table above which will be discussed in the succeeding chapters of
this book. These evidence-based health benefits of functional foods are expected to
expand in the future owing to its increasing usage and marketability which demand
for more research to be conducted.
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Table 1.3 Important phytochemicals in functional foods and their health benefits

Phytochemicals

Functional Food Sources

Health Benefits

Anthocyanins

Red, purple, & blue
veggies: Red cabbage,
straw/black/blueberries,
radishes, plums, &
eggplant; elderberry; black
rice; bananas

Reduction of cholesterol (Wallace et al. 2016);
Prevention of Cardiovascular diseases (Mink
et al. 2007; Qin et al. 2009; Cassidy et al. 2011;
Hassellund et al. 2012; Jennings et al. 2012;
McCullough et al. 2012; Hassellund et al.,
2013); Antiobesity or Weight loss (CAB
Reviews 2010; Bertoia et al. 2016; Azzini et al.
2017); Cancer prevention (Wang and Stoner
2008; Lin et al. 2017); Enhances cognitive
function (Whyte and Williams 2012; Wallace
and Giusti 2013)

Beta-carotene

Sweet potato; carrots;
spinach; butternut squash;
cantaloupe; lettuce; bell
pepper; apricot; broccoli;
pea; other yellow and
orange colored vegetables
and fruits

Precursor of Vit. A (Grune et al. 2010; Gul et al.
2015); Inhibits the peroxidation of lipids
induced by free radicals (Antioxidant) (Grune
et al. 2010; Gul et al. 2015); Prevention of
sunburns and photodamage (Krutmann 2008;
Stahl and Sies 2012), porphyria (Sassa 2006;
Mir 2018) and psoriasis (Rollman and Vahlquist
1985)

Catechins Green tea, apples (peel on), | Antioxidant (Cabrera et al. 2006); Lowers blood
apricots, cherries, peaches, | pressure and low density lipoprotein (Kim et al.
blackberries, black grapes, |2011; Khalesi et al. 2014)
strawberries, blueberries
and raspberries

Flavonoids Citrus fruits, berries, purple | Antioxidant (Brunetti et al. 2013; Banjarnahor
grapes, onions, black and and Artnti 2015), Decreases inflammation, may
green tea, cocoa, legumes, | protect against heart disease, stroke & cancer
soy, & whole grains (Serafini et al. 2010; Perez-Cano and Castell

2016)

Lutein Green leafy vegetables: Protection from eye disease by absorbing
kale, collards, spinach, damaging blue light that enters the eye (Johnson
romaine & broccoli; yellow | 2002); May reduce risk of age-related macular
corn degeneration (Ugusman et al. 2014)

Lycopene Tomatoes, watermelon & | Decreases risk for prostate cancer (Ilic et al.
pink grapefruit, pink guava, | 2011; Ilic and Misso 2012; Wang et al. 2015;
papaya, seabuckthorn and | Chen et al. 2015; Rowles et al. 2017) and
rosehip Cardiovascular diseases (Cheng et al. 2017);

Cholesterol lowering action (Ried and Fakler
2011); Protection against Metabolic Syndrome
(Senkus et al. 2018); Strong antioxidant effect
(Chen et al. 2013)

Quercetin Yellow fruits & veggies: Blood pressure reduction (Serban et al. 2016);

Apples/pears, citrus fruits,
onions, some berries,
black/green tea

Antioxidants, decreases inflammation, & may
help protect from heart disease, stroke & cancer
(Shah et al. 2016)

(continued)
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Table 1.3 (continued)

Phytochemicals | Functional Food Sources Health Benefits

Resveratrol Red/purple grapes, red Promotes cardiovascular health; decreases
wine, purple grape juice, blood pressure and body mass index (Fogacci
cocoa/dark chocolate & et al. 2018)
peanuts

Rutin (vitamin P | Buckwheat; Asparagus; Anti-inflammatory (Guardia et al. 2001;

or Rotuside) elderflower tea; unpeeled Gunawardena and Munch 2014; Horcajada
apples; figs et al. 2014; Ganeshpurkara and Salujaa 2017);

Neuroprotection against brain ischemia (Pu

et al. 2007; Khan et al. 2009; Javed et al. 2012);
Improves endothelial function by enhancing
nitric oxide production (Ugusman et al. 2014)

Zeaxanthin Green leafy vegetables: Protection from eye disease by absorbing
kale, collards, spinach, damaging blue light that enters the eye (Johnson
romaine & broccoli; yellow | 2002); May reduce risk of age-related macular
corn degeneration (Ugusman et al. 2014)

1.4 Summary

Presented in this introductory chapter are the common phytochemicals contained in
functional foods with evidence-based health benefits. In view of a variety of defini-
tions found in literatures regarding functional foods, we operationally defined func-
tional foods as “whole foods along with fortified, enriched, or enhanced foods that
have a potentially beneficial effect on health when consumed as part of a varied diet
on a regular basis at effective levels” (Crowe and Francis, 2013). Functional foods
differ from another related term nutraceuticals in that functional foods are essen-
tially foods while nutraceuticals are derived from foods but are used as medicines.
A tabulated classification of functional foods was also presented to improve under-
standing of the term. Overall, numerous claims on the health benefits of functional
foods have been documented with evidence-based researches. Henceforward,
evidence-based health benefits are more likely to surface in the coming years owing
to the current popularity of functional foods. Hopefully, this will encourage people
to go back to eating natural, unprocessed healthier food sources to promote health
and prevent diseases.

References

Azzini E, Giacometti J, Russo GL (2017) Antiobesity Effects of Anthocyanins in
Preclinical and Clinical Studies. Oxidative Med Cell Longev 2017:2740364. https://doi.
org/10.1155/2017/2740364

Banjarnahor DS, Artnti N (2015) Antioxidant properties of flavonoids. Med J Indones
23(4):239-244


https://doi.org/10.1155/2017/2740364
https://doi.org/10.1155/2017/2740364

8 G. Dable-Tupas et al.

Bertoia ML, Rimm EB, Mukamal KJ, Hu FB, Willett WC (2016) Dietary flavonoid intake and
weight maintenance: three prospective cohorts of 124086 US men and women followed for up
to 24 years. BMJ 352. https://doi.org/10.1136/bmj.i17

British Nutrition Foundation (2018) Functional foods. Retrieved from https://www.nutrition.org.
uk/nutritionscience/foodfacts/functional-foods.html. Available on 1st February, 2019.

Brunetti C, Di Ferdinando M, Fini A, Pollastri S, Tattini M (2013) Flavonoids as antioxidants and
developmental regulators: relative significance in plants and humans. Int J Mol Sci 14(2):3540—
3555. https://doi.org/10.3390/ijms 14023540

Bull E, Rapport L, Lockwood B (2000) What is a nutraceutical? Retrieved from https://www.
pharmaceutical-journal.com/1-what-is-a nutraceutical/20002095 .article ”firstPass=false

CAB reviews perspectives in agriculture veterinary science nutrition and natural resources 5(029).
Anthocyanins and weight loss. (2010). https://doi.org/10.1079/PAVSNNR20105029

Cabrera C, Artacho R, Giménez R (2006) Beneficial effects of green tea—a review. J Am Coll
Nutr 25(2):79-99

Calvo MS, Whiting SJ (2013) Survey of current vitamin D food fortification practices in the United
States and Canada. J Steroid Biochem Mol Biol 136:211-213

Cashman KD (2015) Vitamin D: dietary requirements and food fortification as a means of helping
achieve adequate vitamin D status. J Steroid Biochem Mol Biol 148:19-26

Cassidy A, O’Reilly EJ, Kay C, Sampson L, Franz M, Forman JP, Curhan G, Rimm EB (2011)
Habitual intake of flavonoid subclasses and incident hypertension in adults. Am J Clin Nutr
93:338-347. https://doi.org/10.3945/ajcn.110.006783

Cencic A, Chingwaru W (2010) The Role of Functional Foods, Nutraceuticals, and Food
Supplements in Intestinal Health. Nutrients 2(6):611-625

Chen J, Song Y, Zhang L (2013) Effect of lycopene supplementation on oxidative stress: an
exploratory systematic review and metaanalysis of randomized controlled trials. J Med Food
16(5):361-374

Chen P, Zhang W, Wang X, Zhao K, Negi DS, Zhuo L, Qi M, Wang X, Zhang X (2015) Lycopene
and risk of prostate cancer: a systematic review and meta-analysis. Medicine 94(33):e1260

Cheng HM, Koutsidis G, Lodge JK, Ashor AW, Siervo M, Lara J (2017) Lycopene and tomato
and risk of cardiovascular diseases: A systematic review and meta-analysis of epidemiological
evidence. Crit Rev Food Sci Nutr 1:1-8

Crowe KM, Francis C (2013) Position of the academy of nutrition and dietetics: functional foods.
J Acad Nutr Diet 113(8):1096-1103

Dary O, Hurrell R (2006) Guidelines on food fortification with micronutrients. Switzerland World
Health Organization, Food and Agricultural Organization of the United Nations, Geneva

Eufic (2006) What are functional foods and How can they help us? Retrieved from https://www.
eufic.org/en/food-production/article/functional-foods.

FAO/WHO (1994) Codex alimentarius, vol 4, 2nd edn

Fogacci F, Tocci G, Presta V, Fratter A, Borghi C, Cicero AF (2018 Jan) Effect of resveratrol on
blood pressure: A systematic review and meta-analysis of randomized, controlled, clinical tri-
als. Crit Rev Food Sci Nutr 19:1-4

Food Insight (2009, August) 2009 Functional foods/foods for health consumer trends
survey executive summary. Accessed on 29 March 2019. https://foodinsight.
org/2009-functional-foods-foods-for-health-consumer-trending-survey-executive-summary-2/

Functional Food Ingredients Market (2018, July) Functional food ingredients market by type (pro-
biotics, prebiotics, proteins & amino acids, phytochemical & plant extracts, omega-3 fatty
acids, carotenoids, fibers & specialty carbohydrates), application, source, and region — global
forecast to 2023. Accessed on 29 Mar 2019 at https://www.marketsandmarkets.com/Market-
Reports/functional-food-ingredients-market-9242020.html

Ganeshpurkara A, Salujaa AK (2017) Neuroprotective effect of Rutin. Saudi Pharm J
25(2):149-164

Grune T, Lietz G, Palou A, Ross AC, Stahl W, Tang G et al (2010) p-carotene is an important vita-
min a source for humans. J Nutr 140(12):22685-2285S. https://doi.org/10.3945/jn.109.119024


https://doi.org/10.1136/bmj.i17
https://www.nutrition.org.uk/nutritionscience/foodfacts/functional-foods.html
https://www.nutrition.org.uk/nutritionscience/foodfacts/functional-foods.html
https://doi.org/10.3390/ijms14023540
https://www.pharmaceutical-journal.com/1-what-is-a-nutraceutical/20002095.article?firstPass=false
https://www.pharmaceutical-journal.com/1-what-is-a-nutraceutical/20002095.article?firstPass=false
https://doi.org/10.1079/PAVSNNR20105029
https://doi.org/10.3945/ajcn.110.006783
https://www.eufic.org/en/food-production/article/functional-foods
https://www.eufic.org/en/food-production/article/functional-foods
https://foodinsight.org/2009-functional-foods-foods-for-health-consumer-trending-survey-executive-summary-2/
https://foodinsight.org/2009-functional-foods-foods-for-health-consumer-trending-survey-executive-summary-2/
https://www.marketsandmarkets.com/Market-Reports/functional-food-ingredients-market-9242020.html
https://www.marketsandmarkets.com/Market-Reports/functional-food-ingredients-market-9242020.html
https://doi.org/10.3945/jn.109.119024

1 Functional Foods and Health Benefits 9

Guardia T, Rotelli AE, Juarez AO, Pelzer LE (2001) Anti-inflammatory properties of plant fla-
vonoids. Effects of rutin, quercetin and hesperidin on adjuvant arthritis in rat. Farmaco
56(9):683-687. [PubMed]

Gul K, Tak A, Singh AK, Singh P, Yousuf B, Wani AA (2015) Chemistry, encapsulation, and health
benefits of B-carotene — a review. Cogent Food Agric 1:1018696

Gunawardena D, Munch G (2014) Polyphenols in chronic diseases and their mechanisms of action.
In: Polyphenols in human health and disease. Academic Press, Amsterdam

Hasler CM (2002) Functional foods: benefits, concerns and challenges—a position paper from the
American Council on Science and Health. J Nutr 132(12):3772-3781. https://doi.org/10.1093/
jn/132.12.3772

Hasler CM, Brown AC (2009) Position of the American Dietetic Association: functional foods. J
Am Diet Assoc 109(4):735-746

Hassellund SS, Flaa A, Sandvik L, Kjeldsen SE, Rostrup M (2012) Effects of anthocyanins on
blood pressure and stress reactivity: A double-blind randomized placebo-controlled crossover
study. J Hum Hypertens 26:396—404. https://doi.org/10.1038/jhh.2011.41

Hassellund SS, Flaa A, Kjeldsen SE, Seljeflot I, Karlsen A, Erlund I, Rostrup M (2013) Effects
of anthocyanins on cardiovascular risk factors and inflammation in pre-hypertensive men: A
double-blind randomized placebo-controlled crossover study. J Hum Hypertens 27:100—-106.
https://doi.org/10.1038/jhh.2012.4

Hoffpauer DW, Wright SL III (1994) Enrichment of rice. In: Marshall WE, Wadsworth JI (eds)
Rice science and technology. Marcel Dekker, Inc., New York

Horcajada MN, Sanchez C, Membrez SF, Drion P, Comblain F, Taralla S, Donneau AF, Offord EA,
HenrotinY (2014) Oleuropein or rutin consumption decreases the spontaneous development of
osteoarthritis in the Hartley guinea pig. Osteoarthr Cartil 23(1):94—102. https://www.nutrition.
org.uk/nutritionscience/foodfacts/functional-foods.html?start=1

Ilic D, Misso M (2012) Lycopene for the prevention and treatment of benign prostatic hyperplasia
and prostate cancer: a systematic review. Maturitas 72(4):269-276

Ilic D, Forbes KM, Hassed C (2011) Lycopene for the prevention of prostate cancer. Cochrane
Database Syst Rev 11:CD008007

International Food Technologists (2015) Bringing functional foods to market. Retrieved from
http://www.ift.org/knowledgecenter/read-ift-publications/science-reports/scientific-status-
summaries/functional-foods/bringingfunctional-foods-to-market.aspx

Javed H, Khan MM, Ahmad A, Vaibhav K, Ahmad ME, Khan A, Ashafaq M, Islam F, Siddiqui
MS, Sathi MM, Islam F (2012) Rutin prevents cognitive impairments by ameliorating oxi-
dative stress and neuroinflammation in rat model of sporadic dementia of Alzheimer type.
Neuroscience 17:340-352

Jennings A, Welch AA, Fairweather-Tait SJ, Kay C, Minihane AM, Chowienczyk P, Jiang B,
Cecelja M, Spector T, Macgregor A et al (2012) Higher anthocyanin intake is associated with
lower arterial stiffness and central blood pressure in women. Am J Clin Nutr 96:781-788.
https://doi.org/10.3945/ajcn.112.042036

Johnson EJ (2002) The role of carotenoids in human health. Nutr Clin Care 5(2):56-65

Kalra EK (2003) Nutraceutical — Definition and introduction. AAPS Pharm Sci 5:E25

Khalesi S, Sun J, Buys N, Jamshidi A, Nikbakht-Nasrabadi E, Khosravi-Boroujeni H (2014) Green
tea catechins and blood pressure: a systematic review and meta-analysis of randomised con-
trolled trials. Eur J Nutr 53(6):1299-1311

Khan MM, Ahmad A, Ishrat T, Khuwaja G, Srivastawa P, Khan MB, Raza SS, Javed H, Vaibhav K,
Khan A, Islam F (2009) Rutin protects the neural damage induced by transient focal ischemia
in rats. Brain Res 1292:123-135

Kim A, Chiu A, Barone MK, Avino D, Wang F, Coleman CI, Phung OJ (2011) Green tea catechins
decrease total and low-density lipoprotein cholesterol: a systematic review and meta-analysis.
J Am Diet Assoc 111(11):1720-1729

Kindle L (2001) The top 100 R&D® survey. Food Process 62:18-22


https://doi.org/10.1093/jn/132.12.3772
https://doi.org/10.1093/jn/132.12.3772
https://doi.org/10.1038/jhh.2011.41
https://doi.org/10.1038/jhh.2012.4
https://www.nutrition.org.uk/nutritionscience/foodfacts/functional-foods.html?start=1
https://www.nutrition.org.uk/nutritionscience/foodfacts/functional-foods.html?start=1
http://www.ift.org/knowledgecenter/read-ift-publications/science-reports/scientific-status-summaries/functional-foods/bringingfunctional-foods-to-market.aspx
http://www.ift.org/knowledgecenter/read-ift-publications/science-reports/scientific-status-summaries/functional-foods/bringingfunctional-foods-to-market.aspx
https://doi.org/10.3945/ajcn.112.042036

10 G. Dable-Tupas et al.

Krutmann J (2008) Protection from sunburn with beta-Carotene — a meta-analysis. Photochem
Photobiol 84(2):284-288

Leon F (2003) Functional foods. In: Encyclopedia of food sciences and nutrition, 2nd edn.
Academic Press, Amsterdam, pp 2827-2832

Lin BW, Gong CC, Song HF, Cui YY (2017) Effects of anthocyanins on the prevention and treat-
ment of cancer. Br J Pharmacol 174(11):1226—1243. https://doi.org/10.1111/bph.13627

Litwin N, Clifford J, Johnson S. (2018) Functional foods for health. Retrieved from https://exten-
sion.colostate.edu/topic-areas/nutrition-food-safety-health/functional-foods-for-health-9-391/

Markets and Markets (2019) Functional food ingredients market by type (probiotics, prebiotics,
proteins & amino acids, phytochemical & plant extracts, omega-3 fatty acids, carotenoids,
fibers & specialty carbohydrates), application, source, and region — global forecast to 2023.
Retrieved from https://www.marketsandmarkets.com/Market-Reports/functional-food-ingre-
dients-market-9242020.html

Martirosyan DM, Singh J (2015) A new definition for functional food by FFC: creating functional
food products using new definition. Retrieved from https://www.functionalfoodscenter.net/
files/111174880.pdf

McCullough ML, Peterson JJ, Patel R, Jacques PF, Shah R, Dwyer JT (2012) Flavonoid intake
and cardiovascular disease mortality in a prospective cohort of US adults. Am J Clin Nutr
95:454-464. https://doi.org/10.3945/ajen.111.016634

Mink PJ, Scrafford CG, Barraj LM, Harnack L, Hong CP, Nettleton JA, Jacobs DR Jr (2007)
Flavonoid intake and cardiovascular disease mortality: A prospective study in postmenopausal
women. Am J Clin Nutr 85:895-909

Mir MA (2018) Porphyria overview. Medscape 2018. Retrieved from https://emedicine.medscape.
com/article/1389981-overview

Nasri H, Baradaran A, Shirzad H, Rafieian-Kopaei M (2014) New concepts in nutraceuticals as
alternative for pharmaceuticals. Int J Prev Med 5(12):1487-1499

Norwegian University of Science and Technology (2019) What is biotechnology? Retrieved from
https://www.ntnu.edu/ibt/about-us/what-is-biotechnology

Pavlidis C, Patrinos GP, Katsila T (2015) Nutrigenomics: a controversy. Appl Transl Genomics
4:50-53

Pérez-Cano FJ, Castell M (2016) Flavonoids, inflammation and immune system. Nutrients
8(10):659. https://doi.org/10.3390/nu8100659

Pu F, Mishima K, Irie K, Motohashi K, Tanaka Y, Orito K, Egawa T, Kitamura Y, Egashira N,
Iwasaki K, Fujiwara M (2007) Neuroprotective effects of quercetin and rutin on spatial mem-
ory impairment in an 8-arm radial maze task and neuronal death induced by repeated cerebral
ischemia in rats. J Pharmacol Sci 104:329-334

QinY, Xia M, Ma J, Hao YT, Liu J, Mou HY, Cao L, Ling W (2009) Anthocyanin supplementation
improves serum LDL- and HDL-cholesterol concentrations associated with the inhibition of
cholesteryl ester transfer protein in dyslipidemic subjects. Am J Clin Nutr 90:485-492. https://
doi.org/10.3945/ajcn.2009.27814

Ried K, Fakler P (2011 Apr 1) Protective effect of lycopene on serum cholesterol and blood pres-
sure: Meta-analyses of intervention trials. Maturitas 68(4):299-310

Roberfroid MB (2007) Inulin-type fructans: functional food ingredients. J Nutr
137(11):2493S-2502S

Rollman O, Vahlquist A (1985) Psoriasis and vitamin A. Plasma transport and skin content of reti-
nol, dehydroretinol and carotenoids in adult patients versus healthy controls. Arch Dermatol
Res 278(1):17-24

Rowles JL III, Ranard KM, Smith JW, An R, Erdman JW Jr (2017 Dec) Increased dietary and
circulating lycopene are associated with reduced prostate cancer risk: a systematic review and
meta-analysis. Prostate Cancer Prostatic Dis 20(4):361

Sassa S (2006 Nov) Modern diagnosis and management of the porphyrias. Br J Haematol
135(3):281-292


https://doi.org/10.1111/bph.13627
https://extension.colostate.edu/topic-areas/nutrition-food-safety-health/functional-foods-for-health-9-391/
https://extension.colostate.edu/topic-areas/nutrition-food-safety-health/functional-foods-for-health-9-391/
https://www.marketsandmarkets.com/Market-Reports/functional-food-ingredients-market-9242020.html
https://www.marketsandmarkets.com/Market-Reports/functional-food-ingredients-market-9242020.html
https://www.functionalfoodscenter.net/files/111174880.pdf
https://www.functionalfoodscenter.net/files/111174880.pdf
https://doi.org/10.3945/ajcn.111.016634
https://emedicine.medscape.com/article/1389981-overview
https://emedicine.medscape.com/article/1389981-overview
https://www.ntnu.edu/ibt/about-us/what-is-biotechnology
https://doi.org/10.3390/nu8100659
https://doi.org/10.3945/ajcn.2009.27814
https://doi.org/10.3945/ajcn.2009.27814

1 Functional Foods and Health Benefits 11

Senkus KE, Tan L, Crowe-White KM (2018) Lycopene and metabolic syndrome: a systematic
review of the literature. Adv Nutr 10(1):19-29

Serafini M, Peluso I, Raguzzini A (2010) Session 1: Antioxidants and the immune system
Flavonoids as anti-inflammatory agents. Proc Nutr Soc 69(3):273-278. https://doi.org/10.1017/
S5002966511000162X

Serban MC, Sahebkar A, Zanchetti A, Mikhailidis DP, Howard G, Antal D, Andrica F, Ahmed A,
Aronow WS, Muntner P, Lip GY (2016) Effects of quercetin on blood pressure: a systematic
review and meta-analysis of randomized controlled trials. ] Am Heart Assoc 5(7):e002713

Shah PM, Priya VV, Gayathri R (2016) Quercetin-a flavonoid: a systematic review. Int J Pharm
Sci Res 8(8):878

Sion Tee A, Wong J, Chan P (2018) Functional foods monography 2017, ILSI Southeast Asia
region monograph series. International Life Sciences Institute Southeast Asia Region

Stahl W, Sies H (2012) B-Carotene and other carotenoids in protection from sunlight. Am J Clin
Nutr 96(5):1179S—-1184S. https://doi.org/10.3945/ajcn.112.034819

Thomas PR, Earl R (eds) (1994) Committee on opportunities in the nutrition and food sciences,
food and nutrition board, institute of medicine. In: Opportunities in the nutrition and food sci-
ences: research challenges and the next generation of investigators. National Academy Press,
Washington, DC, pp 98-142

Trottier G, Bostrom PJ, Lawrentschuk N, Fleshner NE (2010) Nutraceuticals and prostate cancer
prevention: a current review. Nat Rev Urol 7:21-30

Ugusman A, Zakaria Z, Chua KH, Nordin NA, Abdullah MZ (2014) Role of rutin on nitric oxide
synthesis in human umbilical vein endothelial cells. Sci World J 2014:169370

Villafio D, Vilapana A, Vigeura C, Moreno DA (2016) Chapter 10: Development of functional
foods. In: Innovation strategies in the food industry tools for implementation. Elsevier Science
& Technology, San Diego, pp 191-210

Wallace TC, Giusti MM (2013) Chapter: 10: Effects of anthocyanins on neuronal and cognitive
brain functions. In: Anthocyanins in health and disease. https://doi.org/10.1201/b15554-11

Wallace TC, Slavin M, Frankenfeld CL (2016) Systematic review of anthocyanins and markers of
cardiovascular disease. Nutrients 8(1):32. https://doi.org/10.3390/nu8010032

Wang LS, Stoner GD (2008) Anthocyanins and their role in cancer prevention. Cancer Lett
269(2):281-290. https://doi.org/10.1016/j.canlet.2008.05.020

Wang Y, Cui R, Xiao'Y, Fang J, Xu Q (2015) Effect of carotene and lycopene on the risk of prostate
cancer: a systematic review and dose-response meta-analysis of observational studies. PLoS
One 10(9):e0137427

Whyte AR, Williams CM (2012) The cognitive effects of acute blueberry anthocyanin interven-
tions on 7-9 year old children. Appetite 59(2):637

Wolfram T (2017) Functional foods. Academy of Nutrition and Dietetics. Retrieved from https://
www.eatright.org/food/nutrition/healthy-eating/functional-foods


https://doi.org/10.1017/S002966511000162X
https://doi.org/10.1017/S002966511000162X
https://doi.org/10.3945/ajcn.112.034819
https://doi.org/10.1201/b15554-11
https://doi.org/10.3390/nu8010032
https://doi.org/10.1016/j.canlet.2008.05.020
https://www.eatright.org/food/nutrition/healthy-eating/functional-foods
https://www.eatright.org/food/nutrition/healthy-eating/functional-foods

®

Check for
updates

Chapter 2

Nutraceuticals: History, Classification
and Market Demand

Onyeka Kingsley Nwosu and Kingsley Ikechukwu Ubaoji

2.1 Introduction

Over the past few years, an increasing number of dietary supplements have become
available in supermarkets and health food shops and even also available for pur-
chase in pharmaceutical shops.

The term “nutraceutical” is used to define these nutritionally or medicinally
functional foods. Nutraceuticals, which have also been called medical foods,
designer foods, functional foods, phytochemicals and nutritional supplements,
comprise such everyday products as “bio” yoghurts and fortified breakfast cereals,
as well as vitamins, herbal remedies and even genetically/living modified foods and
supplements. Many different terms and meanings are used in different countries,
which can result in confusion. Nutraceuticals is a comprehensive umbrella term that
is used to define any product resulting from food sources with extra health benefits
in addition to the basic nutritional value found in foods. They can be considered
non-specific biological therapies used to promote general well-being, prevent
malignant processes and control symptoms. Generally, nutraceutical is said to be a
“food, or parts of a food, that provide health benefits, including the prevention and
treatment of disease (Cencic and Chingwaru 2010).

In recent times, nutraceuticals have attracted substantial interest owing to their
prospective nutritional, safety and therapeutic effects. They could have a role in a
plethora of biological processes, including gene expression, antioxidant defenses,
cell proliferation, and maintenance the integrity of the mitochondria.

Nutraceuticals therefore, may be used to improve health, avoid chronic diseases,
delay the aging process (and in turn increase life expectancy), or just maintain
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functions and integrity of the body. They are considered to be healthy sources for
prevention of life threatening diseases such as diabetes, renal and gastrointestinal
disorders, as well as diverse infections.

A wide range of nutraceuticals have been shown to enforce vital roles in immune
status and vulnerability to certain disease states. They also reveal diseases adjusting
indications related to oxidative stress including allergy, Alzheimer’s disease, car-
diovascular diseases, cancer, eye conditions, Parkinson’s diseases and obesity
(Pandey et al. 2010).

2.2 Nutraceuticals

Nutraceuticals refers to foods having a medicinal effect on health of human beings.
The word ‘nutraceuticals’ comprises of ‘Nutrients’ and ‘Pharmaceuticals’.
According to AAFCO 1996, ‘Nutrient’ means a feed constituent in a form and at a
level that will aid, sustain a life of human being or animal while ‘Nutraceutical’
means any non-toxic food constituent that has scientifically proven health benefits
together with prevention and treatment of diseases. Products isolated or purified
from food are sold in medicinal forms not usually associated with food. A nutraceu-
tical has a functional benefit that provides protection against chronic diseases.

These nutraceuticals include food supplements, herbal products, probiotics and
prebiotics, and medical foods meant for prevention and treatment of diseases. Key
nutraceuticals possess multiple therapeutic effect hence attract more consumer
interest. Increased awareness towards preventive therapies and cumulative dispos-
able income, promising pricing environment growth in pharma retail chain and rise
in healthcare spending are mainly responsible for the driving force increasing mar-
ket demands for nutraceuticals.

2.2.1 History

The concept of Nutraceuticals went back as far as 3000 years ago. Hippocrates
(460-377 B.C) stated ‘let food be thy medicine and medicine be thy food . In the
early 1900s the United States of America food manufacturers started adding
small quantity of iodine to salt to prevent goiter. The term nutraceuticals was
coined in 1989 by Stephen DeFelice who was the Chairman and Founder of the
Foundation for Innovation in Medicine, Cranford, New Jersey (Bieselkl 2001).
According to DeFelice, nutraceutical can be said to be “a food (or part of a food)
that provides medical or health benefits, including the prevention and/or treat-
ment of a disease.” However, the term nutraceutical as commonly used in market-
ing has no regulatory definition (Zeisel 1999).

In England, Japan and other countries, nutraceuticals are already becoming
part of dietary landscape. Diet was first considered by Germany, France and
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the United Kingdom as a more important factor than exercise or hereditary fac-
tors in achieving good health. Canada defined them as ‘product of foods but
sold in pills, powders, (potions) and other medicinal forms not normally asso-
ciated with food’. In India, nutraceuticals are seen as the food components
made from herbal or botanical raw materials, which are used for preventing or
treating different types of chronic and acute maladies (Thakur et al. 2010).
Nowadays, nutraceuticals are one of the most rapidly growing segments of the
industry with an expected compound annual growth rate (CAGR) of 7.5%
(Healthcare Packaging 2019). The global nutraceutical market is estimated to
increase from $241 billion market in 2019 to $373 billion in 2025 (Healthcare
Packaging 2019). The definite use of nutraceuticals has been to achieve desir-
able therapeutic outcomes with reduced side effects. Herbal Nutraceuticals are
powerful instruments in sustaining health and act contrary to nutritionally
induced acute and chronic diseases by promoting optimal health, longevity and
quality of life.

2.2.2 Scope

The philosophy behind nutraceuticals is focused on prevention. Most times it can be
used in the context of Dietary supplements and/or functional food.

(a) Dietary Supplements: Dietary supplements are products envisioned to com-
plement the diet that accepts or contains one or more of the following dietary
ingredients: a mineral, a vitamin, an amino acid, a herb or other botanical, con-
stituent, metabolite, a dietary substance for use by man to supplement the diet
by increasing the total daily intake, or a concentrate, extract, or combinations of
these ingredients (Zeisel 1999). Dietary supplements are not intended to treat or
remedy disease whereas nutraceuticals emphasize more on the expected results
of these products, such as prevention or treatment of diseases.

(b) Functional Food: As defined by the United States of America Institute of
Medicine’s Food and Nutrition Board, functional food is “any food or food
ingredient that may offer a health benefit beyond the traditional nutrients it
contains”. The functional food concept is — “Food products to be taken as part
of the usual diet in order to have helpful effects that go beyond basic nutritional
function”. Functional foods contain physiologically active components obtained
either from plants or animal sources (Ernst 2001).

2.2.3 Classification

Nutraceuticals or functional foods can be classified on the basis of their sources:
natural or traditional and unnatural or non-traditional.
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(a) On the basis of natural source, it can be classified as the products obtained from
plants, animals, minerals, or microbial sources. This classification can be
referred to as Traditional Nutraceuticals.

(b) Nutraceuticals as prepared via biotechnology: this classification can be referred
to as Non-Traditional Nutraceuticals.

2.2.3.1 Traditional Nutraceuticals

They are natural products with no changes to the food. They contain numerous natu-
ral components that convey benefits beyond basic nutrition, like omega-3 fatty acids
in salmon, saponins in soy or lycopene in tomatoes. The traditional nutraceuticals
can be divided on the basis of:

(a) Chemical Constituents.

(i) Nutrients.
(i) Herbals.
(iii) Phytochemicals.

(b) Nutraceutical Enzymes.
(i) Chemical Constituents.
(c) Probiotic Microorganisms.

Nutrients The nutrients include amino acids, fatty acids, minerals and vitamins
with recognized nutritional functions. Most foods contain vitamins that aid in cur-
ing diseases like stroke, cataracts, osteoporosis and heart diseases. Minerals found
in plants, animals and dairy products are useful in osteoporosis, anemia and in
building strong bones, teeth, muscles, and improve nerve impulses and heart rhythm.
Foods that contain fatty acids like omega-3 PUFAs are potent regulators of the
inflammatory processes, maintenance of brain function and reduction in cholesterol
deposition (Chauhan et al. 2013).

Herbals Herbal nutraceuticals help to improve health and avert chronic diseases.
Most of these are analgesic, anti-inflammatory, astringent, antipyretic and antiar-
thritic. Some of the herbals contain flavonoids like apiol, psoralen that are diuretic,
carminative and antipyretic. Peppermint (Menthapiperita) contains menthol as an
active component that help cure cold and flu (Ehrlich 2009). Some of the plants
contain tannin which is claimed to aid in the management of depression, cold,
stress, cough, hypertension and asthma while proanthocyanadin found in some
herbals are useful in the treatment or prevention of cancer, ulcers and urinary tract
infections (Chauhan et al. 2013).

Phytochemicals Phytochemicals are plant nutrients with particular biological
activities that promote human health (Zhao 2007). They are also referred to as
Phytonutrients. They work by serving as substrate for biochemical reactions,
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cofactors or inhibitors of enzymatic reactions, absorbents that bind to and eradicate
unwanted constituent in the intestine and improve the absorption and/or stability of
indispensable nutrients among others (Zhao 2007).

Nutraceutical Enzymes These are enzymes that are derived from plant, animal
and microbial sources. Enzymes are an essential part of life, without which our bod-
ies would cease to function optimally. Medical conditions such as blood sugar dis-
orders, digestive problems and obesity have their symptoms eliminated by enzyme
supplements in the diet.

Probiotic Microorganisms Probiotics mean ‘for life’. They are defined as
live microorganisms, which when consumed in tolerable amounts, confer a
health effect on the host (Michail et al. 2006). These microorganisms are
responsive bacteria that promote healthy digestion and absorption of some
nutrients. They most importantly act to mob out pathogens, like yeasts and
other bacteria and viruses that may cause disease and develop a communally
advantageous symbiosis with the human gastrointestinal tract (Holzapfel et al.
2001). They possess an antimicrobial effect through altering the microflora,
averting adhesion of pathogens to the intestinal epithelium, competing for
nutrients necessary for pathogen survival, producing an antitoxin effect and
retrogressing some of the consequences of infection on the intestinal epithe-
lium, such as secretory changes and neutrophil migration. For instance, probi-
otics can cure lactose intolerance by enhancing the production of a specific
enzyme (-galactosidase) that can hydrolyze the offending lactose into its com-
ponent sugars (Oak and Jha 2019).

2.2.3.2 Non-Traditional Nutraceuticals

These are the artificial foods developed via biotechnology. The bioactive compo-
nents in food samples are engineered to produce products for human-wellness. They
can be grouped into fortified nutraceuticals and recombinant nutraceuticals.

Fortified Nutraceuticals These are nutraceuticals from agrarian breeding or added
nutrients and/or ingredients. Examples include cereals with added vitamins or min-
erals, milk fortified with cholecalciferol used in vitamin D deficiency, flour with
added folic acid, prebiotic and probiotic fortified milk with Bifidobacteriumlactis
HNO19 used in diarrhea, respiratory infections and severe illnesses, in children
(Sazawal et al. 2010), and orange juice fortified with calcium.

Recombinant Nutraceuticals Recombinant nutraceuticals include the making of
probiotics and the extraction of bioactive components by enzyme/fermentation
technologies as well as genetic engineering technology. Also, energy-providing
foods, such as bread, alcohol, fermented starch, yoghurt, cheese, vinegar, and others
are produced using modern biotechnology. Examples include cows with lactoferrin
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deficiency is engineered with recombinant human lactoferrin (rhLf) to be able to
solve the lactoferrin deficiency (Hyvonen et al. 2006).

2.3 Herbals as Nutraceuticals

Herbs play a significant role in the maintenance of the quality of human life through
the abundant source of bio-constituents. The herbal bioactive constituents are an
essential category of nutraceuticals which have plenty of health promoting medici-
nal properties in addition to minerals, vitamins and other active compounds. The
herbs harbor a widespread variety of active phytochemicals like flavonoids, terpe-
noids, saponin, and polyphenols. These herbal bioactives are most times commonly
used by people who seek conventional health care as a food supplement. In this
regard, it is seen as using herbs as nutraceutical (Chauhan et al. 2013). Example of
herbs used as nutraceuticals are presented in Table 2.1.

Table 2.1 The common herbals used as nutraceuticals

Common | Part of Bioactive

Biological Name Name the Plant | compounds Benefits to Health

1 | Zingiber officinale Ginger Rhizomes | Zingiberene and | Hyperglycemia, chronic
(Zingiberaceae.) gingerols bronchitis, stimulant and

throat ache

2 | Panax ginseng Ginseng Root Ginsenosides Stimulating immune and
(Araliaceae) and Panaxosides | nervous system

3 | Allium sativum Garlic Bulbs Alliin and Antibacterial, anti-
(Liliaceae) Allicin inflammatory,

antifungal, antigout,
antithrombotic,

hypotensive,
antihyperlipidemic
4 | Aloe barbadensis Aloe vera | Gel Aloins and Dilates capillaries,
Mill. (Liliaceae) aloesin anti-inflammatory,

emollient, wound
healing properties

5 | Curcuma Longa Turmeric | Rhizome | Curcumin Anticancer, anti-
(Zingiberacae) inflammatory, antiseptic,
antiarthritic.
6 | Allium cepa Linn. Onion Bulb Allicin and alliin | Hypoglycemic activity,
(Liliaceae) antibiotic and
antiatherosclerosis
7 | Ginkgo biloba Maiden Leaves Ginkgolide and | Antioxidant, memory
(Ginkgoacea) Hair Tree bilobalide enhancer, increased
peripheral blood flow,

treatment of post-
thrombotic syndrome

(continued)
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Table 2.1 (continued)

Common | Part of Bioactive
Biological Name Name the Plant | compounds Benefits to Health

8 | Cassia angustifolia Senna Leaves Sennosides Purgative
(Leguminosae)

9 | Echinacea purpurea | Echinacea | Leaves Alkylamide and | Antiviral, anti-

(Asteraceae) echinacoside inflammatory and
immunomodulator
10 | Glycyrrhizaglabra Liquorice | Root Glycyrrhizin and | Anti-inflammatory and
(leguminosae) liquirtin anti-allergic.
11| Hydrastiscanadensis | Goldenseal | Root Hydrastine Antimicrobial,
L. (Ranunculaceae) berberine and astringent,
canadine antihemorrhagic,

treatment of mucosal
inflammation, dyspepsia,

gastritis
12 | Marrubiumvulgare Horehound | Whole 11-oxomarrubiin | Expectorant, antitussive,
L. (Lamiaceae) plant and choleretic
vulgarcoside A
13 | Salix alba White Bark Salicin Antiinflammatory,
L. (Salicaceae) Willow analgesic, antipyretic,

astringent, treatment of
rheumatic and arthritic.

14 | Hypericumperforatum | St. John’s | Aerial Hypericin and | Antidepressant, against

(Hypericaceae) wort part hyperforin HIV and hepatitis-c
virus
15 | Valerianaofficinalis Valeriana | Root Valerenic acid Menstrual pain,
Linn. (Valerianaceae) and valerate intestinal cramps,

bronchial spasm,
tranquillizer, migraine

16 | Aeglemarmelos Corr. | Bael Unripe Marmelosin Treatment of diarrhea
(Rutaceae) fruits and dysentery, digestive,
appetizer.

Source: Modified from Chauhan et al. (2013). https://creativecommons.org/licenses/by/4.0/

2.3.1 Herbal Nutraceutical Safety and Regulation

The processes of manufacturing and the quality of plant material used for herbal
nutraceuticals are under the regulations of food laws, which are deficient of the
specificity required for botanical drugs. This indeed may have serious consequences.
Toxin contamination like fungal and bacterial toxins, adulterations and numerous
other types of impurity of herbal nutraceuticals conceivably remain undetected sim-
ply because there is an almost total absence of specific quality control. Lack of
quality control not only increases the potential threats to the consumer, it may also
result in a total lack of the drive to conduct suitable research that determines the
possible benefits of nutraceuticals or ensures their safety (Ernst 2001).
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Food and medicine regulation is intended to protect consumer’s health, increase
economic viability, and harmonize well-being and the engendering fair trade on
foods within and between nations. If indeed an assertion was made that implied
medicinal benefit concerning a herbal nutraceutical product, the product would be
required to conform with the regulatory requirements for medicinal products, in
respect of safety, efficacy, and quality testing and marketing authorization proce-
dures (Pandey et al. 2010). For herbal nutraceutical industries, two challenges are
apparent; regulatory uncertainty and integrity of labeling claims.

For years, the Food and Drug Administration (FDA) regulated dietary supple-
ments as foods to ensure that they were safe and wholesome and also ensure that the
labeling was truthful and not deceptive. The FDA may establish good manufactur-
ing practices for nutraceuticals as long as these regulations are molded after the less
strict regulations for foods as divergent to those for drugs.

The Indian government in 2006 passed Food Safety and Standard Act to incor-
porate and streamline the many regulations covering foods, dietary supplements
and nutraceuticals. The act recommended the creation of the Food Safety and
Standards Authority (FSSA). The FSSA was expected to unify the existing eight
laws i.e. harmonization of the laws to align with the international regulations and
science-based standards, maintain clarity and uniformity on novel food areas and
also help curb corruptions.

Importance of Herbal Nutraceutical Regulation:

(I) Allows better legal security and more predictable environment.
(II) Supports innovation (food, herbal and drink products).
(IIT) Prevents imbalanced competition from manufacturers using untruthful or mis-
leading claims.
(IV) If confident claims cannot be made, the regulation does not gratify anyone to
make negative claims about the product.

2.3.2 Global Market/Demands of Herbal Nutraceutical

The nutraceutical industry is divided into two main segments which include dietary
supplements and herbal/natural products. In the Global market, nutraceutical has
become a multi-billion dollar industry with about USD 117 billion (INR 5148 bil-
lion) as estimated cost of investment (Rishi 2006). According to a report, India is
growing at 21% per annum in her total market for nutraceuticals. As of 2014, it
appreciated at INR 44bn (€621 m), but could be worth more than INR 95bn in the
following 4 years (http://www.horiba.com/scientific/products/particle/characteriza-
tion/applications/nutraceuticals). In Canada, the nutraceutical industry has an esti-
mated potential to grow up to 50 billion US dollars. According to the nutrition
business journal in 2017, the United States of America (USA) is the largest market
in the world followed by Japan which has a steady average growth rate of 9.6%
per annum. The nutrition business journal generally classified the contributions of
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the different countries in the nutraceutical market — USA 37%, Europe 33%, Japan
18% and rest of the world as 12%. These two rapidly increasing sectors of the indus-
try were at 19.5% per year for dietary supplements and 11.6% per year natural/
herbal products (Chauhan et al. 2013). Table 2.2 shows some commercially avail-
able nutraceuticals.

2.4 The Future Prospects of Nutraceutical Industry

The world is becoming more sophisticated and interesting. Foods are becoming
more attractive, appealing and fortified to meet the increasing demand of healthy
nutrition. With the invention and recent advances in Living Modified Organisms
(LMOs) and Genetically Modified Foods (GMFs), food for all agenda in the future
will be attained or rather malnutrition would soon be history but new challenges
may ensue. With the popping-in of tablets as nutrients to provide the body with
complete Recommended Dietary Allowance (RDA) including fiber to ensure intes-
tinal or bowel emptying, the prospects of nutraceuticals are limitless. The target of
food and nutrition societies for a world rid of hunger in the future is possible with
the potentials of nutraceuticals. At the core of the value-added market performance
is the increasing responsiveness on the part of consumers as to how nutraceuticals

Table 2.2 Some commercially marketed nutraceuticals

Product Group Content Company

Calcirol D-3® Calcium Calcium and vitamins Cadilla healthcare
supplement limited, India

Coral calcium Calcium Calcium and trace Nature’s answer,
supplement minerals Hauppauge, NY, USA

WelLife® Amino acid Granulated-L-glutamine | Daesang America Inc.,
supplement Hackensach, NJ, USA

Proteinex® Protein Predigested proteins, Pfizer Itd., Mumbai,
supplement vitamins, India

Daytime restore & Restful sleep Ginseng, Ginkgo biloba, | Xigo health

nighttime repose

CogniSure Amino acid Proline-rich polypeptide | Metagenics Inc
supplement complex

Omega woman Immune Antioxidants, vitamins and | Wassen, Surrey, U.K.
supplement phytochemicals

PNerplusTM Neuropathic pain | Vitamin and other natural | NeuroHelp, San
supplement supplement Antonio, Texas, USA

GRD Nutritional Proteins, vitamins, ZydusCadila Ltd.
supplement minerals and Ahmedabad, India

carbohydrates
BiovincaTM Neurotonic Vinpocetine Cyvex nutrition, Irvine,
CA, USA

Source: Modified from Chauhan et al. 2013. https://creativecommons.org/licenses/by/4.0/
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can contribute to good health. With the established growing consumer demand for
nutraceuticals, not only will consumers in nearby future use supplement products to
support overall dietary intake, they are more likely to regard supplementation as an
effective way to improve health. The undertone is, would the leading world eco-
nomic nations not consider the economic politics and drown this vision or would it
be given the attention it so deserves?
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Chapter 3 )
Dietary Supplements: Types, Health s
Benefits, Industry and Regulation
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Jonathan C. Ifemeje, Michael Chinedu Olisah,

Kingsley C. Patrick-Iwuanyanwu, Precious Chidinma Onyeike,
and Benson Chukwunweike Ephraim-Emmanuel

3.1 Introduction

Nowadays, diet is thought to be much richer than it used to be. The people’s igno-
rance of the basic principles of nutrition has led a large part of the population to a
non-balanced diet that is high in both calories and fat and low in proteins, vitamins
and minerals (Kourkouta et al. 2016). This long-term situation has led to the emer-
gence of various degenerative diseases. In an effort to address this concern, nutri-
tional supplements was proposed to proffer solution to this problem (Oikonomou
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2009). Dietary supplements are products that contain one or more concentrated
nutrients with the aim of supplementing an individual’s daily diet, when his or her
diet is not balanced or if nutrients are lacking. Dietary supplements do not belong
to the category of common food neither medicines nor special dietary products and
not intended for specific categories of people (www.nutrinews.gr).

Supplements offer the missing ingredients to the body in order for the latter to be
kept in good physical and mental condition. In effect, the human system wouldn’t
be exhausted and at the same time injuries and fatigue are avoided (Kourkouta et al.
2016). The production as well as the consumption of dietary supplements have con-
siderably increased in the last decade. Majority of these supplements are supplied in
the form of tablets or powder. Although, the increased intake is supposed to offer
health benefits, too much consumption may result in higher amounts of vitamins
and minerals which the body may not be able to tolerate. As a result, consumers are
exposed to health risks due to excessive consumption of dietary supplements. The
problem becomes more serious if people take these supplements by themselves,
without prescription or medical supervision (Beitz et al. 2004).

3.2 Dietary Supplements

Dietary supplements are products that are ingested in addition to the regular diet to
provide additional health-promoting nutrients. According to the Dietary Supplement
Health and Education Act (DSHEA), a dietary supplement is a product that is
intended to supplement the diet; contains dietary ingredients including vitamins,
minerals, amino acids, herbs, and botanicals; is intended to be ingested as a pill,
capsule, tablet, or liquid; and is labeled as being a dietary supplement (ODS 2011;
Ronis et al. 2018). Dietary supplements are widely used. They are generally taken
to improve and maintain overall health. For women in particular, supplements are
intended to support bone integrity and prevent osteoporosis. The most commonly
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used supplements are multivitamins, mineral supplements, calcium supplements,
and omega-3 fatty acids or fish oil (Bailey et al. 2013). About a quarter of the sup-
plements are used based on the advice of health-care providers. Thus, most deci-
sions to use supplements are made by the consumers themselves. Despite their
popularity, the health benefits of dietary supplements are questionable. Lack of vita-
mins will certainly cause deficiency diseases such as scurvy, beriberi, pellagra, and
rickets. However, the vitamin content of a normal well-balanced diet is sufficient to
avoid these diseases. Studies aimed at determining effects of supplements often give
conflicting results. There seems to be no current scientific consensus whether vita-
mins or any other dietary supplements prevent disease or have health benefits in
well-nourished individuals (Moyer 2014).

3.3 Historical Overview

From the beginning of human civilization, the people’s diet mostly comprises of
plant foods and seafoods that could be easily gathered. Hunter-gatherers later
contributed meat products by big game. This was the diet of most humans until
about 10,000 BC, at which time the development of agriculture and animal hus-
bandry provided more meat and grains for the whole family. Then was little
knowledge about vitamins, minerals, proteins, carbohydrates and fats and their
role in human nutrition. Various people in the continents of the Earth developed
nutritious cuisines with mostly local products that sustained their health. By trial
and error, they chose a variety of foods and cooking methods that led to physical
strength, health, and fertility. The common wisdom of native cultures knew which
foods and herbs had special properties for energy, nutrition and extra health ben-
efits for children, pregnant women and elders. Everyday diets were “supple-
mented” to make up for deficiencies as far back as native cultures. Native
Americans, for example, knew that drinking tea made from pine bark and needles
which contains high concentration of ascorbic acid could cure scurvy. This condi-
tion was later found by science to be a vitamin C deficiency disease. In 1749, Dr.
James Lind discovered that citrus fruits which have high vitamin C content pre-
vented scurvy (Shils and Shike 2006; Fraga 2009). The discovery of the role of
vitamins was a major scientific achievement in understanding the association
existing among nutrition, health and disease. By the 1920s and 1930s, significant
strides occurred in the world of vitamin research and mass marketing of synthe-
sized vitamin C flourished in 1935 under the brand name Redoxon. In nearly
75 years since the marketing of vitamin C pill started, large steps have been made
in vitamin and other dietary supplement products (Kourkouta et al. 2016). The
mainstream scientific community gradually became intrigued by the potential
health benefits of dietary supplements and numerous research projects (epidemio-
logic, clinical, in vivo and in vitro) were initiated in the 1980s. This interest was
fueled in part by studies demonstrating that nutrient antioxidants, (vitamins C, A,
E, B-carotene and Selenium) have a role in protecting cells from oxidative free
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radical damage. Furthermore, epidemiological studies suggested that a diet rich in
fruits and vegetables and abundant in antioxidants, nutrients, and other sub-
stances, can reduce the risk of coronary heart disease and certain cancers
(Fortmann et al. 2013; Leenders et al. 2014).

3.4 Balanced Diet and Dietary Supplements

Dietary supplement can be defined as any vitamin, mineral, chemical substance,
herbal product, botanicals, amino acids, or other ingestible preparation that is
added to the diet to benefit human health. Dietary supplements are used world-
wide and represent a broad category of ingestible products that are distinguish-
able from conventional foods and drugs (Watson et al. 2010; Berginc and Kreft
2014). It is common knowledge that nutrition plays a very important role in
health. However, a fundamental question that everybody asks these days that
most people are very aware of is: “Will conventional and balanced diet without
supplements be able to cover all the needs of the human body for a healthy life-
style until old age?” Nutritionists and health professionals argued for years that
people can get the most important food requirements for their body needs each
day from a conventional, balanced and regular daily diet. Today’s dietary guide-
lines from health and nutrition agencies all over the world cover more than 40
nutrients that are subdivided into 6 categories: carbohydrates, fats, proteins,
vitamins, minerals and water. Daily nutrient recommendations are collectively
known as dietary reference intakes (DRIs). A healthy diet is one that favors
“real” fresh whole foods that have been sustaining people throughout the mil-
lennia. Whole foods supply the needed vitamins, minerals, protein, carbohy-
drates, fats, and fiber that are essential to good health. A balanced diet is a mix
of food from the different food groups (vegetables, legumes, fruits, grains, pro-
tein foods, meat, and dairy). Variety involves eating different foods from all the
food groups that helps to ensure that you receive all the nutrients necessary for
a healthy diet. The components of the Mediterranean diet have been evaluated as
substantially beneficial to human health (Katz and Meller 2014; Widmer et al.
2015). The World Health Organization (WHO) makes the following recommen-
dations for a balanced and healthy diet: (a) eat roughly the same amount of calo-
ries that your body is using, (b) a healthy weight is a balance between energy
consumed and energy that is ‘burnt off’, (c¢) limit intake of fats, and prefer
unsaturated, than saturated fats and trans fats, (d) increase consumption of plant
foods, particularly fruits, vegetables, legumes, whole grains and nuts, (e) limit
the intake of sugar, salt/sodium consumption from all sources and ensure that
salt is iodized, (f) eat a diet with essential micronutrients such as vitamins and
certain minerals (WHO 2003). In contrast, many commercially prepared foods
or fast foods as they are called, often lack nutrients and contain inordinate
amounts of sugar, salt, saturated and trans-fats, all of which are associated with
the development of diseases.



3 Dietary Supplements: Types, Health Benefits, Industry and Regulation 27
3.5 Global Market of Supplements

Globally, the nutrition and supplements market stood at over US $90 billion.
Research analysis of various markets with large nutrition and dietary supplements
industries show interesting sales numbers and growth projections (Nasdag 2015;
CMR 2015). The global mineral supplement market is increasing due to a growing
geriatric population, demand from pregnant women, and rising urban population.
With the increasing population of baby boomers, spending on mineral supplements
is anticipated to increase. The mineral supplement market consists of macro-miner-
als, calcium, phosphorous, zinc, alkaline pH booster, sodium, potassium, chlorine,
sulfur, magnesium, and trace minerals: iron, boron, manganese, chromium, copper,
iodine, cobalt, fluoride, selenium, colloidal silver. The global mineral supplements
market was valued at $9.9 million in 2014 and was expected to grow at a rate of
7.5% during the period 2015-2020 (http://www.researchandmarkets.com/research/
xjrem6/global_mineral).

Vitamin and poly-vitamin supplements are very popular and their use as supple-
ments, supported by commercial advertising is growing every year. The global vita-
min supplements market, was estimated to be valued at US$37 billion in 2014, and
is expected to grow at 6.5% annually from 2014 to 2020. This is mainly attributed
to growing demand among consumer about preventative healthcare. Furthermore,
increasing cost of healthcare pushes people to turn towards vitamin supplements in
the hope that this could prevent disease. Vitamin supplements included vitamins C,
E, B, A, p-carotene, K, niacin, folic acid, etc) (https://www.psmarketresearch.com/
market-analysis/ vitamin-supplements-market). According to recent United State
(US) Food Drug Administration (FDA) testimony, dietary supplements, including
vitamins, were consumed by 158 million Americans in the year 2000, which is more
than 50% of the US population. Surveys showed that alternative medical therapies
and herbal supplements were used by over 80 million people in the USA (Kennedy
2005; Wilson et al. 2006).

3.6 Supplement Formulations

Food supplements are in various packages, sizes and types, depending on how
they are taken. There are tablets, capsules, powders, oral ampoules, efferves-
cent tablets, chocolates and mastics which is available in syrup form or other-
wise. More specifically, food supplements can be taken in any of the following
forms: (a) oral pills or powders for relatively quick absorption; (b) sublingual
drops or oral disintegrated tablets, for ease of intake and to limit the damage of
their active substance; (c) nose spray or drops to further improve their absorp-
tion; (d) injectables through intravenous and intramuscular injections for quick
absorption and action; (e) bone-anchored for slow and gradual absorption and
prolonged action (American Diabetes Association ADA 2001). Some supple-
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ments are not well absorbed, others are almost completely destroyed by the
stomach fluids and a few others irritate the mucosa of the stomach and intes-
tine. Powders and liquid preparations are useful for those who have difficulty of
swallowing the capsules or tablets. Supplements in the form of sprays can cause
intense local irritation or possible lung aspiration. Injecting supplements is
always done under the guidance of a physician. On the other hand, bone-
anchored supplements can only be taken in hospitals due to surgical technique,
monitoring and laboratory control required to prevent local inflammations and
complications (Teixeira 2013). If there is intense change in color of urine when
taking a supplement, this means that a large portion of the supplement is
excreted because either it cannot be absorbed, or the dose is in excess. This
must lead us to reflect on the effectiveness and possible harm that supplements
can cause (Mulholland and Benford, 2007).

3.7 Classification of Supplements

According to the National Agency of Medicines, dietary supplements are divided
into two categories depending on their intended use (EUFIC 2009):

(1) Food supplements as food product which supplements the usual diet.

(2) Foodstuff for particular nutritional uses such as beverages, which due to their
special composition, are intended for certain population groups e.g. for healthy
infants or children between the ages of two and five or for special categories of
persons with disordered metabolism, or for categories of persons who are in a
special physiological condition.

Supplements can also be distinguished depending on their origin (natural or
synthetic). They are classified comparably to their texture or form in which they
are available as follows: (a) Vitamin and mineral supplements, whether they are
combined in the form of multivitamins or multi-minerals or not, (b) Protein sup-
plements in the form of liquid or tablet in combination or not with carbohydrates,
fats, vitamins and minerals, (c) Amino acids of every form and composition, (d)
Supplements for gaining weight, (e) Meal surrogates in the form of powder, wafers
or biscuits, (f) Carbohydrate supplements with or without electrolytes and vita-
mins, (g) Supplements which have natural anabolic effect, and which are not
included in the “banned substances list”, (h) “Activator” supplements of growth
hormone and other hormones, (i) Supplements of basic fatty acids, (j) Foodstuffs
or food ingredients such as yeast, garlic, kelp, royal jelly, (k) Herbs. There are
thousands of supplements in the market. Many of them are very good, others mod-
erate and some provide very little benefit. The main reason for their low efficiency
is their manufacturing method and the source of their basic substances (Rovira
et al. 2013). Some classes of supplements, their examples and contents are pre-
sented in Table 3.1.
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Table 3.1 Classification of supplements, examples and contents

Class Example Contents
Activator Amino acids Contains growth hormone and other
hormones
Carbohydrate Dextrose May contain vitamins and
electrolytes
Food and Food stuff Fish oils, mineral and Contain garlic, kelp, royal jelly, yeast
vitamins
Herbs Ginseng, Fiber Contains amino acids, other plant
source
Minerals Selenium, multimineral Contains only minerals
tablets
Multivitamins and Vitamin D, calcium Contains both mineral and vitamins
multiminerals supplement
Oil supplements Cod liver oil, primrose oil | Contains oil base, with vitamins,
minerals
Vitamins Vitamin C, vitamin B Contains only vitamins

3.7.1 Vitamins and Minerals as Supplements

Today, multivitamin, multimineral, vitamin, and mineral supplements are the most
widely used dietary supplements (Bailey et al. 2013). Although adequate intake of
these micronutrients is required to maintain optimal health, the possibility of toxic-
ity increases with increasing dose (Mulholland and Benford 2007). Because dietary
micronutrient deficiency is increasingly rare in developed countries, most supple-
ment consumers actually have excess vitamin and mineral intake. Despite the wide-
spread belief that vitamin and mineral supplements are beneficial to health, recent
reviews of vitamin and mineral supplement trials in community-dwelling adults
with no nutritional deficiencies have concluded that there is no clear evidence of
beneficial health effects. These include primary or secondary prevention of chronic
diseases including cardiovascular disease, cancer, and cognitive decline, as well as
effects on overall mortality (Guallar et al. 2013; Fortmann et al. 2013). Indeed, there
is evidence for possible harm from consumption of individual vitamins and mineral
in excess. Toxicity following consumption of water-soluble vitamins is rare.
However, photosensitivity and neurotoxicity have been reported at doses higher
than 500 mg/day of pyridoxine (vitamin B6) (Ziegler and Filer 1996), and cases of
pyridoxine-associated chronic sensory polyneuropathy have been reported in elderly
patients consuming multivitamin supplements (De Kruijk and Notermans 2005).
Reports of toxicity associated with overconsumption of supplemental antioxidant
fat-soluble vitamins are more prevalent. Vitamin E is a family of eight related
tocopherols and tocotrienols, of which a-tocopherol is the form generally used in
supplements. Doses of 800—1200 mg/day can result in bleeding associated with
antiplatelet action, and doses above 1200 mg/day can result in diarrhea, weakness,
blurred vision, and gonadal dysfunction (Ziegler and Filer 1996). Moreover, vita-
min E supplementation following radiation therapy in a randomized trial of head
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and neck cancer patients was associated with increased cancer recurrence in the first
3.5 years of follow-up (Bairati et al. 2005), and meta-analysis has suggested an
increase in all-cause mortality after high-dose vitamin E supplementation (Miller
et al. 2005). Toxicity has also been associated with consumption of supplemental
vitamin A and its provitamin carotenoid precursors. Excess vitamin A supplementa-
tion has been suggested to be associated with adverse effects on bone health, includ-
ing low bone mineral density and increased fracture risk (Melhus et al. 1998). In
addition, women consuming large amounts of vitamin A supplements during preg-
nancy have been reported to have increased incidence of congenital abnormalities
(Rothman et al. 1995). There is also a case report of intrahepatic cholestasis in a
patient with chronic hypervitaminosis A after 12 years of supplement consumption,
which resolved after supplements were ceased (Ramanathan et al. 2010). Toxicity
can arise from excess consumption of minerals as well as vitamins. In particular,
there is an increased risk of hyperchromatosis, an iron storage disease associated
with liver injury after excess consumption of iron or multimineral supplements
(Barton et al. 2006).

3.7.2 Fish Oil and Omega-3 Fatty Acids as Supplements

Omega-3 fatty acids are essential fatty acids that cannot be synthesized de novo in
humans and therefore must be provided through the diet (Spector and Kim 2015). A
link between fish oil and ischemic heart disease was suggested by a widely publi-
cized study from 1971 involving Eskimos (Greenlanders) from the west coast of
Greenland (Bang et al. 1971). Greenlanders eating a traditional meat and fish diet
rich in polyunsaturated omega-3 fatty acids had significantly lower levels of plasma
total lipids, plasma cholesterol, plasma triglycerides, and pre p-lipoprotein (equal-
ing very low-density lipoprotein) than both Danes and Greenlanders living in
Denmark. The authors hypothesized that this diet contributed to the low incidence
of ischemic heart disease and diabetes among Greenlanders. Since then, polyun-
saturated omega-3 fatty acids taken in the form of fish oils, krill oil, or mixtures of
docosahexaenoic and eicosapentaenoic acids, also known as DHA and EPA, puri-
fied from fish oils have become widely used dietary supplements. These fatty acids
have metabolites with anti-inflammatory properties and have electrical stabilizing
effects on ion channels in cardiac myocytes (Sierra et al. 2004; Leaf et al. 2008).
They have been linked to anti-cancer and cardio-protective effects (Gogos et al.
2000; Harris and Isley 2001). However, the therapeutic benefits on cardiovascular
diseases are still controversial owing to disparate findings from different clinical
trials (Gliick and Alter 2016). It appears that fish oil and omega-3 fatty acids are
well tolerated, even at doses of 1000-2000 mg/day, and there is little evidence of
toxicity. However, simultaneous consumption of fish liver oils that also contain vita-
min A and multivitamin supplements could result in hypervitaminosis
A. Furthermore, fish oils and omega-3 fatty acid supplements may exacerbate



3 Dietary Supplements: Types, Health Benefits, Industry and Regulation 31

anticoagulation and promote bleeding in patients taking anticoagulant medications
such as warfarin (Gross et al. 2017).

3.7.3 Protein Powders and Infant Formula as Supplements

Protein powders consisting of the dairy proteins casein and whey and of vegetable
proteins in soy protein isolate (SPI) are popular supplements among athletes and
body builders. These proteins are also the basis of infant formulas. The dairy pro-
teins appear to have little toxicity except in individuals with allergies to cow’s milk
protein, although excessive consumption may result in ketosis. In contrast, there is
an ongoing debate with regard to the potential safety of SPI. This debate is related
primarily to the presence of weakly estrogenic compounds—the isoflavones: genis-
tein and daidzein, which are among the 100 phytochemicals that remain bound to
the protein isolate (Fang et al. 2004). These compounds can reach potentially estro-
genic levels after SPI consumption in soy formula—fed infants and in children, men,
and postmenopausal women taking soy protein supplements. Concerns have focused
on potential estrogenic effects in early development resulting in reproductive toxic-
ity, infertility, demasculinization, and increased promotion of estrogen-responsive
cancers such as breast and endometrial cancer (Messina,2016). Animal studies of
SPI and soy formula toxicity have however been contradictory. Akingbemi et al.
(2007) reported that perinatal exposure to diets made with soy resulted in sup-
pressed steroidogenesis, decreased testosterone secretion, and increased Leydig cell
proliferation in rats. Similarly, marmoset monkeys fed soy infant formula had sup-
pressed serum testosterone concentrations (Tan et al. 2006). Increased testis size
and increased Leydig cell numbers per testis were also observed in these monkeys
at adulthood, consistent with compensated Leydig cell failure. In adult female
ovariectomized mice, feeding SPI increased growth of human breast cancer cell
xenografts, consistent with an estrogenic effect (Allred et al. 2001). In contrast to
the small number of animal studies with SPI suggesting estrogenicity, lifetime feed-
ing studies in rats fed with SPI revealed that the sole protein source in soy formulas
had no effects on sex organ weights, serum sex steroids concentrations, or fertility
(Badger et al. 2009).

3.7.4 Botanical Supplements

Traditional herbal medicine can be said to be the precursor both for drugs used in
modern medicine that are based on plant compounds (such as aspirin and morphine)
and for contemporary botanical dietary supplements. Herbal and botanical products
have sustained popularity given the fact that these natural (i.e., derived from plant
root, leaves, or bark) substances were among the oldest therapeutics. Estimates pub-
lished by the CDC as part of the National Health and Nutrition Examination Survey
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2003-2006 reported that 20% of adults use a supplement containing at least one
botanical ingredient (Bailey et al. 2010). A common motivation for taking these
substances is to “improve overall health”. Accordingly, the FDA regulates the
majority of botanicals as dietary supplements and not as drugs developed for the
treatment or prevention of specific maladies (FDA 2016). Botanical use is corre-
lated with non-smoking and higher self-reported health (Bailey et al. 2013).
Alarmingly, patients frequently do not report herbal supplement use to primary care
physicians (Wu et al. 2011), a concern because many botanical supplements may
interact with prescribed medications. On their own, bioactive constituents of botani-
cals can have acute adverse effects that require hospitalization. This review describes
acute adverse effects and herb-drug interactions of the most common botanical and
herbal supplements. As a result of their plant-based derivation, botanical supple-
ments consist of a mixture of organic compounds. Only a fraction of these com-
pounds is biologically active, with a small subset of the active compounds having
therapeutic and/or toxic mechanisms of action. Table 3.2 presents a list of com-
monly used and researched botanical supplements, their primary active constituents
and typical use. Concurrent exposure to other compounds (e.g., pharmaceuticals,
smoking) and the heterogeneity of herbal supplements often obfuscates the determi-
nation of toxic mechanisms in clinical cases, even when doses of the supplement are
reported. As such, reports of adverse effects directly attributable to botanicals are
generally rare (Di Lorenzo et al. 2015). In most such cases, effects are mild (e.g.,
nausea, fatigue, and headache). However, more serious clinical cases have appeared,
most often relating to adverse effects falling under the general category of drug-
induced liver injury and its associated mechanisms, namely mitochondrial dysfunc-
tion, oxidative stress, and alteration of bile acid homeostasis.

3.8 Advantages and Limitations

The advantages that nutritional supplements generally offer includes high content
of nutrients in small volumes; special nutrient compositions; lack of undesirable
accompanying substances such as fats, cholesterol and purines; and complete cover-
age of specialized sporting needs. Nevertheless, these formulations should be
treated as a supplement of basic healthy diet and not as a replacement. Users of
dietary supplements often increase the dosage or frequency. As a result, doses
become less and less effective. Thus, the human organism is forced to work harder
to eliminate the extra amounts of supplements taken in (Thomas 2001). All these
factors lead to the appearance of side effects due to toxicity of dietary supplements,
which depends on the factors including (a) The dosage, because exceeding the rec-
ommended dosage may cause side effects; (b) The duration of intake which is
related to the fact that the human organism is overloaded, owing to specific sub-
stances that the supplement contains, till the substance is eliminated; (c) The special
chemical properties of some substances and their interactions with other foods and
substances; (d) The person’s weight who takes those supplements; (e) Age, because
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Table 3.2 Commonly used botanical supplements, their primary active constituents and typical

uses
Common Active
Scientific name name Uses components References
Genus Echinacea | Echinacea | Imuno-stimulant Chicoric acid, (Hermann and
alkylamides von Richter
2012)
Allium sativum Garlic Antioxidant; Allicin, (Hermann and
antihypertension adenosine von Richter
2012)
Ginkgo biloba Ginkgo Memory improvement; | Terpenoids (Mayo Clinic
biloba lowering blood pressure | (ginkgolides) 2013a)
Panax ginseng Ginseng Overall health; antistress | Ginsenosides (Hermann and
von Richter
2012)
Camellia sinensis | Green tea | Antiproliferative; Catechins (Chen et al.
extract antioxidant (ECGC, ECG) 2016)
Serenoa repens Saw Treatment of benign Various (Mayo Clinic
palmetto prostatic hypertrophy phytosterols 2013b)
Hypericum St. John’s | Antidepressant Hyperforin, (Mayo Clinic
perforatum wort hypericin 2013c)
Silybum Milk thistle | DILI; high cholesterol | Silymarin (Mayo Clinic
marianum 2013d)
Piper Kava kava | Reducing anxiety Kavalactones (Teschke 2010)
methysticum
Cimicifuga Black Alleviating Triterpene (Mayo Clinic
racemosa, Actaea | cohosh postmenopausal glycosides 2013e)
racemose symptoms
Valeriana Valerian Reducing anxiety Valepotriates (Gharib et al.
officinalis (terpene 2015)
alcohols)
Pausinystalia Yohimbe Stimulant; erectile Yohimbine (Hermann and
yohimbe dysfunction treatment von Richter
2012)
Hydrastis Goldenseal | Treatment of cold/ Hydrastine, (Hermann and
canadensis respiratory infection; berberine von Richter

alleviate menstrual
complications

2012)

lots of supplements are not recommended for underaged persons or the elderly; and

(f) The individual capacity, because each person reacts differently in the face of

various substances (Oikonomou 2009). No supplement is innocent. For instance,
some overdose of fat-soluble vitamins causes hypervitaminosis. Protein overdose

damages kidneys and the liver. A lot of carbohydrate intake in the form of powder

can cause fat increase. A large dose of fatty acids may lead to some inability of the
organism to form some muscle proteins. Last but not least, performance-enhancing
drugs may cause endocrine disorders (Troesch et al. 2012).
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3.9 Future Perspectives

Attitudes toward safety, efficacy, and values about what is important in food and life
will be important in determining future needs involving supplement science in the
countries we have discussed and perhaps elsewhere in the world. Safety is critical
and requires better chains of custody and product characterization that exists at
present for these products, particularly those involving global markets. Efficacy/
health promotion claims for the product as being true and not misleading is also
critical. Demonstrating efficacy requires clinical studies with well-defined products
and rigorous experimental designs, and the studies must be replicable (NCCIH
2017). Finally, there are issues of personal choice and values, sometimes involving
the efficacy of supplements as complementary and alternative therapies that are part
of larger philosophical or religious world views and systems (Sebastian et al. 2017;
Gonzélez-Sarrias et al. 2017). Supplements intended to enhance sports performance
(Kuhman et al. 2015) botanicals used for disease treatment (Costello et al. 2016)
and those ingredients thought to slow aging (Delmas 2015) all require identification
of valid biomarkers of efficacy as well as of exposure. The associations between
supplement ingredients and health outcomes in chronic degenerative diseases must
be clarified (Yetley et al. 2016; Pérez-Cano and Castell 2016). Collaborations
among scientists in a number of countries are needed to drive supplement science
forward. Irrespective of the type of health product, high quality science is funda-
mental to the success of any regulatory framework. Assessments of the safety, qual-
ity and efficacy of nutrients and other bioactive compounds are needed to provide
the scientific information that regulators need (Taylor and Yetley 2008).

3.10 Conclusion

Scientists and health professionals agree that dietary supplements can be under cer-
tain conditions beneficial to human health but should not replace complete and bal-
anced daily meals of food substances. The market for dietary supplements taken to
improve the health or well-being of the customer is enormous. However, these prod-
ucts are not necessarily safe for everybody. Like regular drugs, supplements with
active ingredients that provide a physiological or pharmacological effect are likely
to also cause adverse effects in susceptible individuals. More attention to adverse
effects and potential interactions is needed to avoid serious medical outcomes.
Users and physicians alike should consult updated literature before beginning or
advising a regimen involving these substances. Medical providers should be aware
that a large fraction of the general population takes dietary supplements. They
should therefore request information from patients about their supplement intake to
provide optimal medical care. Self-prescription of dietary supplements should be
avoided and patients, older people, pregnant women, young persons and people liv-
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ing with disabilities should be informed and advised by their doctors or pharmacists
on dietary supplementation.
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Chapter 4
Bioactive Carbohydrates, Biological
Activities, and Sources

Temitope A. Oyedepo and Abolanle A. A. Kayode

4.1 Introduction

A bioactive substance can be defined as a component that affect, causes a reaction,
or triggers a response in the living tissue. These effects may be positive or negative
depending on the dose or bioavailability of such substance (Guaadaoui et al. 2014).
This is to say that bioactive compounds may occur as natural constituents or fortifi-
cants in food with the added health benefits that are more than the basic nutritional
value of such food product (Lordan et al. 2011). Studies on bioactive compounds
have attracted enormous interest in various fields, especially the field of nutrition
and medical sciences.

Carbohydrates play an indispensable role in human physiology and pathogenesis
of diseases because they are rich sources of bioactive compounds which can be used
as functional foods or pharmaceuticals. Specific carbohydrates with a defined target
are often referred to as bioactive substances. This includes carbohydrates such as
glycoproteins, gangliosides and all carbohydrates with beneficial health effects,
which include digestible carbohydrates with a low glycaemic index, or indigestible
carbohydrates that are either resistant to fermentation or easily fermented.

Bioactive carbohydrates which are now used extensively several biotechnologi-
cal and pharmaceutical applications can be derived from plants, animals and, micro-
organisms. The fact that most people do not take adequate fiber in their diet has
made food fortifications with bioactive carbohydrates an important area of research
in nutrition. Polysaccharides which are derived from plants are relatively nontoxic,
and any side effects are minimal compared with those of synthetic compounds
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(Liu et al. 2015). The purpose of this chapter is to review the functional properties
of bioactive carbohydrates and their sources.

4.1.1 Structure and Sources of Bioactive Carbohydrates

Carbohydrates are naturally found in almost all living organisms especially lower
and higher plants (e.g. dietary fibers, herbs, wood plants, algae, fungi and lichen,),
some microorganisms, and certain tissues of animals e.g. heparin, chondroitin sul-
fate, and hyaluronic acid (Singh et al. 2012; Liu et al. 2015). The structures of poly-
saccharides vary from linear structures to highly branched structures. These include:

(i) Homo-polysaccharides: These have the same type of monosaccharide being
repeated in the chain.

(i) Hetero-polysaccharides: These usually contain two or more different types of
monosaccharides.

The repeating monosaccharide units in these polysaccharides can be bonded in a
linear chain or a complex arrangement.

Although, carbohydrates play a central role in human physiology and certain
disease progression, they are yet to be fully explored as bioactive compounds for
preparations of nutraceutical or medicinal drugs (Hayes and Tiwari 2015). Their
biological activities include prebiotics and immunomodulatory, anti-thrombotic,
anti-viral, antimicrobial, antioxidant, antitumor and hypoglycemic properties
among others (Hayes and Tiwari 2015; Xie et al. 2016b). Bioactive carbohydrates
from plants and their potential health benefits were summarized in Tables 4.1 and
4.2 while the bioactive carbohydrates from animals are presented in Table 4.3.

4.2 Bioactive Carbohydrates from Lower Plants

4.2.1 Marine Algae

Marine organisms are a valuable source of bioactive metabolites. Marine macroal-
gae (seaweeds) metabolites have been gaining increasing research interest since
they are a valuable source of new drug targets and due to their production of toxins
in lethal algal blooms (O’Sullivan et al. 2010). Seaweeds are the types of marine
macroalgae that are available commercially. Seaweeds of the marine macrophytic
algae comprise of Chlorophycease (green algae), Phacophycease (brown algae) and
Rhodophycease (red algae). These organisms produce primary and secondary
metabolites that have potentials for various biological activities. They are therefore
widely used as food ingredients (especially the red and brown algae) and as nutra-
ceuticals for human and animal health. Mata et al. (2010) reported that the brown
algae have a higher content of bioactive compounds and stronger antioxidant activ-
ity than the red or green algae.
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Table 4.1 Examples of bioactive carbohydrates from lower plants and potential health benefits

Bioactive
carbohydrate Sources Potential health benefits
Phlorotannins Brown and red marine algae Antioxidant, antiviral, antidiabetic,
anticancer and radioprotective activities.
Gupta and Abu-Ghannam (2011)
Alginates Brown seaweeds e.g. Laminaria | Wound healing, therapeutic agents,
and Ascophyllum species. protein delivery, and cell transplantation
Antibacterial, anti-tumor and prebiotics
activities.
Ueno and Oda (2014)
Fucoidan Brown seaweeds e.g. Ecklonia Antitumour, antioxidant, anticoagulant,
cava antithrombotic, immunoregulatory,
antiviral and antiinflammatory effects
(Wang et al. 2019a, b)
Laminarin Brown seaweeds (e.g. Laminaria | Anti-inflammatory, antitumour,
and Saccharina species) anti-apoptotic, anticoagulant and
antioxidant activities (Kadam et al. 2015)
Carrageenans Red seaweeds e.g. Porphyra Antioxidant, anticoagulant (Pangestuti
haitanensis and Kim 2014)
Ulvans Green seaweeds (Ulva) Antioxidant, antiviral, antitumour,

immunomodulating activities (Zong
et al. 2012)

Sulfated rhamnan

Green seaweed (Monostroma
Latissimum)

Antioxidant, antiviral, antitumour,
immunomodulating activities (Raposo
et al. 2013; Shang et al. 2018)

Sulfated Green seaweed (Codium) Antioxidant, antiviral, antitumour,
arabinogalactans immunomodulating activities (Raposo
et al. 2013; Udani et al. 2009)
Sulfated Green seaweed (Caulerpa) Antioxidant, antiviral, antitumour,
galacotans immunomodulating activities (Raposo

et al. 2013; Shang et al. 2018)

Sulfated mannans

Green seaweeds

Antioxidant, antiviral, antitumour,
immunomodulating activities (Raposo
et al. 2013; Shang et al. 2018)

- Glucans Lichens, Cetraria islandica/ Immunomodulating Activity (Vester
lichenan Umbilicaria proboscidea/ Boler and Fahey 2011)

Thamnolia vermicularis var.

subuliformis/Peltigera canina
Schizophyllan Fungi (Schizophyllum commune) | Immunostimulatory (Wang et al. 2017)
Scleroglucan Fungi (Athelia rolfsii) Immunostimulatory (Synytsya and

Novik 2013)

Lentinan Mushroom (Lentinula edodes) Antitumor, immunomodulatory (Zhang

etal. 2011)
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Table 4.2 Examples of bioactive carbohydrates from higher plants and their potential health

benefits

Bioactive carbohydrate

Sources

Potential health benefits

Cellulose Fruit, grains, nuts, Increased stool bulk and bowel movement
vegetables, regulation (Wang et al. 2013)

Hemicelluloses Vegetative and storage | Antioxidant activity, antithrombotic activity,
tissues of annual/ immunomodulating activity, cholesterol
perennial plants, fruit, |lowering, free radical elimination and bowel
legumes, and nuts movements regulation (Wang et al. 2018)

Pectins Plant primary cell Immunomodulating activity, cholesterol-
wall, soft tissues of lowering effect, delayed gastric emptying
fruit and vegetable and small intestine transit time (Kamhi

etal. 2013)
p-Glucans Oats, barley and grains | Cholesterol lowering effect, lipid regulation,

blood glucose control, reduction of high
blood pressure, immunostimulatory (Wang
and Ellis 2014; Xu et al. 2013)

Resistant starch

Cooked and cooled
potatoes, rice, green
bananas, legumes

Hypoglycemic activities,
hypocholesterolemic effects, prevention of
colonic cancer, prebiotic roles, inhibition of
fat accumulation, enhanced absorption of
minerals (Toivonen et al. 2014)

Gums like Galactan,
xylan, xyloglucan,
glucuronic mannan,
galacturonic rhamnosan

type

Locust bean gum, gum
arabic, and guar gum

Delayed postprandial glycemia, lipemia,
and lipoprotein composition, increased
satiety, delayed gastric emptying,
Hypocholesterolemic effect,
hypotriglyceridemic effect (Uebelhack et al.
2014)

Inulin

Chicory root, onion,
garlic, wheat.

Prebiotic roles, Hypolipidemic effects,
stimulation of mineral absorption
(i.e.calcium, magnesium) (Uebelhack et al.
2014)

Konjac glucomannan

Konjac plant

Hypocholesterolemic effect, weight
reduction (Tester and Al-Ghazzewi 2013)

Ginseng polysaccharides

Panax ginseng root

Antirotavirus activity (Xie et al. 2016b)

Acanthopanax senticosu
polysaccharides

Acanthopanax
senticosus leaves

Antioxidant activity and immunobiological
activity (Maslowski and Mackay 2011)

The carbohydrates content of the seaweeds are very high (Gupta and Abu-
Ghannam 2011; Rajasulochana et al. 2012). Sulfated polysaccharides, such as
phlorotannins and diterpenes are the biologically active compounds from marine
algae that are most widely studied for their potent anti-viral, anti-tumor, and anti-
cancer properties. Several studies have also been carried out on the prebiotic
health capabilities of these polysaccharides from seaweeds (Gupta and Abu-
Ghannam 2011). A variety of polysaccharides, such as alginates, fucoidans, and
laminarans have also been found in brown seaweeds (Table 4.1). While fucoidans
and laminarans are soluble in water, the high-molecular-mass alginates are alkali-
soluble polysaccharides.
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Table 4.3 Examples of bioactive carbohydrates from higher animals and potential health benefits

Bioactive

carbohydrate Sources Potential health benefits

Chitin and Crustaceans, insect cuticles, | Bacteriostatic and fungi static influences,

Chitosan cell walls of fungi, shells of | antiviral, drug encapsulation, fat absorber,
mollusks and wound dressing materials (Paul et al.

2015; Younes and Rinaudo 2015)
Heparin/Heparan | Golgi of animal cells Anticoagulating, signaling and development,
sulfate antimicrobial, anti-inflammatory and

anticancer activities (Nikitovic et al. 2014)

Hyaluronic acid | Connective, epithelial, and Chondroprotective effects,

neural tissues of animals immunomodulatory (Lam et al. 2014)
Chondroitin Animal granules of mast cell, | Anti-inflammatory, modulating cellular
sulfate/dermatan | animal tissues from porcine | growth and signaling, maintaining the
sulfate intestine, bovine trachea, and | extracellular matrix Integrity (Zhang et al.
shark cartilage 2014a; Zhao et al. 2015b)

Fig. 4.1 Alginate OH
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Alginic acid or alginate (Fig. 4.1) is the common name given to a family of
linear polysaccharides containing 1,4-linked -D-mannuronic and a-L-guluronic
acid residues arranged in a non-regular, block -wise order along the chain (Ferreira
et al. 2012). Alginates usually have highly different physicochemical heterogene-
ity which can affect their quality and lead to different applications. Besides, the
ability of alginate produced by brown seaweed to chelate metal ions (particularly
those of sodium and calcium) and to form highly viscous solutions, have made
them be of great use in the food and drug industries (Gupta and Abu-Ghannam
2011). The alginate gel that is formed by the induction of divalent cations have
potentials for wound healing, therapeutic agents, protein delivery, and cell trans-
plantation (De Leon-Peralta et al. 2016; Jain and Bar-Shalom 2014; Pipeleers and
Keymeulen 2016).

Fucoidans (Fig. 4.2) are branched polysaccharide sulfate ester with L-fucose
4-sulfate building blocks as the major component. Their backbone contains
a-linked — 1-fucose residues with various substitutions. These polysaccharides are
mainly found in brown seaweeds, even though their structures differ among various
brown seaweed species (Ferreira et al. 2012; Gupta and Abu-Ghannam 2011).

Laminaran (or laminarin) appears to be the food reserve of all brown algae. It is
the major sugar found in the Laminaria species and its structure and composition
differ from one algae species to another (Gupta and Abu-Ghannam 2011). The
structure of Laminarin contains f(1 — 3)-glucan with (1 — 6)-branches and its
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Fig. 4.2 Fucoidan

biological functions are determined by environmental factors, such as water, salin-
ity, temperature, nutritive salt, depth of immersion, waves and sea current.
Laminarins have been established to possess antibacterial, anti-tumor and prebiotics
activities.

Furthermore, sulphated exopolysaccharides are produced by several species of
microalgae. They have found applications in food, nutraceuticals, and medicine due
to their various biological activities (Beluhan and Ranogajec 2011). The exocellular
polysaccharides of all marine microalgae are heteropolymers which consist majorly
of xylose, galactose, and glucose at varying degrees, except those of Gyrodinium
impudicum, which are homopolymer of galactose. Other sugars such as fucose,
rhamnose, and fructose also exist in marine microalgae (Raposo et al. 2013).

4.2.2 Mushrooms

Edible mushrooms are great sources of dietary fiber which are consumed by many
populations because of their sensory characteristics, unique aroma and great taste
(Beluhan and Ranogajec 2011; Wang et al. 2013). They represent an excellent
source of bioactive carbohydrates (Villares et al. 2012). Polysaccharides that are
isolated from mushrooms have been established as biological response modifiers
(BRM) (EI Khoury et al. 2011). They are present in the fungal cell wall with differ-
ent forms of glycosidic linkages, such as (1 — 3) and (1 — 6) — p-D-glucans. The
glucan moieties showed both o and P linkages with the § being more abundant and
having more biological activities (Villares et al. 2012).
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The biological activity of mushroom polysaccharides differs among species and
is dependent on the length as well as the branching of the chain, chain rigidity, and
helical conformation (Ahmad et al. 2012). These activities have been attributed to
the (1 — 3)-p-glucan and (1 — 3), (1 — 6)-p-glucan, with the most positive effect
on immune stimulation obtained with (1 — 3)-B-glucan (Villares et al. 2012).
Mushroom polysaccharides that have demonstrated therapeutic effect against
human cancers include lentinan from shiitake, active hexose correlated compound
(AHCC) also from shiitake, schizophyllan from splitgill, maitake D-fraction from
Grifola frondosa and polysaccharide-K or polysaccharide P (PSK/PSP) from
Trametes versicolor (Friedman 2016). PSP and PSK have been reported to be non-
toxic with prolonged use during the treatment of cancers. They suppress DNA/RNA
synthesis in the cancer cells and also enhance the immune function (Wang et al.
2019a, b). The glucan portion of PSK consists of a f-1-4 main chain and -1-3 side
chains, with B-1-6 side chains that bind to a polypeptide moiety through O- or
N-glycosidic bonds. PSK has a molecular weight of approximately 100,000 Dalton.
This molecular weight of PSK has a great influence on their biological activities as
B-glucan with high molecular weight have stronger biological activities compared
to those with low molecular weight (Liu et al. 2015).

PSP is also a proteoglycan with a molecular weight of approximately 100,000
Dalton which contains a polysaccharide and polypeptide portion (Wang et al. 2015).
It is used widely as an immune modifier and it is famous for its immunoregulatory,
anticancer, anti-inflammatory and antiviral activities (Chen and Huang 2018). The
polysaccharide component in PSP consists of monosaccharides with a-1,4 and
B-1,3 glucosidic linkages. PSP and PSK are chemically similar such that it may be
difficult to distinguish them. However, PSK contains fucose in its structure while
PSP has rhamnose and arabinose in its structure.

4.3 Bioactive Carbohydrates from Higher Plants

Polysaccharides obtained from plant sources constitute a large family of biopoly-
mers which forms part of herbal ingredients that are widely used in many Asian
countries (Guo and Cui 2014). Several bioactive polysaccharides extracted and
separated from such plants have attracted a lot of research interest that examines
their biological activities (Xie et al. 2016b).

4.3.1 Beta-Glucans

Beta-glucans (B-Glucans) are naturally occurring polysaccharides comprising a
group of f-D-glucose polysaccharides naturally occurring in cell walls of cereals,
bacteria, and fungi. The structure of B- glucan is similar to that of cellulose except
that the B-(1 — 3)- linkages introduce a twist to the chain. This twist in the chain
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gives stability to p-glucan and reduces its ability to form aggregates, hence, the
solubility of f-glucan is greatly affected by such a trend (Ahmad et al. 2012; Sikora
et al. 2013). Other names for B-Glucans include - Glycans, -1, 3-glucan, and p-1,
3/1, 6-glycan (Synytsya and Novak 2013).

The effectiveness of - glucan against various diseases and disorders have been
established in various studies. Some of these scientific reported the tendency of p-
glucan to reduce the onset of colorectal cancer (Xu et al. 2013), increase stool bulk
and provide assistance against constipation (Ahmad et al. 2012), reduce glycemic
index, flatten postprandial blood glucose levels and insulin rises, prevent insulin
resistance, reduce serum cholesterol levels, produce short-chain fatty acids (Wang
et al. 2013), prevent coronary heart disease, prevent hepatic damage (Karaduman
et al. 2010), and promote the growth of beneficial gut microflora (Ahmad et al.
2012; El Khoury et al. 2011).

Additionally, it is important to note that f-Glucans obtained from different
sources do have variations in their structure. The physicochemical properties of
B-glucans, therefore, have a direct relationship with the characteristics of their pri-
mary structure. This includes- molecular weight, linkage type, degree of branching,
and conformation (Synytsya and Novdk 2013). The most common forms of
B-glucans are those comprising D-glucose units with -1 — 3 links. pf-glucan found
in yeast and mushrooms contains 1 — 3-glucan linkages and occasionally 1 — 6
linkages. Meanwhile, the B-glucans from grains (i.e., oats and barley) contains
1 — 3 and 1 — 4 linkages (Synytsya and Novédk 2013). Mushrooms form o (1 — 3)
or B (1 — 3) or (1 — 6) linkages but it can also form heteroglycans containing other
sugars like arabinose, mannose, fucose, galactose, xylose, etc. They can also bind to
protein residues as it is found in PSP (polysaccharide—protein) complexes. The
yeast-derived -1 — 3/1 — 6 glucan supposedly has greater biological activity than
the 1 — 3/1 — 4 counterparts (Ahmad et al. 2012). Different p-glucan linkages are
shown in Figs. 4.3 and 4.4.

These structural differences have a significant effect on the activity of
B-glucans. In vitro studies have suggested that large molecular weight p-glucans
(e.g. zymosan) can have a direct effect on the activation of leukocytes and have a
bearing on their antioxidant, antimicrobial, phagocytic, and cytotoxic activities.
Other factors that may impact on the immunomodulatory activities of - glucans
include frequency, location, and length of the side-chains. Conversely, intermedi-

Fig. 43 p-1-3/1-4
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Fig. 44 p-1-3/1-6
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ate or low molecular weight p-glucans (e.g. glucan phosphate) possess biological
activity in vivo, but their cellular effects are less clear. Very short p-glucans
i.e. <5000-10,000 molecular weight (e.g. laminarin) are generally considered
inactive (El Khoury et al. 2011).

4.3.2 Cellulose and Hemicelluloses

Cellulose is the most abundant organic chemical on earth because it is the main
component of plant skeleton (Credou and Berthelot 2014). Apart from plants that
are the dominant cellulose suppliers, algae, bacteria, and fungi also produce cellu-
lose. Thus, millions of tons are biosynthesized annually, thereby leading cellulose
to be considered an almost inexhaustible polymeric raw material (Klemm et al.
2011). The conventional sources of cellulose are wood pulp and cotton linters
(Kambhi et al. 2013). Cellulose obtained from seed hairs of the cotton plant occurs in
almost pure form. In contrast, cell wall of woody plants provides a composite mate-
rial mainly made of cellulose, hemicelluloses, and lignin. It may also contain pectin,
extractives such as waxes, or even proteins (Kamhi et al. 2013). The sources and
potential health benefits of bioactive carbohydrates from higher plants were pre-
sented in Table 4.2.

Cellulose consists of several hundreds of f — (1 — 4) linked D-glucose units in a
linear chain. A good number of these polysaccharide chains are arranged in parallel
arrays to form cellulose microfibrils. Each of the polysaccharide chains in the
microfibrils is bound together by hydrogen bonds (Fig. 4.5) which makes the micro-
fibrils to be exceedingly tough and inflexible. Furthermore, the microfibrils are
bundled together to form macrofibrils (Synytsya and Novdk 2013). This tensile
strength of the cellulose makes it a very useful organic molecule because it does not
bind with water nor change form in the digestive tract (Onofrei and Filimon 2016).

Cellulose in the form of its dietary fiber plays a very important role in human
nutrition as they are crucial for healthy digestion and health of the human gut.
Dietary cellulose is thought not to be digested in the stomach and small intestine
since about 85% can be recovered in ileostomy contents from subjects fed diets
containing usually eaten foods. However, in the large intestine, it is fermented by
gut microflora leading to the production of short-chain fatty acids, methane, hydro-
gen and carbon dioxide (Chen et al. 2011).



48 T. A. Oyedepo and A. A. A. Kayode

Fig. 4.5 Cellulose
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Hemicelluloses are water-soluble polysaccharides of low degree of polymeriza-
tion (100-200). While cellulose is made of a linear chain of glucose homopolymer,
hemicelluloses are branched heteropolymers made of many different sugars such as
glucose, mannose, galactose, xylose, and arabinose. Sugar ratio changes from plant
to plant (Kambhi et al. 2013).

4.3.3 Glucomanan

These are fibrous polysaccharides with molecular formula C,,H,,0,, that has a high
molecular weight (average: 1,000,000 Daltons) and can absorb up to 50 times its
weight in water, making it one of the most sticky dietary fibers (Tester and
Al-Ghazzewi 2013). Glucomanan is a fermentable dietary fiber that is usually
extracted from the tuber of the elephant yam (Amorphophallus konjac or
Amorphophallus rivieri). It consists of a polysaccharide chain of -D-glucose and
B-D-mannose with acetyl groups attached in a molar ratio of 5:8. This ratio varies
among different species with p-1—4 linkages (Tester and Al-Ghazzewi 2013). The
basic polymeric repeating unit has the pattern: GGMMGMMMMMGGM, with
branching through p-(1 — 3)- and pB-(1 — 6)-glucosyl linkages (Fig. 4.6). Acetate
groups occur on C-6 in every 9—19 units of the main chain. The fact that the human
salivary and pancreatic amylase cannot split -1, 4 linkages, glucomannan passes
relatively unchanged into the colon, where it is highly fermented by resident colonic
bacteria (Tester and Al-Ghazzewi 2013).
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Fig. 4.6 Glucomanan

4.3.4 Pectins

Pectins are natural plant carbohydrates which are complicated in terms of their
chemical composition as well as their physico-chemical structure. It is a heteropoly-
saccharide which is often present in the primary cell walls of terrestrial plants. It is
a polymer with a core of alternating a-1,4-linked D-galacturonic acid and a-1,2- L-
rhamnose units, including a variety of neutral sugars such as arabinose, galactose,
and a few units of other sugars. The amount, structure and chemical composition of
pectin may be different among various plants. They may also differ within a plant
over time, just as they may differ in various parts of a plant (Kamhi et al. 2013).
Pectins are soluble in alkaline water. They provide flexibility to plants and play a
role in plant growth. They equally play important roles in the cell wall structure,
cell-cell adhesion, cell development, morphogenesis, defense, signaling, cell
expansion, wall porosity, binding of ions, growth factors and enzymes, pollen tube
growth, seed hydration, leaf abscission, and fruit development (Kamhi et al. 2013).

Many bioactive pectic polysaccharides have been isolated from plants. They con-
tain some defined structural units: homogalacturonans (HG), rhamnogalacturonan I
(RGI), and substituted galacturonans such as rhamnogalacturonan II (RGII) (Ho
et al. 2016). The familiar components of pectin with anti-cancer potentials are HG
and RGI. The most predominant region of pectin is HG (Fig. 4.7), composed prin-
cipally of a homopolymer of (1 — 4)-linked a-D-galacturonic acid (GalA) partially
methylated at C-6 (Ho et al. 2016).

The degree of methylation (DE) refers to the ratio between methylated and non-
methylated GalA. Pectin with high DE has 50% or more methyl ester groups on the
HG backbone and are known as HM pectin while pectin with low DE (LM pectin)
have fewer than 50% methyl ester groups on the HG backbone. The methyl-ester
content is particularly important in pectin research as it strongly determines the
physical properties of pectin. The GalA residues at O-2 and O-3 may also be par-
tially esterified with acetic acid in certain plant species such as sugar beet (Jiang
et al. 2016). Similarly, the ratio between acetylated and non- acetylated GalA is
referred to as the degree of acetylation (DAc).
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Fig. 4.7 Homogalacturonans (HG)

The second well-characterized component of pectin is the ‘hairy’ regions also
known as rhamnogalacturonan I (RGI) regions. RGI consists of a backbone com-
posed of a repeating disaccharide of GalA and rhamnose (Rha) residues [—4)-a-D-
GalA — (1,2)-a-L-Rha-(1-], (Ho et al. 2016). They are highly branched structures
with neutral sugar side chains of varying degrees of polymerization attached to O-4
or O-3 position on the a-L- rhamnose residues (Toivonen et al. 2014) (Fig. 4.8).

The side chains consist mainly of a-L-arabinose and/or B-D-galactose residues.
The major types of side-chain present are:

(i) Arabinan (Ara) which is composed of (1 — 5)-a-L-Ara units and often rami-
fied with short (1 — 3)-a-L-Ara or single a-L-Ara nonreducing units at O-2,
O-3 or O-5 positions

(i) Galactan (Gal) which has linear, type I (1 — 4)-p-D-Gal or branched, type II
(1 = 3,6)- p-D-Gal, depending on the plant source.
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Fig. 4.8 Rhamnogalacturonan I (RGI)

(iii) Arabinogalactan I (AGI) consisting of a basal chain of (1 — 4)-pB-D-Gal sub-
stituted at O-3 with short (1 — 2)/(1 - 3)-a-L-Ara or single a-L-Ara non-
reducing units.

(iv) type II arabinogalactan (AGII) which has a backbone of (I — 3)-pf-D-Gal
heavily substituted at position 6 by mono- and oligosaccharide Ara and Gal
side chains (Udani et al. 2009).

Studies have highlighted the potential importance of these neutral sugar chain-
containing regions (Jiang et al. 2016). Pectins are also highly variable depending on
source and extraction. Minor amounts of other sugars such as fucose, glucose, man-
nose, xylose, glucuronic acid, and methyl esterified glucuronic acid are sometimes
present in the side chains. In some cases, phenolics are also present in the side
chains (Dhingra et al. 2012).
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4.4 Bioactive Carbohydrates from Animal Products

4.4.1 Heparan Sulfate/Heparin

Heparin and heparan sulfates are closely related linear anionic polysaccharides.
They belong to the group called glycosaminoglycans (GAGs), which exhibit several
important biological activities. These polysaccharides which exhibit poly-dispersity,
are synthesized in the Golgi apparatus of animal cells. Heparin that possesses highly
sulfated, linear structure are considered as an important member of glycosamino-
glycans. It is composed of repeated units of sulfonated hexuronic acid (1 — 4)
D-glucosamine. Heparan sulfate is an extracellular glycosaminoglycan that is
widely distributed in membranes. However, heparin is found primarily intracellu-
larly in the granules of mast cells.

Heparin has received a lot of scientific attention due to its anticoagulant activity
just as interest has increasingly grown to value the various roles that heparan sulfate
plays in normal and pathophysiology (Nikitovic et al. 2014). Activities of Heparin
and heparan sulfates include anticoagulation (Kambhi et al. 2013), signaling and
development (Zhang et al. 2014a), and infectious disease, inflammation, and cancer
(Garcia et al. 2014). Uronic acid residue in heparin which consists of a-1-iduronic
acid (IdoA) or p-d-glucuronic acid (GIcA) can be sulfated at the second oxygen
position. The residue of glucosamine can present unmodified (GIcN), N-sulfonated
(GIcNS), or N-acetylated (GlcNAc), with various O-sulfations at the third and sixth
oxygen positions (Fig. 4.9) (Nikitovic et al. 2014).

4.4.2 Hyaluronic Acid

The hyaluronic acid also called hyaluronan, is an anionic, non-sulfated glycosami-
noglycan with high molecular weight. For instance, the human synovial HA aver-
ages about seven million Da per molecule, or about twenty thousand disaccharide
monomers (Cyphert et al. 2015). Hyaluronic acid is composed of alternating units
of D-glucuronic acid, and N-acetyl- D- glucosamine (Fig. 4.10). It exists naturally
in the body performing essential biological functions. It is the component of the
extracellular matrix (ECM) which explains why it is widely distributed in connec-
tive, epithelial, and neural tissues (Elmorsy et al. 2014).

Many studies have documented the chondroprotective effects of hyaluronic acid
(HA) in vivo and its influence on the articular cartilage. It was also documented that
exogenous HA could promote the synthesis of proteoglycan, modulate the functions
of immune cells, and reduce the activity of proinflammatory cytokines (Elmorsy
et al. 2014). Hyaluronic acid with special structure is also reasoned to be a promi-
nent signalling molecule that can interact with cell surface receptors and thereby
modulate cell adhesion, migration, and proliferation (Lam et al. 2014).
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Fig. 4.10 Hyaluronic acid

4.4.3 Chitin and Chitosan

Chitin and chitosan are linear polysaccharides. The source of chitosan is chitin, a
natural biopolymer (Fig. 4.11a) most abundant in exoskeletons of crustaceans,
insect cuticles, cell walls of fungi, shells of mollusks, etc. (Paul et al. 2015). Chitin
consists of 2-acetamido- 2-deoxy- f -D-glucose monomers (N-acetyl glucosamine
units) linked through f (1 — 4) linkages (Ramya et al. 2012).

Hydrolysis of chitin is generally used for the industrial production of the glucos-
amine monomer and chito- oligosaccharides (Despras et al. 2014). Multidimensional
utilization of chitin derivatives is as a result of certain functional properties such as
their bacteriostatic and fungi static power, polyelectrolyte and cationic nature, pres-
ence of reactive groups and high adsorption capability. All these functions make
them very versatile biomolecules (Hayes et al. 2008; Hayes 2012). Chitosan is a
polymer of deacetyl a-(1, 4) glucosamine units that can typically be obtained by
deacetylation of chitin (Fig. 4.11b) with sodium hydroxide (Yuan et al. 2015) after
demineralization and deproteinization of the crustacean shells or exoskeletons. The
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degree of deacetylation (DDA) of chitin ranges from 60 to 100% (Yuan et al. 2011).
Chitosan as a heteropolysaccharide also includes linear p-1,4-linked units which
often exists in the form of granules, sheets, or powders (Younes and Rinaudo 2015).

Chitin is the pre-constructed organic framework on which calcium carbonate
growth takes place. Chitin, so similar to cellulose in structure, also reacts in many
ways similar to cellulose, aside from being biodegradable and non-toxic. It is cur-
rently being used for medical applications such as drug encapsulation, fat absorber,
and wound dressing materials. The chitin/chitosan—calcium phosphate system has
the potential use as a virus filter given the adsorptive properties of hydroxyapatite
(Singh et al. 2012) which may allow the attachment of drugs for future treatment of
a serious viral disease.

4.5 Bioactive Carbohydrates from Microorganisms

4.5.1 Dextran

Dextran is a family of glucans produced by polymerization of the a-D-glucose por-
tion of sucrose in a reaction catalyzed by the enzyme dextransucrase. It is a high
molecular-weight polysaccharide which is composed of a-1,6 linking glucose as the
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Fig. 4.12 Dextran

a-1,6

backbone and a-1,4 linking glucose as the side chain (Fig. 4.12). Dextran can be
produced commercially when L. mesenteroides, a bacterial species, is cultured on
sucrose (Table 4.4). Several other microorganisms also produce dextrans, but
according to Chen and Huang (2018), dextran which is extracted from different
microbial strain possesses varying structures. Dextran can be used for the separation
and purification of biomacromolecules. Due to its biocompatibility, it also can be
applied as the plasma expander for biomedical application (Friedman 2016).

4.5.2 Xanthan

Xanthan gum is a high molecular weight branched polysaccharide that consists of
glucose, mannose and glucuronic acid (Fig. 4.13). It is produced naturally by the
bacterium Xanthomonas campestris and manufactured commercially by aerobic
fermentation of glucose or sucrose solutions with pure cultures of Xanthomonas
campestris (Gupta and Diwan 2017). The primary structure of xanthan gum is a
linear (1 — 4) linked p-D-glucose backbone (similar to that of cellulose) with a
trisaccharide side chain on every other glucose at C-3 (Shang et al. 2018).

4.6 Relationship Between the Structure and Activities
of Bioactive Carbohydrates

Carbohydrates (especially polysaccharides) have diverse chemical structure, com-
position, molecular weight, potential, and linking sequence, all of which result in
different functionality and biological activity (Xie et al. 2016b). Xie et al. (2014,
2016b) indicated that polysaccharides have a different molecular weight (Mw) and
monosaccharide composition. They also exhibit differences in their configuration
and position of glycosidic linkages. Their structure range from those that are linear
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Table 4.4 Examples of bioactive carbohydrates from microbes and their potential health benefits

Bioactive
carbohydrate Sources Potential health benefits
Dextran L. mesenteroides Anticoagulation, Plasma/volume expander in
biomedical applications (Khalikova et al. 2005)
Xanthan gum Xanthomonas Antioxidant, antibacterial and biofilm inhibitory
campestris activities (Munir et al. 2017)

Fig. 4.13 Xanthan Gum
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to those which are highly branched (Zhao et al. 2010). Therefore, it is important to
understand how the structure of these polysaccharides influences their biological
activities.

The three-dimensional arrangement of a polysaccharide is greatly influenced by
the type of monomer, linkage type and position, and the number and position of
branches occurring within the polymer chain. This factor, in addition to the molecu-
lar size, determines the behavior of a polysaccharide (Xie et al. 2016b). Some physi-
cal properties, such as solubility, viscosity, and gelation, may also influence the
bioactivity since they can affect bioavailability (Sletmoen and Stokke 2008). Some
studies have suggested that polysaccharides which have significantly different aver-
age molecular weights but have fractions with similar monosaccharide composi-
tions can possess the same biological activity (Luo et al. 2010). Therefore, the
elucidation of molecular structures of bioactive polysaccharides is very important
for predicting their bioactivities.

The development of bioanalytical technology has tremendously helped to under-
stand the structure of polysaccharides and apply their functions. Through the con-
tinuous investigation on the structure of plant polysaccharides, many new groups of
physiologically active compounds has been discovered. Similarly, nutraceutical
applications of bioactive carbohydrates are also related to their structural resistance
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to digestion in the upper gastrointestinal tract reaching the colon and becoming vital
nutrients for the proliferation of probiotic microflora, or serving as intermediates for
microbial conversion into other bioactive compounds (Hornung et al. 2018).

Several groups of polysaccharides have been studied over the last few decades to
explore their bioactivities, especially on human health. Techniques such as centrifu-
gation, ultrafiltration, ultrasound-assisted extraction, and pulsed electric energy has
been very useful in the extraction and purification of bioactive polysaccharides (Zhu
et al. 2016, 2017). The characterization of polysaccharide often comprise of pre-
liminary, physical, and structural properties by glycosaminoglycans (GAG), uronic
acid, and sulfate content, Thin Layer Chromatography (TLC), High Performance
Liquid Chromatography (HPLC), Gel permeation chromatography (GPC), Fourier-
transform infrared spectroscopy (FTIR), UV-Vis spectroscopy, thermal gravimetric
analysis (TGA), and X-ray powder diffraction (XRD). With the advancement of
these extraction and identification techniques, a lot of new polysaccharides are con-
tinuously discovered from various resources.

4.7 Biological Roles of Bioactive Carbohydrates

Oligosaccharides and polysaccharides are very important biomolecules with multi-
ple functions in all living organisms. The great variations in the structure of differ-
ent polysaccharides are responsible for the flexibility of the precise regulatory
mechanisms of several cell-cell interactions in higher organisms. Among macro-
molecules, polysaccharides have the best potential for carrying biological informa-
tion because they have a high potential for structural variability (Wang et al. 2013).
It is well known that the biological functions of polysaccharides are intimately
related to their structural features (Xie et al. 2016a).

Many bioactive polysaccharides have been extracted from medicinal plants and
this has led to many research studies in the field of pharmacology and biochemistry
as a result of their potential biological activities. More importantly, polysaccharides
derived from plants are comparatively non-toxic and most of them have insignifi-
cant side effects (Xie et al. 2014).

4.7.1 Prebiotics Carbohydrates

Prebiotics are non-digestible food ingredients that selectively stimulate the growth
and activities of probiotics (i.e. the beneficial bacteria) in the colon (Elsabee and
Abdou 2013). Polysaccharides in the human diet are very good sources of prebiotics
because they usually promote the growth of probiotics and intestinal biodiversity
(Shang et al. 2018). Many polysaccharides found in foods cannot be completely
digested by the human digestive system. These indigestible polysaccharides which
include cellulose, hemicellulose, B-glucan, pectin, mucilage, gums and lignin are
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collectively referred to as dietary fiber. Most of these polysaccharides are usually
resistant to digestion in the human alimentary system. A very good example is the
resistant starch which is a starch fraction that can only be fermented by the large
intestinal microbiota. The reason for this is that the human genome does not encode
adequate gastrointestinal enzymes that can metabolize polysaccharides. Hence, the
degradation of polysaccharides can only be achieved through a series of enzymes
derived from intestinal microbiota (Karaduman et al. 2010).

The intestinal microbiota is a dynamic organ that plays a key role in maintaining
health. It is a complex aggregation of microscopic organisms in the gut which may
involve more than 100 trillion microorganisms (Gilbert et al. 2016). The diversity
and density of these microorganisms are highest in the colon (Hornung et al. 2018).
These microbes participate in vital physiological functions for the host. They also
establish complex interactions with each other. The interactions could range from a
mutual relationship to competitive relationships that may directly or indirectly
influence the well-being of the host (Partida-Rodriguez et al. 2017). One evidence
for this is that the germ-free animals are more vulnerable to germs than the colo-
nized animals (Shang et al. 2018).

Dietary polysaccharides are known to impact gut microbial ecology and studies
have indicated that gut microbiota can impact host nutrition, immune modulation,
resistance to pathogens, intestinal epithelial development and activity, and energy
metabolism (Jacobs et al. 2009). Bacteria in the human gut produce hundreds of
polysaccharide degrading enzymes, which account for roughly 2.62% of the total
enzymes encoded by the intestinal microbiome (Karaduman et al. 2010). Hence,
these polysaccharides serve as unique carbon sources for the intestinal bacteria dur-
ing fermentation. Arabinogalactans, galactomannans, glucomannans, laminarin (a
glucan), and other mixed polysaccharide products are examples of bioactive poly-
saccharides that can be metabolized by human colonic bacteria (Kalia et al. 2011).
Jiang et al. (2016) documented that apple pectin can increase Firmicutes phylum,
decrease Bacteroidetes phylum and ameliorate the fat accumulation and body
weight in diet-induced obese rats. According to Wang et al. (2011) for any carbohy-
drate to be defined as prebiotic carbohydrates, it must meet the following criteria:

(i) The carbohydrate must be resistant to

* gastric acidity

* hydrolysis by mammalian enzymes

* gastrointestinal absorption

» fermentation by intestinal microflora.

(i1) The carbohydrate in question must have selective stimulation on the growth and
activity of intestinal probiotic bacteria

The beneficial effect of many polysaccharides is mainly dependent on their fer-
mentability since human alimentary system cannot digest most of the polysaccha-
rides completely. Other benefits include physiochemical properties such as
water-holding capacity and bile acid-binding ability. The natural polysaccharides
therefore, benefit human health by slowing gastric emptying, improving the bowel
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function, providing substrates for microbial fermentation, modulating the structure
of gut microbe, and protecting the immune system (Minamida et al. 2014).

Certain gut bacteria can break down polysaccharides into short-chain fatty acids
(SCFAs). Among other functions, SCFAs furnish energy to the colon and modulate
immune responses. Besides, SCFAs protect against colitis/colorectal cancers keep
the epithelial barrier function, and improve epithelial proliferation (Hamer et al.
2008). For example, butyric acid improves colonic health by supplying energy to
the epithelial cells. Depending on its concentration, butyric acid can boost prolifera-
tion and differentiation of human cells and elicit apoptosis of tumor cells (Maslowski
and Mackay 2011).

One condition that is frequently reported to be associated with deranged micro-
biota is metabolic syndrome. Many polysaccharides have been reported to success-
fully ameliorate metabolic syndrome (Cani et al. 2008). A study by Liu et al. (2017)
documented that apple-derived pectin can reduce weight gain and excessive accu-
mulation of fat in diet-induced obese mice. Soluble dietary fiber also suppressed
weight gain and accumulation of fat by increasing energy expenditure and modulat-
ing gut microbiota (Wang et al. 2018).

4.7.2 Antioxidant Activity

Polysaccharides play an important role as free radical scavengers and antioxidants
for the prevention of oxidative damage in living organisms. Oxidative stress also
evolves from the regulation of most cellular processes, including proliferation, dif-
ferentiation, stress responses, and cell death. It is one of the direct factors which is
responsible for various diseases and aging (Wang et al. 2012). This makes the anti-
oxidant effect of polysaccharides to be one of their main promising bioactivities.
Numerous polysaccharides with antioxidant properties have been discovered from
animals, plants, and microorganisms (Kofuji et al. 2012). Probiotic bacteria can
synthesize extracellular polysaccharides (EPSs). EPSs possess physiological and
therapeutic activities of commercial importance. These class of biomolecules also
play the role of removing reactive oxygen species (ROS) that are formed in the
intestine by various metabolic reactions (Wang et al. 2013).

The antioxidant properties of polysaccharides have a direct relationship with
their structures. The main physicochemical properties, which determine their anti-
oxidant effects include:

e water solubility

* molecular weight higher than 90 ku

e backbone chain of - (1 — 3)-D-glucose

* B- (1 = 6)-side chain

e degree of branching

 functional groups (polyhydroxyl, carboxymethyl, acetyl, formyl, etc),
e triple-helical structure (Kofuji et al. 2012; Yuan et al. 2015).
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Seaweeds are rich in antioxidants as they possess diverse functional polysaccha-
rides. Similarly, f-glucan extracted from barley exerts significant antioxidant activ-
ity, in addition to other various biological activities. The magnitude of antioxidant
activity exhibited by p-glucan is a function of different physiologic properties (e.g.,
structure and molecular size) of the B-glucan. This is also dependent on the source
of the f-glucan and extraction method that is used (Kofuji et al. 2012).

The antioxidant activities of Lycium barbarum Polysaccharides (LBP) is an
example of antioxidant polysaccharide that has been widely studied. Lycium bar-
barum is being used traditionally in China as a food supplement and medicinal herb
(Gao et al. 2017). LBPs displayed significant radical scavenging effect on ABTS,
DPPH as well as superoxide radicals (Zhang et al. 2014b). Furthermore, LBPs
exhibited significant reducing power, ferrous ion chelating potency, and superoxide
scavenging ability (He et al. 2012; Jin et al. 2013). All these stated antioxidant activ-
ities of LBPs is as a result of the plant’s ability to improve the activities of antioxi-
dant enzymes such as glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD).

A water-soluble polysaccharide was extracted from Hyriopsis cumingii (HCp)
by Hu et al. (2010). The polysaccharide has a structural component of a — (1 — 4) —
D-glucan branched with a single a- D-glucose at C-6 of every five residues on aver-
age and an average molecular weight of about 2.65X 10°. Pharmacological studies
revealed that this polysaccharide significantly increases the total SOD activity of
brain tissue and lowers malondialdehyde content effectively (Hu et al. 2010). In
another study, Ngo et al. (2008) identified the antioxidant effects of chitosan
Oligosaccharides (NA-COS) which is produced by acidic hydrolysis of crab chitin.
Their study indicated that NA-COS have significant potentials for scavenging free-
radical in a cellular system. They were shown to inhibit myeloperoxidase activity as
well as reduce free-radical oxidation of DNA and membrane proteins. They were
also shown to stimulate an increase in intracellular gluthathione levels.

4.7.3 Immunomodulatory and Immunostimulatory Activities

One of the desirable features of the innate immune system is to quickly recognize
and respond to an invading pathogen so as to control infection. There are different
types of natural immunotherapeutic operators that incorporate monoclonal antibod-
ies, malignant growth immunizations, interferons, interleukins, state invigorating
variables, colony-stimulating factors, gene therapy, and non-specific immune-
modulating agents (Pandya et al. 2018). A wide scope of polysaccharides is likewise
equipped for connecting with the immune system to upregulate or downregulate
explicit portion of the host reaction and can, therefore, be classified as immune
modulators (Wang et al. 2013).

The immunomodulatory properties of naturally derived polysaccharides which
include heteroglycans and proteoglycans have been recognized and documented.
Such polysaccharides are of certain molecular weight and structure. Their immuno-
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modulating activities include activation of macrophages, monocytes, dendritic cells,
natural killer (NK) cells, lymphocyte- activated killer cells, tumor-infiltrating lym-
phocytes, and other lymphocytes. Another important activity of these polysaccha-
rides which have been documented is the prompt release of various cytokines
including interleukins, interferons, tumor necrosis factor and colony-stimulating
factors. Such polysaccharides are thus considered multicytokine inducers and this is
probably because of initiation of gene expression of diverse immunomodulatory
cytokines and cytokine receptors (Novak and Vetvicka 2008).

B-glucans have been documented to be potent immunomodulators with effects
on both innate and adaptive immunity (Tian et al. 2013). Dectin-1, which is a type
II trans- membrane protein receptor that binds p-1,3 and p-1,6 glucans, can initiate
and modulate the innate immune response (Schorey and Lawrence 2008). Dectin-1
is expressed on cells responsible for the innate immune response and has been found
in macrophages, neutrophils, and dendritic cells (Schorey and Lawrence 2008).
Dectin-1 accepts p-glucans found in the bacterial and fungal cell wall. Since
B-glucans are absent in human cells Dextrin-1 can conveniently trigger effective
immune responses including phagocytosis and proinflammatory factor production
which leads to the elimination of infectious agents (Schorey and Lawrence 2008).

The immunomodulatory activities of polysaccharides are related to their struc-
tures. Differences in molecular weight, tertiary structure/conformation, and com-
position all affect bioactivities of polysaccharide. Generally, polysaccharides with
a configuration of B-1-3, 1-4, or 1-6 branch chains are necessary for activity while
complex branch-chained polysaccharides with anionic structures and higher
molecular weights have greater immunostimulating activities (Kim and Kim 2017).
These differences in bioactivity may be due to differences in receptor affinity or
receptor-ligand interaction on the cell surface (Li et al. 2016, 2017). The immuno-
stimulatory activities of many polysaccharides have been documented in some
studies in healthy human adults. Studies in healthy animals also indicated many
immune stimulating effects of various glucan products (Ahmad et al. 2012; Kamhi
et al. 2013; Tian et al. 2013).

The major manner through which polysaccharides from plants activate macro-
phages is through their interaction with specific receptors on cells. These receptors
are known as pattern recognition receptors. The macrophages are involved in
immune regulating processes. Macrophages play a significant role in all phases of
host defense that are both innate and adaptive immune responses to infection (Zhao
et al. 2015a, b). Macrophages play an essential role in all kinds of complex micro-
bicidal functions, including the surveillance, chemotaxis, phagocytosis, and even-
tual degradation of the target organisms (Niu et al. 2017). Carbohydrates can interact
with macrophages and regulate these cells through diverse mechanisms. The pos-
sible mechanism is that macrophages bind and thus interact with the polysaccha-
rides through toll-like receptor 4 (TLR4), CD14, dectin-1 and mannose receptor,
among others (Hollmig et al. 2009). Once the receptors are activated, there will be
downstream signal and generation of pro-inflammatory factors.
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Since polysaccharides can regulate the function of macrophages, they can also
increase the host immune defense. Studies on the functions of macrophages have
demonstrated that glycans can enhance their functions and this includes the activa-
tion of phagocytic ability (Niu et al. 2017), increased cytotoxic activity against
tumour cells, reactive oxygen species (ROS) and nitric oxide (NO) production. It
also includes secretion of cytokines and chemokines, such as tumour necrosis factor
(TNF-a), interleukin-1p (IL-1f), IL-6, IL-12 and many more (Rabinovich and
Toscano 2009). For example, a study by Udani et al. (2009) documented that a poly-
saccharide from the cones of Juniperus scopulorum showed significant immuno-
modulatory effect to the murine macrophages. The study certified that the
polysaccharide caused an increased expression of macrophage iNOS and NO. Also,
there was enhanced secretion of cytokines such asIL-1, IL-6, IL-12, IL-10
and TNF-a.

The immunostimulating properties of mushrooms have been documented in
many Eastern countries (Friedman 2016). The bioactive polysaccharides in mush-
rooms are f-glucans. These substances also increase the host immune defense by
enhancing the function of macrophages and natural killer cells (Friedman 2016).
The mechanism for induction of cellular responses by -glucans may be due to their
specific interaction with several cell surface receptors like complement receptor 3
(CR3; CD11b/CD18), lactosylceramide, selected scavenger receptors, and dectin-1.
B-Glucans are also known to demonstrate anticarcinogenic activities. They can pre-
vent oncogenesis through their protection against potent genotoxic carcinogens
(Novak and Vetvicka 2008).

Anti-angiogenesis is a possible pathway by which p-glucans can decrease tumor
proliferation and prevent tumor metastasis. f-Glucan can, therefore, a supportive
therapy to cancer chemotherapy and radiotherapy as demonstrated by their positive
role in the restoration of hematopiesis followed by bone marrow injury (Moreno-
Mendieta et al. 2017). Immunotherapy using monoclonal antibodies is a novel
strategy for cancer treatment. These antibodies trigger the activity of complement
system and alter tumor cells with iC3b fragment. It is difficult for tumor cells as
well as other host cells to trigger complement receptor 3-dependent cellular cyto-
toxicity and initiate tumor-killing activity because they do not have f-glucan as a
surface component. This mechanism will, therefore, be elicited only in the presence
of B-glucans (Carvalho et al. 2016).

4.7.4 Antitumor Activities

Malignant neoplasm is a dreaded disease that is very harmful to human health. Most
antitumor chemicals kill cancer cells but at the same time, they seriously damage
normal cells (Chen et al. 2014). This has led to numerous studies seeking alternative
cancer therapy. A good number of polysaccharides have strong antitumor activities
with broad application prospects. The ability of bioactive polysaccharides that have
structures containing a p-1,3 1,4 or 1,6 has been extensively demonstrated to



4 Bioactive Carbohydrates, Biological Activities, and Sources 63

enhance the immune system and therefore indirectly reducing tumorigenesis as well
as tumor growth in animals (Tomé et al. 2015). Similarly, prolonged survival due to
treatment with nutraceuticals and drugs derived from polysaccharides have been
documented in numerous controlled clinical trials (Ina et al. 2016). Anti-
inflammatory and anti-allergy effects of some polysaccharide products have also
been demonstrated in controlled human and animal studies. Plant polysaccharides
with antitumor effect can function in tumorigenesis of various cell lines mainly
through the suppression of tumor growth, apoptosis induction, enhancement of
immune function and coordination of chemotherapy drugs (Tian et al. 2013).

Microbial polysaccharides (which are mainly derived from bacteria and fungi)
with significant antitumor activity have also been found. They can be used for sup-
pressing the growth of tumor cells, induction of apoptosis, immunopotentiation,
synergistic chemotherapy drugs and other ways that can produce an antitumor effect.

Polysaccharides mainly exert antitumor effects through two major mechanisms
(Pandya et al. 2018):

(i) The direct effect of polysaccharides on tumor cells.
(i) Enhancing the immune function of the organism (indirect anti-tumour
activities)

4.7.4.1 Direct Effect of Polysaccharides on Tumor Cells

This can be effected through six different mechanisms:

(a) Direct inhibition to the growth of a tumor cell. Polysaccharides can have a
direct antitumor effect on tumor cells that present cytotoxic effects (Chen and
Huang 2018). For example, a polysaccharide obtained from the root of
Sanguisorba officinalis L (sowp) could suppress the growth of H22 ascites
tumor cells, prolong the survival time of ascites tumor mice, and also reduce
toxicity to normal cells (Friedman 2016; Zong et al. 2012).

(b) Induction of tumor cell apoptosis. Apoptosis is a spontaneous, active cell death
process that is prevalent in multicellular organisms and the inherent mechanism
of the relative stability of the cells to maintain the number of cells. Obstacles or
abnormalities to this mechanism may lead to a tumor or other lesions. Induction
of tumor cell apoptosis is therefore a novel method of cancer treatment. The
mechanism of tumor cell apoptosis induced by polysaccharide is by inhibiting
the telomerase activity and inducing the apoptosis of tumor cells through a
change in the mitochondrial membrane potential, blocking of the cell cycle,
affecting the manifestation of apoptosis-related genes, regulation of the expres-
sion and activity of Caspase protease (Chen and Huang 2018; Zong et al. 2012).

(c) Inhibition of tumor angiogenesis. The control of tumor-associated angiogenesis
is a promising mechanism for limiting cancer progression since angiogenesis is
vital for tumor growth and metastasis (Weis and Cheresh 2011). Solid tumor
growth and metastasis have a close relationship with the formation of neovas-
cularization. New blood vessels provide adequate nutritional supply to the
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tumor thereby allowing for rapid growth. Sargassum fusiforme polysaccharides
(SFPS) are documented to have an effect on inhibiting the proliferation of
tumor vascular endothelial cells, and its mechanism has to do with down-
regulating the manifestation of VEGF-A and VEGFR2 in tumor vascular cells
(Chen et al. 2017).

(d) Affecting the signaling pathway of tumor cells. A variety of extracellular and

(e

intracellular signals play an important role in tumor cell apoptosis. Such signals
include tyrosine protein kinase (TPK), cyclic adenosine monophosphate
(cAMP), phosphatidylinositol (PI), nitric oxide (NO), nitric oxide synthase
(NOS), and many others. Epidermal growth factor receptor (EGFR) is similar
to receptor tyrosine kinase (RTK), which is responsible for regulating cell pro-
liferation. The classical pathway of EGFR is Erk (extracellular signal-regulated
enzyme) pathway, which inhibits MT-1 human malignant breast cancer cells
growth, reduces Erk expression and inhibits proliferation of tumor cells through
the Erk signaling pathway (Zhao et al. 2010).

Changes to the biochemical properties of tumor cell membranes. Cell mem-
brane growth characteristics have a lot of influence on the adhesion of the tumor
membrane proteins and tumor cells. The biochemical properties of any cell
membrane are essential to maintain the normal physiological activity and func-
tion of cells. Changes in the content of phospholipid membrane sialic acid con-
version can kill the tumor cells. Therefore, a decrease in the sialic acid content
will affect the tumor metastasis, antigen exposure associated with the tumor,
immune response cell activation, etc. Phospholipids are converted to phospha-
tidylinositol phosphate by their enzymatic enzymes, which are involved in the
activation of oncogenes and induction of tumors (Chen et al. 2014; Zhao et al.
2010).

(f) Affecting oncogene. Oncogenes are activated through established chromosomal

alterations such as gene fusion, focal amplification, and translocation
(Hnisz et al. 2016). The study of oncogenes and tumor suppressor genes has
provided strong evidence and targets for elucidating the mechanism of cancer
and the development of gene therapy and antineoplastic drugs. Genes involved
in antitumor effects include the Bcl-2 family, p53 family, C-myc, and so on
(Chen and Huang 2018; Levine and Puzio-Kuter 2010). The anti-apoptotic
genes in Bcl-2 family are Bcl-2, Bel-x1, Bel-w, Mcl-1, etc. Apoptotic genes are
Bax, Bak, Bad, Bid, Bim, and so on. p53 is a tumor suppressor gene, c-myc
overexpression will promote tumor cell proliferation. Bcl-2/Bax ratio is also
effective for promoting apoptosis or inhibiting cell apoptosis (Levine and
Puzio-Kuter 2010).

4.7.4.2 Enhancing the Imnmune Function of Organism

The role which the immune system plays in tumor progression cannot be overem-
phasized. This is the main reason why tumor immunotherapy is considered as one
of the important treatment strategies for cancer (Carvalho et al. 2016). While some
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polysaccharides may have no direct ability to inhibit tumor cells, they may provide
antitumor effect by enhancing the immune function of the body. The immunomodu-
latory effect of polysaccharide is therefore considered as an important mechanism
for their antitumor effect (Carvalho et al. 2016). Polysaccharides also activate the
reticuloendothelial system (RES), remove aged cells, foreign bodies and pathogens.
Furthermore, they promote the formation of IL-1, IL-2, TNFa, INF-r, NO, etc.
which regulate antibodies in the body and complement their formation. All these
improve the body’s antitumor immunity (Carvalho et al. 2016). The indirect antitu-
mor activities of polysaccharides can be done by:

(a)

(b)

(©

(d)

(e

®)

Activation of macrophages. Macrophages are important immune cells with
multiple functions, they can actively swallow and clear the granular foreign
antigens or directly kill pathogenic microorganisms, also can secrete a variety
of bioactive substances, which almost are involved in all immune responses of
the body. Polysaccharides can stimulate macrophages and enhance the phago-
cytosis of macrophage. They also promote the production and release of mono-
nuclear factors, activate lymphocytes, in order to activate the immune response
of tumor cells (Levine and Puzio-Kuter 2010).

Activation of Lymphocytes. T and B lymphocytes play critical roles in cellular
immunity as well as humoral immunity. B cells produce antibodies to mediate
humoral immunity, whereas T cells induce cell-mediated immunity. In effect, B
lymphocytes produce antibodies while T lymphocytes help kill tumor cells and
help to control immune responses. Lentinan which is a $-glucan polysaccharide
extracted from the fruit body of shiitake (Lentinus edodes) is a typical T cell
activator (Yu et al. 2009; Zhang et al. 2011).

Activation of NK cells. NK cells are naturally occurring non-specific immune
killer cells. They move freely in the blood to lyse cancer cells and other cells
virus-infected cells (Tian et al. 2013).

Promotion of antibody formation and complement activation. Complement is a
series of proteins with prokaryotic activity in the blood that can fight against
pathogenic microbes through synergistic actions with antibodies or phagocytic
cells (Meri 2016).

Promoting the secretion of cytokines. Cytokine (CK) plays a vital role in the
mechanism of antitumor effect. NO, IL-2, TNF-a, TNF-f, INF-y, and other
cytokines can activate the immune response of tumor cells thereby reflecting
the antitumor activity (He et al. 2017). Interleukin-2 (IL-2) is synthesized by T
cells, particularly, CD4* T cells when stimulated by antigen or mitogen. Other
cells such as mononuclear macrophages, B cells, NK cells, etc. can also pro-
duce IL-2. IL-2 is a naturally occurring cytokine with immune-modulating and
antineoplastic effects. It regulates lymphocyte activation, activates macro-
phages, and participates in specific immunity and non-specific immunity
(Pandya et al. 2018; Tian et al. 2013).

Promoting the synthesis of dendritic cells. Dendritic cells (DCs) are antigen-
presenting cells, and also immune -regulatory cells. DC can initiate an initial
lymphocyte-mediated immune response. Polysaccharides can trigger innate



66 T. A. Oyedepo and A. A. A. Kayode

immune responses as well as the adaptive immune system by the induction of
DC recruitment and maturation. Specifically, p-glucans were reported to
enhance the antigen-presenting function of DCs, thereby inducing tumor-
specific cytotoxic T cells (Li et al. 2012).

(g) Enhancing erythrocyte immunity. Red blood cells transport the antigen foreign
body to both liver and spleen to be removed by the immune adherence function
of C3b receptor (CR1) on the cell membrane. And the C3b receptor of erythro-
cyte membrane has the characteristics of cluster distribution and polyvalency,
which is more favorable for the combination and elimination of antigenic sub-
stances. Therefore, the maintenance of erythrocyte normal immune adhesion
can effectively prevent tumor proliferation. Pumpkin polysaccharides could
inhibit H22 cell proliferation and enhance immune adsorption capacity of red
blood cell (Li et al. 2012). Jujube polysaccharides could enhance the immune
function of erythrocytes in mice and had obvious antagonistic effects on the
inhibition of red blood cell immune function caused by cytophosphamide (CY)
(Chen and Huang 2018).

4.7.5 Anti-diabetic Activity

Consumption of fiber-like polysaccharides has been frequently indicated to protect
against the incidence of diabetes. High intake of dietary fiber can improve glucose
metabolism and predict higher glucose control (Brauchla et al. 2012). Consumption
of viscous fiber can particularly slow down glucose absorption and this will prevent
quick peaking of blood glucose (Wang et al. 2013). Hence, a high carbohydrate diet
accompanied by a diet rich in fiber can give better control of blood glucose.
Also, reduction in plasma cholesterol levels will be achieved in diabetic patients
without raising plasma insulin or triglyceride concentrations (Uebelhack et al.
2014). Polysaccharides can influence the pathogenesis of diabetes through the mod-
ification of microbiota homeostasis and gut barrier.

Polysaccharides from plants which have been documented to have hypoglycaemic
effect include cellulose, protein-bound polysaccharides, glucomannan, mannose guar
gum, pectin/pectin fibres, caryophylline, and mucilaginous fibre (Brauchla et al. 2012;
Wang et al. 2013). These polysaccharides can initiate insulin secretion, carbohydrate
digestion, and absorption (Liu et al. 2015). Carbohydrate digestion and absorption are
also regulated by L-arabino-D-xylan, cinnzeylanin, cinnzeylanol and D-glucan, which
are extracted from Cinnamomum zeylanicum blume (Solomon and Blannin 2007).
Fructo- oligosaccharide extracted from plants and microorganisms are reported to
significantly decrease advanced glycation end products (AGEs), glycosuria, and
plasma triglycerides, as well as very low density lipoproteins (Bharti et al. 2013).

Polysaccharides feature prominently as anti-diabetes therapy in numerous
Chinese herbs (Chan et al. 2012). - Glucans, and many other viscous plant poly-
saccharides have been demonstrated to have physiological activities that have been
documented to reduce postprandial glucose levels in the serum (Brauchla et al.
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2012). This effect has been pinned to the ability of this polymer to form an unstirred
water layer which can resist the convective effects of intestinal contractions which
in turn decreases sugar absorption by the small intestine (Friedman 2016). Many
studies have also demonstrated that plant polysaccharides can regenerate the integ-
rity of pancreatic tissues which leads to an increased insulin output by the func-
tional B-cell and in effect lowers the blood glucose levels. These polysaccharides
have also been established to ameliorate the sensitivity of peripheral cells to circu-
lating insulin (Hu et al. 2013).

Diabetes-associated dyslipidemia which is caused either by insulin resistance or
adipocytokines is a major risk factor for cardiovascular diseases. In diabetes, the
adipose cells are insulin-resistant so the insulin-mediated uptake of free fatty acids
in skeletal muscles is impaired. There will, therefore, be increased circulation of
free fatty acids flowing to the liver, resulting in increased synthesis of triglyceride
and the assembly of very low-density lipoprotein (VLDL). The characteristic of
dyslipidemia in diabetic patients, therefore, include hypertriglyceridemia.
Hyperglycemia and low insulin may also lead to increased VLDL production
(Friedman 2016). Adiponectin is reduced in diabetes and this increases the uptake
of free fatty acid by the muscle and reduces the plasma-free fatty acid level. This
mechanism is independent of insulin-resistance. Furthermore, high-density lipopro-
tein (HDL) may also decrease. Indigestible polysaccharides can also reduce fat
absorption partly by binding to fat molecules in the digested food product and also
increasing their excretion (Uebelhack et al. 2014). 3-Glucans extracted from barley,
which mainly contains f-(1,3-1,4)-d-glucan, have been demonstrated to reduce
blood lipid levels, including cholesterol and triglyceride levels (Talati et al. 2009).

4.7.6 Antimicrobial Activity

B-Glucan has been demonstrated to increase resistance to infectious challenge
(Friedman 2016) by eliciting broad anti-infective effects. The protective effect of
B-glucan has been established for microorganisms such as Staphylococcus aureus,
Escherichia coli, Candida albicans, Pneumocystis carinii, Listeria monocytogenes,
Leishmania donovani, and Influenza virus (El Khoury et al. 2011; Synytsya and
Novak 2013). Other studies hypothesized that systemic -glucan treatment leads to
increased migration of neutrophils into a site of inflammation and also improve
antimicrobial function (Gilbert et al. 2016). pB-glucan administration enhances
microbial killing by monocytes and neutrophils.

4.7.7 Wound Healing Activity

Wound healing takes place in three overlapping stages in most organs or tissues.
These stages are:
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(i) Inflammation
(i1) Proliferation and
(iii)) Remodeling (Goh et al. 2016).

In all stages, especially the second and third, multiple families of growth factors
play diverse vital and integrated roles. There has been a lot of attempts made for
engineering polysaccharide scaffolds to bind and improve growth factors, which
demonstrate a better effect on the repair of a wound than free growth factors (Goh
et al. 2016; Wu et al. 2016). Macrophage activity is known to perform a significant
function in wound healing from surgery or trauma. Therapy with p-glucan has pro-
vided improvements such as fewer infections, reduced mortality, and stronger ten-
sile strength of scar tissue in both animal and human studies (Xie et al. 2016a).

4.8 Conclusion

Polysaccharides are natural biomaterials which are inexpensive and are readily avail-
able. Lots of polysaccharides have been developed into functional foods. Many of the
bioactive polysaccharides are already existing in food and pharmaceutical products as
functional and bioactive ingredients. These myriads of bioactive polysaccharides with
different structures from different sources and physicochemical properties shall continue
to be a large source of material for medical applications and the production of healthy
and sustainable food. More importantly, information on the mechanism of antitumor
activities by polysaccharides is a promising area of research towards the development of
novel therapies such as adjuvant immunotherapy for the treatment of malignancies
which can be used in combination with chemotherapy, radiotherapy or surgery.

References

Ahmad A, Anjum FM, Zahoor T, Nawaz H, Dilshad SMR (2012) Beta glucan: a valuable func-
tional ingredient in foods. Crit Rev Food Sci Nutr 52(3):201-212

Beluhan S, Ranogajec A (2011) Chemical composition and non-volatile components of Croatian
wild edible mushrooms. Food Chem 124(3):1076-1082

Bharti SK, Krishnan S, Kumar A, Rajak KK, Murari K, Bharti BK, Gupta AK (2013) Antidiabetic
activity and molecular docking of fructooligosaccharides produced by Aureobasidium pullu-
lans in poloxamer-407-induced T2DM rats. Food Chem 136(2):813-821

Brauchla M, Juan W, Story J, Kranz S (2012) Sources of dietary fiber and the association of fiber
intake with childhood obesity risk (in 2—-18 year olds) and diabetes risk of adolescents 12—-18
year olds: NHANES 2003-2006. J Nutr Metab. https://doi.org/10.1155/2012/736258

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, Burcelin R (2008) Changes
in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet—
induced obesity and diabetes in mice. Diabetes 57(6):1470-1481

Carvalho S, Levi-Schaffer F, Sela M, Yarden Y (2016) Immunotherapy of cancer: from mono-
clonal to oligoclonal cocktails of anti-cancer antibodies: IUPHAR review 18. Br J Pharmacol
173(9):1407-1424


https://doi.org/10.1155/2012/736258

4 Bioactive Carbohydrates, Biological Activities, and Sources 69

Chan CH, Ngoh GC, Yusoft R (2012) A brief review on anti diabetic plants: global distribution,
active ingredients, extraction techniques and acting mechanisms. Pharmacogn Rev 6(11):22

Chen L, Huang G (2018) Antitumor activity of polysaccharides: an overview. Curr Drug Targets
19(1):89-96

Chen H, Yan M, Zhu J, Xu X (2011) Enhancement of exo-polysaccharide production and antioxi-
dant activity in submerged cultures of Inonotus obliquus by lignocellulose decomposition. J
Ind Microbiol Biotechnol 38(2):291-298

Chen HH, Chen Y'Y, Yeh JZ, Jiang CM, Wu MC (2014) Immune-stimulated antitumor effect of dif-
ferent molecular weight polysaccharides from Monascus purpureus on human leukemic U937
cells. CyTA-J Food 12(2):134-140

Chen H, Zhang L, Long X, Li P, Chen S, Kuang W, Guo J (2017) Sargassum fusiforme polysac-
charides inhibit VEGF-A-related angiogenesis and proliferation of lung cancer in vitro and in
vivo. Biomed Pharmacother 85:22-27

Credou J, Berthelot T (2014) Cellulose: from biocompatible to bioactive material. J] Mater Chem
B 2(30):4767-4788

Cyphert JM, Trempus CS, Garantziotis S (2015) Size matters: molecular weight specificity of
hyaluronan effects in cell biology. Int J Cell Biol. https://doi.org/10.1155/2015/563818

De Leon-Peralta EJ, Brudno Y, Kwee BJ, Mooney DJ (2016) Improving wound healing through
the use of tetrazine-modified alginate. FASEB J 30(1_Suppl):1177

Despras G, Alix A, Urban D, Vauzeilles B, Beau J (2014) From chitin to bioactive
Chitooligosaccharides and conjugates: access to Lipochitooligosaccharides and the TMG-
chitotriomycin. Angew Chem Int Ed 126(44):12106-12110

Dhingra D, Michael M, Rajput H, Patil RT (2012) Dietary fibre in foods: a review. J Food Sci
Technol 49(3):255-266

El Khoury D, Cuda C, Luhovyy BL, Anderson GH (2011) Beta glucan: health benefits in obesity
and metabolic syndrome. J Nutr Metab. https://doi.org/10.1155/2012/851362

Elmorsy S, Funakoshi T, Sasazawa F, Todoh M, Tadano S, Iwasaki N (2014) Chondroprotective
effects of high-molecular-weight cross-linked hyaluronic acid in a rabbit knee osteoarthritis
model. Osteoarthr Cartil 22(1):121-127

Elsabee MZ, Abdou ES (2013) Chitosan based edible films and coatings: a review. Mater Sci Eng
C 33(4):1819-1841

Ferreira LG, Noseda MD, Gongalves AG, Ducatti DR, Fujii MT, Duarte ME (2012) Chemical
structure of the complex pyruvylated and sulfated agaran from the red seaweed Palisada flagel-
lifera (Ceramiales, Rhodophyta). Carbohydr Res 347(1):83-94

Friedman M (2016) Mushroom polysaccharides: chemistry and antiobesity, antidiabetes, antican-
cer, and antibiotic properties in cells, rodents, and humans. Foods 5(4):80

Gao Y, Wei Y, Wang Y, Gao F, Chen Z (2017) Lycium Barbarum: a traditional Chinese herb and a
promising anti-aging agent. Aging Dis 8(6):778

Garcia B, Fernandez-Vega I, Garcia-Sudrez O, Castaiién S, Quirés LM (2014) The role of heparan
sulfate proteoglycans in bacterial infections. ] Med Microbiol Diagn 3(4):1

Gilbert JA, Quinn RA, Debelius J, Xu ZZ, Morton J, Garg N, Jansson JK, Dorrestein PC, Knight
R (2016) Microbiome-wide association studies link dynamic microbial consortia to disease.
Nature 535(7610):94

Goh M, Hwang Y, Tae G (2016) Epidermal growth factor loaded heparin-based hydrogel sheet for
skin wound healing. Carbohydr Polym 147:251-260

Guaadaoui A, Benaicha S, Elmajdoub N, Bellaoui M, Hamal A (2014) What is a bioactive com-
pound? A combined definition for a preliminary consensus. Int J Nutr Food Sci 3(3):174-179

Guo Q, Cui SW (2014) Polysaccharides from Dendrobium Officinal, Cordyceps Sinensis and
Ganoderma: structures and bioactivities. In: Williams P, Phillips G (eds) Gums and stabilisers
for the food Industry, vol 17, pp 303-318

Gupta S, Abu-Ghannam N (2011) Bioactive potential and possible health effects of edible brown
seaweeds. Trends Food Sci Technol 22(6):315-319


https://doi.org/10.1155/2015/563818
https://doi.org/10.1155/2012/851362

70 T. A. Oyedepo and A. A. A. Kayode

Gupta P, Diwan B (2017) Bacterial exopolysaccharide mediated heavy metal removal: a review on
biosynthesis, mechanism and remediation strategies. Biotechnol Rep 13:58-71

Hamer HM, Jonkers D, Venema K, Vanhoutvin S, Troost FJ, Brummer RJ (2008) Review article:
the role of butyrate on colonic function. Aliment Pharmacol Ther 27:104-119

Hayes M (2012) Chitin, chitosan and their derivatives from marine rest raw materials: poten-
tial food and pharmaceutical applications. In: Hayes M (ed) Marine bioactive compounds.
Springer, Boston, pp 115-128

Hayes M, Tiwari B (2015) Bioactive carbohydrates and peptides in foods: an overview of sources,
downstream processing steps and associated bioactivities. Int J Mol Sci 16(9):22485-22508

Hayes M, Carney B, Slater J, Briick W (2008) Mining marine shellfish wastes for bioactive mol-
ecules: chitin and chitosan — part A: extraction methods. Biotechnol J 3:871-877

He N, Yang X, Jiao Y, Tian L, Zhao Y (2012) Characterization of antioxidant and antiproliferative
acidic polysaccharides from Chinese wolfberry fruits. Food Chem 133(3):978-989

He XR, Wang XX, Fang JC, Chang Y, Ning N, Guo H, Huang LH, Huang XQ, Zhao ZF (2017)
Polysaccharides in Grifola frondosa mushroom and their health promoting properties: a review.
Int J Biol Macromol 101:910-921

Hnisz D, Weintraub AS, Day DS, Valton AL, Bak RO, Li CH, Goldmann J, Lajoie BR, Fan ZP,
Sigova AA, Reddy J (2016) Activation of proto-oncogenes by disruption of chromosome
neighborhoods. Science 351(6280):1454—-1458

Ho GTT, Zou YF, Aslaksen TH, Wangensteen H, Barsett H (2016) Structural characterization
of bioactive pectic polysaccharides from elderflowers (Sambuci flos). Carbohydr Polym
135:128-137

Hollmig ST, Ariizumi K, Cruz PD Jr (2009) Recognition of non — self- polysaccharides by C-type
lectin receptors dectin-1 and dectin-2. Glycobiology 19(6):568-575

Hornung B, Santos VAPMD, Smidt H, Schaap PJ (2018) Studying microbial functionality within
the gut ecosystem by systems biology. Genes Nutr 13:5

Hu C, LiJ, Yang D, Pan 'Y, Wan H (2010) A neuroprotective polysaccharide from Hyriopsis cum-
ingii. J Nat Prod 73(9):1489-1493

Hu J, Pang W, Bai S, Zheng Z, Wu X (2013) Hypoglycemic effect of polysaccharides with different
molecular weight of Pseudostellaria heterophylla. BMC Complement Altern Med 13(1):267

Ina K, Furuta R, Kataoka T, Kayukawa S, Ina H, Yoneda M (2016) Chemo-immunotherapy using
lentinan for the treatment of gastric cancer with liver metastases. Med Sci 4(2):8

Jacobs DM, Gaudier E, Van DJ, Vaughan EE (2009) Non-digestible food ingredients, colonic
microbiota and the impact on gut health and immunity: a role for metabolomics. Curr Drug
Metab 10:41-54

Jain D, Bar-Shalom D (2014) Alginate drug delivery systems: application in context of pharmaceu-
tical and biomedical research. Drug Dev Ind Pharm 40(12):1576-1584

Jiang T, Gao X, Wu C, Tian F, Lei Q, Bi J, Xie B, Wang HY, Chen S, Wang X (2016) Apple-derived
pectin modulates gut microbiota, improves gut barrier function, and attenuates metabolic endo-
toxemia in rats with diet-induced obesity. Nutrients 8:126

Jin M, Huang Q, Zhao K, Shang P (2013) Biological activities and potential health benefit effects
of polysaccharides isolated from Lycium barbarum L. Int J Biol Macromol 54:16-23

Kadam SU, Tiwari BK, O’Donnell CP (2015) Extraction, structure and biofunctional activities of
laminarin from brown algae. Int J Food Sci Technol 50(1):24-31

Kalia S, Kaith BS, Kaur I (eds) (2011) Cellulose fibers: bio- and nano-polymer composites.
Springer, Berlin/Heidelberg, p 2223

Kamhi E, Joo EJ, Dordick JS, Linhardt RJ (2013) Glycosaminoglycans in infectious disease. Biol
Rev 88:928-943

Karaduman D, Eren B, Keles ON (2010) The protective effect of beta-1,3-D-glucan on taxol-
induced hepatotoxicity: a histopathological and stereological study. Drug Chem Toxicol
33(1):8-16

Khalikova E, Susi P, Korpela T (2005) Microbial dextran-hydrolyzing enzymes: fundamentals and
applications. Microbiol Mol Biol Rev 69(2):306-325



4 Bioactive Carbohydrates, Biological Activities, and Sources 71

Kim SJ, Kim HM (2017) Dynamic lipopolysaccharide transfer cascade to TLR4/MD2 complex via
LBP and CD14. BMB Rep 50(2):55

Klemm D, Kramer F, Moritz S, Lindstrom T, Ankerfors M, Gray D, Dorris A (2011) Nanocelluloses:
a new family of nature-based materials. Angew Chem Int Ed 50(24):5438-5466

Kofuji K, Aoki A, Tsubaki K, Konishi M, Isobe T, Murata Y (2012) Antioxidant activity of
p-Glucan. ISRN Pharm 125:864

Lam J, Truong NF, Segura T (2014) Design of cell-matrix interactions in hyaluronic acid hydrogel
scaffolds. Acta Biomater 10(4):1571-1580

Levine AJ, Puzio-Kuter AM (2010) The control of the metabolic switch in cancers by oncogenes
and tumor suppressor genes. Science 330(6009):1340-1344

Li X, He X, Liu B, Xu L, Lu C, Zhao H, Niu X, Chen S, Lu A (2012) Maturation of murine bone
marrow- derived dendritic cells induced by Radix Glycyrrhizae polysaccharide. Molecules
17(6):6557-6568

Li Q, Guo G, Meng F, Wang HH, Niu Y, Zhang Q, Zhang J, Wang Y, Dong L, Wang CA (2016)
Naturally derived, growth factor-binding polysaccharide for therapeutic angiogenesis. ACS
Macro Lett 5(5):617-621

Li Q, Feng Y, He W, Wang L, Wang R, Dong L, Wang C (2017) Post-screening characterization
and in vivo evaluation of an anti-inflammatory polysaccharide fraction from Eucommia ulmoi-
des. Carbohydr Polym 169:304-314

Liu J, Willfor S, Xu C (2015) A review of bioactive plant polysaccharides: biological activities,
functionalization, and biomedical applications. Bioact Carbohydr Diet Fibre 5:31-61

Liu F, Li P, Chen M, Luo Y, Prabhakar M, Zheng H, He Y, Qi Q, Long H, Zhang Y (2017)
Fructooligosaccharide (FOS) and galactooligosaccharide (GOS) increase bifidobacterium but
reduce butyrate producing bacteria with adverse glycemic metabolism in healthy young popu-
lation. Sci Rep 7:11789

Lordan S, Stanton C, Ross RP (2011) Marine bioactives as functional food ingredients: potential
to reduce the incidence of chronic disease. Mar Drugs 9:1056-1100

Luo AX, He XJ, Zhou SD, Fan YJ, Luo AS, Chun Z (2010) Purification, composition analysis and
antioxidant activity of the polysaccharides from Dendrobium nobile Lindl. Carbohydr Polym
79:1014-1019

Maslowski KM, Mackay CR (2011) Diet, gut microbiota and immune responses. Nat Immunol
12:5-9

Mata TM, Martins AA, Caetano NS (2010) Microalgae for biodiesel production and other applica-
tions: a review. Renew Sust Energ Rev 14:217-232

Meri S (2016) Self-non self discrimination by the complement system. FEBS Lett
590(15):2418-2434

Minamida K, Nishimura M, Miwa K, Nishihira J (2014) Effects of dietary fiber with Bacillus
coagulans lilac-01 on bowel movement and fecal properties of healthy volunteers with a ten-
dency for constipation. Biosci Biotechnol Biochem 79:300-306

Moreno-Mendieta S, Guillen D, Hernandez-Pando R, Sanchez S, Rodriguez-Sanoja R (2017)
Potential of glucans as vaccine adjuvants: a review of the a-glucans case. Carbohydr Polym
165:103-114

Munir M, Shahid M, Munir H, Javaid S, Sharif S, ElI-Ghorab A (2017) Xanthan gum biochemi-
cal profiling, antioxidant, antibacterial, biofilm inhibition and mutagenic potential. Curr Sci
10:113(7)

Ngo DN, Kim MM, Kim SK (2008) Chitin oligosaccharides inhibit oxidative stress in live cells.
Carbohydr Polym 74(2):228-234

Nikitovic D, Mytilinaiou M, Berdiaki A, Karamanos NK, Tzanakakis GN (2014) Heparan sulfate
proteoglycans and heparin regulate melanoma cell functions. Biochim Biophys Acta Gen Subj
1840(8):2471-2481

NiuY, Li Q, Xie R, Liu S, Wang R, Xing P, Shi Y, Wang Y, Dong L, Wang C (2017) Modulating the
phenotype of host macrophages to enhance osteogenesis in MSC-laden hydrogels: design of a
glucomannan coating material. Biomaterials 139:39-55



72 T. A. Oyedepo and A. A. A. Kayode

Novak M, Vetvicka V (2008) B-Glucans, history, and the present: immunomodulatory aspects and
mechanisms of action. J Immunotoxicol 5(1):47-57

O’Sullivan L, Murphy B, McLoughlin P, Duggan P, Lawlor PG, Hughes H, Gardiner GE (2010)
Prebiotics from marine macroalgae for human and animal health applications. Mar Drugs
8:2038-2064

Onofrei M, Filimon A (2016) Cellulose-based hydrogels: designing concepts, properties, and
perspectives for biomedical and environmental applications. In: Méndez-Vilas A, Solano A
(eds) Polymer science: research advances, practical applications and educational aspects,
pp 108-120

Pandya U, Dhuldhaj U, Sahay NS (2018) Bioactive mushroom polysaccharides as antitumor: an
overview. Nat Prod Res 26:1-13

Pangestuti R, Kim SK (2014) Biological activities of carrageenan. Adv Food Nutr Res 72:113-124

Partida-Rodriguez O, Serrano-Vazquez A, Nieves-Ramirez ME, Moran P, Rojas L, Portillo T,
Gonzilez E, Hernandez E, Finlay BB, Ximenez C (2017) Human intestinal microbiota: inter-
action between parasites and the host immune response. Arch Med Res 48:690-700

Paul T, Halder SK, Das A, Ghosh K, Mandal A, Payra P, Barman P, Das Mohapatra PK, Pati
BR, Mondal KC (2015) Production of chitin and bioactive materials from black tiger shrimp
(Penaeus monodon) shell waste by the treatment of bacterial protease cocktail. Biotech
5:483-493

Pipeleers D, Keymeulen B (2016) Boost for alginate encapsulation in beta cell transplantation.
Trends Endocrinol Metab 27(5):247-248

Rabinovich GA, Toscano MA (2009) Turning ‘sweet’ on immunity: galectin—glycan interactions
in immune tolerance and inflammation. Nat Rev Immunol 9(5):338-352

Rajasulochana P, Krishnamoorthy P, Dhamotharan R (2012) Biochemical investigation on red
algae family of Kappahycus Sp. J Chem Pharm Res 4(10):4637-4641

Ramya R, Sudha PN, Mahalakshmi J (2012) Preparation and characterization of chitosan binary
blend. Int J Sci Res Publ 2:1-9

Raposo MFJ, Costa de Morais RMS, Bernardo de Morais AMM (2013) Bioactivity and applica-
tions of sulphated polysaccharides from marine microalgae. Mar Drugs 11:233-252

Schorey JS, Lawrence C (2008) The pattern recognition receptor Dectin-1: from fungi to myco-
bacteria. Curr Drug Targets 9:123-129

Shang Q, Jiang H, Cai C, Hao J, Li G, Yu G (2018) Gut microbiota fermentation of marine poly-
saccharides and its effects on intestinal ecology: an overview. Carbohydr Polym 179:173-185

Sikora P, Tosh SM, Brummer Y, Olsson O (2013) Identification of high B-glucan oat lines and
localization and chemical characterization of their seed kernel B-glucans. Food Chem
137(1-4):83-91

Singh V, Kumar P, Sanghi R (2012) Use of microwave irradiation in the grafting modification of
the polysaccharides — a review. Prog Polym Sci 37:340-364

Sletmoen M, Stokke BT (2008) Higher order structure of (1,3)-beta-D-glucans and its influence on
their biological activities and complexation abilities. Biopolymers 89:310-321

Solomon TP, Blannin AK (2007) Effects of short-term cinnamon ingestion on in vivo glucose
tolerance. Diabetes Obes Metab 9:895-901

Synytsya A, Novdk M (2013) Structural diversity of fungal glucans. Carbohydr Polym
92(1):792-809

Talati R, Baker WL, Pabilonia MS, White CM, Coleman CI (2009) The effects of barley-derived
soluble fiber on serum lipids. Ann Fam Med 7(2):157-163

Tester RF, Al-Ghazzewi FH (2013) Mannans and health, with a special focus on glucomannans.
Food Res Int 50(1):384-391

Tian J, Ma J, Ma K, Guo H, Baidoo SE, Zhang Y, Yan J, Lu L, Xu H, Wang S (2013) p-Glucan
enhances antitumor immune responses by regulating differentiation and function of monocytic
myeloid-derived suppressor cells. Eur J Immunol 43(5):1220-1230

Toivonen RK, Emani R, Munukka E, Rintala A, Laiho A, Pietild S, Pursiheimo JP, Soidinsalo
P, Linhala M, Eerola E, Huovinen P, Hanninen A (2014) Fermentable fibres condition colon
microbiota and promote diabetogenesis in NOD mice. Diabetologia 57(10):2183-2192



4 Bioactive Carbohydrates, Biological Activities, and Sources 73

Tomé LC, Silva NH, Soares HR, Coroadinha AS, Sadocco P, Marrucho IM, Freire CS (2015)
Bioactive transparent films based on polysaccharides and cholinium carboxylate ionic liquids.
Green Chem 17(8):4291-4299

Udani JK, Singh BB, Barrett ML, Singh VI (2009) Immunomodulatory effects of a proprietary
arabinogalactan extract: a randomized, double-blind, placebo-controlled, parallel group study.
In: Abstract of the 50th annual American College of Nutrition meeting, resort Lake Buena
Vista, Florida, 1-4 October 2009

Uebelhack R, Busch R, Alt F, Beah ZM, Chong PW (2014) Effects of cactus fiber on the excretion
of dietary fat in healthy subjects: a double blind, randomized, placebo-controlled, crossover
clinical investigation. Curr Ther Res 76:39-44

Ueno M, Oda T (2014) Biological activities of alginate. Adv Food Nutr Res 72:95-112

Vester Boler BM, Fahey GC (2011) Prebiotics of plant and microbial origin. In: Direct Fed
Microbials and Prebiotics for Animals: Science and Mechanisms of Action, Callaway TR,
Ricke SC, eds. Springer, Berlin, Germany pp. 13-26

Villares A, Mateo-Vivaracho L, Guillamén E (2012) Structural features and healthy properties of
polysaccharides occurring in mushrooms. Agriculture 2:452-471

Wang Q, Ellis PR (2014) Oat p-glucan: physico-chemical characteristics in relation to its blood-
glucose and cholesterol- lowering properties. Br J Nutr 112(S2):S4-S13

Wang D, Han J, Yu'Y, Li X, Wang Y, Tim H, Guo S, Jin S, Luo T, Qin S (2011) Chitosan oligosac-
charide decreases very low density lipoprotein tryglyceride and increases high- density lipo-
protein cholesterol in high fat diet fed rats. Exp Biol Med 236:1064—-1069

Wang CR, Xiao JJ, Tian Y, Bao X, Liu L, Yu Y, Wang XR, Chen TY (2012) Antioxidant and pro-
oxidant effects of lanthanum ions on Vicia faba L. seedlings under cadmium stress, suggesting
ecological risk. Environ Toxicol Chem 31(6):1355-1362

Wang H, Liu YM, Qi ZM, Wang SY, Liu SX, Li X, Wang HJ, Xia XC (2013) An overview on natu-
ral polysaccharides with antioxidant properties. Curr Med Chem 20(23):2899-2913

Wang Z, Dong B, Feng Z, Yu S, Bao Y (2015) A study on immunomodulatory mechanism of
Polysaccharopeptide mediated by TLR4 signaling pathway. BMC Immunol 16(1):34

Wang Q, Wang F, Xu Z, Ding Z (2017) Bioactive mushroom polysaccharides: a review on mono-
saccharide composition, biosynthesis and regulation. Molecules 22:955

Wang H, Tao H, Na L, Zang B, Wu X (2018) Soluble dietary fiber improves energy homeostasis in
obese mice by remodeling the gut microbiota. Biochem Biophys Res Commun 498:146—151

Wang K, Wang Z, Cui R, Chu H (2019a) Polysaccharopeptide from Trametes versicolor blocks
inflammatory osteoarthritis pain-morphine tolerance effects via activating cannabinoid type 2
receptor. Int J Biol Macromol 126:805-810

Wang Y, Xing M, Cao Q, Ji A, Liang H, Song S (2019b) Biological activities of fucoidan and the
factors mediating its therapeutic effects: a review of recent studies. Mar Drugs 17(3):183

Weis SM, Cheresh DA (2011) Tumor angiogenesis: molecular pathways and therapeutic targets.
Nat Med 17(11):1359

Wul,YeJ, Zhul, Xiao Z, He C, Shi H, Wang Y, Lin C, Zhang H, Zhao Y, Fu X (2016) Heparin- based
coacervate of FGF2 improves dermal regeneration by asserting a synergistic role with cell pro-
liferation and endogenous facilitated VEGF for cutaneous wound healing. Biomacromolecules
17(6):2168-2177

Xie JH, Shen MY, Nie SP, Zhao Q, Li C, Xie MY (2014) Separation of water-soluble polysac-
charides from Cyclocarya paliurus by ultra-filtration process. Carbohydr Polym 101:479-483

Xie J, Tang W, Jin M, Li J, Xie M (2016a) Recent advances in bioactive polysaccharides from
Lycium barbarum L., Zizyphus jujuba mill, Plantago spp., and Morus spp.: structures and func-
tionalities. Food Hydrocoll 60:148-160

Xie JH, Jin ML, Morris GA, Zha XQ, Chen HQ, Yi Y, Li JE, Wang ZJ, Gao J, Nie SP, Shang P
(2016b) Advances on bioactive polysaccharides from medicinal plants. Crit Rev Food Sci Nutr
56(sup1):S60-S84

Xu J, Inglett GE, Chen D, Liu SX (2013) Viscoelastic properties of oat f-glucan-rich aqueous
dispersions. Food Chem 138(1):186-191



74 T. A. Oyedepo and A. A. A. Kayode

Younes I, Rinaudo M (2015) Chitin and chitosan preparation from marine sources. Structure, prop-
erties and applications. Mar Drugs 13(3):1133

Yu ZH, Yin LH, Qian Y, Yan L (2009) Effect of Lentinus edodes polysaccharide on oxidative
stress, immunity activity and oral ulceration of rats stimulated by phenol. Carbohydr Polym
75:115-118

Yuan Y, Chesnutt BM, Haggard WO, Bumgardner JD (2011) Deacetylation of chitosan: material
characterization and in vitro evaluation via albumin adsorption and pre-osteoblastic cell cul-
tures. Materials 4(8):1399-1416

Yuan Q, Xie Y, Wang W, Yan Y, Ye H, Jabbar S, Zeng X (2015) Extraction optimization, charac-
terization and antioxidant activity in vitro of polysaccharides from mulberry (Morus alba L.)
leaves. Carbohydr Polym 128:52-62

Zhang Y, Li S, Wang X, Zhang L, Cheung PC (2011) Advances in lentinan: isolation, structure,
chain conformation and bioactivities. Food Hydrocoll 25(2):196-206

Zhang B, Xiao W, Qiu H, Zhang F, Moniz HA, Jaworski A, Condac E, Gutierrez-Sanchez G, Heiss
C, Clugston RD, Azadi P (2014a) Heparan sulfate deficiency disrupts developmental angiogen-
esis and causes congenital diaphragmatic hernia. J Clin Invest 124(1):209-221

Zhang M, Wang F, Liu R, Tang X, Zhang Q, Zhang Z (2014b) Effects of superfine grinding on
physicochemical and antioxidant properties of Lycium barbarum polysaccharides. LWT-Food
Sci Technol 58:594-601

Zhao L, Dong Y, Chen G, Hu Q (2010) Extraction, purification, characterization and antitumor
activity of polysaccharides from Ganoderma lucidum. Carbohydr Polym 80(3):783-789

Zhao M, Chen Z, Xia G, Cui FY, Zhang JJ, Jia MS, Jia SH, Jia L (2015a) Enzymatic and acidic
degradation effect on intracellular polysaccharide of Flammulina velutipes SF-08. Int J Biol
Macromol 73:236-244

Zhao W, Liu W, Li J, Lin X, Wang Y (2015b) Preparation of animal polysaccharides nanofi-
bers by electrospinning and their potential biomedical applications. J] Biomed Mater Res A
103(2):807-818

Zhu Z, Jiang T, He J, Barba FJ, Cravotto G, Koubaa M (2016) Ultrasound-assisted extraction, cen-
trifugation and ultrafiltration: multistage process for polyphenol recovery from purple sweet
potatoes. Molecules 21:1584

Zhu Z, Wu Q, Di X, Li S, Barba FJ, Koubaa M, Roohinejad S, Xiong X, He J (2017) Multistage
recovery process of seaweed pigments: investigation of ultrasound assisted extraction and
ultra-filtration performances. Food Bioprod Process 104:40-47

Zong A, Cao H, Wang F (2012) Anticancer polysaccharides from natural resources: a review of
recent research. Carbohydr Polym 90(4):1395-1410



®

Check for
updates

Chapter 5
Bioactive Peptides and Their Natural
Sources

Kiran Mustafa, Javaria Kanwal, Sara Musaddiq, and Samia Khakwani

5.1 Introduction

Bioactive peptides (BAPs) are particular amino acid sequences with constructive
influences on bodily functions and conditions. They are also studied for their posi-
tive effects on human life (Kitts and Weiler 2003). Currently, there are more than
3791 different sorts of BAPs that have been reported by the database ‘Biopep’.
BAPs are generally of organic origin. They are formed by linking amino acids with
peptide bonds or amide bonds. They are different from proteins as proteins consist
of polypeptides with very high molecular weight (MW). BAPs and proteins have
crucial roles in the metabolism of living organisms. They possess hormone and
drug-like actions that can be categorized on the basis of their biological activities
such as anti-thrombotic, antimicrobial, opioid, antihypertensive, mineral binding,
immunomodulatory and antioxidative.

The activity of peptides after being released from the parent protein is deter-
mined by the composition and sequence of amino acids. Several natural processes
within the body are governed by the specific amino acid sequence of the proteins
(Fields et al. 2009). Proteins can be categorized as exogenous if they are obtained
through some external source and endogenous if they are taken from amino acids
produced within the body via different processes (Carrasco-Castilla et al. 2012).
Proteins from various natural sources are recognized for their nutritional and func-
tional properties. The nutritional abilities of proteins are linked with the amino acid
residue of the proteins in addition to the physiological consumption of specific
amino acids after they are being digested and absorbed whereas, the functional
properties of the proteins are associated with the physiochemical properties of the
source material (Friedman 1996; Vercruysse et al. 2005). Different proteins obtained
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from animals and plants are the potential sources of a wide range of BAPs, as the
BAPs are encoded in the structure of these proteins (Bhat et al. 2015a, b).

A number of BAPs have several common structural features such as length of
peptide residues between 2 and 20 amino acids (Moller et al. 2008), and in many of
the BAPs hydrophobic amino acids are present along with the lysine, arginine, or
proline groups. BAPs have also displayed resistance against the activity of digestive
peptidases (Kitts and Weiler 2003).

BAPs are now taken as a new class of biologically dynamic regulators, which
can ensure prevention against oxidation and microscopic degradation of foods.
They can be utilized potentially for the treatment of several medical disorders,
hence can improve the quality of life (Lemes et al. 2016). In the past few years,
nutraceuticals (Chauhan et al. 2013) and functional foods (Haque et al. 2008) have
garnered significant amount of attention, specifically for their influence on human
health and their application in the prevention of ailments. Therefore, BAPs have
also secured a promising spot among the modern biologically important substances
(Przybylski et al. 2016).

As BAPs can be released from proteins of almost all organisms, therefore, the
number of BAPs accessible from proteins is boundless. This provides an alternative
to individuals who are opposed to products from certain groups of organisms. For
instance, different sources like that of plant proteins and myco-proteins are avail-
able for vegetarians who do not want to consume the BAPs from animal origins.

The BAPs have been successfully isolated and identified from several natural
sources such as meat, fish, collagen, dairy, egg, plant, marine and fungal resources.
This chapter aims to provide the detail account of BAP obtained from these sources.

5.2 Bioactive Peptides and Their Sources

Peptides and proteins are of supreme importance among all the macronutrients pres-
ent in foods, as they provide the raw materials essential for protein biosynthesis and
also serve as important source of energy (Walther and Sieber 2011; Dziuba and
Dziuba 2014). They also play crucial roles in complicated series of organic reac-
tions that take place during metabolism and absorption of foods depicting their
remarkable nutritional importance and diverse biological activities (Hartmann et al.
2007; Moller et al. 2008).

BAPs are primarily encoded inside bioactive proteins (Meisel and Bockelmann
1999). They are discovered and isolated from several different sources such as ani-
mals, plants and other natural products. Among them the bovine milk (Mohanty et al.
2016), cheese (Pritchard et al. 2010), and other dairy products (Choi et al. 2012) are
the greatest contributors of BAPs and bioactive proteins. Other than these BAPs can
also be obtained from other animal sources such as bovine blood (Przybylski et al.
2016), gelatin (Lassoued et al. 2015) eggs, meat etc. BAPs can also be obtained from
plants and vegetable proteins such as maize, soy (Singh et al. 2014), mushrooms,
pumpkin, sorghum (Moller et al. 2008), wheat (Matsui et al. 1999) and rice
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(Selamassakul et al. 2016). In vivo, the encoded BAPs can be isolated through gastro-
intestinal (GI) digestion because of the enzymatic action of certain enzymes such as
trypsin or other microbial enzymes. In vitro, BAPs can be released through food
processing or ripening via microbial enzymes such as in Lactobacillus helveticus
(Dziuba and Dziuba 2014). BAPs have been recognized and separated from animal
and plant sources along with the hydrolysates of several other products (Table 5.1).

5.2.1 Bioactive Peptides from Meat Sources

BAPs isolated from different animal proteins have been noted to possess certain
biological effects (Bhat et al. 2015a, b).

Meat by-products and muscle proteins are a promising source of angiotensin-
converting enzyme (ACE) inhibiting peptides with both in vitro and in vivo biologi-
cal activities for hypertension treatment. Katayama et al. (2007) conducted an
investigation and isolated two new ACE inhibiting peptides from the muscles of pig
via treatment with pepsin. The sequence of the peptides was found to be KRQKYD
and EKERERQ. The ICs, value for ACE inhibition was found to be at 26.2 and
552.5 p M for KRQKYD and EKERERQ respectively. KRQKYD was adminis-
trated orally to spontaneously hypertensive rats (SHR) at a dose of 10 mg/kg of the
animal weight. Temporary hypotensive activity was observed after 3—6 h of admin-
istration (Katayama et al. 2007).

In another study, an antihypertensive peptide was identified by hydrolyzing por-
cine skeletal myosin with enzymatic activity of pepsin. Protein hydrolysate was first
obtained which was further purified with different chromatographic techniques and
afterwards the peptide sequence was identified to be KRVITY. The ICs, value of the
peptide was determined to be 6.1 p M. Additionally, the antihypertensive activity of
KRVITY peptide and VKAGF, which was identified (Ukeda et al. 1992), were
investigated in vivo in rats. Both of the peptides, particularly KRVITY, depicted
remarkable reduction in blood pressure (BP) (Muguruma et al. 2009).

A novel BAP was isolated from hoki frame fish that functions as the retarding
agent for the peroxidation of lipids and acts as a free radical scavenger. It depicted
strong anti-oxidizing action greater than a-tocopherol (Kim et al. 2007). Three
dipeptides i.e. Arg-Try, Lys-Tyr, and Tyr-Tyr isolated from royal jelly fish consisting
of Tyr unit at C-side depicted potent hydrogen peroxide, and hydroxyl-radical scav-
enging action (Kim et al. 2001a; Wu et al. 2003; Guo et al. 2009). Highly antioxi-
dant peptides were also obtained from the muscle of mackerel, Scomber austriasicus
(Wu et al. 2003) It has been considered that protein hydrolysis of the muscle of
yellow stripe trevally, Selaroides leptolepis, via flavoenzyme release functionally
active bio-peptide (Kim et al. 2001a).

In simulated gut digestion study ACE inhibitory peptides were liberated from
pork meat by means of pepsin and pancreatin. The protein hydrolysate was obtained
first from the digest which was further purified with Reversed Phase High
Performance Liquid Chromatography (RP-HPLC) and characterized by means of
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Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometer
(MALDI-TOF/TOF MS). In this study 22 different peptides were evaluated in vitro
for ACE inhibition. Among all of them peptides with sequences PTPVP and KAPVA
showed the highest bioactivity with ICs, values of 256.41 and 46.56 p M respec-
tively (Escudero et al. 2010).

In one study, BAPs were isolated from chicken dark meat. The isolated pep-
tides were evaluated against hypochlorite ions and peroxyl radicals for their anti-
oxidant potential. The isolated peptides were purified with High-Performance
Liquid Chromatography (HPLC). One of the peptides exhibited remarkable anti-
oxidant activity when evaluated against the peroxyl radical. This amino acid
sequence of the peptide was determined, and the first five amino acids were found
to be YASGR which correspond to amino acid number 143—147 of chicken B-actin
(Fukada et al. 2016).

ACE inhibitory peptide was separated from the dark muscle of tuna (Thunnus
obesus) hydrolysate. The hydrolysate was prepared by treating the muscle with the
enzyme alcalase, neutrase, pepsin, papain, alpha-chymotrypsin, and trypsin, respec-
tively. Amongst all the hydrolysates, the hydrolysate of pepsin showed the maxi-
mum ACE inhibitory ability. The peptides obtained from fish also depicted
antihypertensive action. The study concluded that the peptide obtained from the
dark muscle of tuna can serve as useful element for pharmaceuticals and functional
food against hypertension and related ailments (Qian et al. 2007).

Four different peptides with the sequence FHG, DFHING, GFHI and
GLSDGEWQ were isolated from beef sarcoplasmic proteins via commercial
enzymes. The peptides depicted remarkable antihypertensive activities. The ICs
values of the peptides against ACE inhibition was determined to be 52.9(FHG),
64.3(DFHING), 117(GFHI) and 50.5(GLSDGEWQ) p g/ml. The peptides were
also investigated for their antimicrobial potential. For this purpose, different bacte-
rial strains such as Escherichia coli, Listeria monocytogenes, Pseudomonas aerugi-
nosa, Staphylococcus aureus, Salmonella typhimurium, and Bacillus cereus were
used. The peptides not only showed antimicrobial activity against at least one of the
above microorganisms but also exhibited cytotoxic effects against carcinogenic
cells (Jang et al. 2008).

Porcine liver was studied for the generation of BAPs. Two potential ACE inhibi-
tors were isolated from protein hydrolysates of the porcine liver. The ICs, values of
the peptides were found to be at 0.31 and 0.18 mg/ml. Oral administration of the
peptides in SHR indicated significant reduction in the blood pressure of the animal.
The study concluded that both of the peptides have ACE inhibiting and antioxidant
abilities along with the property of lowering the blood pressure (Inoue et al. 2013).

Blood is a remarkable source of proteins and signifies an amazing source of
BAP. Though disposal of blood is a huge problem for meat handlers and because of
this the “serum albumin”, a major blood protein has garnered little interest. In a
study, conducted by Arrutia et al., serum albumin was hydrolyzed via enzymatic
action of trypsin. A biologically active sequence of the peptide was obtained. This
bioactive peptide when evaluated showed the following activities: ACE inhibition
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activity, Dipeptidyl peptidase-4 inhibitor (DPP-IV) inhibition and antioxidant activ-
ity (Arrutia et al. 2016a).

A study reported the antioxidant activity of peptides isolated from hydrolysates
of porcine myofibrillar proteins, these peptides were generated by the action of
actinase E or papain and was further purified by Ion Exchange Chromatography
(IEC). The antioxidant activity of the peptide was determined with, DPPH radical
scavenging activity, linoleic acid peroxidation system and metal-chelating activity
assays. The investigation reported five antioxidant peptides with the following
sequences EELDNALN, IEAEGE, DSGVT, VPSIDDQEELM and DAQEKLE. The
peptide with the sequence DAQEKLE from actin protein, exhibited the maximum
antioxidant activity (Saiga et al. 2003).

From the above discussion it is evident that meat from different animal sources
such as mammals, birds, fishes provide a variety of BAPs. The BAPs isolated from
the meat proteins and hydrolysates possess wide-ranging biological activities such
as antihypertensive activity, anti-oxidant activity, antimicrobial activity and certain
enzyme inhibition activity.

5.2.2 Bioactive Peptides from Dairy Sources

Bovine milk, dairy goods, and cheese are the dominant sources of BAPs and bioac-
tive proteins among food sources (Mohanty et al. 2016). Apparently, this may be the
reason of why milk is essential beyond nourishment in the early months of the life
(Moller et al. 2008). Milk proteins have a wide range of biological abilities. For
example, lactoferrin (Lf) exhibits antimicrobial activity where immunoglobulins
have an immune-protective influence. A small number of hormones and certain
growth factors are present in colostrum, which play significant roles in post-natal
development (Park and Nam 2015).

Milk proteins are packed with BAPs, these peptides are separated during food
processing or gastrointestinal digestion (Meisel and FitzGerald 2003). In an inves-
tigation, opioid peptide was separated from dairy products, these peptides have
promising pharmacological properties analogous to morphine hence relevant in
some central nervous system (CNS) problems (Haque et al. 2008).

HPLC-MS and tandem mass spectrometry (MS-MS), were used to separate a
different BAP from milk of human mothers of pre- and full-term infants. The iso-
lated peptides were of varying molecular weight such as opioid and phospho-
peptides. The isolation of several peptides from human milk confirms that human
milk is susceptible to greater casein proteolysis compared to bovine milk. The
results of the study strengthen the significance of maternal milk for the infants
(Ferranti et al. 2004).

Lactoferrin (Lf), is the milk protein of all mammals. It is glycoprotein in nature
and is known for its iron-binding properties. Other than remarkable iron binding
properties it also depicts antimicrobial and immunomodulating abilities. Peptides
derived from Lf showed remarkable antihypertensive activities. Both Lf and peptides
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derived from Lf have been reported to affect the production of cytokines which are
associated with the immune and inflammatory functions of the body (Moller
et al. 2008).

Hypertensive subjects showed lowering in BP after consuming the fermented
milk containing the BAPs. Lactobacillus helveticus fermented milk contains the
BAP, Val-Pro-Pro and Ile-Pro-Pro. These peptides showed lowering in blood pres-
sure of SHR. Two additional peptides Tyr-Pro and Lys-Val-Leu- Pro-Val-Pro-Gln
were also isolated from fermented milk. These two peptides depicted ACE inhibi-
tory activity in SHR (Jédkild and Vapaatalo 2010).

Whey fraction of the milk is also enriched with BAPs. In one investigation, whey
proteins concentrate was hydrolyzed with trypsin and the obtained peptides were
separated by means of ultra and nanofiltration membranes. p-lactoglobulin peptides
were obtained in very large amount from the concentrate as it was explicitly cleaved
(Arrutia et al. 2016b). Antihypertensive peptides have also been isolated from the
whey portion of milk protein. Whey proteins a-lactalbumin and p-lactoglobulin pro-
duce two tetrapeptides (by enzymatic proteolysis) a-lactorphin (Tyr-Gly-Leu-Phe)
and P-lactorphin (Tyr-Leu-Leu-Phe) respectively. These peptides have shown BP
reduction in SHR (Sipola et al. 2002).

Different BAPs have been isolated from the milk of cow. Cow milk proteins
exhibit wide ranging biological properties such as anti-carcinogenic, opioid,
mineral-binding, immunomodulatory, ACE inhibitory, cytotoxicity, anti-thrombotic
and antibacterial activities. The natural properties of BAP vary depending upon the
source of milk proteins from which they are isolated. Different BAPs have been
isolated and characterized from milk protein hydrolysates of mare, buffalo, sheep,
camel, goat and yak milk has been reported (El-Salam and EI-Shibiny 2013).

In a research made by Boutrou et al., 69 different BAPs were released from
casein milk protein. Significant interest was shown to f-casomorphins and
caseinomacro-peptide derived peptides. These BAPs were categorized as opioid,
ACE inhibitors, and antimicrobial peptides (Boutrou et al. 2015).

The milk of donkey is a very useful product for the food industry, owing to its
nutraceutical, nutritional, and functional properties. Endogenous peptides isolated
from donkey milk have been studied for their ACE inhibitory and antioxidant poten-
tials. In a study, two novel endogenous antioxidant peptides, namely GQGAKDMWR
and EWFTFLKEAGQGAKDMWR were isolated from donkey milk. In the same
study two other peptides with sequences REWFTFLK and MPFLKSPIVPF having
ACE inhibitory actions, were also identified (Chiozzi et al. 2016).

5.2.3 Bioactive Peptides from Collagen Sources

Connective tissue converts the force of contraction into movement, by joining the
muscles to the bones. The connective tissues joining bones and muscles are known
as tendons. Fibrillar collagen is the major component of tendons. There are several
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sorts of collagens present in the extracellular matrix. Collagen is the major struc-
tural component of connective tissues. All collagens contain collagen triple helices
which is primarily the recurrence of proline enriched tripeptide Gly-X-Y (Gelse
et al. 2003).

Gelatin is a soluble protein compound which is produced as a result of partial
hydrolysis of collagen (Johnston-Banks 1990). In a study, ACE inhibitory peptides
were isolated from the bovine skin gelatin hydrolysate. Five different proteases such
as o chymotrypsin, Alcalase, Pronase E, Neutrase, and trypsin were employed in the
study. The treatment of hydrolysate with enzyme was followed by ultrafiltration and
was finally treated with collagenase. Subsequently two BAPs with excellent ACE
inhibitory activity were isolated. The first peptide was named as EIIICIII and the
second peptide was named as EIIICIV, with ICs, value of 4.7 p M, and 2.55 p M
respectively (Kim et al. 2001b).

Skin gelatin of fish Hoki on hydrolysis via enzymes released peptides that
showed potent biological action. Hydrolysis via tryptic enzyme released peptide,
which exhibited powerful action on DPPH and superoxide anion. Tryptic hydrolysis
released another peptide with specific sequence His-Gly-Pro-Leu-Gly-Pro-Leu
with strong radical scavenging ability (Mendis et al. 2005).

Chicken collagen was hydrolyzed by an Aspergillus oryzae protease and ACE
inhibitory hydrolysate were also obtained. The subsequent hydrolysate was further
treated with four different proteases, amino G, protease A, protease FP, and protease
N. Consequently, four different peptides exhibiting ACE inhibitory potential were
isolated and the ICs, values of each were determined. The peptides were named as
GAHypGLHypGP,GAHypGPAGPGGIHypGERG,GLHypGSRGERGERGLHypG
and GIHypGERGPVGPSG with ICs, values of 29.4, 45.6, 60.8 and 43.4 p M
respectively. It was concluded in the study that low molecular weight chicken col-
lagen hydrolysates had long-lasting hypotensive effects in vivo and can serve as
possible antihypertensive therapeutic agents (Saiga et al. 2008).

Fish peptides have significant biological activities against bacteria, viruses, and
fungi and used as immunomodulator, and antitumor agents. Recently, it is sug-
gested, that almost all fish antimicrobial peptides possess antibacterial or bacterio-
static activities against several Gram-negative and -positive bacteria. A novel
20-residue antimicrobial peptide, pelteobagrin, was isolated from the skin mucus of
yellow catfish (Rajanbabu and Chen 2011).

In a study BAPs are obtained from the hydrolysis of squid (Dosidicus gigas)
by- collagen, by means of enzyme Protease type XIV. The protein hydrolysate
was further purified by ultrafiltration. After treatment with ultrafiltration mem-
branes the BAPs from squid exhibited enhanced antioxidant and antimutagenic
activities but the antiproliferative activity did not improve after ultrafiltration
(UF) (Sudrez-Jiménez et al. 2019). In another study, collagen remains from squid
skins were treated with Esperase and hydrolysate was obtained. This hydrolysate
was further fractionalized into three peptide fragments. The peptide sequence
with the lowest molecular weight exhibited maximum ACE inhibition ability
(Alemaén et al. 2013).



84 K. Mustafa et al.
5.2.4 Bioactive Peptides from Hemoglobin Sources

In 1971, the first biologically active peptide was obtained from hemoglobin (Hb)
(Moeller et al. 1997). Hemoglobin is familiar as an origin of series of peptides
which can play miscellaneous biological roles. Hemoglobin is a tetramerous protein
with two a- and two B-globular chains. Each globular chain possesses a prosthetic
group i.e. heme portion and basically acts as oxygen carrier in oxidation-reduction
reactions and in tissues. In addition to tissues such as RBCs, a- and -globular chain
encrypt in the brains and peripheral tissues of humans and rodents, many different
novel bioactive peptides were isolated from variants of hemoglobin which have
significant physiological functions (Gomes et al. 2010).

Neokyotorphin as a bioactive peptide is a globular chain of Hb with (137-141)
sequence at C terminal presenting originally the analgesic action like that of Leu-
enkephaline (Fukui et al. 1983; Kiso et al. 1983). Neokyotorphin peptide (137-141)
isolated from various sources i.e. bovine brain, heart of rat, lung and brain. Moreover,
it also exists in hibernating ground squirrel with variant biological actions. Except
for hemorphins, neokyotorphin has been imparted a series of role like regulation of
body temperature, modulation of antibacterial action, regulation of vagus nerve
action on heart, provide safety from convulsion in epileptic cases, regulation of
brain function of ground squirrel and multiplication in cancerous cells and in lipo-
cytes (Hazato et al. 1986; Ueda et al. 1987; Kolaeva et al. 1990; Sazonova et al. 2003).

Kyotorphin, a non-opioid, BAP is also a globular chain fragment of Hb with
(140-141) sequence at C terminal is a potential analgesic agent mainly isolated
from different sources such as bovine brain, spinal cord of rat and brain of rat. Until
now, the target for its biological activity is still unknown (Takagi et al. 1979).

A BAP, Hemorphins, (Tyr-Pro-Trp-Thr) derived from § globin of hemoglobin at
N-terminal mainly reduces electrical contraction in GPI bioassay. Extended hemor-
phin peptides have been obtained from a variety of sources such as bovine and
human tissues. It has been found that hemorphin plays an antagonist role for recep-
tors of opioids (Nyberg et al. 1997). Extended hemorphin-7 is considered as a pow-
erful ligand for the IV receptor of angiotensin (Moeller et al. 1997; Moeller et al.
1999). LV V-hemorphin-7 was found to provide a protection to BAP from degrada-
tion process by inhibiting peptidases like insulin-regulated aminopeptidase (IRAP)
and minimize the Bp level by giving injection into the peritoneal cavity. Besides
these, in supersensitive rat, LVV-hemorphin 7 was noted to lower the heart rate
(Cejka et al. 2004). In insensible rats, it heightened the action that caused reduction
in Bp in bradykinin (Fruitier-Arnaudin et al. 2002). It is noteworthy that LV V-
hemorphin-7 has significance in terms of reminiscence and acquisition of knowl-
edge. As in rats, learning is boosted by administrating the injection of
LVV-hemorphin 7. It is thought that LV V-hemorphin-7 depicts undeviating action
on other focal points which causes the delivery of acetylcholine followed by depo-
larizing effect, heightening the cholinergic dionifus leading to upgraded reasoning
level (Herbst et al. 1997; Lee et al. 2001). Finally, the ability of LV V-hemorphin 7
is to provide safety to the surface of IRAP followed by blocking the action of IRAP



5 Bioactive Peptides and Their Natural Sources 85

that is consistent with a major function in remembrance and in knowledge acquisi-
tion (Herbst et al. 1997) (Kovéacs and De Wied 1994; Engelmann et al. 1996;
Matsumoto et al. 2001).

Hemopressin (PVNFKFLSH) is a BAP fragment extracted from rat brain. It has
a sequence of (96—104) isolated from a globular chain of hemoglobin noted to have
a major role as anti-nociceptive and anti-hyperalgesic (Dale et al. 2005; Lippton
et al. 2000). It is thought that, Hemopressin acts as a substrate for many and differ-
ent metal peptidases such as neurolysin and oligopeptides (Piot et al. 1992; Moisan
et al. 1998). Extended hemopressin obtained from a globular chain of hemoglobin
at N-terminal known as RVD-Hpa and VD-Hp-a. Extended Hp shows the antago-
nistic action at the reception site of cannabinoid (Gomes et al. 2009).

A peptide with sequence of (33-61) isolated from a-globulin of bovine haemo-
globin showed antibacterial action in the digestive tract of tick Boophilus microplus.
It was considered that, it’s most powerful action was against the bacteria Micrococcus
luteus A270, and could also be used for identification of antibodies (Froidevaux
et al. 2001).

Definisms BAP derived from  globin of vertebrate, leucocytes and epithelial
cells, have importance in natural immunity. Another BAP Magininns derived from
alpha chain showed antimicrobial action and their helix like structure helps in con-
nection and is permeable for target point (Kosciarz et al. 1999).

5.2.5 Bioactive Peptides from Egg Sources

Egg is a valuable component of a healthy and balanced diet. It consists of protein
and has been considered as a source of multiple peptides that has found application
against diabetes, microbes, adhesiveness, oxidants, high blood pressure, and may
act as an immune modulator, and a mineral binder. Hydrolysis of proteins can be
utilized to release potentially bioactive fragments depending on the enzyme activity
that have miscellaneous medicinal value (Yu et al. 2014).

Hydrolysis of egg protein have been shown to produce antioxidizing agents that
can be used for peroxidation either in the presence or absence of relevant enzymes
(Mine 2007). The bioactive peptides KIVSDGNGM, Tyr-Ala-Glu-Glu-Arg-Tyr-
Pro-Ile-Leu and VSDGNGM primarily released from egg protein were noted to
possess antioxidant properties due to its configuration, hydrophobic nature and
strength of its amino acid unit. The antioxidant property were measured using dif-
ferent methods like oxygen radical absorbance capacity and Trolox equivalent anti-
oxidant capacity (TEAC) etc. (Miller et al. 1993).

The egg of hen comprising of protein has medicinal value in terms of their action
as a antimicrobial agent involving lysozyme and ovotransferrin (Mine et al. 2004;
Kovacs-Nolan et al. 2005). Ovotransferrin, BAP, as a member of transferrin and
monomer of glycoprotein comprising of only one polypeptide chain with 686 amino
acid that was found to be capable for binding to iron. It is proposed that, in addition
to functioning as iron carrier, it can also protect marketed food or nutrient from
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contamination as an antimicrobial agent against multiple bacteria (Mine 2007).
Crippled Ovotransferrin and fully iron Ovotransferrin exhibiting the same biologi-
cal action as antibacterial agent, in its turn, that representing antibacterial action
may not be owing to its iron carrier capability but also the interaction between bac-
terial cell and protein reason for it (Ibrahim 1996). Antimicrobial peptide,
Ovotransferrin OTAP-92, also has application to approach membrane of gram-
negative bacteria and found to cause destruction of cytoplasmic membrane that
results in death of bacterium. Another bioactive peptide called defensin that has
similarity with Ovotransferrin in reference to peptide sequence penetrating into the
cytoplasm or in ion channel that result in bacterium destruction (Ibrahim et al. 2000).

Additionally, multiple BAPs with antimicrobial activities were also liberated
from various parts of the egg such as albumin, vitelline membranes and eggshell
(Mine et al. 2004; Abdou et al. 2007; Hervé-Grépinet et al. 2010; Thammasirirak
et al. 2010). Majority of these peptides have both polar and non-polar region, and
overall referred as positive charge carrier, but peptides of o helical chain with hydro-
phobic end are also present and are remarkable in their action against microbes.
However, multiple categories of peptides with structure and configuration dissimilar-
ity have been found to be useful for antimicrobial activities (Epand and Vogel 1999).

Biological active phospho-peptides isolated from hydrolysis of phosvitin and
their calcium-binding property are considered to be due to their ability to form che-
lates (Young et al. 2011). Phospho-peptides present in phosphorylated protein con-
sisting of multiple phosphoserines unit found to be useful for efficient binding with
calcium, as a consequence, increases calcium access to the body followed by retard-
ing the generation of calcium phosphate that is insoluble (Jiang and Mine 2001;
Feng and Mine 2006).

It was suggested that egg peptides are of considerable interest because of their
potentially beneficial biological activities, such as antitumor, antithrombotic anti-
bacterial, and anti- adhesiveness (Nelson et al. 2007). Egg peptides IRW acts as
antidiabetic agent and have importance in food and nutrition. Egg white is used as a
purifier to separate solid particulates or suspended solids from drinks like alcohol.
Biologically active peptide, Lysozyme, has antibacterial action, thereby used to pre-
serve food. Furthermore, egg protein and its fragments as a peptide have received
increasing attention in food because of its health developing value (Yu et al. 2011).

5.2.6 Bioactive Peptides from Plant Sources

BAPs released from vegetables and plant sources have been isolated, character-
ized and studied frequently because of their benefits for human kind. Different
BAPs have been produced from extracts of protein, produced by seeds of soya-
bean or soya bean milk which showed biological action against microbes. Another
way to obtain peptides is through endogenetic protein hydrolysate (Singh et al.
2014). Peptides from milk of soya-bean are obtained when food is processed
(Capriotti et al. 2015).
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Another BAP called oligopeptides are discharged mainly from a soy protein i.e.
glycinin, or hydrolysis of soy and the fermented products of soy i.e. tempeh and
natto via many and different endogenetic protein such as trypsin, pronase, Glu-C
protease, protein hydrolysis of kidney membrane and plasma proteases. Hydrolysis
of natto via pronase yields another peptide that biologically acts as an angiotensin-
converting-enzyme inhibitor. Moreover, it presents some characteristics of a surface
active agent. Different sources like cooked coffee, cocoa, grilled grain and other
fermented products like alcoholic drink also provide BAPs. A bioactive peptide, 2,
5-Diketopiperazines obtained from alcoholic beverage i.e. awamori has antioxidant
potential (Kumar et al. 2012).

In industry food processing, a huge amount of waste is produced. For example,
production of oil such as olive oil generates a variety of by products involving solid
product, which is a collection of pulp and stone, and liquid stuff formed by olive
tissues. All these by products called pollutants are not certainly perishable. Peptides
with antioxidizing and antihypertensive abilities have been obtained from hydroly-
sis of proteins, that are released from seeds of olive (Esteve et al. 2015).

Vegetables and fruit processing liberate high amounts of waste products. Some
of which are used as fodder and majority of them are useless. Fruit stone (plum)
roughly known as seed, is full of protein with biological importance in medicine and
the food industry. They have been considered as potential source of BAPs with low
cost. High intensity focused ultrasound has been used for the production of protein
derived from waste products (Gonzdlez-Garcia et al. 2014). Hydrolysis, via enzyme
like flavourzyme, thermolysin and Alcalase, of these proteins yields peptides that
act as antioxidizing agents and possess inhibitory action against ACE. Among them,
hydrolysis via alacase enzyme generate BAPs with antihypertensive and antioxidant
activities. Furthermore, it is analyzed that, hydrolysis via alacase release variety of
peptides such as HNLPLL, HLPLLR, YLSF, DQVPR, LPLLR, MLPSLPK and
VKPVAPF that exhibit more potent biological action i.e. antihypertensive and anti-
oxidant. At the global level, Hordeum vulgare L, barley grain is the fourth most
abundant cereal food. It is also known as fodder. It has less nutritional value because
of lower concentration of lysine and thereby, is less expensive (Bamdad et al. 2011).

In Mexico, some years ago, maize has been considered as a highly grown cereal
bran next to wheat and rice which is rich in protein. It is a grain full of protein that
helps satisfy world’s protein demand (Malumba et al. 2008; Pechanova et al. 2013).
Depending on the solubility, protein food can be divided into saline soluble, water
soluble, alkaline soluble and alcoholic soluble (Uarrota et al. 2011). Several studies
indicate that breakdown of corn kernel releases corn gluten meal that is a byproduct
consisting of protein. It is observed that corn protein on hydrolysis yields corn pep-
tides (CPs) with anticancer properties particularly against breast cancer. In HepG2
cells, CPs persuade cell death and used as a potent anticancer agent by retarding
cancer causing agents by improving the immune system (Li et al. 2013).

Hordein is a barley prolamin and considered to be the main protein byproduct of
barley. It is abundant with multiple amino acids such as, Tyr, Leu Pro, Val, Phe and
Glu, majority of them present antioxidant action when they are either in protein or
in peptide form. Hordein is a complex consisting of three fragments; first one is B
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hordein i.e. full of Sulphur, C hordein with lack of Sulphur and D hordein having
greater molecular mass. C hordein is considered to possess powerful antioxidant
property. Hydrolysis via enzymes, is the most efficient way to increase antioxidant
potential of barley hordein (Chanput et al. 2009).

Recently, it is thought that lunasin like peptide resides in barley, with effective
biological action. This knowledge pushed researchers to search and identify Iunasin
in other cereals (Jeong et al. 2002). Currently, lunasin is found in seed crops like
amaranth, soybean, rye and wheat. Other bioactive compounds (except for lunasin)
like peptides are under observation in these grains (Jeong et al. 2010).

Avena sativa L, an oat, is considered as a familiar cereal because of its food value
and multipurpose properties. Oat and oat by-products have been used as a support-
ive agent for the therapy of diabetes and heart ailments. In food, presence of oat
grain make the genes more effective that play a role in the development of p cell,
synthesis of protein and secretion of insulin (Yamaguchi et al. 1997). It is interesting
that lunasin like peptides are also observed in oat bran and are noted with greater
antioxidant ability (Nakurte et al. 2013).

Besides wheat, Secale cereale L., commonly known as rye, is the most useful
bran for bread especially in Europe and considered to be an important source of
roughage. In northern Europe, rye is regularly used as a staple food. Recent data
indicate that the use of rye bran is related to lowering the chances of degenerative
diseases such as heart disease, diabetes and cancers. Besides the roughage, miner-
als, different phytochemicals, vitamins have been recommended as a health promot-
ing compounds. Lunasin-like peptides are also found in rye bran and their
concentration vary from one rye to another. Each of them possesses active biologi-
cal activities (Bondia-Pons et al. 2009).

At a global level, rice as a cereal bran is considered to be a basic food and has
importance because of its nutraceutical value and easily digestible property. Rice is
also biologically important because of its contents. Rice contains a large variety of
proteins like glutelin, globulin, albumin and prolamin. Prolime protein fragment has
found potential application in developing and improving the immune system against
leukemia. Rice protein isolate (RPI) derived from rice protein can minimize brain
tumor in rats induced by 7,12-dimethylbenz[a]-anthracene (Yu et al. 2006).

5.2.7 Bioactive Peptides from Marine Sources

Marine products are now considered internationally for their diversity in the pro-
duction of biologically active substances.

Peptides obtained from marine organisms have revealed a novel outlook for
medicinal progress. In a study it was found that BAPs isolated from marine species
can serve as potential blockers of ion channel, toxic effect on cells as well as possess
antimicrobial action (De Vries and Beart 1995).

Sponges belonging to phylum porifera consist of 1000 miscellaneous species
which extend from the surface to the depth of the ocean. A focus has been given to
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seek biologically active peptide from sponges. Tetradecapeptide Discodermins was
the first bioactive peptide obtained from sponges showing inhibitory action for cell
growth. Discodermins A—H, a BAP, isolated from genus sponges, Discodermia,
consist of 13—14 linearly-aligned amino acid forming a ring by a cyclic ester of
carboxy end with threonine element. These BAPs are characterized by their cyto-
toxic ability and were used for analysis against A549 cell line of human lung and
P388 cancerous cells of rodents. In cell membrane of smooth muscles, Discodermins
A can potentially act as a permeabilizing agent (Aneiros and Garateix 2004).

Geodiamolides A—G, is a BAP obtained from a specie of Geodia, Caribbean
sponge. Another peptide jaspamide, similar to Geodiamolides, has cytotoxic prop-
erty and consist of a cyclic ring of three amino acid. Arenastatin A, desipeptide, is a
cyclic ring isolated from a powerful cytotoxic agent that is profoundly used against
KB cells. Phakellistatins is a heptapeptide ring with abundance of proline.
Phakellistatin 2 is particularly considered as valuable owing to its powerful biologi-
cal action against various skin cancer cell lines and P388 cancerous cells of rodents
(Pettit et al. 1993).

Biologically active antifungal peptides, Discobahamin A and B, were isolated
from the Bahamian marine sponge living in deep water belonging to Discodermia
sp. that have inhibitory action against the growth of Candida albicans (Gunasekera
et al. 1994).

Antifungal and cytotoxic depsipeptides Halicylindramides A— E was isolated
from the Halichondria cylindrata, a Japanese marine sponge. Halicylindramides
A-C are tetradecapeptides that form a cyclic ester with threonine residue while
Halicylindramide E is a trimmed straight peptide having an amide group at C-end
(Li et al. 1995, 1996).

C-E cyclic peptides obtained from the sponge species, Microscleroderma
Theonella and Microsclerodermins were also noted to have biological action against
fungi. Other bioactive peptides, Theonegramide and Aciculitins A—C isolated from
sponges were also noted to have effective anti-fungal action (Schmidt and
Faulkner 1998).

Linear and ring BAP Dolastatins derived from Dolabella auricularia mollusk,
have the ability to retard the cell growth. A large number of Dolastatin BAPs have
been isolated from mollusks. Dolastatin 10, in particular is an apentapeptide derived
from mollusk has found an application in the treatment of cancer against the cell
line P388. In addition, Dolastatin 10 also retarded the polymerization of tubulin
protein and hydrolysis of Guanosine-5'-triphosphate (GTP) that rely on tubulin. On
the other hand, Dolastatin 11 induced huge alignment of the actin filament of the
cells followed by fixing the cells at cytoplasmic division and also caused more and
more polymerization of actin. When compared to depsipeptide Jasplakinolide
(derived from sponges), Dolastatin 11 showed a three-fold higher cytotoxicity than
Jasplakinolide against the studied cells (Bai et al. 2001).

Depsipeptide such as Tamandris A and B derived from the ascidian belonging to
family Didemnidae are efficient in cytotoxic action. Analysis of Tamandris and
Didemnin as anticancer agent have shown that Tamandris was a little bit more pow-
erful than Didemnin (Vervoort et al. 2000). Depsipeptide such as didemnin, have
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been found useful against tumors, viral diseases and can also act as immune-
suppressants. This peptide is primarily derived from the Caribbean tunicate of
Trididemnum (Rinehart et al. 1990).

It is noteworthy that, Didemnin B is a well-known member of the family because
of its powerful antitumor action (Rinehart et al. 1990). It is noted that, Didemnin B
possesses excellent ability as producers of antiproliferative compounds along with
antitumor properties. It is used widely for cure of prostatic cancer (Geldof et al.
1999). Didemnim A and B, otherwise known as bioactive substances, may be effec-
tive for dissimilar varieties of virus such as parainfluenza, herpes simplex, and den-
gue virus (Canonico et al. 1982). A BAP Styelin D bearing 32-units with amide
group at C-terminal, derived from hemocytes of Styela clava, an ascidian, was
shown to have antibacterial action against gram positive and negative bacteria resid-
ing in salty condition (De Vries and Beart 1995; Taylor et al. 2000).

5.2.8 Bioactive Peptides from Fungi Sources

Penicillium algidum, a fungus, on hydrolysis liberates two known cyclic peptide i.e.
cycloaspeptide A and cycloaspeptide D and cyclic nitro peptide psychrophilin
D. Biological analyses indicate that they are biologically active against cancer,
malaria, certain viruses and other microbes. Nitropeptide, psychrophilin D showed
moderate action against blood and bone marrow cancer P388 in rodents, while pep-
tides cycloaspeptide A and D showed moderate action against malaria caused by
Plasmodium falciparum (Dalsgaard et al. 2005).

Fungi release multiple peptides and cyclopeptides such as cephalosporins and
penicillins (Kozdk et al. 2018). Emodepsin, a semisynthetic Emodepsin, also known
as depsipeptide, may have use against parasitic worms among animals (Woods et al.
2018). Structural diversity of different peptides shows different biological action
(Wang et al. 2018). A fungus-derived peptide known as Gliotoxin, reside in subject
of aspergillosis affecting their cell by retarding their binding capacity. Moreover, it
reduces the immune capability and persuades the apoptosis action in affected cells
(Bertuzzi et al. 2018).

It is observed that BAPs from Apicidin F, JM47, chlamydocins and FR235222
have biological action against protozoans and can retard the growth of cells and
inhibit immune capacity, eventually causing cell death. In addition to the above-
mentioned properties, these peptides also show antiplasmodial potential (Yang
et al. 2018).

A depsipeptide called Aspergillicin obtain from fungi used to regulate immune
system. Cyclodepsipeptides, Stevastelins have a lipotropic terminal. It has the abil-
ity to inhibit the activity of human T-cells but has less toxic effect in mice (Wang
et al. 2018).

A cyclic depsipeptide called Verticilide was isolated from Verticillium species
can make ryanodine less effective in binding with receptor and acts as a biological
agent against insects. Cycloaspeptide A and D derived from fungi are considered to
be most potent biological agents against parasites (Anke and Laatsch 2018).
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5.3 Conclusion

BAPs are organic substances of immense importance that are concealed between
structures of proteins from various natural sources. Enzymatic actions coupled with
other physical techniques can liberate these biologically active peptides during cer-
tain processes like digestion or fermentation. The BAPs have wide ranging biologi-
cal activities like anti-thrombotic, antimicrobial, opioid, antihypertensive,
immuno-modulatory, antioxidative and mineral binding. Owing to these and several
other biological activities, BAPs are being used extensively in pharmaceuticals and
food industry. They are also being employed for cure and prevention of several
medical conditions. BAPs are being isolated from several natural sources such as
animals, plants, marine life, fungi etc. Natural sources are the major sources for
isolation of bioactive peptides. This chapter provides a descriptive study on the
sources from which BAPs have been isolated. Different natural sources of BAPs
like meat, collagen, dairy, hemoglobin, plants, marine and fungi along with their
potential biological importance were also discussed.
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6.1 Introduction

A biomolecule or biological molecule can be regarded as molecules that are present
in organisms to carry out biological process such as development, cell division, and
morphogenesis (Horton et al. 1996). A large number of biomolecules are present
inside the living cells. These comprise amino acids, proteins, enzymes, monosac-
charides, disaccharides, polysaccharides, fatty acids, fats and oils, nucleotides,
nucleic acids, histones, acidic proteins, chlorophyll, hemoglobin and several other
constituents of cell structure (Horton et al. 1996). These biomolecules are complex
organic molecules in nature. They form the basic structural constituents of living
cells. Among biomolecules, nucleic acid (DNA and RNA) carry out distinctive
function of containing genetic code of an organism which is the sequence of nucleo-
tides that controls the sequence of amino acids constituting a protein. There are 20
different amino acids that can be found in structure of a protein. Proteins perform
various tasks inside a cell such as transporters, involve in transport of nutrients and
other molecules, and as enzymes to catalyze chemical reactions which takes place
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inside the cell. Proteins also constitute hormones and antibodies, and they influence
gene activity as transcription factors.

Carbohydrates are constituted by molecules comprising carbon, hydrogen, and
oxygen (Horton et al. 1996). They are essential energy source and structural compo-
nents of cell. Carbohydrates are among the most abundant biomolecules on earth.
Lipids are another key biomolecule inside the cell. They perform a variety of func-
tions, such as serving as a source of stored energy and as chemical messengers in
signal transduction. They are also key component of biological membranes, which
serves as a boundary between cells and their environment and compartmentalizes
cell interior such as the nucleus and the mitochondrion, in eukaryotic organisms.

6.2 What Are Lipids and Oils?

Lipids are basically composed of carbon, hydrogen and oxygen. They are composed
of fatty acid and glycerol. The glycerol backbone and variation in fatty acid chains
as well as their natural modifications resulted into various forms of structural and
functional lipids. These are one of the most important biologically active molecules
that are insoluble in polar solvents but are soluble in non-polar solvents like ether
and chloroform. Lipids are important constituent of living cells. Oils are generally
ester derivatives of glycerol along with three fatty acids. They are important source
of energy, essential fatty acids and fat-soluble vitamins, which have the tendency to
associate with fats. There are various types of lipids and oils that are discussed below.

6.2.1 Phospholipids and Glycolipids

Phospholipids (CH,OH-CHOH-CH,0OH) are amphiphilic molecules that contain
hydrophobic tails (fatty acid chains) and hydrophilic (phosphate group) heads. The
occurrence of a wide variety of phospholipids is due to the variations in head group,
aliphatic chain, and alcohols. Phospholipids, are divided into glycerophospholipids
and sphingomyelins based on the presence of alcohol groups (Baer and Pavanaram
1961). It plays a vital role in the synthesis of lipid bilayer, in drug delivery system,
as components in cosmetics, in biomedical engineering and polymer science, etc.
(Mashaghi et al. 2013).

Glycolipids (CssHosNO,,P,72) are glycosyl derivatives of lipids, which consist of
one or more monosaccharide units bound with glycosidic linkage to a hydrophobic
moiety, e.g. sphingoid, ceramide, and acylglycerol (Malhotra 2012). Glycolipids are
produced in the golgi apparatus and widely distributed in lysosomes, nuclear mem-
brane, mitochondria, and endoplasmic reticulum (Gillard et al. 1993). Glycolipids
have been shown to modulate intracellular activities in signal transduction, cell pro-
liferation, and programmed cell death in lymphoid cells mediated by ceramide.
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Gangliosides help in synaptic transmission through binding with calcium ions
(Spoeckner et al. 1999).

6.2.2 Cholesterol and Steroids

Cholesterol (C»;H,60) is an organic molecule and biosynthesized in all animal cells.
It is an important part of cellular membranes, bile acids, steroid hormones, and
human brain (Dietschy and Turley 2001). It is essential for normal development of
brain cells (neurons and glia) and also required for synapse and dendrite formation.
Cholesterol deficiency can cause degeneration of the synaptic and dendritic spine,
decrease synaptic plasticity, and failure of neurotransmission (Koudinov and
Koudinova 2005).

Steroids (C,;H4;sOH) is an organic compound (Cholesterol derived lipophilic)
synthesized by sterol lanosterol or cycloartenol in the animals, plants and fungi
cells. It is the main constituent of some hormones (hormones of the adrenal cortex
and gonadal), bile acids and sterol (Pattenden et al. 2004). Steroids are used as anti-
inflammatories, anesthetics, anti-biotics, anti-asthmatics, anti-cancer agents and as
contraceptive drugs Lopez et al. 2014).

6.3 Bioactive Molecules from Plants

Plants are known to produce various substances which are indirectly associated with
their growth and reproduction. These substances are known as secondary metabo-
lites. Plant derived biologically active fats and oils are a type of secondary metabo-
lite having complex chemical structures. These plant derived fats and oils have
important ecological functions as they protect plants against harmful microbes and
herbivores. Moreover they are also reported to have herbicidal properties, strong
antioxidant, and antibacterial activity. Most of the plant derived fats and oils are in
the form of fatty alcohols. Fatty alcohols are produced via the process of transesteri-
fication. Transesterification is the process in which a fat or oils reacts with an alco-
hol to form esters or glycerol. Some of the important bioactive plant derived fats and
oils are discussed below.

6.3.1 Perillyl Alcohol

Perillyl alcohol or POH (C,oH;40) is naturally found in essential oil extracted from
lavender, peppermint and caraway, spearmint, cherries, sage, and cranberries plants
(Crowell and Elson 2001). Traditionally, POH used in cleaning and household
products, cosmetics, and fragrance in toiletries (Laszlo 2008). It has biological
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potential for glioblastoma treatment and chemo preventive agents used in veteri-
nary clinic for cancer treatment mainly in lung, breast, pancreas, colon, and skin
cancer (Ong et al. 2017).

6.3.2 Geraniol

Geraniol (C;oH;30) is acyclic monoterpene alcohol; it is a mixture of two isomers
termed as geraniol (trans) and nerol (cis). Geraniol richly found in Palmarosa oil
while nerol obtained from neroli (Clark 1998) and possesses biological activities as
antifeedant properties and pest control agents (Papachristos et al. 2004). Besides, it
has a potential to inhibit the growth of parasites against zoonosis disease (Hierro
et al. 2006) also shows chemotherapeutic activity towards pancreatic and other can-
cers (Burke et al. 1997).

6.3.3 Alpha-Pinene

Alpha-pinene (C;,H,4) is bicyclic compound distributed in the diversity of medici-
nal plants and coniferous trees. Pinene act as insect repellent properties to protect
the plants (Huang et al. 2013) Also, a-pinene has been used in pharmaceutical
industries as an antioxidant, anti-inflammatory, antibiotic, bronchodilator, hypogly-
cemic, antiulcerogenic, and gastroprotective agent (de Almeida et al. 2015).

6.3.4 Terpinen

Terpinen-4-ol (C,(H;sO) is a secondary metabolite, mainly found in essential oil
extracted from aromatic plants such as tea, mandarins, oranges, black pepper, and
some vegetables. It is a most active ingredient and shows the potential as an antifun-
gal agent, bactericidal, antitumor, anticancer, and anti-mites (Tighe et al. 2013).

6.3.5 Camphene

Camphene (C;,H¢) is a bicyclic monoterpene compound, volatile and soluble in
common organic solvents. It is mainly found in essential oil of Zingiber officinale,
Chrysanthemum, Liquidamar species, Rosmarinus offinialis, and other plants. It has
a great potential to prevent the cardiovascular disease by control of hyperlipidemia
(Vallianou et al. 2011).
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6.3.6 «-Santalol

a-Santalol (C,5sH,,40) is a naturally producing sesquiterpene (hydrophobic alcohol)
phytochemical derived from oil of sandalwood (Santalum album Linn). It has bio-
logical activities as anticancer, anti-inflammatory, and antihyperglycemic properties
(Misra and Dey 2013).

6.3.7 p-Elemene

B-Elemene (C,sH,,), are a group of natural compound present in oil of aromatic
plants such as turmeric oil extracted from Curcuma zedoaria and classified as ses-
quiterpene (Jiang et al. 2017). It possesses multiple biological activities such as
antiangiogenic activity, anti-proliferation, antineoplastic effects, and susceptibility
for MDR due to the presence of three unsaturated bonds (Zhang et al. 2013).

6.3.8 Eugenol

Eugenol (C,(H;,0,) is considered as phenolic compound and core ingredient
(70-90%) of clove essential oil obtained from Eugenia caryophyllata buds and
leaves (Barceloux 2008). It is used as pesticide and fumigant in agricultural field to
protect foods against bacteria Listeria monocytogenes and Lactobacillus during
storage (Kamatou et al. 2012). In additions, eugenol shows biological activity as an
antioxidant, Anti-inflammatory, anticancer, and also protect the DNA damage
(Sarpietro et al. 2015).

6.3.9 p-Caryophyllene

[-caryophyllene (C,sH,,) is a volatile compound and member of bicyclic sesquiter-
pene, it is chief ingredient of essential oil derived from spice and food plants such
as cinnamon, basil (Ocimum spp.), cloves (Syzygium aromaticum), black pepper
(Piper nigrum L.), cannabis (Cannabis sativa L.), lavender (Lavandula angustifo-
lia), and rosemary (Singh et al. 2006). It possesses biological potential viz. anticar-
cinogenic, anti-inflammatory, antimicrobial, analgesic activities and antioxidant
activity (Scolnik et al. 1994).
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6.3.10 Citral

Citral (C,0H;c0), is a naturally occurring compound containing aliphatic aldehyde,
main constituent (80%) of lemongrass oil and also present in citrus fruit. Lemongrass
(Cymbopogon citrates) is the prime commercial source of this oil. It is widely used
as an anti-inflammatory, antiseptic, detergent, carminative, antimicrobial, diuretic,
and stimulation of the central nervous system. Also, citral inhibits the growth of
tumour in the prostate gland of rats (Albert-Puleo 1978).

6.3.11 p- Thujone

f- thujone (C,yH;c0) is a ketone containing bicyclic monoterpene compound found
in two isomeric forms as «- and f- thujone, it occurs naturally in wormwood oil
(40-90%) (Olsen 2000). Thujone is toxic to the brain and works as inhibiting the
activation of the GABA receptor which cause muscle spasms and convulsions (Baby
et al. 2009).

6.3.12 Zerumbone

Zerumbone (C;sH»,0) is a dietary compound reported as 76.3-84.8% in rhizome
oils of Zingiber zerumbet plant belongs to Zingiberaceae family (Abdelwahab et al.
2012). It possesses a diversity of biomedical properties, such as anticancer activi-
ties, antiproliferative, antioxidant and anti-inflammatory (Lawrence 2006).

6.3.13 Menthol

Menthol (C,yH,,0) is cyclic monoterpene alcohol known as mint camphor which is
abundant in oils extracted from aromatic plants like tobacco, cornmint, and pepper-
mint (Morice et al. 1994). It displays various biological activities such as anti-
inflammatory, anticancer, antimicrobial, fumigants, antianalgesic, antipruritic
activity, and antitussive effects (Kolassa 2013). Menthol also used in pesticides,
candies, cosmetics, shampoos and chewing gum as a cooling and flavor enhancing
ingredient (Simmons et al. 2015).
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6.4 Biological Roles of Lipids and Oils

6.4.1 Structural Building

Lipids are considered as the bioactive molecules synthesized in living body. It is
working in different way such as multiple signaling pathways and main constituents
of the lipid bilayer. If any types of disturbance happened in the lipid metabolism can
leads to create disruption in biological pathways vis-a-vis cancer, metabolic disease
and neurological disorders (Misurcova et al. 2011; Stancu and Sima 2001). Fats and
oils are esters of glycerol contain three carbon sugar and three fatty acids which
creates various fatty acids on the bases of cis or trans positions of double bond. Fats
are solid at room temperature, while oils are usually liquid (Compher et al. 1997).

Fatty acids is a simple lipid and composed of long chain of hydrocarbon (R) and
hold carboxylic acids group (RCOOH) (IUPAC-IUB, 1977). There are two types of
fatty acid are found in nature saturated and unsaturated fatty acids. Saturated fatty
acid contains single bond and possesses biological potential includes stimulation of
chloride and bicarbonate ion in colon, colonocyte proliferation, mucus production,
and control the growth of saprophytic bacteria in colon (Uauy and Dangour 2006).
Unsaturated fatty acids contain two or more double bond in their hydrocarbon chain,
it has great potential to living being, present in vegetable oils shows antiallergic
properties also used in cosmetology, medicine and pharmacy (Riccardi et al. 2004).
Oleic acid shows increase the HDL/LDL cholesterol ratio and decrease thrombo-
cytes (Zak et al. 2007).

Phospholipids considered as biological molecules that display both structural
and functional roles in the human body. The utmost phospholipid present in the
plasma membrane is phosphatidylcholine or lecithin (60-70%), followed by sphin-
gomyelin (10-20%). Minor phospholipids in plasma are phosphatidylserine (1-2%)
and phosphatidylinositol (1-2%) (Fless et al. 1984). Phosphatidylcholine shows
important role in the protein synthesis, cholesterol homeostasis, secretion, and tria-
cylglycerol storage (Havel et al. 1955).

Glycolipids are presents in all prokaryotic and eukaryotic cells and considered as
a amphiphilic molecules and heterogenous group of membrane-bound compounds.
It is crucial constituents of plasma membrane and performs various functions such
as signaling receptor, cell aggregation or dissociation, and immune response.

6.4.2 Lipoproteins

Lipoprotein (LP) characterizes as a class of structurally and functionally diverse
lipoprotein particles owing to the transport of cholesterol in blood plasma Lipids
along with protein circulate in the bloodstream called as lipoprotein, it consists
cholesteryl esters (60—70%) and triacylglycerol and considered as transport form of
lipids (Kontush and Chapman 2010). High-density-lipoprotein (HDL) is commonly
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distributed lipoproteins that possess anti-oxidant, anti-atherosclerotic properties (Li
etal. 1999), anti-inflammatory, vaso-regulatory, anti-thrombotic properties (Shapiro
and Fazio 2017), Apolipoprotein-B considered as one of the important lipids which
consist activity for atherosclerotic cardiovascular disease (Stamler et al. 2000).
Cholesterol and triglycerides considered as crucial components of lipids, clinically
the level of plasma lipoprotein may be increase or decrease leads to hyperlipidemia
or hypolipidemia due to abnormal concentration.

Low-Density Lipoproteins (LDL) consists of cholesterol, triglycerides and pro-
tein, and considered as bad cholesterol because its high level can lead to the devel-
opment of cardiovascular disease.

Very Low-Density Lipoproteins (VLDL) contains triglycerides, some choles-
terol molecules, and less protein, it is less dense due to high lipid contents and
responsible for the transport of triglycerides to cells in the body.

High-Density Lipoprotein (HDL) considered as good cholesterol, it is dense
lipoprotein due to less cholesterol and more protein. HDL is made in the liver and
in the intestines; it carries cholesterol from cells back to the liver.

Chylomicrons is a type of lipoprotein and dense in nature due to more triglycer-
ides and less protein, responsible for transporting lipids molecules from the intes-
tine to cells in the body (Kuske and Feldman 1987).
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Chapter 7
Alternative and New Protein Sources

Barbara Sawicka, Krishnan Umachandran, Noori Abdul-nabi Nasir,
and Dominika Skiba

7.1 Introduction

Alternative sources of protein have been utilized to a limited extent by certain sec-
tions of the population but its universal use and acceptability to the rest of mankind
remains a challenge. The commonly known alternative sources of proteins are sin-
gle-cell organisms (yeast), aquatic organisms (krill, algae) (Doshi et al. 2007; Deng
and Chow 2010; Ohikere and Ejeh 2012; Piasecka-Kwiatkowska and Stasinska
2016), and insects, which have amino acid composition similar to that of the tradi-
tional animal proteins consumed as diet with protein 77.9-98.9% as digestible
(Bukkens 1997; Shockley and Dossey 2013). The alternative protein sources in food
production have benefits associated to social, economic, health and environment
(Wocior et al. 2010; Udenigwe and Aluko 2012; Yadav et al. 2017). The progression
of the biofood concentrates on the feedstocks facilitates more of technology innova-
tion with biopolymers and biocomposites (Ayadi Rosentrater and Muthukumarappan
2012; Buckhalt 2016). The combination of new applications by biotechnology on
agriculture has altered the agricultural economics to benefit the people (Ohikere
and Ejeh 2012). Genetically modified organism (GMO)/crop varieties also address
the food security requirements and boost exports. It does this by reducing the cost
of farming, improve output, decrease in the use of pesticide, reduction in deforesta-
tions, ease low-till or no-till cultivation and thus cut the emissions of greenhouse
gases to offer better food for the consumers (Stewart 2009; Udenigwe and Aluko
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2012). Solid development in biotechnology offered in addition cutting-edge expan-
sions in genomics and bioinformatics made it possible to develop and discover
drugs, diagnosis and early treatment of diseases and disorders affecting animal
health, livestock and agricultural crop therefore to improve their well-being, pro-
duction and conserve the use of existing resources to sustainability (UN ECA 2015).
However, encouraging results of novel sources of nutrients such as insects, algae
and in-vitro meat, though are unconventional to animal proteins for human con-
sumption and animal feed production, still required to enhance in quantity and qual-
ity as nutrient sources that could face upfront the potential encounter on food
security an inordinate stress thereupon. New technologies are emerging that allow
for the upgrading of wastewater treatment plants to ‘factories’ in which the incom-
ing materials are deconstructed to units such as ammonia, carbon dioxide and clean
minerals, and followed by a highly intensive and efficient microbial re-synthesis
process where the used nitrogen is harvested as microbial protein (at efficiencies
close to 100%), which can be used for animal feed and food purposes (Shockley and
Dossey 2013; Matassa et al. 2015; Wiza 2019). Bioavailability process follows food
element consumption, including digestibility and solubility of the food element in
the gastrointestinal tract, absorption/assimilation of the food element across the
intestinal epithelial cells and into the circulatory system, and finally, incorporation
into the target site of utilization (Bleakley and Hayes 2017). The enzymes which
improve weight gain and feed conversion in monogastric animals, have been engi-
neered for improved activity and deliver high levels of thermal stability to enable
direct use of the grain in feed pelleting processes (Matassa et al. 2015).

7.2 Daily Demand of Human Organism to Protein

For an adult, the daily dose of protein is 50-80 g (including 1/3 is animal protein).
In a span of 1 year, a man takes 27.4 kg of protein, which is calculated on the basis
of nitrogen at 4.38 kg/kg/year. For the world’s population, approximately 30.8 mil-
lion tons of nitrogen per year is needed. It is estimated that around a billion people
are starving all over the world. This hunger particularly affects third world countries
attributed in part from political instability and very low agricultural production
combined with over-population. Currently, about 40,000 people die every day in
Africa due to hunger (Fig. 7.1).

Hence, the demand for protein in the world is enormous. Proteins provide the
raw material compulsory for constructing additional muscle fibers and rebuilding
broken fibers with thicker composition resulting to greater muscular strength and
endurance (Schoenfeld 2010). Adding protein to an already balanced diet promotes
healthy living. Animal protein is a complete protein that provides all nine essential
amino acids, while some plant proteins may lack one or more essential amino acids.
Animal products are high in protein but also contain high amounts of saturated or
trans fats. Not everything from animals is good to our health. Consuming animal
blood for instance can cause a number of problems. The human body can dehydrate
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Population Living Below
National Poverty Line

Fig. 7.1 Part of society (%) below the abundance of poverty. (FAO 2016)

when drawing its own water reserves to digest the protein contained in the blood.
Furthermore, animals frequently carry diseases in their blood which may also cause
infections among humans. On the other hand, tofu and tempeh are great non-animal
protein sources which when consumed as meals are a healthier protein boost with-
out the saturated fats found in animal proteins (Smith 2009).

7.3 The Need and Sources of Alternative Proteins

Economic, health and environmental demands stress the need for alternative sources
of proteins in the production of food. Large areas of grassland and cropland are
already needed to meet the demand of meat and dairy consumption. Agricultural
sector development is essential to ensuring food security and good nutrition for all,
but are additional environmental challenges (emissions and energy trends continue,
global warming). There are concerns over the depletion of fish stocks and impacts
on marine biodiversity (Westhoek et al. 2011). Shared fresh water resources and
food security are critical to human security concerns, while worldwide, cropland is
being lost to cities, industry, erosion, flooding. Salinization that accompanies big
irrigation schemes, is described as one of the gravest threats to irrigation agriculture
and food security. Water withdrawals are met at rate of natural groundwater recharg-
ing. Increasing reliance on nonrenewable groundwater is resulting in falling water
tables being recorded on every continent. Soils when degraded towards agricultural
production, the biodiversity of the region are reduced, leading to a loss of genetic
resources that could contribute to a diverse and sustainable agricultural system.
These losses jeopardize the food security of the local populations and ultimately
result in high economic and social costs. Alternative proteins are estimated to make
up 33% of global protein consumption by 2054, with algae and insects accounting
for about 18% and 11% of the alternative protein market, respectively. In part, sales
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of insects and algae are expected to each account for 2% of the alternative protein
market share by 2024 (European Commission 2018). Alternative proteins must be
evaluated for nutritive value, safety, and economic considerations before mass pro-
duction are undertaken. There are good alternative protein sources which include
spray dried plasma, wheat protein, fish protein, chicken products, eggs, and pro-
cessed red blood cells serve many functions, including provision of essential and
nonessential amino acids which enhance immune and are also highly palatable.
Reproductive biotechnologies changed molecular genetics were sequenced and
annotated in various animals such as cattle, pigs, chicken, sheep, poultry, and bee
(Odongo et al. 2010; United States Department of Agriculture 2016; National
Institutes of Health 2016; Raab 2016).

7.3.1 Proteins of Unicellular Organisms

From a nutritional point of view, microorganisms can be a valuable source of pro-
tein with a high biological value. Depending on the type, strain and conditions of
microbial growth and composition of the medium, the protein content in the dry
mass of unicellular biomass may vary within 40-80%. Most proteins contain bacte-
ria (50-80%), then algae and yeast (30-75%), and least molds (20—45%). Single-
cell proteins are a rich source of lysine; however, they are deficient in some essential
amino acids, mainly sulfuric (methionine and cysteine) (Table 7.1).

The large-scale process of obtaining Single Cell Protein (SCP) proteins from
dried cells of microorganisms such as bacteria (Cellulomonas, Alcaligenes), yeast
(Candida, Saccharomyces), algae (Chlorella, Spirulina, Scenedesmus) and molds
(Trichoderma, Fusarium, Rhizopus) (Becker 2007; Deng and Chow 2010), gener-
ates numerous opportunities in food production technology. The diversity of meth-
ods, raw materials and microorganisms used, high substrate conversion efficiency
and efficiency associated with the rapid growth of microorganisms and lack of
dependence on seasonal and climatic factors (Nasseri et al. 2011) attach great
importance to these microorganisms from a nutritional point of view as a protein
source of high biological value (Table 7.1).

The nutritional value of these proteins is higher than those of vegetable origin,
and when supplemented with methionine, become comparable to proteins of animal
origin (Nalage et al. 2016). It has also been proven that SPC obtained from micro-
organisms are a rich source of B vitamins and minerals, such as: zinc, phosphorus,
magnesium, selenium, chromium (Adedayo et al. 2011). In addition, some yeast
species, e.g. Saccharomyces cerevisiae, have a probiotic effect in the human body
(Muszynska et al. 2013). Nucleic acid component (2-18% dry matter) is also a
component of biomass, which is a potential danger for the human body, because it
may lead to the accumulation of uric acid crystals in the kidneys or joints, leading
to gout. Their content is highest in bacterial cells and the lowest in algae cells
(Nasseri et al. 2011). It was also proved that SPC obtained from microorganisms are
a rich source of B vitamins and minerals, such as zinc, phosphorus, magnesium,
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Table 7.1 Amino acid profile of proteins derived from alternative sources (g/100 g)

Sources of protein
Amino acids Algae | Bacteria | Yeast | Mushrooms | Krill |Insects | FAO pattern
Isoleucine 4.7 33 2.5 1.8 2.5 3.8 2.8
Leucine 8.6 54 3.6 2.9 4.0 6.5 6.6
Valine 6.2 4.2 2.7 2.2 2.6 5.2 3.5
Lysine 6.3 4.3 35 3.0 44 5.1 5.8
Phenylalanine 9.0 5.8 4.1 3.1 5 9.7 6.3
Metionine 3.1 2.2 1.5 1.0 2.4 3.5 2.5
Tryptophan 0.9 0.8 0.6 0.3 0.7 1.2 1.1
Threonine 54 33 2.5 2 2.2 3.7 34
Arginine 6.9 3.7 2.3 2.7 3.8 4.5 nd
Histidine 2.1 1.5 1.2 1.0 1.1 2.2 nd
Aspartic acid 9.7 nd nd nd 53 nd nd
Glutamine 109 |nd nd nd 6.7 9.7 nd
Glycine 6.2 nd nd nd 34 5.1 nd
Proline 4.3 nd nd nd 23 4.6 nd
Serine 4.3 nd nd nd 1.9 4 nd
Alanine nd nd nd nd 2.9 59 nd
Total protein (% DM) |40-60 | 50-65 44-55 1 30-45 60-65 | 5-77 nd

Source: Becker (2007), Nalage et al. (2016), Nasseri et al. (2011), Piasecka-Kwiatkowska and
Stasinska (2016), Rumpold and Schliiter (2013), Tou et al. (2007), and Zielinska et al. (2017)
DM dry mass, nd no data

selenium, chromium (Adedayo et al. 2011). Some yeast species, e.g. Saccharomyces
cerevisiae, have a probiotic effect only in the human body (Muszynska et al. 2013).
Nucleic acid component (2—18% of dry substance) is also a component of biomass,
which is a potential danger for the human body, as it may lead to the accumulation
of uric acid crystals in the kidneys or joints, leading to gout. Their content is highest
in bacterial cells and the lowest in algae cells (Nasseri et al. 2011). Nucleic acids are
also present in conventional foods and constitute a permanent component of the
diet, both meat and vegetarian (Gtazowska et al. 2016). The content of nucleic acids
in the diet should not exceed 2 g per day, so the consumption of SCP cannot exceed
30 g per day (Piasecka-Kwiatkowska and Stasinska 2016). Yadav et al. (2017)
proved that the use of a combination of two chemical substances: N-Lauroiol sarco-
sine and NH,OH allows to reduce the content of nucleic acids in biomass to the
desired level (<2%). The proteins of unicellular organisms may also adversely affect
the human immune system, causing allergies (Nasseri et al. 2011). An obstacle in
the use of microbial protein in human nutrition is the presence of anti-nutritive sub-
stances, such as nucleic acids, as well as residues of atypical biomass components
and the possibility of microbial contamination difficult to eliminate during the pro-
duction process (Nasseri et al. 2011; Bueschke et al. 2017). SPC on an industrial
scale is mainly produced as an additive to animal feed, because the cost as produc-
tion costs of microbiological proteins that could be a component of human food are
too high (Nasseri et al. 2011, 2016).
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7.3.2 Proteins of Marine Organisms

Algae do not compete with traditional food crops for space and resources, they are
seaweeds and microalgae, rich in nutrients and a sustainable source for protein.
Macroalgae (seaweed) and microalgae are examples of underexploited crops.
Macroalgae are a diverse group of species as oxygen-producers, photosynthetic,
unicellular or multicellular organisms excluding embryophyte terrestrial plants and
lichens. Exploited for human consumptions are Undaria pinnatifida (wakame),
Hizikia fusiformis (hijiki), and Laminaria japonica (kombu) (Van der Spiegel et al.
2013). Seaweeds can be consumed directly as whole algae, whereas microalgae are
mainly used for the extraction of food and feed complements. Certain species of
seaweed and microalgae contain protein levels similar to those of traditional protein
sources, such as meat, egg, soybean, and milk. Even though microalgae are unicel-
lular microscopic organisms they are still considered as a viable alternative protein
source. Seaweeds are a valuable source of protein, amino acids, minerals and vita-
mins, negligible fat and cholesterol content, hence they accompany many health
benefits when consumed, such as to lower blood pressure and prevent strokes, while
microalgae are extracted mainly for high-value food/feed supplements and colo-
rants, compared to its protein. In terms of nutrition, marine algae are excellent an
alternative to conventional vegetable proteins. However, the popularity of protein
from algae in the food sector is still under development, among others due to high
production costs and technical difficulties in developing products acceptable in
terms of taste (Becker 2007). Currently, algae are found mainly used as supplements
on the market of food with pro-health effects. The consumption of algae is safe for
humans when the correct breeding conditions are maintained. Although the algae
are high ability to bind heavy metals, breeding in appropriate quality and purity of
water, does not pose a threat to consumers (Doshi et al. 2007; Tang and Suter 2011).

7.3.3 Sea — A Potential Source for Alternative Protein

Meat and fish are partly interchangeable, in culinary as well as in nutritional terms,
both being suppliers of protein (Westhoek et al. 2011). Fish remains to be accepted
for high presence of protein and omega-3 fatty acids. Popular fatty fish include Cod,
Tuna, Salmon (wild), Tilapia, and Halibut (US Food and Drug Administration 2008;
Haslett and Smith 2009). Krill, or species of crustaceans living in the oceans around
the world, is an important link in the food chain, as a food for marine animals and
birds, and to a much lesser extent for humans. Krill in appearance resembles shrimp,
it reaches mass from 0.01 to 2.0 g and a length from 0.8 to 6.0 cm. It creates large
clusters in its natural environment, over million individuals/m?>. For the best studied
krill species for consumption by humans are Antarctic Krill (Euphausia superba)
and Kryl Pacificaly (Euphausia pacifica). This species is a rich source of full-value
protein in the amount of 60-65% in dry matter (Nicol et al. 2000), whose content in
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muscle tissue depends on the species and the season and varies between 15-17%.
This protein has in its composition the majority of essential amino acids (Table 7.1).
The main problem that is associated with the use of these raw materials on an indus-
trial scale in human nutrition is the low stability of protein preparations and the
presence of anti-nutritive substances, such as chitin and other small molecules in
products made of krill (Jakubiec-Puka 1987). Nutritional studies have proven that
algae are also a source of high quality, comparable to conventional plant proteins
(Becker 2007). Algae are found in the aquatic and terrestrial environment, with high
humidity, all over the world. Algae, such as Chlorella sp., And Spirulina sp. (Tang
and Suter 2011; Becker 2007) are used for large-scale production. The nutritional
value of Spirulina varies and depends on the growth conditions. The bioavailability
of nutrients from Spirulina may be greater than from other sources of vegetable
origin, due to the construction of the cell wall, which consists of protein, carbohy-
drates and fat. Spirulina is characterized by a particularly high protein content
(60-70% in dry matter) with high digestibility (90%). It contains all the essential
amino acids in significant quantities (Table 7.1). Spirulina is also a rich source of
vitamin B12 and carotenoids. The health-promoting properties of Spirulina are also
known, among others in hypercholesterolemia, hyperglycemia, cardiovascular dis-
eases, anemia, inflammatory diseases, cancer and viral infections (Deng and Chow
2010; Selmi et al. 2011; Tang and Suter 2011). From algae with high protein con-
tent, you can also distinguish between chlorella (about 60% of protein in dry mat-
ter). Chlorella is also a source of many vitamins, including vitamin A, B12 and
folates and minerals, such as iron. Its cell wall is rigid and indigestible, therefore,
chlorella cells, in order to increase the nutritional value, require special preparation
to remove or destroy indigestible cell walls. A number has also been shown health-
promoting properties of chlorella, including hypotensive, antioxidant and immuno-
suppressive effects and reducing the onset of anemia (Halperin et al. 2003; Merchant
et al. 2002; Nakano et al. 2010; Tang and Suter 2011).

7.3.4 Edible Insects in Human Nutrition

Harvesting insects is like hunting and collecting activity which is becoming a threat
to both the target species and the environment and therefore consuming edible
insects has become marginalized. Insect breeding requires which requires no sec-
ondary energy hence certain countries have imposed austere breeding methods of
insect species categorically to be gathered from free living insects in order to protect
the endangered species, biotopes and biodiversity as a whole (Jiri et al. 2014). The
influence of globalization has weaned away a large number of protein-hungry peo-
ple of the third world from animal protein towards insects as an alternative (Heinrich
and Prieto 2008). Harvesting insects in nature and solving the problem of famine are
followed in some cultures as a seasonal source of proteins, not only an emergency
resource but are valued as appetizing and tasty among substantial part of human
population (Shockley and Dossey 2013; Jiri et al. 2014). Insects are cooked, roasted
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or boiled or with other culinary techniques (Yen 2010), while in some parts insects
are a gourmet dish which are attractive and savory (Nonaka 2009). An alternative
source of wholesome protein, often currently discussed by the FAO and the European
Commission (2018), are edible insects (Shockley and Dossey 2013). The number of
insect species living on earth is estimated at about two million, which are an impor-
tant element of the natural environment, but mainly serve as food for many species
of animals (Boczek and Pruszynski 2013). Insects and their products are used in the
food, pharmaceutical and chemical sectors, and also textile. In the industry are used,
among others honey, putty, wax, natural silk, halantine, cochineal, shellac, gels. In
many regions of the world, e.g. in China, Japan, Thailand, South Africa, Mexico,
insects are also a component of the diet. About 2000 species are edible for humans
(Rumpold and Schliiter 2013). It is estimated 1.9 thousand species of insects are
consumed by about two billion people in about 80 countries (FAO 2013). Almost all
insect groups are used for food purposes, i.e.: beetles, caterpillars, wasps, bees, ants,
crickets, locusts, termites, bugs, dragonflies, flies and other, both adults, but also
chrysalis, larvae and eggs (Boczek and Pruszynski 2013). Until recently, insects in
Europe have not been seen as a part of the diet, and their consumption is limited to
the unconscious consumption of products in which they are used as a food additive
(e.g. cochineal). The most commonly consumed edible insects include: crickets and
Orthoptera, bee brood (eggs, larvae and bee chrysalis), beetles (Coleoptera), meal-
worm mill (7 molitor) used for the production of fodder for fish and poultry and
termites (Isoptera) commonly eaten in African countries (Bak and Wilde 2002;
Boczek and Pruszynski 2013; Nonaka 2009; Resh and Cardé 2009). Insects are a
significant, underrated alternative to nutrients supplied from conventional animal
sources. They are characterized by high nutritional value, being a source of energy,
protein, carbohydrates, fat and vitamins and minerals. The chemical composition of
edible insects shows high variability between species, developmental stages, and
type of food (Rumpold and Schliiter, 2013). The protein content in insects ranges
from 5-77 g to 100 g (Rumpold and Schliiter 2013). In many species, the protein
constitutes over 60% of dry matter, and its highest content was recorded for
Orthoptera species (crickets, locusts, grasshoppers) (Yi et al. 2013). The insect pro-
tein has a digestibility comparable to egg white (77-98%) and is considered to be of
full value, comparable to proteins, milk and beef (Shockley and Dossey 2013).
Insect proteins are a good source of threonine, valine, histidine phenylalanine and
tyrosine, and for some species also tryptophan, lysine and threonine (Table 7.1)
(Rumpold and Schliiter 2013; Zielifiska et al. 2015a). Edible insects are also a
source of fat, the content of which varies from 10 to 50% (Zielinska et al. 2015b).
For Orthoptera species it is on average 13%, from the order Coleoptera (beetles)
33% (Rumpold and Schliiter, 2013), and in larvae of Rhynchophorus phoenicis
beetles belonging to the Curculionidae family, the fat content is 67% of dry matter
and is greater than in the majority conventionally consumed high-protein products,
such as beef, poultry or eggs. The composition of fatty acids in insects is compara-
ble with the composition of poultry fat and fish in terms of their unsaturation, how-
ever, insects are characterized by a higher content of polyene fatty acids (Rumpold
and Schliiter 2013). Jang et al. (2006) showed that the fatty acid composition can be
modeled by applying appropriate modifications to the insect diet, and in the process
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of defatting meal from insects, it is also possible to obtain an oil that can be widely
used in human nutrition (FAO 2013). Insects are characterized by low content of
carbohydrates (0.1-5.3% of dry matter) and high content of fiber, most commonly
in in form chitin (Ekpo and Onigbinde 2005; Finke 2007; Zielinska et al. 2015a).
Finke (2007) estimated the content of chitin in species of edible insects at
2.7-49,8 mg per kg of fresh insects and 11,6-137,2 mg per kg of dry matter.
Zielinska et al. (2015b) asset also folic acid and in smaller amounts of retinol and
B-carotene (Bukkens 2005; Finke 2002; Rumpold and Schliiter 2013). In addition,
edible insects are a source of peptides with properties antioxidant. In an experiment
conducted by Zielifiska et al. (2017) investigated the antioxidant activity of peptides
obtained by gastrointestinal digestion in vitro derived from edible insects, belong-
ing to five species. The authors showed that the consumption of edible insects can
bring potential health benefits due to the strong antioxidant effect of the peptides
derived from them. The obtained results showed that the insects subjected to diges-
tion have a higher antioxidant activity than other protein hydrolysates obtained from
animal and vegetable products. However, the amount of fiber found in crickets
(G. sigillatus), beetles (T. molitor) and locusts (S. gregaria), which shrank at
1.97-3.65% on a dry matter basis. The high nutritional value of edible insects is also
influenced by the presence of vitamins and minerals, mainly iron and zinc (Bukkens
2005), but also copper, manganese, magnesium and calcium (Ekpo and Onigbinde
2005). Insects are also a source of thiamine (0.1-4.0 mg per 100 g dry matter), ribo-
flavin (0.1-8.9 mg), cobalamin (0.5-8.7 pg per 100 g), and some species. Insect
production, according to FAO experts (2008, 2009, 2011, 2013, FAO et al. 2015), is
characterized by:

1. low greenhouse gas emissions such as ammonia, methane or nitrous oxide, and
insect droppings can be used in agriculture in the form of fertilizer. Insect farms
produce 10 to 100 times less gas per kg body weight than pig farms, which has a
beneficial effect on global warming (Shockley and Dossey 2013).

2. lower requirements as to farming and low costs associated with saving agricul-
tural land, feed and drinking water consumption. Insect farming is not required
to have arable land or high feed and drinking water consumption. The economic
costs of breeding insects are significantly lower than the costs of raising farm
animals (Smith 2009). Cold-blooded insects can use plant biomass to increase
their body weight (Van Huis et al. 2013);

3. easy distribution, high diversity factor and short reproduction cycle (Tan et al.
2015; Wiza 2019).

7.3.5 Prospecting Insects in Food Sector

Insects offer sufficient quantity of energy, protein, amino acid requirements for
humans and are high in unsaturated fatty acids, minerals and vitamins. Freeze-dried,
sun-dried or boiled edible insects can be consumed after being wild-harvested or
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reared, can be processed as fried and ground into a paste form, or as an extract of
protein, fat or chitin for enriching food and feed products. Entomophagy causes
numerous nutritional benefits with high protein content, minerals and vitamins, they
have comparable properties to traditional feed components such as fishmeal. The
spinal fluid, eyes and the fluid in the meat of the sea fish, turtle blood contains pro-
tein, and many types of seaweed are edible and contain carbohydrates (Smith 2009;
Haslett and Smith 2009; Wiza 2019). In addition to nutritional and health benefits,
there are a number of other advantages associated with the use of edible insects in
the food sector. One of the most important is the protection of the environment,
which is why the protein of edible insects is often called “ecological protein”.
Breeding of insects is associated with aspects that are important in terms of environ-
mental protection, as smaller than in the case of farm animals use of drinking water,
feed, which can constitute waste of the agri-food industry, meeting the requirements
for ensuring food and feed safety, which solves another problem related to their
utilization. In addition, breeding of insects is associated with lower greenhouse gas
emissions (methane, nitrous oxide, ammonia) and faces. Insects can be used in agri-
culture as a fertilizer (Boczek and Pruszyfski 2013; Krzywinski and Tokarczyk
2011; Rumpold and Schliiter 2013; Zielinska et al. 2015b). Saving agricultural land,
fodder and drinking water also means significantly lower farming costs (FAO 2013).
Another positive aspect is certainly increasing the economic potential of insect
breeding is the ease of distribution, high fertility rate and short reproduction cycle
(Schabel 2010). The main obstacle to using insects as food in European countries is
cultural barriers and the associated lack of acceptance among potential consumers,
and even reluctance and fear. Consumers in European countries react with disgust at
the perspective of consuming organisms that are not commonly known as food and
as pests (Yen 2010; Tan et al. 2015). However, their introduction into the diet does
not have to involve insect intake in the form in which they occur naturally. There are
many possibilities of processing insects to a form more acceptable to society in
developed countries, e.g. flours, crisps. Tan et al. (2015) argue that the method of
preparation of this type of products has a big influence on sensory acceptance
among consumers who have not eaten insects until now. Given in a form resembling
products known to consumers or used in processed form, as an addition to tradi-
tional products, they have a positive effect on organoleptic sensations (Hartmann
and Siegrist 2017; Tan et al. 2015). Similar results were obtained in studies carried
out in the Netherlands. Consumption of insects in total was associated with rejec-
tion by the respondents, while the form resembling conventional food gave rise to
acceptance. it was mostly accepted (House 2016). According to House (2016), the
key to increasing the motivation for repeated consumption by consumers of western
countries containing insects is therefore the form of the product, but also the taste,
price and ease of integration with individual nutritional practices. One of the few
studies on the attitudes of the Polish population towards consuming edible insects,
as an alternative source of food, showed a positive or neutral attitude of consumers
towards entomophagia (Bartkowicz 2017). Powdered insects can also be used in
food processing as a functional additive that binds water or creates emulsions, and
the development of methods of processing insects for food purposes enables
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isolation of pure protein or extraction of fat. Another factor hindering the introduc-
tion of insects into the food sector is microbiological safety, toxicity and the pres-
ence of other organic pollutants (FAO 2013; Zielinska et al. 2015b). In the United
Nations Food and Agriculture Reports for several years, discussions on the use of
edible insect proteins in the aspect of solving the growing problem of hunger in the
world (FAO et al. 2015; FAO 2009, 2013). In European countries, there are no legal
regulations that allow insects for human consumption. Pursuant to Regulation (EU)
No. 2015/2283 of November 25, 2015, insects belong to the so-called “New food”,
in other words according to Regulation (EC) No. 258/97 of the European Parliament,
which was not consumed on a large scale in the European Union before May 15,
1997, and registration of such food is difficult, time-consuming and requires a lot of
research. One of the few countries in Europe that introduced some species of insects
into consumption is Belgium (FASFC).

7.3.5.1 Safety of Insect Consumption

Food and feed security are prophesied to be under siege, owing to the sharp increase
in the population besides the resultant upsurge in animal protein demand. Promotion
of food security can influence the progress of local food structures and trade, the
encounters that avert local foods from enjoying a larger share of the per capita food
consumption, therefore they must comprise the guard of livelihoods, provide safety
net for food insecure people and to inspire then join in mainstream participation (US
JES COC 2012). In the case of new food sources, which are edible insects, safety is
of particular importance (Van Huis 2016). From research the safety of insect con-
sumption shows that they may, like conventional food, pose a potential threat to
humans, due to the presence of endo- and exogenous allergic and toxic substances,
anti-nutritional substances and pathogens in them (Rumpold and Schliiter 2013).
Risk factors of origin endogenous can be, among others, allergens and anti-nutritive
substances. Nishimune et al. (2000) describe an African silkworm containing thi-
aminase (thiamine-degrading enzyme) that is resistant to high temperatures.
Ingestion of insects may be associated with the occurrence of reactions allergic,
caused by the presence of inhalant, contact or food allergens in them. The greatest
danger is therefore farmers and people employed in production (Rumpold and
Schliiter 2013; Mlcek et al. 2014). Ekop et al. (2010) found low content of oxalate,
phytate and tannin products in these products, below the levels considered to be
toxic to humans. External factors can also affect the safety of insect consumption.
For example, there are information about botulism, parasitic diseases and food poi-
soning caused by insect consumption. It is therefore important to maintain adequate
conditions for the preparation of insects for consumption (Schabel 2010). In addi-
tion, some insects may sequester toxins from feed and synthesize them, e.g. cyano-
glycosides, steroids or highly toxic amides, produced as chemical defense against
other insects (Rumpold and Schliiter 2013; Zagrobelny et al. 2009). It was also
observed that insects feeding on areas covered by the action of pesticides also con-
tained them in their composition (Schabel 2010). Investigations of bacterial
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microflora of insects revealed the presence of pathogens such as: Bacillus cereus,
Pseudomonas aeruginosa and Staphylococcus aureus, as well as non-pathogenic
Bacillus species (Banjo et al. 2006). In addition, as in the case of dishes prepared
from other raw materials of animal and vegetable origin, the storage of insects and
their products after heat treatment at reduced temperatures prolongs their microbio-
logical durability (Klunder et al. 2012; Mlcek et al. 2014). Insect microflora can be
a potential danger for humans, therefore it is important to develop optimal process-
ing conditions for each species intended for consumption insects so as to ensure the
highest possible microbiological purity of the finished product (Rumpold and
Schliiter 2013).

7.3.6 Animal Proteins

Animal proteins are wholesome proteins that contain all amino acids in the body’s
proportions. Zoonoses include: milk and dairy products, animal meat (including
fish), eggs. In most developed countries, animal protein is the main source of dietary
protein, not vegetable protein. Therefore, there is often a differently increased
choice when the total protein intake increases. However, the consumption of animal
products, especially red and processed meat, is associated with an increased risk of
diseases such as cancer, T2D and cardiovascular diseases (Abete et al. 2014,
Demeyer et al. 2015; Malik et al. 2016). The optimal ratio of vegetable protein to
animal protein in the diet has not yet been determined. However, can higher protein
intake be associated with lower glycemic hemoglobin (HbAlc). We do not know
that yet. HbAlc levels measure mean blood glucose levels above 6—8 weeks. High
hemoglobin is a risk factor for T2D. The long-term positive effect of a diet with
higher protein content on the body, weight management, may in turn lead to a reduc-
tion in HbAlc (Clifton et al. 2014). Dietary studies have also shown that higher
doses of protein may reduce HbA 1c directly, especially in patients with T2D (Frank
et al. 2009; Gannon et al. 2010). However, the question remains whether higher
protein intake may be associated with an increased estimation of glomerular filtra-
tion rate (¢GFR), an unfavorable indicator of renal function, because it is carefully
controlled. Dietary studies also show that higher doses of protein may increase this
rate of renal function (Brenner et al. 1982). Caring for kidneys in a diet with higher
protein content results from the harmful effect of the induced glomerular hyperfil-
tration effect (Nothlings et al. 2008). The quality of animal protein is also problem-
atic. Meat in vitro, in other words meat for breeding in cells or pure meat, is an
animal product produced after isolation and identification of cells, cell culture
according to tissue engineering protocols (Langelaan et al. 2010). Several cell
sources may be used, including embryonic cells prior to implantation or adult stem
cells. Proponents of this meat argue that an in-vitro meat bioreactor with a pool size
could feed 40,000 people a year and that it would use 99% less arable land than the
average for beef. The first hamburger from in vitro cultures was created by Mark
Post from Maastricht University in 2013. It cost £ 200,000, and it took 2 years to set
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(WRAP 2018). Mosa Meat, a Dutch start-up, is still developing, focusing on
improving the taste by co-culturing fat cells and reducing costs. Other companies,
both in the US and other countries of the world, are pursuing similar goals. It is
estimated that current costs are around USD 11. Innovative financing mechanisms
for research, for example public financing, will support further technical develop-
ment of farmed meat. An alternative source of animal protein is whey protein. Its
chemical composition is shown in Table 7.2. Whey protein is a by-product of resi-
dues from the cheese making process. Currently, both proteins, both casein and
whey are considered viable alternatives to animal proteins (Table 7.2). However,
they are not compatible with the diets of vegetarians and vegans who try to avoid
products derived from animals.

Whey protein is complete, contains a lot of cystine (GSH), increases the function
of the immune system, and has a high content (branched chain carbohydrates
(BCAA) Whey concentrate, in addition to the isolate, contains more biologically
active ingredients. Rapid digestion and transport to cells and biostimulation of bio-
synthesis of proteins (Colgan 1993).

7.3.7 Plant Proteins

Animal products are not able to meet the global demand for protein and energy in a
sustainable way — on the Earth there will be a shortage of water and soil suitable for
pasture and for growing crops for feed. Animal husbandry causes higher greenhouse
gas emissions than transport, water pollution from wastewater from piggery and
sheds, and desertification of soils used as pastures and fields (Henchion et al. 2017;
Shewry and Halford 2002). Transport itself will also be significantly reduced,
because we focus on local food production. What’s more, recently, the need to con-
stantly use antibiotics in animal husbandry on a scale several times greater than the
therapeutic demand for humans is a growing topic (Anonymous 2018a). Currently,
vegetable sources of protein dominate in the supply of protein in the world (57%),
with meat (18%), dairy (10%), fish and shellfish (6%) and other animal products
(9%) constituting the remainder (FAO et al. 2015). The protein of plant origin is
preferred in relation to animal protein from the point of view of environmental pro-
tection, because it is associated with a lower requirement for land use, the produc-
tion of a smaller amount of greenhouse gases (GHG), than food of animal origin
(Anonymous 2018a). Due to the high production costs and the limited availability

Table 7.2 Chemical compositions of Whey

Specification Whey powder Whey concentrate Whey isolate
Protein 11-14.5 25-89 90+

Lactose 63-75 20,363 0.5

Milk fat 1.0-1.5 43,141 0.5

Own research based on: Colgan (1993), and Geiser (2004)
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of animal protein, increased attention is focused on the use of vegetable proteins as
potential sources of cheap, dietary protein.

7.3.8 Cereal Proteins

Cereal proteins are the most important part of protein intake in diets all over the
world and they constitute an important source of protein for animals as well as for
humans (Bradley and Folkes 1976; Bleakley and Hayes 2017; Boczek and
Pruszynski 2013), especially in the diet of developing countries. Common wheat
(Triticum aestivum spp. vulgare) and durum wheat (Triticum durum) constitute the
largest group of vegetable protein sources in the European diet (Van Spiegel et al.
2013; Shewry and Halford 2002). Wheat bread is a key element of protein in Europe
with a typical loaf of 8 grams protein per 100 g. The protein content in wheat grain
varies from 10% to 15% (Shewry and Halford 2002). These spare proteins include
prolamins, globulins and germins (Cunsolo et al. 2012). Maize (Zea mays sp.), rice
(Oryse sp.) and wheat (Triticum aestivum ssp. vulgare) are the main protein prod-
ucts consumed around the world. In some regions, such as in West Africa, millet is
the most important protein product. In turn, in southern India, where malnutrition of
infants and children is common, rice and millet are eaten regularly, and in Ethiopia
the preferred cereal is Teff, with a protein-like amino acid profile. A typical Ethiopian
diet consists of 65 g of protein, of which 41 g comes from Teff, and only 6 g from
the consumption of animal protein (Jansen et al. 1962). Maize (Zea mays sp.), as a
source of food, represents respectively 25% and 15% of the total consumption of
maize in developing countries and around the world. This species is very similar in
terms of share in calorie consumption worldwide: from 61% in Central America,
45% in East and South Africa (ESA), 29% in the Andes, 21% in West and Central
Africa (WCA), to 4% in South Asia (Shiferaw et al. 2011). Oat protein (Avena
sativa sp.) is of very high quality, and the content and quality of amino acids in the
seed is comparable to soy protein (Cavazos and de Mejia 2013). It contains much
more lysine, an essential amino acid, compared to other types and species of cere-
als, but has a lower content of proline and glutamic acid. This means that after
digestion, oat protein can be tolerated by people with gluten intolerance and sensi-
tive to allergies (Klose et al. 2009). The rice, in turn, does not contain large amounts
of protein, but the rice protein flour is prepared beforehand using enzymatic treat-
ment with carbohydrate-hydrolyzing enzymes to obtain products containing up to
91% of protein (Shih and Daigle 2000; Cavazos and de Mejia 2013). Cereals can
bring great health benefits as a rich source of BIOPEP bioactive peptides (Cavazos
and de Mejia 2013). Bioactive food-derived peptides gained increased interest as
control factors for chronic diseases and reduced the risk of side effects resulting
from the use of synthetic drugs (Colgan 1993; Gobbetti et al. 2004; Hernandez-
Ledesma et al. 2011; Pihlanto and Mikinen 2013). Bioactivity associated with
cereal proteins is: antioxidants, anti-inflammatory effects, cholesterol lowering,
satiety, antidiabetic and other (Cavazos and de Mejia 2013). They affect the



7 Alternative and New Protein Sources 123

physiological effects demonstrated on animal models. However, prolaminates from
some cereals, including wheat, barley and rye, cause biologically active anti-nutri-
tive peptides after proteolysis that are able to adversely affect in vivo the intestinal
mucosa of celiac patients, while prolaminates from other cereals, such as corn and
rice is not. Bioactivities associated with peptides derived from oat, barley and wheat
proteins include opioid activity, while rice protein contains the RGD sequence and
no visceral toxicity, which may be beneficial for health and nutrition (Colgan 1993;
Iwaniak and Dziuba 2009; Buczynska and Szadkowska-Stanczyk 2010; Deng and
Chow 2010; Cunsolo et al. 2012; Malaguti et al. 2014; Demeyer et al. 2015;
Gangopadhyay et al. 2016; Dietary Guidelines for Americans 2015-2020). From an
agricultural point of view, the use of varieties, environmental conditions and agri-
cultural practices can affect the bioactive content of peptides in cereal proteins.

7.3.9 Productivity of Legumens

Some plants have unique advantages, e.g. legumes have a unique ability to bind
nitrogen of the legumes, soy is a very important source of protein, but 85% of its
production is used to produce animals and fish (Sawicka et al. 2000; Anonymous
2018b). However, the desire to increase soy production in response to increased
demand for animal protein is associated with deforestation and habitat loss, espe-
cially in South America. Ethical issues are connected with this, because about
12 million hectares of arable land, outside Europe, is necessary to ensure feed for
European livestock production (Klunder et al. 2012; Kalembasa et al. 2014;
Szymanska et al. 2017; Symanowicz et al. 2018).

The amount of nitrogen from the biological reduction process in the yellow
lupine biomass harvested in the flowering phase was lower after using a larger dose
of this component, while in the phase of full maturity this relationship was reversed
(Kalembasa et al. 2014) proofs that. The amount of nitrogen from the fertilizer
increased with increasing nitrogen dose. The percentage share of nitrogen from the
biological reduction process in the yellow lupine biomass was similar in the flower-
ing phase (53.4%) and full maturity (51.6%). However, the share of nitrogen from
fertilizer was higher in the first day of the lupine harvest than in the II period, while
in the case of nitrogen collected from the soil the dependence was reversed.
Diversified nitrogen fertilization therefore does not significantly affect the percent-
age of nitrogen from biological reduction in yellow lupine (Tables 7.3 and 7.4). This
species fertilized with a higher dose of nitrogen contained a higher percentage of
this element originating from fertilizer, and a smaller one from soil stocks than after
using a smaller dose. It is possible, therefore, to increase the nitrogen content of
seeds not only through the natural binding of nitrogen from the air. However, an
increase in the outlay on industrial means of production in higher-intensity tech-
nologies caused a decrease in the gross agricultural income value (Kalembasa et al.
2014; Szymanska et al. 2017).
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Table 7.3 Seed and biomass yield (tons - ha™') and nitrogen and protein content (kg - ha™') in
yellow (Lupinus luteus) and narrow-leaved lupins (Lupinus angustifolium), depending on the soil

cultivation system

Narrow-leaved lupins (Lupinus

Yellow lupinus (Lupinus luteus) angustifolius)
Cultivation systems
Direct Direct

Specification Traditional | Simplified | sowing | Traditional Simplified | sowing
Yield
Seeds 2.83 2.94 2.76 32 3 2.51
Whole biomass 12.73 13.48 11.97 9.86 9.71 7.61
The total amount of nitrogen
In seeds 160.2 162.5 156.2 132.8 109.2 99.8
In biomass 245.2 251.5 238.5 181.5 152.4 136.9
Amount of nitrogen from the atmosphere
In seeds 96.1 110.8 108.4 66.5 559 55.2
In biomass 137.3 149.2 147 85.5 62.4 63.8
The amount of 600.6 692.5 677.5 415.6 349.3 345

protein in seeds

Source: Sawicka et al. (2000), and Kalembasa et al. (2014)

Table 7.4 The yield of seeds, biomass and vegetable protein in 3 species of legumes

Specification

Beans (Vicia faba ssp.
minor)

White lupine (Lupinus
albus)

Soya bean (Glycine
max)

Yield (tons - ha™")

Seeds 5.89 4.16 2.57
Biomass 12.74 11.85 9.73
The amount of total nitrogen (kg-ha™")
Seeds 289.7 213.8 123.1
Biomass 354.1 248.8 168.2
The amount of biologically reduced nitrogen (kg-ha™')
Seeds 208.9 131 99.3
Post-harvest 31.1 11.9 10.4
remnants
Total 240 142.9 109.7
The proportion of biologically reduced nitrogen in the total nitrogen content (%)
Seeds 72.1 61.3 80.7
Post-harvest 48.3 34.1 23.1
remnants
Weighted average 67.8 57.4 62.5
The amount of vegetable protein in the seed yield — 6,25 x N (kg - ha™")

11305.6 18187 1620.6

Source: Sawicka et al. (2000), and Kalembasa et al. (2014)
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Despite the favorable agricultural income generated from the production of legu-
minous plants, e.g. pea and yellow lupine, in relation to cereals, in practice, this
does not encourage agricultural producers to become more interested in growing
pulses as commodity production. So far, legumes for grain have been grown mainly
for their own needs, and the commodity of their production was only a few percent.
An important limitation of the use of legume seeds in the feed industry is the lack of
the possibility of providing a larger supply of raw material with standard parame-
ters, as their production is fragmented. Purchase from numerous small producers,
for example in Europe, is cost-intensive and increases the price of the raw material
(Sawicka et al. 2000; Florek 2017; Symanowicz et al. 2018). In order to increase the
possibility of using native protein in the production of feed, it is also necessary to
integrate entities operating on the market, both horizontally and vertically.
Establishing closer cooperation between farmers producing legume seeds (creating
producer groups, clusters) would facilitate making joint purchases, organizing con-
sultancy, selling seeds to the processing plant. Cooperation between the producer
and the recipient within the framework of vertical integration would also bring great
benefits. Farmers could produce seeds in accordance with the needs of feed plants,
according to a uniform technology required by the recipient, while ensuring their
sales. Processing plants they would receive large batches of a single raw material
with the required quality standard. On the basis of the analysis, it can also be stated
that the current financial support from the state encouraging the production of legu-
minous plants only fulfills the function of stabilizing the income of producers, with-
out translating into the commodity of seeds. Positive changes should be seen in
linking subsidies to leguminous plants with the size of the production, and not the
area of cultivation (Reckling et al. 2016; Florek 2017; Szymanska et al. 2017).

7.3.10 Productivity of Perennial Butterfly Plants

The productivity of perennial legumes is one of the important features determining
their utility value. This term, understood as the intensity of the production of dry
matter from the surface unit during the growing season, in the case of fodder
legumes refers to their yield. The genetic determinants, natural and agrotechnical
factors and methods of use have a significant impact on the productivity of plants in
this utility group. Genetic factors influence the diversity of yields between species,
forms and cultivars, and the habitat elements that most modify the productivity of
the species are mainly soils and weather conditions, whereas from cultivation oper-
ations they are primarily: the quantity, the method and date of sowing, fertilization,
care and frequency of mowing. Among the many species, the greatest economic
importance on arable lands is red — meadow clover (Trifolium pratese L.), cross-
linked lucerne (Medicago media Pers.) and sowing (Medicago sativa L.) and locally
sainfoin (Onobrichis viciaefolia Scop.). The area of cultivation of these species
amounts to million ha and covers about 95% of the area of cultivation of all legume
plant species (FAO 2016). It is estimated that alfalfa and esparceta constitute 1/3,
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and red clover 2/3 of this area. Other leguminous plants, such as: Persian clover
(Trifolium resupinatum L.), shamrock (Trifolium incarnatum L.), white melilot
(Melilotus albus Dest.), Serradella (Ornithopus sativus Brot.) Have a negligible
share in the field of fodder production, and white clover (Trifolium repens L.), horn-
beam (Lotus corniculatus L.), lucerne hoppeas (Medicago lupulina L.) and white-
leaf clover (Trifolium hybrydum L.) play an important role as components of
meadow and pasture mixtures. Butterfly small-seedlings are a group of plants with
a very large diversity of species in terms of: biological (durability, regrowth, and
multicellularity), morphological (plant height, degree of foliage, habitat of shoots),
habitat requirements (type and type of soil, humidity, temperature, insolation) and
use (cattle, pasture) (Sawicka et al. 2000).

The basic species are characterized by the highest productivity in field cultiva-
tion, and the yields of their dry matter are on average 8—12 tons ha~!. The first year
of cultivation (sowing year) decides about the productivity of these species, although
the main yield in full years of use. The biological properties of red clover enable our
2-year exploitation in most of our conditions (year of sowing and full year of use),
whereas in the case of alfalfa this period can be 2-3 years, not including the sowing
year, and depends mainly on the number of cuts per year. The main method of sow-
ing red clover is sowing in a protective plant, and alfalfa both sowing clean, as well
as under sown. Sowing red clover into a protective plant (spring barley for grain or
oats for green) is used primarily for economic reasons. Regrowth of the undercap-
ture on the equipment of the protective plant is called a stubble, and its yield, col-
lected most often at the end of September, depends mainly on the course of weather
conditions in the summer months. Drought and high air temperature after the har-
vest of the protective plant limit the yielding of the abrasive, while high and propor-
tionally distributed precipitation at high temperature stimulates the crop. Under
favorable conditions one can get about 1 tons of dry matter, very good quality, from
1 ha. The abundance of alfalfa abundance cultivated as a spring barley yield is about
1-2-3 tons ha™! of dry matter, while grown in pure sowing about 5 tons per ha.
Sowing the legume plants into a protective plant, an additional 3.5 tons are obtained
ha~! of barley grain. Lucerne, cultivated as a disgrace, reacts worse than red clover
to unfavorable development conditions, and especially to the lack of light. In such
conditions, it germinates less, grows more slowly and more plants die. In addition,
early mowing of alfalfa with grain before the flowering phase results in weaker root
system development and weakens plants that are worse in winter and lower yield in
the next year compared to alfalfa sown in pure sowing. Also, summer sowing with-
out a protective plant that can be performed by mid-July is usually less favorable for
the development and yielding of legume plants. In addition to annual plants (Persian
clover, red clover, seradella), most butterfly species, yields best in the second year,
and species with greater durability, such as: alfalfa and seed alfalfa, sainfoin and
hornbeam, can also yield well in second and third year of full use. In crop for fod-
der, the productivity of plants depends on the structure of crop density, which is
formed by the planting of crops and shoots on the surface unit. The relationship
between the planting density and the density of the shoots is not directly propor-
tional, because in practice from a different number of plants on a specific surface
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grows a similar number of shoots. Thus, within certain limits of the amount of sow-
ing seeds, there is a similar crop density structure and similar yield. In addition to
the sowing rate, the number of shoots per m* was differentiated by swaths and the
age of the plantation. In addition to the density of plants and shoots in the field, the
productivity of perennial legumes is influenced by their individual (genetic) charac-
teristics, such as: height and stalk size, branching degree, leaf arrangement on the
stem, which determine the intensity of light penetration in different parts of the
field. The LAI leaf index, responsible for the intensity of photosynthesis and the
productivity of biomass, also depends on these elements (Sawicka et al. 2000;
Sawicka and Kalembasa 2013).

In the cultivation of lucerne and red clover, a marked decline has recently been
noted. In relation to the eighties, in recent years their production for fodder decreased
by about 30%, comparing the efficiency of feed units (JP) from 1 ha. In turn, the
results of varietal experiments indicate that the potential production possibilities of
alfalfa, for example, are high and amount to 18-28 thousand. JP, and red clover
16-24 thousand. JP from ha We see very large production reserves inherent in
genetic material and agrotechnics and exploitation. The difference is over 200% and
is the highest compared to other fodder plants. Small-winged butterfly plants can be
harvested at different frequencies. This applies mainly to red clover and hybrid and
seed alfalfa. The harvesting intensity is regulated by the quality of the feed, the yield
and the durability of the plantations. Plants mown in the early stages of develop-
ment (before stalking) are characterized by high protein content, low fiber and dry
matter, and are mainly suitable for drought or leaf protein, while collected at later
stages of development give higher yields of dry matter, but contain less protein, and
more fiber. Breeding achievements affecting the productivity of field crop species
mainly concern red clover and hybrid and seed alfalfa. The cultivated tetraploid
varieties of red clover in comparison to diploid ones are characterized by higher
green and dry matter yield, larger size of morphological body organs (stems, leaves,
inflorescences, seeds) and higher protein yield. They are more durable and more
useful for more frequent (3-fired) harvest in earlier development phases. Other
breeding works, e.g. in the area of red clover, are carried out over increasing the
resistance of clover and powdery mildew varieties and increasing their durability,
while in alfalfa they include works on the durability of varieties for frequent mow-
ing and kneading with heavy mechanical equipment, resistance to venous diseases,
greater tolerance to lower soil pH and high concentration of aluminum, as well as
suitability for pasture use (Sawicka et al. 2000; Sawicka and Kalembasa 2013). The
disadvantage of some perennial legume plants is the presence of anti-nutritional
substances that reduce the nutritive value of feed and may even be toxic to animals.
Due to their role and function in life processes, plants are classified as so-called
secondary metabolites. These include: cyanogenic glucosides, saponins, coumarins,
tannins, estrogens. These substances, from the nutritional point of view, are consid-
ered unfavorable, but for plants they are a natural protection against pests and dis-
eases. Plants selected to lower the level of secondary metabolites lose these
protective barriers and are more exposed to the negative effects of the environment.
Secondary metabolites play an important role in the nutrition of both humans and
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animals. It has been shown that in addition to adverse effects, such substances as:
phytic acid, phenolic compounds, enzyme inhibitors, saponins, glucosinolates, etc.
have the ability to lower the sugar content, cholesterol and triglycerides in the blood
plasma, regulate insulin activity and the formation of excess free radicals. Therefore,
the anti-nutritional substances also have a beneficial effect, which is why it is very
important to set the rates of their collection so that the risk of ingestion is low, and
the action is optimal. Due to the potential nutritional benefits resulting from the
presence of secondary metabolites in the feed and their importance in ecology, they
do not always have to be anti-nutritional, because their role is multifaceted and
depends on various factors. These substances, from the nutritional point of view, are
considered unfavorable, but for plants they are a natural protection against pests and
diseases. Plants selected to lower the level of secondary metabolites lose these pro-
tective barriers and are more exposed to the negative effects of the environment.
Secondary metabolites play an important role in the nutrition of both humans and
animals. It has been shown that in addition to adverse effects, such substances as:
phytic acid, phenolic compounds, enzyme inhibitors, saponins, glucosinolates, etc.
have the ability to lower the sugar content, cholesterol and triglycerides in the blood
plasma, regulate insulin activity and the formation of excess free radicals. Therefore,
the anti-nutritional substances also have a beneficial effect, which is why it is very
important to set the rates of their collection so that the risk of ingestion is low, and
the action is optimal. Due to the potential nutritional benefits resulting from the
presence of secondary metabolites in the feed and their importance in ecology, they
do not always have to be anti-nutritional, because their role is multifaceted and
depends on various factors. Particularly high intensity of the negative impact of
these substances may occur in the case of feeding single-species feed in large quan-
tities or for a longer period of time. High disposable doses of feed containing anti-
nutritive substances may cause acute poisoning, whereas feeding such feed for a
longer period may cause chronic diseases or disturbances in the reproduction of
animals (Sawicka et al. 2000; Reckling et al. 2016).

Plant proteins are usually derived from legumes plant. Commercial acceptance
of genetically modified (GM) food and plants called genetically modified organisms
(GMOs), created as a result of recent innovations in agricultural biotechnology, has
caused widespread controversy related to the environmental and economic benefits
of food and animals in a wider social range, cultural values and ethical (Stewart
2009). Many initiatives have been taken to sensitize people to the ecological respon-
sibility of breeding animals and to increase interest in alternative proteins. Plant-
based proteins are also typically harder to digest than animal proteins, due to their
high concentration of insoluble polysaccharides. Despite this, there are increasing
concerns about the high levels of saturated fats and cholesterol found in foods of
animal origin, which are linked to the development of cardiovascular disease and
diabetes, leading the nutritionists and organizations to recommend more varied diet
rich in plant-based proteins (Reckling et al. 2016; Anonymous 2018a).

Commercial adoption of genetically modified (GM) foods and crops called as
genetically modified organisms (GMO) created through recent innovations in agri-
cultural biotechnology has triggered widespread controversy over the
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environmental and economic benefits and risks of food crops and animals on a
wider range of social, cultural, and ethical values (Stewart 2009). Many initiatives
to sensitize people on the ecological liability of animal rearing and to escalate their
interest in alternative proteins, is to be carried before inducting into the food cycle.
There is already the first information on obtaining rapeseed protein by new, innova-
tive methods. NapiFeryn BioTech paves the way in Poland and around the world. It
implements it as part of a grant from the largest EU program financing research and
development, Horizon 2020. However, scientists are measuring much higher and
want to build in Poland the world’s first biorefinery producing rapeseed protein. The
protein from this plant will be differentiated by the method of obtaining from soy
protein. The technology of obtaining soy protein is quite outdated (it comes from
the 1940s). In addition, hexane, a solvent still widely used in the oil industry, is used
for soybean processing. The new technology for obtaining protein from winter oil-
seed rape will not be based on it, and on very mild biomass processing methods — it
will be a “delicate” process, without drastic changes in pH and without any sol-
vents. It is a more modern solution, safer and giving a higher quality product. In
addition, the conditions under which rapeseed protein is isolated do not damage it
(protein denaturation). Thanks to this, the protein obtained by the innovative
method, in Poland, will be natural and functional. The use of vegetable protein is of
civilized importance — now animals are fed plants to produce protein. The authors
of this project want to direct the protein to people. Animals are a kind of filter
through which most of the protein is lost, i.e. they are an ineffective source of its
processing. Not counting that 4 kg of plants are needed for 1 kg of pork and 1 kg of
beef for 7 kg of plants. Instead of wasting calories, it is worth turning to the protein
obtained from plants, in this case from rape, which is characterized by a high con-
tent of full-value proteins (Voisin et al. 2014; Anonymous 2018b). The protein is
obtained from the remains of the oilseed rape oil, the seeds of which contain about
20% of protein with high nutritional values, but until now it has not been used as a
food ingredient. Meanwhile, innovative Polish technology allows the recovery of
about half of this protein in the form of an isolate with high qualitative and func-
tional parameters. An innovative element of this technology is that the starting
material is biomass, which is formed after extrusion of oil from rape seeds. Until
now, the potential of this biomass was not fully used, it served only as animal feed,
because there were no solutions that would isolate the protein for edible purposes
from this biomass. New technology is able to do this, and it makes it unique in the
world (Reckling et al. 2016; Anonymous 2018b).

7.3.11 Protein Diet

Determining the protein requirement is difficult because it is metabolized with
other nutrients. In addition, there is a need to supply with food the right amount
of essential amino acids, which the human body does not synthesize. Plant pro-
teins are usually more difficult to digest than animal proteins due to their high
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concentration of insoluble polysaccharides. Nevertheless, there are growing con-
cerns about the high levels of saturated fat and cholesterol in animal foods that are
associated with the development of cardiovascular diseases and diabetes, leading
dieters and organizations to recommend a more varied diet rich in vegetable pro-
teins. A diet rich in protein, from 1.2 to 1.6 g protein /kg/day, may improve the
regulation of body weight (Skov et al. 1999; Larsen et al. 2010; Austin et al.
2011). Protein-rich diets also seem to complement other strategies, such as reduc-
ing energy and physical activity, to combat the global obesity epidemic (Leidy
et al. 2015). Because obesity is an independent risk factor for type 2 diabetes
(T2D), higher doses of proteins for mass regulation and maintenance may also be
beneficial for the prevention of T2D (Shang et al. 2016). Although the total
amount of protein can be important, the source of protein affects other diet com-
ponents, such as dietary fiber and micronutrients. According to Song et al. (2016)
and Mgller et al. (2017) protein sources will probably be an important determi-
nant of health. In the last few years, a high-protein diet was recommended to regu-
late body weight. However, the potential health risks of these diets are still
uncertain. In the last few years, a high-protein diet was recommended to regulate
body weight. However, the potential health risks of these diets are still uncertain.
Mpgller et al. (2017) investigated this aspect based on the amount and source of the
protein and the study of the compound’s result with glycated hemoglobin (HbAlc)
and estimated glomerular filtration rate (¢GFR). The analysis were performed on
the basis of three population studies included in the PREVIEW project
(PREVEMENT of diabetes through lifestyle Intervention and population studies
in Europe and around the world): ‘NQplus’, ‘Lifelines’ and ‘Young Finns’. The
protein effect was assessed on the basis of two components: (1) percentage of
total energy protein and (2) the ratio of vegetable protein to animal protein. A
positive association was found between protein and eGFR results in Lifelines
lines (slope 0.17-0.02 ml/min/1.73 m2, p < 0.0001). Thus, protein evaluation can
be a useful tool to assess both the impact of the amount and the source of the pro-
tein on health parameters. However, further research is needed to confirm this
newly developed protein assessment. Therefore, the source of protein will proba-
bly continue to be an important determinant of health (Reckling et al. 2016; Song
et al. 2016). American nutritional guidelines suggest switching to a diet more
based on foods of plant origin (Dietary Guidelines for Americans 2015-2020).
Vegetable diets provide many phytochemicals that have been associated with pro-
tection against many chronic diseases. However, when compared to animal pro-
teins, plant proteins lack sufficient amounts of essential amino acids. The optimal
ratio of plants to animal protein in the diet has not yet been determined. Mgller
et al. (2017) developed a new protein diet using cross-sectional data from three
large European population studies. It has been proven that both the amount and
source of proteins (the ratio of vegetable protein to animal protein) are determi-
nant factors affecting HbA 1c and eGFR. However, further research is necessary to
clarify the usefulness of the protein result in long-term population studies, as well
as in other health conditions.
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7.4 Research Priorities

1. Development of the possibility of increasing the process of biological reduction
of nitrogen in various soil and climate zones of the world as the cheapest source
of nitrogen for the production of plant protein,

2. Development of ways to increase the nitrogen utilization rate of fertilized plants
in the process of vegetable protein synthesis,

3. Increasing the efficiency of protein processing of microorganisms and vegetable
protein on animal protein.

7.5 Conclusion and Future Perspective

The global meat substitutes market is growing from year to year. Projections for the
development of the protein substitute market are also based on data on population
growth, which is expected to increase to 8.9 billion by 2050. With such a high popu-
lation growth, the demand for protein will increase dramatically, however, it is much
harder to increase meat production because it requires large expenditures (water
consumption, fodder), and also promotes waste production, rather than crop pro-
duction or other possibilities of protein production. Satisfying the nutritional needs
of an ever-growing human population it requires searching for alternative sources of
protein. Currently, only in some regions of the world presented in the work organ-
isms are used in the food sector. The production of SCPs and marine organisms can
contribute to improving food security in the world, although at present they are used
to a greater extent in feeding farm animals as feed components. A promising alter-
native to conventional protein sources is edible insects, which have great potential
as a component of human diet due to their high nutritional value. The breeding of
insects instead of pigs or poultry is also supported by the fact that it is more benefi-
cial for the environment, economical and efficient. The problem is the lack of accep-
tance of insects as a foodstuff among the population of developed countries, as well
as difficulties in introducing insect food products to the market. The use of insects
in the food industry on a large scale is also difficult due to the safety of their con-
sumption, which must be confirmed by further research. However, globalization of
the use of insects and other unconventional sources of protein in human nutrition
requires decisive action to improve public demand and acceptance and increase
consumer awareness of the benefits of their consumption. The search for new insects
as a source of protein and the technology of their processing requires further
research. In spite of fewer commercial approvals by limited number of countries,
the international trade GMO constituents has created labeling the foods products
and animal feeds in most countries in the world, to indicate the evidence of accep-
tance by many farming communities across the world. China, Brazil, and India,
have substantial public sector GMO R&D program on new GM crops which include
rice, cotton, maize and cassava, where the efforts are supported by US donors. There
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are uncertain conflicts which dilate the acceptance of GMOs, like the advent of
domestic labeling and traceability requirements for food imports, which seriously
inhibit the use of GM crops in exporting countries even where those crops are con-
sumed internally or exported to third countries. In addition to this is the dramatic
increase in food prices which has boosted the interest in the production of GMO
crop varieties which led to some softening of regulatory restrictions and consumer
attitudes in Europe and some developing countries. New proteins require the devel-
opment of new value chains and attention to issues such as production costs, food
safety, scalability and consumer acceptance. Positive impact on the environment is
important and cannot be assumed only as a new source of protein. Care should be
taken to ensure that the novel and existing protein source is compared. Greater con-
vergence of political forces and involvement of broader stakeholders in the role of
management, as well as the role of development/commercialization, it is required to
refer to both sources of protein and ensure food safety.
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Chapter 8
Microbial Proteins: A Potential Source
of Protein

Atul Kumar Singh, Kumari Sunita Prajapati, Mohd Shuaib,
Prem Prakash Kushwaha, and Shashank Kumar

8.1 Introduction

The difference between food availability and population growth is widening in
recent years and population growth is surpassing food availability. This lack of equi-
librium is mainly due to the increasing growth rate of the world population, longer
life expectancy, constant rate of food production, along with uneven distribution.
The increase in population growth is very high in twentieth century, while the
sources and production rate of food supply are nearly at a constant level (Stephens
et al. 2018). This problem has prompted initiation of strategies and research in
recent years to limit the population growth rate. However the results of these
approaches are not very promising. Even if these approaches are successful, the
desired results are not going to be achieved in a few decades and then it would be
too late to resolve the looming food crisis. Additionally, some available areas of
land are not yet cultivated. Techniques and assets of modern technology and agri-
culture can be utilized to get a maximum exploitation of land and produce high
yield of foodstuff. Yet, experts agree that the difference between population growth
and conventional food supply is too big to bridge (Suman et al. 2015).

The minimum requirement for survival and health does not only depend on the
amount of food but also on its nutritional value. Unfortunately half of the world’s
population live and survive below this minimum requirement. It is not only about
lack of availability of food but the nutritional value of food is also critical. Nowadays
significant part of the world population is malnourished, even in regions where raw
material is available for microbial fermentation. The significance of microbes as
possible resources of food originates from the concept that microbial cell content is
particularly high in most B-group vitamins and in proteins that comprise vital amino
acids. Thus, microbes can possibly augment an undersupplied diet in that proteins
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produced from microbes are very much similar to traditional protein sources such as
meat, egg, fish and milk in terms of overall presence of nutrients (Upadhyaya
et al. 2016).

8.2 Microbial Protein Synthesis

Proteins synthesis is carried out by the ribosomes along with messenger RNA, pro-
duced from the transcription of DNA in the nucleus of eukaryotes however there is
no nucleus present in prokaryotes so both transcription and translation occur in the
cytoplasm. In the DNA, a series of codes are transcribed and translated to synthesize
proteins. Transcription proceeds with the opening of the DNA double helix with the
help of an enzyme called DNA helicase. Another enzyme, RNA polymerase equates
new bases to the DNA joining them in a long strand of mRNA. When the enzyme
completes the transcription the mRNA strand will be detached. This mRNA strand
is single stranded and only one side of the DNA strand is transcribed. mRNA does
not have the same base pairs as DNA, one of the base is replaced. Thymine in DNA
is replaced by Uracil (U) which bonds to Adenine, like thymine. The mRNA is
organized in codons. Each codon codes for an amino acid that forms the building
blocks of proteins. More than one codon can code for a single amino acid. Once
transcription is completed, produced mRNA is transported out of nucleus into the
cytoplasm to attach with a ribosome. Ribosome is an organelle which carries out
protein synthesis. Some ribosomes are free in the cytoplasm while others are
attached to the endoplasmic reticulum. The endoplasmic reticulum is an organelle
which helps in the correct folding of proteins and delivers it to other areas. Proteins
are synthesized by the process of translation. There are three steps to translation:
Initiation, Elongation and Termination.

The ribosome binds around the mRNA and then a tRNA (transfer RNA) joins to
a codon referred to as the start codon. In most cases, the start codon is AUG. tRNA
are molecules residing in the cytoplasm, each with their particular codon which
joins to corresponding codons on mRNA. tRNAs carry the amino acids which com-
plement to that of the codon. The ribosomes are composed of two subunits, a larger
subunit and another smaller one. There are three sites present where tRNA can be
found at a given time while the protein is being synthesized. Next the ribosome
starts synthesizing protein. An amino acid which complements the mRNA code
begins to join in a strand, the ribosome moves on the strand in a direction of 53’
until a STOP codon is found. As the ribosome moves on the mRNA the amino acid
from the first tRNA is released and binds to the amino acid on the next tRNA via a
peptide bond. This is why a chain of amino acids is termed as a polypeptide chain.
The ribosome achieves this with the aid of enzymes known as aminoacyl tRNA
synthase. Once the ribosome finds a stop codon (UAG, UAA, and UGA) it will
detach the polypeptide chain and fall off from the mRNA (Lewin et al. 2011).
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8.3 Microbes for Microbial Protein Production

In this section, we describe the various microbes that are utilized for the production
of microbial proteins (Fig. 8.1).

8.3.1 Bacteria

Properties which make bacteria appropriate for microbial protein production
include fast growth and reproduction rate with minimum generation time. Bacteria
can be grown on a variety of raw materials ranging from carbohydrates to gaseous
and liquid hydrocarbons that comprise methane and petroleum fractions (Bamberg
2000) to petrochemicals like methanol and ethanol; nitrogen sources that are ben-
eficial for bacterial growth comprise nitrates, ammonia, ammonium salts, urea,
and the organic nitrogen present in wastes. It is recommended to provide mineral
nutrient to the bacterial culture to fulfill shortage of nutrients that might be lacking
in natural waters in amount enough to sustain growth. Generally phototrophic bac-
teria are suggested for microbial protein production. Some investigators also pro-
pose utilization of methanotrophic and other bacteria for microbial protein

Aeromonas hydrophylla, Rhodopseudomonas sp.,
Cellulomonas sp., Methylomonas sp.,

>| Mycobacterium sp., Nocardia sp., Pseudomonas
sp., Bacillus sp., Alcaligens eutrophus, Acinebacter
calcoaceticus etc.

Bacteria

|
[
Yeast | Candida sp., Saccharomyces sp., Rhodotorula sp.,
Pichia sp., Debaromyces kloekeri, Hansenula

—
polymorpha, Kluyveromyces fragalis, Torulopsis
Microorganism candida, Torulopsis methanosorbosa etc.

Used for a =
Microbial protein i - —— - L
production | Aspergillus oryzae, Aspergillus niger, Aspergillus

Fungi | fimigatus, Fusarium graminearum, Tricoderma

—>| viridae, Thermoleophilum album, Chaetomium
cellulolyticum, Paecilomyces varioti, Rhizopus
chinensis etc.

Algae
Chlorella sp., Spirulina sp., Porphyrum sp.,

Scendesmus sp., etc.

Fig. 8.1 Various microorganisms utilized for the production of microbial proteins
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production. Generation time of Methylophilusis is about 2 h and it is utilized as
animal feed and generally produces more favorable protein composition in com-
parison to fungi or yeast. Large amounts of microbial protein can be produced
utilizing bacteria like Methylophilus methylitropous, Acinetobacter calcoacenti-
cus, Acromobacter delvaevate, Aeromonas hydrophilla, Bacillus megaterium,
Bacillus subtilis, Brevibacterium, Lactobacillus species, Cellulomonas species,
Methylomonas methylotrophus, Pseudomonas fluorescens, Rhodopseudomonas
capsulate, Flavobacterium species, Thermomonospora fusca (Dhanasekaran et al.
2011; Suman et al. 2015).

8.3.2 Algae

Centuries ago Spirulina was used by people of Aztecs near Texcoco in Mexico and
near lakechad in Africa. It was used as food after drying. Spirulina is the most com-
monly used algae as microbial protein. Even astronauts carried it to space during
their space travels. Likewise, biomass gained from Senedessmus and Chlorella has
been collected and utilized as food by tribal groups in some parts of the world.
Algae are used as source of food in various ways and its benefits include relatively
easy cultivation, efficient utilization of solar energy, high growth rate and rich pro-
tein content. The algae Spirulina is recommended as supplemental protein (Raja
et al. 2008). It is blue green algae with strong antioxidant activity and incites a free
radical scavenging enzyme system. A diet supplemented with Spirulina and other
nutraceuticals can help to protect stem/progenitor cells. Spirulina maxima in par-
ticular, can help to avoid fatty liver development triggered by carbon tetrachloride.
Evidence has shown that Spirulina can help patients with immune suppression, mal-
nutrition, neural and hepatic compromise. Further inquiries on the antiviral effects
of this alga and its clinical consequences are strongly needed (Suman et al. 2015).

8.3.3 Fungi

Various fungi are utilized as a source of protein rich food (Bhalla et al. 2007).
Filamentous species of fungi are also utilized as microbial protein. In the late 1900s,
filamentous fungi and Actinomycetes bacteria were noted to produce protein from
several substrates. At the time of World War 11, efforts were made to utilize Fusarium
and Rhizopus grown in fermenters as a source of protein rich food. The strains of
Aspergillus oryzae or Rhizopus arrhizus were chosen due to their nontoxic behav-
ior. Saprophytic fungi can be grown on complex organic compounds and can render
them into simple substrate. Large amount of fungal biomass is formed as a result of
growth. Yield of mycelia varies greatly depending upon organisms and substrates.
On the other hand, some species of moulds, for example, Aspergillus niger, A. fumi-
gates, Fusarium graminearum which are reported to be dangerous to humans, must
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not be utilized or toxicological estimations should be performed before endorsing
them as microbial protein (Suman et al. 2015). Lately, microbial protein technology
using fungal species is utilized for the conversion of lignocellulose wastes. The fila-
mentous fungi that have been used as microbial proteins comprise Fusarium gra-
minearum, Chaetomium celluloliticum, Aspergillus niger, A. fumigates, A. oryzae,
Penicillium cyclopium, Cephalosporium cichorniae, Rhizopuschinensis, Tricoderma
viridae, Scytalidum aciduphlium, and Tricoderma alba Paecilomyces varioti
(Jaganmohan et al. 2013).

8.3.4 Yeast

Yeast cells are high in proteins and nutrients (Burgents et al. 2004). Most popular
yeast species utilized as microbial proteins comprise Torulopsis, Candida,
Hansenula, Pitchia, and Saccharomyces. Microbial protein production utilizing
Saccharomyces cerevisiae, grown on various fruit wastes has been done success-
fully. The typical oily yeasts genera including Yarrowia, Candida, Rhodotorula,
Rhodosporidium, Cryptococcus, Trichosporon and Lipomyces have also been uti-
lized as microbial proteins. Cucumber and orange peels were evaluated for the pro-
duction of microbial protein using Saccharomyces cerevisiae by submerged
fermentation (Sengupta et al. 2000).

8.4 Process of Microbial Protein Production

Microbial proteins can be produced by using waste materials as substrates, pre-
dominantly from agricultural waste like crumbs, wood cuttings, and corncobs
among others. Few additional waste substances utilized as substrates are remnants
from alcohol manufacturing processes, food processing, hydrocarbons, or even
human and animal feces (Suman et al. 2015).

As described by Nasseri et al. (2011), the process of microbial protein produc-
tion from any substrate or microorganism will necessitate some vital stages
(Fig. 8.2):

(1) based on the condition of carbon source physical and/or chemical pretreatments
may be needed.

(2) Together with the carbon source, nitrogen, phosphorus and few other nutrients
are also needed to sustain microorganism’s optimal growth.

(3) Contamination needs to be avoided by sustaining a sterile and aseptic environ-
ment. For this purpose, the constituents of the medium needs to be sterilized by
heating or filtration and the apparatus used in the fermentation process needs to
be heat sterilized.

(4) The desired microorganism should be inoculated in the pure form.
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Fig. 8.2 Graphical representation of processes involved in the production of microbial proteins

(5) Procedures for microbial protein production are particularly aerobic (eliminat-
ing those using algae). Thus, adequate amount of oxygen needs to be provided.
Furthermore, cooling systems are also vital as large amount of heat is
produced.

(6) Recovery of the microbial biomass is achieved from the medium.

(7) In order to increase microbial protein use and/or storage time, processing of the
microbiological biomass is necessary.

8.5 Nutritional Values of Microbial Proteins

The nutritional value of microbial proteins differs with the microorganisms used.
The technique of drying, harvesting and processing affects the nutritional value of
the end product. The composition of microbial protein depends on the microorgan-
ism and the substrate used to produce it (Suman et al. 2015).

Microbial protein generally includes proteins, fats, carbohydrates, water, and
other elements like potassium and phosphorus. Aside from their nutritional benefits,
microbial proteins can also be produced whole year round so supply may not be a
problem. It can also help the environment as waste materials are utilized as sub-
strates. Very less area of land is needed and microbial protein is produced in a very
short time in comparison to other sources.

To evaluate nutritional value of microbial proteins, numerous factors should to
be taken in consideration like composition of nutrients, amino acids and vitamins;
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their effects on the gastrointestinal tract and the risk of allergies. The carcinogenic
and toxicological potentials should also be evaluated so, feeding trials are also
needed. The process of harvesting, drying and processing can also affect the nutri-
tional values of the microbial protein. Microbial protein composition depends on
the type of substrate and organism used. Proteins not only provide nutritional value
but they are also involved in a number of other functions (Upadhyaya et al. 2016).

Microbial protein from yeast and fungi has 50-55% protein. It has high protein
and carbohydrates ratio. It contains large number of lysine residues and less number
of methionine and cysteine residues. It also provides good balance of amino acids
and it contains high B complex vitamins. Few yeast strains have probiotic charac-
teristics like Saccharomyces cerisiae and Debaryomyces hansenii. Microbial pro-
teins produced by utilizing bacteria comprise more than 80% protein even though
they contain a small amount of sulphur containing amino acids with high nucleic
acid content (Upadhyaya et al. 2016).

Excellent nutrient profiles and the possibility of economical mass production
make microbial proteins a potential solution for the ongoing food crisis. They are
also used in aquaculture feeding as a replacement for fishmeal and for protection of
rotifer and Artemia. Yeast proteins have revolutionized the aquaculture diets. Few
yeast strains with probiotic characteristics, like Debaryomyces hansenii and
Saccharomyces cerevisiae have the ability to boost survival of larvae either by resid-
ing in the fish gut, thus eliciting the early maturation of the pancreas, or through the
immune exciting glucans derived from the yeast cell walls. The idea that microbial
proteins can be the solution of food shortages in the less developed countries is
gaining research interests among scientists. To assure future success of microbial
proteins, first, food technology problems need to be resolved in order to make it
comparable to the conventional foods and second, the production should equate
favorably with other protein sources (Suman et al. 2015).

8.6 Harmful Effects of Microbial Proteins

The potentials that microbial proteins can do to human beings and the world’s prob-
lem on hunger are gaining special interests but concerns regarding their acceptabil-
ity, safety and potential toxicity are emerging. For one, high nucleic acid content in
microbial proteins can be a problem which is noted to be beyond the acceptable
level of 71%. To address this, nucleic acid can be removed or reduced with either
one or all of the following methods: by the chemical treatment with sodium hydrox-
ide, treating the cells with 10% sodium chloride, activating endogenous nucleases
in last step of biomass production and thermal shock. Hueihsiung Yang developed a
modest technique to reduce the nucleic acid content in Brevibacterium NNJM9SA
by incubating non-proliferating cells at a pH of 10.3 and 55 °C for 3 h (Upadhyaya
et al. 2016).

Another issue is the presence of cell walls that cannot be digested. As with yeast
and algae, there might be intolerable colour and flavours, and live cells of organisms
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need to be killed prior to consumption. There is a chance of skin reaction due to
ingestion of foreign proteins and gastrointestinal reactions might occur, which may
give rise to nausea and vomiting. There is high risk of contamination during the
process of production and cell recovery is also problematic. All these detrimental
factors lessen the acceptability of microbial protein as a potential global food
(Suman et al. 2015).

8.7 Conclusion

Indeed, microbial proteins demonstrate very promising characteristics as a nutrient
for humans. Microbial proteins possess various advantages in comparison to plant
and animal proteins due to ease of reproduction and growth that is not seasonal or
climate dependent. Microbial proteins have high protein content with wide spec-
trum of amino acids, low fat content and high protein to carbohydrate ratio. These
can be produced using wastes as substrates and are therefore environment friendly.
The utilization of microbial proteins as a nutrient source can resolve issues related
with food shortage of rapidly growing population especially in underdeveloped
countries. However with all of these benefits, microbial protein production has not
gained much attention due to lack of popularity as a nutrition source among people.
Furthermore, high nucleic acid content, non-digestible cell walls, unpleasant colors
and flavors and risk of contamination further limit their acceptability as a global
food. So efforts needs to be made to uncover alternate substrates and approaches
which can minimize the drawbacks of microbial protein production which conse-
quently can lead to the acceptance of this valuable nutrient source on a global scale
(Upadhyaya et al. 2016).

Due to economic, political and practical issues, microbial protein has not become
the major supply of foodstuff protein as initially envisioned. Developed countries
do not see the need of utilizing microbial proteins because they have abundant
stocks of high value proteins due to advances in agriculture. Microbial proteins can
still be a supportive food source in tropical less developed countries where tradi-
tional food is high in carbohydrates and low in proteins. Continuing increase in
population growth rate can eventually lead to shortage of food and nutrition even
with agricultural advancement. Providing sufficient nutritious food to everyone is
going to be a daunting task for future generations. Microbial proteins despite its
current poor popularity can still be a promising solution for this problem in
the future.
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Chapter 9
Vitamins and Minerals: Types, Sources
and their Functions

Muhammad Akram, Naveed Munir, Muhammad Daniyal,
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9.1 Introduction

™

Check for
updates

Nutrients are grouped into two major classes: macronutrients and micronutrients.
Macronutrients are nutrients that are needed by the body in large amounts while
micronutrients are those needed by the body in minute amounts. Macronutrients
such as carbohydrates, proteins, and lipids provide molecules for the structural and
metabolic activities of the human body, while micronutrients (vitamins and
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minerals) are essential for the body’s proper functioning. The need for micronutri-
ents depends on the metabolic activities as well as on the life cycle of an individual.
Even in intrauterine life, the need for micronutrients is essential for the normal
development of the fetus. In particular, vitamin D, iodine, iron, and folic acid defi-
ciencies could lead to congenital disorders or even death. The daily requirements of
these micronutrients are not fixed, although many scientific papers have mentioned
the daily-required allowance of various vitamins and minerals. Factors such as
physical exercise, pregnancy, childhood, adolescence, old age or specific diets (e.g.
Vegan) influence the need for micronutrients. Therefore, the evaluation of the
micronutrients’ requirements and the consequences of micronutrients’ deficiencies
are critical to explain their role in health and disease (Derbyshire 2018; Hans and
Jana 2018).

Fortification of food is one of the most effective and safe strategies used to
enhance nourishment. For example, mother milk feeding can be considered a type
of fortification, which is essential for the healthy growth of babies up to 2 years of
age (Allen and Dror 2018). Micronutrients play an important role in reduction in the
risk of disease and the maintenance of good health. Micronutrients and vitamins are
vital for the proper functioning and proliferation of all dividing cells in the body.
Therefore, micronutrients are essential for growth and metabolism. Balanced diet
aids in maintaining good health by increasing the body’s resistance to infection and,
in the case of disease, can be a useful component of the therapy (Piccardi and
Manissier 2009). Nutrients provide basic molecules which humans are unable to
synthesize. Vitamins and minerals are required in small quantities (<100 mg/day)
and are known as micronutrients (Ormsbee et al. 2014). The two important classes
of micronutrients are shown in Fig. 9.1.

Vitamins -
4 4

Fat-soluble vitamins
A, D, E K

Water-soluble vitamins
Thiamine (B1)
Riboflavin (B2)
Niacin (B3)
Pantothenic acid (B5)
Pyridoxine (B6)
Biotin (B7)
Folate (B9)
Cobalamin (B12)
Vitamin C (Ascorbic Acid, Ascorbate)

Fig. 9.1 Classification of micronutrients
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9.2 Micronutrients: Health Benefits, Deficiencies and Risks

The human body needs micronutrients only in small quantities (in milligrams or
micrograms) although they are as important as the macronutrients (Welch and
Graham 2004). They are essential for the body’s healthy development. Some
vitamins for example work as cofactors or coenzymes in many metabolic pro-
cesses. Trace elements like Zinc can help to improve immune function and min-
erals like Iron can prevent anemia among others (www.cdc.gov). As the body
cannot synthesize micronutrients, therefore, they need to be supplied in the diet
in adequate amounts. If their supply is not enough deficiency is possible and this
can results to a myriad of diseases. Vitamin A deficiency for example can lead
to blindness. A folic acid deficient pregnant woman can give birth to infants
with neural tube defects. Iodine deficiency can lead poor brain fetal develop-
ment. Micronutrient deficiency can increase the risk of infections and can lead
to more micronutrient deficiencies (www.unicef.org). These are just the tip of
the iceberg. Micronutrient deficiency may lie hidden and usually, the signs and
symptoms develop late in the disease and are most often irreversible. The details
of the impact of these micronutrients on health and diseases are discussed in the
succeeding parts of the chapter.

9.3 Vitamins

Vitamins are essential substances for the normal functioning and development of
the body. There are two classes of vitamins namely: Fat-soluble and Water-soluble
vitamins (Table 9.1). The known vitamins include A, C, D, E, and K, and the B
vitamins: thiamin (B,), riboflavin (B,), niacin (B3), pantothenic acid (Bs), pyridox-
ine (Bg), cyanocobalamin (B,), biotin, and folate/folic acid.

9.3.1 Fat-Soluble Vitamins

As earlier mentioned, vitamins can be classified as either a water-soluble or fat-
soluble vitamins. The fat-soluble vitamins are very vital for the smooth functioning
of the body. Their deficiencies have been implicated in several health disorders. The
recommended daily allowance (RDA) of the fat soluble vitamins A, D, E, and K is
8000-1000 pg/day, 8000-5000 pg/day, 8—10 pg/day, and 70-140 pg/day respec-
tively (Kamangar and Emadi 2012). The RDA for water soluble vitamins including
thiamin, riboflavin, pyridoxine, niacin, biotin, ascorbic acid, and pantothenic acid
are 1 mg/day, 1.2 mg/day, 2-2.2 mg/day, 13 mili-equivalents, 100-200 pg/day,
60 pg/day, and 4-7 mg/day respectively (Kamangar and Emadi 2012).
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9.3.1.1 Vitamin A

Vitamin A was the first fat-soluble vitamin identified in 1913. Beta-carotene is con-
verted to vitamin A in the liver. It protects the eyes in case of infections and contrib-
utes to the vision in dim light. Vitamin A combines with the protein opsin to form
rhodopsin in the retinal rod cells. When vitamin A levels are inadequate, the lack of
rhodopsin makes it difficult to see in dim light (Grislund et al. 2008). Vitamin A is
also involved in the physiological function of the epithelia and glands, and in nor-
mal cell differentiation. Vitamin A supports bone growth and the immune functions.
Being oil-soluble, it is prescribed as retinol palmate every 6 months to pre-school
children. The prevalence of vitamin A deficiency is 33.3% in pre-school children
worldwide, while in Africa it is estimated at 44.4%. In Ethiopia, 80,000 deaths
occur due to vitamin A deficiency. In this country, vitamin A deficiency prevalence
is listed at 61% in preschool children (Abrha et al. 2016). Vitamin A deficiency is
linked to the following diseases:

Vitamin A insufficiency leads to visual impairment, xerophthalmia, Bitot’s spots
(triangular, frothy, harsh and raised patches seen on the bulbar conjunctiva), kerato-
malacia (softening of the thickness of the cornea), follicular hyperkeratosis,
anorexia, growth retardation, respiratory and intestinal infections, and the degenera-
tion of the myelin sheaths. The excess of vitamin A may cause nausea, vomiting,
and anorexia. The functions of vitamin A in the body include: development and
upkeep of the epithelial tissue, support of the skin, upkeep of visual sharpness (in
diminishing light), bone development and immunity. Sources of vitamin A include:
green leafy vegetables, germination cereals and pulses, meat, fish, green mango,
papaya, pumpkin, yellow fruits and vegetables. Other sources are eggs, spinach,
cabbage, carrots, amaranth, angle liver oils, cod liver oil, liver or halibut liver oil
(Abrha et al. 2016; Graslund et al. 2008).

9.3.1.2 Vitamin D

The best-known utility of vitamin D is to control the concentration of phosphorus
and calcium in the blood. This anti-rachitic vitamin occurs in a number of forms.
Four crystalline D vitamins are isolated and at least 10 pro-vitamins D are known.
For humans, most of the vitamin D supply comes from animal sources or synthe-
sized following sun exposure. Vitamin D, is formed by exposing ergosterol to ultra-
violet light. Vitamin D; is the natural vitamin D found in fish oil and formed in the
skin of man and animals following exposure to sunlight (Nair and Maseeh 2012). It
may be formed by the irradiation of 7-dehydrocholesterol. Vitamin D, and D; are
known as vitamers. Vitamin D enhances the absorption of phosphorus and calcium
from the intestine and their deposition in bones. Vitamin D sources include expo-
sure to sunlight, liver, eggs, butter, cheese, fish liver oil, fortified foods, milk, and
margarine. Vitamin D also stimulates the normal mineralization of bones and
increases the tubular reabsorption of phosphate. It also possesses antioxidant
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properties (Christakos et al. 2015; Gaman et al. 2019). Ageing decreases the capac-
ity of the skin to produce vitamin Ds. After the age of 70, vitamin D levels decrease
to about 25% of the normal value in adults (Kennel et al. 2010). In the temperate
zone, the cutaneous production of vitamin Dj; is limited by the reduced ultraviolet
radiations availability. In the absence of solar exposure, about 400-600 IU of vita-
min D seems to be required daily to maintain the normal bone metabolism.
Deficiency of vitamin D can affect bone development. In children, vitamin D defi-
ciency causes rickets, a disorder in which bones deteriorate and bend under pres-
sure. In adults, vitamin D deficiency results in osteomalacia (soft bones) which
enhances the risk of bones fractures (Kennel et al. 2010; Nair and Maseeh 2012;
Christakos et al. 2015).

9.3.1.3 Vitamin E

Vitamin E is an anti-sterility factor and a natural antioxidant. Structurally related
names of vitamin E include tocopherols or tocotrienols (Gheorghe et al. 2019). It is
involved in the healing of wounds and in immunity. Sources of vitamin E include
wheat germ oil, nuts, cereals, meat, eggs, milk, green leafy vegetables, and other
vegetables. The deficiency of vitamin E is associated in humans with cystic fibro-
sis, ataxia and abetalipoproteinemia (disorder that interferes with the normal
absorption of fat and fat-soluble vitamins from food) and with habitual abortions
and testicular degeneration in laboratory animals. Also, vitamin E deficiency can
lead to increased hemolysis of the red blood cells and macrocytic anaemia in pre-
mature infants. The effects of excessive vitamin E doses lead to interference with
the utilization of vitamins A and K, prolonged prothrombin time, intestinal irrita-
bility, headache, fatigue, and dizziness (Schmdélz et al. 2018; Birringer et al. 2019;
Gomez-Pomar et al. 2018; Moisa et al. 2018; Kemnic and Coleman 2019; Reddy
and Jialal 2018).

9.3.1.4 Vitamin K

The major function of vitamin K is the formation of prothrombin in the liver along
with other vitamin K dependent clotting factors namely: VII, IX,, X, protein C and
S which are essential for normal blood coagulation or blood clotting. It is found in
fresh green leafy vegetables, lettuce, cabbage, egg yolk, soybean oil, and liver.
Our body can also produce its own vitamin K courtesy of the normal bacterial
flora of our intestines. Premature babies receive 0.5—1 mg vitamin K intramuscu-
larly or 1-2 mg orally at birth to prevent Vitamin K deficiency. Vitamin K defi-
ciency can result to generalized bleeding, the development of hemorrhagic disease
of the newborn, and prolonged clotting time in adults. Excessive doses of vitamin
K can lead to hyperbilirubinemia in infants and vomiting in adults (Reddy and
Jialal 2018).
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9.3.2 Water Soluble Vitamins
9.3.2.1 Thiamine (Vitamin B1)

Thiamine or vitamin B1 is water-soluble and acts as coenzyme known thiamine
pyrophosphate. Thiamine pyrophosphate is involved in carbohydrate metabolism.
Thiamine pyrophosphate is also involved in the hexose monophosphate shunt. It is
a neuro-protective agent (Ikeda et al. 2016). Thiamine is found in nuts, potatoes,
meat, beans, and cereals. Its deficiency leads to a disease known as beriberi. It is
often observed in polished rice-eating communities because, in polished rice, the
seed coat, which contains this vitamin, is removed. There are three types of beriberi:
dry, wet and infantile (Romagnoli et al. 2012). Thiamine is a co-catalyst in sugar
digestion and is necessary to the function of the heart, nerves, and muscles. Vitamin
B1 sources include unmilled oat, wheat germ, beets, nuts, meat, lentils, potatoes,
pork, eggs, poultry, dried beans, green peas, beans, green verdant vegetables.
Thiamine insufficiency can cause beriberi, polyneuritis, mental disarray, ataxia or
Wernicke-Korsakoff syndrome in alcoholics. Excess can lead to tachycardia,
migraines or peevishness, a sleeping disorder (Wiley and Gupta 2019).

9.3.2.2 Riboflavin (Vitamin B2)

Riboflavin (or lactoflavin) is a yellow crystalline substance. Riboflavin is found in
grain, milk, eggs, liver, oats, and green verdant vegetables. It is involved in tissue
respiration. Its derivatives are FAD (flavin adenine dinucleotide in its oxidized state)
and FADH, (FAD in its reduced form). FADH, gives two ATP in the electron trans-
port chain. FAD and FADH, are involved in oxidation-reduction reactions. One
FADH, is obtained in the TCA cycle (Barile et al. 2016). These act as coenzymes in
the alpha-keto glutarate dehydrogenase and succinate dehydrogenase complexes.
Its deficiency results in a condition known as ariboflavinosis. Ariboflavinosis is
characterized by cheilosis (textured desquamation of the skin around the mouth),
glossitis (sparkly red and sore tongue), soreness of the lips, eye disturbances and
photophobia (light sensibility), oily skin the nose, scrotal dermatitis (Henriques
et al. 2010).

9.3.2.3 Niacin (Vitamin B3)

It is a water-soluble vitamin essential to the human diet, but can be synthesized in
the body from tryptophan. Its deficiency leads to a condition known as pellagra. It
is found in some cereals, yeast extracts, and meat. In the body, niacin is converted
to the NAD (nicotinamide adenine dinucleotide) coenzyme. These co-enzymes are
involved in oxidation-reduction reactions. They act as coenzymes of the isocitrate
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dehydrogenase, alpha-ketoglutarate dehydrogenase and malate dehydrogenase
complexes (Ronsein et al. 2016). Niacin has lipid-lowering effects and can be used
in the treatment of diabetes mellitus (Elam et al. 2000).

9.3.2.4 Pantothenic Acid (B5)

It is a member of the vitamin B complex group. As part of the fatty acid synthase
and of coenzyme A, it is involved in hormonogenesis and energy production.
Patients with pantothenic acid deficit may develop adrenal insufficiency, enteritis or
dermatological conditions (alopecia, dermatitis etc) (Lykstad and Sharma 2019).

9.3.2.5 Biotin (Vitamin B7)

Biotin is also considered as a member of the B-complex group. It helps in the syn-
thesis of fatty acids, utilization of glucose, metabolism of proteins, and utilization
of vitamin B;, and folic acid. The effects of biotin deficiency or excess have
remained unknown. It is obtained from green beans, egg yolk, dark green vegeta-
bles, kidneys and liver (Hsu et al. 2016).

9.3.2.6 Folic Acid (Vitamin B9)

Folic acid is the synthesized form of folate, a water-soluble vitamin, found in green
leafy vegetables, fruits and liver. Following conversion, vitamin B9 or folate
becomes tetrahydrofolate, its active form. It is an essential molecule in the synthesis
of nucleic acids (DNA and RNA). Folate deficiency can lead to neural tube defects,
thus pregnant women should receive folate supplementations as a preventive
method. Folate deficiency can also cause megaloblastic anemia, a type of macro-
cytic anemia, and prompts a differential diagnosis with vitamin B, deficiency,
which also causes megaloblastic anemia (Lykstad and Sharma 2019; Ankar and
Kumar 2019).

Methylenetetrahydrofolate is involved in the synthesis of thymidine, an impor-
tant component of the DNA. Neural tube defects are common in children whose
mothers were deficient in folic acid during pregnancy (Hodgetts et al. 2015). Neural
tube defects can be prevented in children whose mothers receive folic acid supple-
ments during pregnancy. Methyl vitamin B, mediates the reaction in which the
amino acid methionine, which is required for the synthesis of myelin, is generated
from homocysteine. During this process, methyl tetrahydrofolate is also converted
to tetrahydrofolate. The normal generation of methyl tetrahydrofolate depends upon
an adequate supply of both folic acid and vitamin B,,. Deficiency of either of them
can produce a defect in all the tissues with rapid rate of cellular proliferation, e.g.
the bone marrow (resulting in megaloblastic anaemia) and the gastrointestinal tract.
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The administration of large doses of folic acid in a patient with vitamin B, deficiency
may alleviate the anaemia but it cannot cure or may even aggravate the neurological
deficit, by increasing the tissue demand of vitamin B, (Reynolds 2014).

9.3.2.7 Cobalamin (Vitamin B12)

Vitamin B, (cyanocobalamin) is a water-soluble vitamin found in meat, dairy prod-
ucts, fish and eggs. (Hariz and Bhattacharya 2019). It is essential for the normal
production of red blood cells by the bone marrow and for the growth of nervous
cells. Vitamin B, deficiency causes megaloblastic anemia and, via myelin damage,
neurological deficits (ataxia, neuropathy) or even neuropsychiatric symptoms such
as dementia. Vegan diets contain insufficient amounts of vitamin B,,. Folate defi-
ciency can also cause megaloblastic anemia and should be taken into account when
looking for the potential cause of the anemic syndrome (Lykstad and Sharma 2019;
Ankar and Kumar 2019).

9.3.2.8 Vitamin C

Vitamin C (ascorbic acid) is a crystalline solid which is soluble in water (Halliwell
2001). Most animals and plants synthesize ascorbic acid; however, primates and
humans lack gluconolactone oxidase, a key enzyme in the final step of ascorbate
synthesis. Thus, in these species, the daily requirements of vitamin C should come
from the diet. Oranges, lemons, grapefruit, leafy green vegetables and beef liver are
the best sources of vitamin C (Ferraro et al. 2016). Vitamin C is needed to form col-
lagen that gives strength to the connective tissues and required for wound healing
and a normal immune function. Vitamin C deficiency causes changes in the connec-
tive, leading to the development of scurvy, a disease in which the synthesized col-
lagen is unstable. The symptoms of scurvy include muscle pain, joint swelling, and
bleeding. Vitamin C acts as antioxidant and free oxygen radical scavenger and can
be used topically in skin disorders, including those caused by photo-aging (Sorice
et al. 2014; Luis Gomez et al. 2018). The hyperpigmentation of the skin can be
treated with vitamin C, since it inhibits the activity of melanocytes, i.e. the cells
involved in the synthesis of melanin (Telang 2013).

9.4 Minerals

Minerals are inorganic elements that cannot be synthesized in the body but obtained
from the diet. They are naturally present in soil and water. Some are essential to liv-
ing organisms while some are very toxic. Plants absorb significant amount of miner-
als from the environment and usually passed them along the food chain to animals.
The deficiency of such nutritionally important minerals usually proves fatal.
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Minerals are key elements of the body. They are needed in the buildup and function
of important biomolecules in the human body. Although, minerals are not a source
of energy in the body but they are necessary for the maintenance of normal bio-
chemical processes in the body (Zhao et al. 2016). Based on the body needs, these
essential minerals can be classified as either a macro or micro (trace) minerals.

9.4.1 Macro-Minerals

Macro-minerals are nutritionally important minerals such as sodium, calcium,
phosphorus, magnesium and potassium. They are classified as macro because the
average adult daily requirement is greater than 100 mg/day (Prashanth et al. 2015).

94.1.1 Calcium

It is obtained from hard water, shellfish, fish, dark green leafy vegetables and milk
(Jeurnink and De Kruif 1995). Calcium is a mineral which is essential for an ade-
quate growth and bone development (Matkovic and Ilich 1993). It is a common
mineral found in blood (McCarron and Reusser 1999). Cells require an adequate
amount of calcium to perform various functions (Miller et al. 2001). Teeth and
bones are rich in calcium (Vallet-Regi and Gonzdlez-Calbet 2004 ). It is also involved
in blood clotting (Hall et al. 1991). Most of the calcium is found in bones (Reid
et al. 2015). The total extracellular fluid space contains about 900 mg of calcium
which is in dynamic equilibrium with the skeleton (Bronner and Stein 1995). About
1% of the skeletal calcium (10 g) is readily exchangeable with the calcium in extra-
cellular fluids and constitutes a large calcium reservoir. The remaining 99% of the
bone calcium is only slowly exchangeable. Nearly 500 mg of calcium are deposited
in and mobilized from the bones daily in a continuous process of remodelling.
Calcium is secreted into the intestine through bile, pancreatic juice, and intestinal
secretion but is completely reabsorbed. As the blood level of calcium decreases,
bones start to release calcium to increase the calcemia. When the calcium level
increases in the blood, it is deposited in bones or excreted in urine. Calcium is
involved in the nerve function, contraction of muscles and clotting of blood. Its level
in blood is maintained by the parathyroid hormone and calcitonin. The daily-
recommended allowance for calcium is 1 g per day. Vitamin D is involved in the
uptake of calcium by the body. Its deficiency results in rickets, osteoporosis, and
osteomalacia. Tetany may occur due to the deficiency of calcium in the blood.
Causes of hypocalcaemia include chronic renal failure (Naveh-Many et al. 1995),
phosphate therapy etc. (Vélimiki et al. 1999). The excess amount of calcium in the
blood can result in the development of kidney stones (Pettifor 2008; Sahay and
Sahay 2012).
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94.1.2 Sodium

Sodium (natrium) is present in most foods and its dietary deficiency is rare. Sodium
is involved in the control of blood. Sodium chloride is the most common form of
sodium which is marketed as table salt (Cogswell et al. 2016). Kidneys are the main
regulators of body sodium and normally 98% of the body loss of sodium occurs in
urine. If more sodium is ingested, its excretion in the urine increases. If less sodium
is ingested or if plasma sodium falls due to any reason, sodium may totally disap-
pear from the urine. This is usually through the adrenocortical hormone aldoste-
rone, which increases the tubular reabsorption of sodium in the renal tubules. An
increased level of sodium in the blood defines hypernatremia, and is characterized
by seizures, oedema, neuromuscular excitability, irritability, weakness and lethargy
(Kalogeropoulos et al. 2015; Xi et al. 2015).

9.4.1.3 Magnesium

Magnesium is obtained from hard water, spices, apricots, bananas, soybeans, nuts,
green leafy vegetables, and whole grains. It aids in the maintenance of bone growth
and integrity and is involved in the regulation of the cardiac cycle and the function-
ing of muscles and nerves. Deficiency diseases are hypomagnesaemia and neuro-
muscular irritability. Toxicity symptoms are hypotension, respiratory failure, and
cardiac disturbances (Allen and Sharma 2019; Gragossian and Friede 2019).

9.4.1.4 Potassium

It is obtained from whole and skimmed milk, meat, bananas, raisins and prunes. A
proper plasma potassium level is essential for the normal heart functioning.
Potassium ions also take part in the normal functioning of skeletal muscle fibers.
Potassium is needed for many enzyme reactions (Weaver 2013). Glycogenesis
requires the presence of potassium. Insulin administration causes a fall in plasma
potassium level because the deposition of glycogen brought about by insulin is also
accompanied by the deposition of potassium. Moreover, insulin also increases pro-
tein synthesis within the cells, which by binding potassium ions can lead to a low
plasma potassium level. Potassium deficiency leads to hypokalemia, paralysis, and
cardiac disturbances. Excessive potassium levels lead to hyperkalemia, paralysis
and cardiac disturbances (He and MacGregor 2008).

9.4.1.5 Phosphorus

It is obtained from legumes, nuts, cereals, fish, meat, cheese and poultry (Takeda
et al. 2012). The bioavailability of minerals such as iron and zinc may be low in a
total vegetarian diet because of the presence of substances such as phytic acid.
Besides, large amounts of dietary fiber may interfere with its proper absorption.



162 M. Akram et al.

Because humans are omnivorous, trace element deficiencies are unlikely to develop.
Studies have shown that mineral deficiencies are not more frequent among vegetar-
ians than among non-vegetarians. In fact, man’s need for trace elements has not yet
been precisely determined. Trace elements should not be used as dietary supple-
ments, since excessive amounts can have injurious effects. Phosphorus is involved
in the formation of bone and teeth, ATP, GTP and UTP. It is a component of DNA
and RNA, it is present in phospholipids and it forms part of cell membranes.
Hyperphosphatemia can occur in renal failure (Arai and Sakuma 2015).

9.4.2 Trace Elements

As the name implies, trace elements are essential group of minerals, which are
needed, in small quantity for the day-to-day metabolic processes in man. They are
regarded, as trace elements because their daily requirement should be below 100 mg,
above which can be toxic to health. However, the deficiency of any of these trace
elements can lead to serious health challenges (Prashanth et al. 2015). Trace miner-
als include iron, copper, zinc, iodine, manganese etc. (Table 9.2).

Table 9.2 Trace minerals, functions and sources

S/N | Minerals Functions Sources References
1 Iron (Fe) Helps in the formation of heme | Fe is widely Fairweather-
proteins needed for the transport | distributed in organ Tait and Hurrell
of oxygen to the red blood cells, | meats, red meats (1996)
flavoproteins and other enzymes. | (30-70% is haem
iron), egg yolks;
legumes; dried fruits;
dark, leafy greens;
iron-enriched breads
and cereals; and
fortified cereals; fish;
poultry; shellfish
2 | Copper (Cu) | Part of many enzymes including | Foods high in copper | Fairweather-
metalloenzymes; needed for red | include liver, kidney, Tait and Hurrell
blood cell formation, connective | shellfish, wholegrain (1996)

cereals and nuts. Soft
or acidic water passing
through copper pipes
can also contribute
copper to the diet.

tissues

3 Zinc (Zn)

It plays main roles in the
cell-mediated immunity, bone
formation, tissue growth, brain
function, growth of the fetus and
child. It also has roles in
pathogenesis of some
dermatological disorders.

Meats, fish, poultry,
oysters, leavened
whole grains,
vegetables

Bagherani and
Smoller (2016)

(continued)
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Table 9.2 (continued)
S/N | Minerals Functions Sources References
4 Todine (I) Growth and development, Seafood, foods grown | Fairweather-
Metabolism, Reproduction, in iodine-rich soil, Tait and Hurrell
Thyroid hormone production iodized salt, bread, (1996)

dairy products

5 Selenium Anti-oxidant; Selenium is
needed for the proper
functioning of the immune
system, and appears to be a key
nutrient in counteracting the
development of virulence and
inhibiting HIV progression to
AIDS. It is required for sperm
motility and may reduce the risk
of miscarriage.

Meats, seafood, grains.
Cereals, seafood and
meat products are the
richest sources of Se
and are the main
contributors to the
daily Se intake,
whereas vegetables,
fruits and beverages
are generally in Se

Combs (1988),
Fairweather-
Tait and Hurrell
(1996) and
Margaret
(2000)

Chromium acts as an
antioxidant. It also helps to
decrease insulin resistance in
diabetic patients

6 Chromium
(Cr)

Dietary sources of
chromium include
brewer’s yeast, cheese,
pork kidney, whole
grain breads and
cereals, molasses,
spices and some bran
cereals. Lean beef,
oysters, eggs, and
turkey are sources of
chromium

Anderson et al.
(1992),
Anderson
(2000) and
Tulasi and Rao
(2014)

It activates numerous

enzymes — such as hydrolases,
transferases, kinases, and
decarboxylases — and is a
constituent of some enzymes.
Manganese also plays a role in
blood clotting and hemostasis in
conjunction with vitamin K.

7 Manganese
(Mn)

Manganese is present
in a wide variety of
foods, including whole
grains, clams, oysters,
mussels, nuts,
soybeans and other
legumes, rice, leafy
vegetables, coffee, tea,
and many spices, such
as black pepper.

Watts (1990),
Aschner and
Aschner (2005)
and Buchman
(2014)

8 Flouride (F) | It is involved in formation of
bones and teeth; helps prevent

dental decay and caries.

Drinking water (either
fluoridated or naturally
containing fluoride),
fish, and most
beverages, from oral
tooth pastes as well.

O’Mullane
etal. (2016)

Functions as a cofactor for at
least four enzymes: sulfite
oxidase, xanthine oxidase,
aldehyde oxidase, and
mitochondrial amidoxime
reducing component.

9 | Molybdenum
(Mo)

Legumes; nuts, breads
and grains; leafy
greens; leafy, green
vegetables; milk; liver

Novotny (2011)

Source: Modified from https://www.uofmhealth.org/health-library/ta3912
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94.2.1 Iron

Iron is obtained from green leafy vegetables, dried nuts, beans, peas, egg yolk, red
meat, kidney, and liver. Iron is one of the most abundant metals present in the body
and is essential for life. As a component of haemoglobin and myoglobin, it is
involved in the transfer of oxygen between blood and tissues. In most of the cells,
iron is present as a component of enzymes involved in oxidation-reduction reac-
tions. At birth of an infant, large amount of iron (246 mg) accumulates in the body.
This iron storage depends on the iron intake of the mother during pregnancy. The
greatest demand for iron is during the last 3 months of pregnancy. The developing
fetus requires about 20-30 mg/day of iron in the pregnant woman. The iron in diet
comes in the form of haem and non-haem. Haem has a higher bioavailability and
can be found in meat, fish, poultry, and milk (Abbaspour et al. 2014). Non-haem is
found in varying degrees in plant products. Iron deficiency leads to hypochromic
microcytic anaemia. Factors that reduce iron absorption are the surgical removal
of the upper small intestine, subtotal gastrectomy, chronic infections, achlorhydria
and anti-acid therapy, excess of phosphates and oxalates, diarrhoea and malab-
sorption. In the case of deficient intake of iron, blood loss or increased iron
demand, iron deposits in the body depletes, and anaemia occurs. Symptoms
include pallor, weakness, irritability, fissures of the angles of the mouth, heart
murmurs and indigestion (Lopez et al. 2016). Iron excess leads to the development
of cirrhosis, skin pigmentation, and hemochromatosis. In the United States of
America, 5% of men and 2% of women are suffering from anaemia (Johnson-
Wimbley and Graham 2011).

9.4.2.2 Chloride

Sources of chloride include cornbread, potato chips, green olives, and animal prod-
ucts. Chloride is necessary to maintain the composition of blood and to the forma-
tion of hydrochloric acid. It regulates the acid-base balance and the osmotic pressure.
Deficiency symptoms include alkalosis and failure to thrive in infants. Toxicity
symptoms include an increase in the extracellular volume and hypertension
(Shrimanker and Bhattarai 2019; Sur and Shah 2019).

9.4.2.3 Cobalt

Intestinal bacteria synthesize cobalt. It takes part in the formation of vitamin B,. It
is stored in the body in amounts of 1-2 mg. The liver stores enough cobalt for
3—4 years as hydroxyl cobalamine and methyl cobalamine. The daily requirements
are 2-3 microgram (Angelova et al. 2014).
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9.4.2.4 Copper

It is obtained from organ meats, nuts, dried legumes, whole grains, and cereals. In
food, it is present as copper complexes and released in the stomach due to the acidic
pH of the gastric juice. It is involved in bone formation and hematopoiesis. It is
absorbed in the small intestine mostly by diffusion and in small amounts using car-
riers. In the circulation, copper combines with albumin, reaches the liver, and incor-
porated into ceruloplasmin, which is distributed to the tissues. Copper is excreted
through bile in faeces and in urine, skin, hair, and nails. It is transported by albumin
and is bound to ceruloplasmin. It is part of certain enzymes like ferro-oxidase, cata-
lase, cytochrome oxidase and tyrosinase (Leone et al. 2006). It is required for red
blood cell production. Copper-containing proteins like ceruloplasmin contribute to
the absorption of iron in the gastrointestinal tract. Copper deficiency can cause
hypochromic anaemia. Copper toxicity manifests as hepatolenticular degeneration
and biliary cirrhosis (Patil et al. 2013).

94.2.5 Zinc

It is obtained from liver, muscle, oysters, cereals, and pulses. Infants need 5 mg/day,
children need 10 mg/day and adults need 35 mg/day. It is a constituent of metallo-
enzymes and enables cell growth and proliferation, sexual maturity, and fertility. It
improves immunity, appetite, and taste. Iron and copper reduce its absorption. Zinc
deficiency is rare and can be seen in patients with kidney diseases and in alcoholic
patients. The growth of children with zinc deficiency is reduced. Zinc toxicity
symptoms include the development of gastrointestinal diseases and a decreased
immune function (Prasad 2008; Bredholt and Frederiksen 2016).

9.4.2.6 Silicon

Elevated levels of silicon are present in the connective tissue of the aorta, i.e. col-
lagen and elastin components of the aortic wall. Silicon levels decline with ageing
and with the development of atherosclerosis. Silicon seems to reduce the levels of
fatty acids in the blood and the aorta. Fatty acids are associated with the formation
of atherosclerotic plaques. Studies have shown silicon supplements also help in the
prevention of osteoporosis (Jugdaohsingh 2007).

9.4.2.7 Manganese

It is obtained from nuts, cereals, and tea leaves. It is required for enzymes, such as
succinate dehydrogenase, arginase, and glucosyltransferase. It is required for the
synthesis of chondroitin sulphate which is necessary for cartilage formation (Tuschl
etal. 2013). It stabilizes the DNA and the RNA. The total body content is 15 mg and
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the daily requirement is of 4-10 mg. It is excreted in the bile and the pancreatic
juice. Its deficiency causes a defective bone formation and leads to glucose intoler-
ance, alopecia, reddening of hair and dermatitis. Toxicity symptoms include func-
tional abnormalities of the central nervous system (Pallauf et al. 2012).

9.4.2.8 Fluoride

It is obtained from seafood, vegetables, grains, tea, coffee (Moody et al. 1980) and
fluorinated water (Buzalaf et al. 2001). It is necessary for the mineralization of
bones, the development of the dental polish and the aversion of dental caries. Dental
caries can be prevented by the fluoridation of water and the addition of fluorides to
toothpaste. Fluoride salts can be administered to children in the form of drops, tab-
lets, and mouthwash. Toxicity leads to dental fluorosis (Iheozor-Ejiofor et al. 2013).

9.4.2.9 Iodine

Sources of iodine include seafood, iodized salts, eggs, dairy products and water. It
is an essential element for the normal growth and development of the body. Iodine
is necessary for the formation of thyroid hormones. Iodine deficiency occurs in
nearly 2.6 billion individuals. Various degrees of iodine deficiency affect 50 million
children worldwide (Ershow et al. 2016). Iodine cannot be stored in the body and
requires a lifetime intake in tiny amounts. Common salt fortified with iodine can be
used as an effective intervention for a long time. Iodine deficiency can lead to the
development of goiter. The daily-recommended dietary allowance of iodine is 40
microgram/day. It is used also as antiseptic, as skin disinfectant prescribed in the
form of povidone-iodine (Durani and Leaper 2008).

9.4.2.10 Selenium

Selenium is a mineral with antineoplastic effects against colon cancer, breast cancer
and possibly other malignancies (Hoffmann and Berry 2008). It is a natural antioxi-
dant (Gaman et al. 2014). The amount of selenium present in food depends on how
much selenium was found in the soil where the food had grown. It is obtained from
animal and vegetal products. The richest food sources of selenium include muscle
meat, cereals, grains, and dairy products like eggs. It partakes in the activity of
metallo-enzymes and protein synthesis, prevents liver necrosis, stimulates pancre-
atic lipase secretion and is involved ATP generation. Selenium deficiency causes
hemolytic anaemia, muscle necrosis, and cardiomyopathy. The excess of selenium
causes toxicity-dermatitis, loss of hair and gives a garlic odour in breath
(Rayman 2012).
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9.5 Summary and Conclusion

Vitamins and minerals are essential substances for the normal functioning and
development of the body. There are two classes of vitamins namely: Fat-soluble and
Water-soluble vitamins. The known vitamins include A, C, D, E, and K, and the B
vitamins: thiamin (B,), riboflavin (B,), niacin (B3), pantothenic acid (Bs), pyridox-
ine (Bg), cyanocobalamin (B,), biotin, and folate/folic acid. A number of minerals
are essential for health: calcium, phosphorus, potassium, sodium, chloride, magne-
sium, iron, zinc, iodine, sulfur, cobalt, copper, fluoride, manganese, and selenium.
The essential minerals of the body are divided into two viz-a-viz: macrominerals
and trace minerals. The trace minerals are those that are required in small amounts
by the body but do not imply they have little significance to the body. Micronutrients
satisfy both the qualitative and quantitative requirements in the human diet and are
consumed in moderate amounts.

References

Abbaspour N, Hurrell R, Kelishadi R (2014) Review on iron and its importance for human health.
J Res Med Sci: Off J Isfahan Univ Med Sci 19(2):164

Abrha T, Girma Y, Haile K, Hailu M, Hailemariam M (2016) Prevalence and associated factors
of clinical manifestations of vitamin a deficiency among preschool children in asgede-tsimbla
rural district, North Ethiopia, a community based cross sectional study. Arch Public Health
74(1):4

Advisory Committee on Technology Innovations (1975) Buriti palm. In: Underexploited tropical
plants with promising economic value. Report of an Ad Hoc Panel of the Advisory Committee
on Technology Innovations, Board on Science and Technology for International Development,
Commission on International Relations. Washington, DC, National Academy of Sciences,
pp 133-137

Allen LH, Dror DK (2018) Introduction to current knowledge on micronutrients in human milk:
adequacy, analysis, and need for research. Adv Nutr 9(suppl_1):275S-277S

Allen MJ, Sharma S (2019) Magnesium. [Updated 2019 Apr 4]. In: StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.ncbi.nlm.nih.gov/
books/NBK519036/

Anderson RA (2000) Chromium in the prevention and control of diabetes. Diabetes Metab
26(1):22-27

Anderson RA, Bryden NA, Polansky MM (1992) Dietary chromium intake: freely chosen diets,
institutional diets and individual foods. Biol Trace Elem Res 32:117-121

Angelova MG, Petkova-Marinova TV, Pogorielov MV, Loboda AN, Nedkova-Kolarova VN,
Bozhinova AN (2014) Trace element status (iron, zinc, copper, chromium, cobalt, and nickel)
in iron-deficiency anaemia of children under 3 years. Anemia 2014:1-8

Ankar A, Kumar A (2019) Vitamin B12 Deficiency (Cobalamin) [Updated 2019 Jan 11]. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK441923/

Arai H, Sakuma M (2015) Bone and nutrition. Bone and phosphorus intake. Clin Calcium
25(7):967-972

Aschner JL, Aschner M (2005) Nutritional aspects of manganese homeostasis. Mol Asp Med
26:353-362


https://www.ncbi.nlm.nih.gov/books/NBK519036/
https://www.ncbi.nlm.nih.gov/books/NBK519036/
https://www.ncbi.nlm.nih.gov/books/NBK441923/

168 M. Akram et al.

Aviva FV (2010) Thiamine (Vitamine B1). J Evid Based Compliment Altern Med 16(1):12-20

Bagherani N, Smoller BR (2016) An overview of zinc and its importance in dermatology- Part I:
importance and function of zinc in human beings. Glob Dermatol 3(5):330-336. https://doi.
org/10.15761/GOD.1000185

Barile M, Giancaspero TA, Leone P, Galluccio M, Indiveri C (2016) Riboflavin transport and
metabolism in humans. J Inherit Metab Dis 39(4):545-557

Bellizzi MC et al (1994) Vitamin E and coronary heart disease: the European paradox. Eur J Clin
Nutr 48:822-831

Birringer M, Blumberg JB, Eggersdorfer M, Frank J, Weber P (2019) History of Vitamin E
research. Vitam E Human Health:7-18. https://doi.org/10.1007/978-3-030-05315-4_2

Booth SL, Johns T, Kuhnlein HV (1992) Natural food sources of vitamin A and provitamin
A. UNU Food Nutr Bull 14:6-19

Booth SL et al (1993) Vitamin K1 (phylloquinone) content of foods: a provisional table. J Food
Compos Anal 6:109-120

Booth SL, Davidson KW, Sadowski JA (1994) Evaluation of an HPLC method for the determina-
tion of phylloquinone (vitamin K1) in various food matrices. J Agric Food Chem 42:295-300

Bredholt M, Frederiksen JL (2016) Zinc in multiple sclerosis: a systematic review and meta-
analysis. ASN Neuro 8(3):1759091416651511

Bronner F, Stein WD (1995) Calcium homeostasis—an old problem revisited. J Nutr
125(suppl_7):1987S-1995S

Buchman AR (2014) Manganese. In: BC ACR, Cousins RJ, Tucker KL, Ziegler TR (eds) Modern
nutrition in health and disease, 11th edn. Lippincott Williams & Wilkins, Baltimore, pp 238-244

Buzalaf M, Granjeiro JM, Damante CA (2001) Fluoride content of infant formulas prepared with
deionized, bottled mineral and fluoridated drinking water. ASDC J Dent Child 68(1):37-41. 10

Christakos S, Dhawan P, Verstuyf A, Verlinden L, Carmeliet G (2015) Vitamin D: metabolism,
molecular mechanism of action, and pleiotropic effects. Physiol Rev 96(1):365—408

Cogswell ME, Mugavero K, Bowman BA, Frieden TR (2016) Dietary sodium and cardiovascular
disease risk—measurement matters. N Engl ] Med 375(6):580

Combs Jr, G. F. (1988). Selenium in foods. Adv Food Res 32:85-113

Conly JM, Stein K (1992) Quantitative and qualitative measurements of K vitamins in human
intestinal contents. Am J Gastroenterol 87:311-316

Derbyshire E (2018) Micronutrient intakes of British Adults Across Mid-Life: A secondary analy-
sis of the UK national diet and nutrition survey. Frontiers in Nutrition 5

Durani P, Leaper D (2008) Povidone—iodine: use in hand disinfection, skin preparation and anti-
septic irrigation. Int Wound J 5(3):376-387

Elam MB, Hunninghake DB, Davis KB, Garg R, Johnson C, Egan D, Kostis JB, Sheps DS, Brinton
EA, ADMIT Investigators (2000) Effect of niacin on lipid and lipoprotein levels and glycemic
control in patients with diabetes and peripheral arterial disease: the ADMIT study: a random-
ized trial. JAMA 284(10):1263-1270

Ershow AG, Goodman G, Coates PM, Swanson CA (2016) Research needs for assessing iodine
intake, iodine status, and the effects of maternal iodine supplementation. Am J Clin Nutr
104(suppl_3):9415-949S

Fairweather-Tait S, Hurrell RF (1996) Bioavailability of minerals and trace elements: Members of
EC flair concerted action no. 10: Measurements of micronutrient absorption and status. Nutr
Res Rev 9(1):295-324

Feldman D, Glorieux FH, Pike JW (1997) Vitamin D. Academic, New York

Ferraro PM, Curhan GC, Gambaro G, Taylor EN (2016) Total, dietary, and supplemental vitamin
C intake and risk of incident kidney stones. Am J Kidney Dis 67(3):400—407

Gaman AM, Buga AM, Gaman MA, Popa-Wagner A (2014) The role of oxidative stress and
the effects of antioxidants on the incidence of infectious complications of chronic lym-
phocytic leukemia. Oxid Med Cell Longev 2014: Article ID 158135, 6 p, https://doi.
org/10.1155/2014/158135


https://doi.org/10.15761/GOD.1000185
https://doi.org/10.15761/GOD.1000185
https://doi.org/10.1007/978-3-030-05315-4_2
https://doi.org/10.1155/2014/158135
https://doi.org/10.1155/2014/158135

9 Vitamins and Minerals: Types, Sources and their Functions 169

Gaman AM, Egbuna C, Gaman MA (2019) Natural bioactive lead compounds effective against hae-
matological malignancies. In: Egbuna C, Kumar S, Ifemeje JC, Ezzat SM, Kaliyaperumal S (eds)
Phytochemicals as Lead compounds for new drug discovery. Elsevier, Amsterdam/Cambridge
MA, pp 95-115. https://doi.org/10.1016/B978-0-12-817890-4.00006-8

Gheorghe G, Stoian AP, Gaman MA, Socea B, Neagu TP, Stanescu AMA, Bratu OG, Mischianu
DLD, Suceveanu Al, Diaconu CC (2019) The benefits and risks of antioxidant treatment in
liver diseases. Rev Chim 70(2):651-655

Gomez-Pomar E, Hatfield E, Garlitz K, Westgate PM, Bada HS (2018) Vitamin E in the preterm
infant: a forgotten cause of Hemolytic Anemia. Am J Perinatol 35(03):305-310

Gragossian A, Friede R (2019) Hypomagnesemia. [Updated 2019 Feb 23]. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.ncbi.nlm.
nih.gov/books/NBK500003/

Graslund S, Nordlund P, Weigelt J, Hallberg BM, Bray J, Gileadi O et al (2008) Protein production
and purification. Nat Methods 5(2):135

Gregory SK (2011) Pantothenic acid. Monogr Altern Med Rev 16(3):263-274

Hall D, Cromwell G, Stahly T (1991) Effects of dietary calcium, phosphorus, calcium: phosphorus
ratio and vitamin K on performance, bone strength and blood clotting status of pigs. J Anim
Sci 69(2):646-655

Hans KB, Jana T (2018) Micronutrients in the life cycle: Requirements and sufficient supply. NFS
Journal, 11:1-11

Halliwell B (2001) Vitamin C and genomic stability. Mutat Res/Fundam Mol Mech Mutagen
475(1):29-35

Hariz A, Bhattacharya PT (2019) Megaloblastic Anemia. [Updated 2019 Jan 23]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK537254/

He FJ, MacGregor GA (2008) Beneficial effects of potassium on human health. Physiol Plant
133(4):725-735

Henriques BJ, Olsen RK, Bross P, Gomes CM (2010) Emerging roles for riboflavin in functional
rescue of mitochondrial B-oxidation flavoenzymes. Curr Med Chem 17(32):3842-3854

Hodgetts V, Morris R, Francis A, Gardosi J, Ismail K (2015) Effectiveness of folic acid supple-
mentation in pregnancy on reducing the risk of small-for-gestational age neonates: a population
study, systematic review and meta-analysis. BJOG: Int J Obstet Gynaecol 122(4):478-490

Hoffmann PR, Berry MJ (2008) The influence of selenium on immune responses. Mol Nutr Food
Res 52(11):1273-1280

Hsu S-M, Raine L, Fanger H (2016) A comparative study of the peroxidase-antiperoxidase method
and an avidin-biotin complex method for studying polypeptide hormones with radioimmunoas-
say antibodies. Am J Clin Pathol 75(5):734-738

Theozor-Ejiofor Z, O’Malley LA, Glenny AM, Macey R, Alam R, Tugwell P et al (2013) Water
fluoridation for the prevention of dental caries. Cochrane Database Syst Rev 12

Ikeda K, Liu X, Kida K, Marutani E, Hirai S, Sakaguchi M et al (2016) Thiamine as a neuroprotec-
tive agent after cardiac arrest. Resuscitation 105:138—-144

Janos Z, Wijeratne SS, Yousef IH (2009) Biotin. Biofactors 35(1):36—46

Jeurnink TJ, De Kruif KG (1995) Calcium concentration in milk in relation to heat stability and
fouling. Neth Milk Dairy J 49:151-151

Johnson-Wimbley TD, Graham DY (2011) Diagnosis and management of iron deficiency anemia
in the 21st century. Ther Adv Gastroenterol 4(3):177-184

Juan M, Raquel A, Josune O, Javier A, Agel G, Rose MO, Lluis SM, Gregorio VM, Marcela GG
(2018) Dietary intake and food sources of niacin, riboflavin, Thiamin and Vitamin B6 in a rep-
resentative sample of the Spanish population. The ANIBES study. Nutrients 10(7):846

Jugdaohsingh R (2007) Silicon and bone health. J Nutr Health Aging 11(2):99

Kalogeropoulos AP, Georgiopoulou VV, Murphy RA, Newman AB, Bauer DC, Harris TB et al
(2015) Dietary sodium content, mortality, and risk for cardiovascular events in older adults: the
health, aging, and body composition (Health ABC) study. JAMA Intern Med 175(3):410-419


https://doi.org/10.1016/B978-0-12-817890-4.00006-8
https://www.ncbi.nlm.nih.gov/books/NBK500003/
https://www.ncbi.nlm.nih.gov/books/NBK500003/
https://www.ncbi.nlm.nih.gov/books/NBK537254/
https://www.ncbi.nlm.nih.gov/books/NBK537254/

170 M. Akram et al.

Kamangar F, Emadi A (2012) Vitamin and mineral supplements: do we really need them? Int J
Prev Med 3(3):221

Kelly RJ, Gruner TM, Furlong JM, Sykes AR (2006) Analysis of corrinoids in ovine tissues.
Biomed Chromatogr 20:806-814

Kemnic TR, Coleman M (2019) Vitamin E Deficiency. [Updated 2019 Nov 16]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK519051/

Kennel KA, Drake MT, Hurley DL (2010) Vitamin D deficiency in adults: when to test and how to
treat. Mayo Clin Proc 85(8):752-758

Kunisawa J, Hashimoto E, Ishikawa I, Kiyono H (2012) A pivotal role of Vitamin B9 in the
maintenance of regulatory T cells In Vitro and In Vivo. PLoS One 7(2):e32094. https://doi.
org/10.1371/journal.pone.0032094

Leone N, Courbon D, Ducimetiere P, Zureik M (2006) Zinc, copper, and magnesium and risks for
all-cause, cancer, and cardiovascular mortality. Epidemiology 17(3):308-314

Lopez A, Cacoub P, Macdougall IC, Peyrin-Biroulet L (2016) Iron deficiency anaemia. Lancet
387(10021):907-916

Luis Gomez A, Tchekalarova JD, Atanasova M, da Concei¢cdo Machado K, de Sousa Rios MA,
Jardim MFP et al (2018) Anticonvulsant effect of anacardic acid in murine models: putative
role of GABAergic and antioxidant mechanisms. Biomed Pharmacother 106:1686-1695.
https://doi.org/10.1016/j.biopha.2018.07.121

Lule VK, Garg S, Gosewade SC, Tomar SK (2016) Niacin. In: Caballero B, Fingelas P, Toldra F
(eds) The Encyclopedia of food and health, vol 4. Academic, Oxford, pp 63-72

Lykstad J, Sharma S (2019) Biochemistry, Water Soluble Vitamins. [Updated 2019 Feb 16]. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK538510/

Makarchikov AF (2009) Vitamin B1: metabolism and functions. Biochem (Moscow) Suppl Ser B
Biomed Chem 3(2):116-128

Marcelina P, Seth S, Hanjo H (2018) Vitamin By and its role in cell metabolism and physiology.
Cell 7(84):1-28

Margaret PR (2000) The importance of selenium to human health. Lancet 356(9225). https://doi.
org/10.1016/S0140-6736(00)02490-9

Matkovic V, Ilich JZ (1993) Calcium requirements for growth: are current recommendations ade-
quate? Nutr Rev 51(6):171-180

McCarron DA, Reusser ME (1999) Finding consensus in the dietary calcium-blood pressure
debate. ] Am Coll Nutr 18(sup5):398S—405S

Miller GD, Jarvis JK, McBean LD (2001) The importance of meeting calcium needs with foods. J
Am Coll Nutr 20(2):168S-185S

Moisa C, Gaman MA, Pascu EG, Dragusin OC, Assani AD, Epingeac ME, Gaman AM (2018)
The role of oxidative stress in essential thrombocythemia. Arch Balk Med Union 53(1):70-75

Moody G, Ong B, Quinlan K, Riah A, Thomas J (1980) The determination of fluorine in coftee
and tea using a microprocessor coupled with a fluoride ion-selective electrode. Int J Food Sci
Technol 15(3):335-343

Nair R, Maseeh A (2012) Vitamin D: the “sunshine” vitamin. J Pharmacol Pharmacother 3(2):118

Naveh-Many T, Rahamimov R, Livni N, Silver J (1995) Parathyroid cell proliferation in normal
and chronic renal failure rats. The effects of calcium, phosphate, and vitamin D. J Clin Invest
96(4):1786-1793

Novotny JA (2011) Molybdenum Nutriture in Humans. J Evid Based Complement Alter Med
16(3):164-168

Nutrient Data Laboratory. USDA National Nutrient Database for Standard Reference, Release 24
[Internet]. Available from http://www.ars.usda.gov/ba/bhnrc/nd

O’Mullane DM, Baez RJ, Jones S, Lennon MA, Petersen PE, Rugg Gunn AJ, Whelton H, Whitford
GM (2016) Fluoride and oral health. Community Dent Health 33:69-99


https://www.ncbi.nlm.nih.gov/books/NBK519051/
https://www.ncbi.nlm.nih.gov/books/NBK519051/
https://doi.org/10.1371/journal.pone.0032094
https://doi.org/10.1371/journal.pone.0032094
https://doi.org/10.1016/j.biopha.2018.07.121
https://www.ncbi.nlm.nih.gov/books/NBK538510/
https://doi.org/10.1016/S0140-6736(00)02490-9
https://doi.org/10.1016/S0140-6736(00)02490-9

9 Vitamins and Minerals: Types, Sources and their Functions 171

Ormsbee MJ, Bach CW, Baur DA (2014) Pre-exercise nutrition: the role of macronutrients,
modified starches and supplements on metabolism and endurance performance. Nutrients
6(5):1782-1808

Pallauf J, Kauer C, Most E, Habicht S, Moch J (2012) Impact of dietary manganese concentration
on status criteria to determine manganese requirement in piglets. J Anim Physiol Anim Nutr
96(6):993-1002

Patil M, Sheth KA, Krishnamurthy AC, Devarbhavi H (2013) A review and current perspective on
Wilson disease. J Clin Exp Hepatol 3(4):321-336

Pettifor JM (2008) Vitamin D and/or calcium deficiency rickets in infants and children: a global
perspective. Indian J Med Res 127(3):245

Piccardi N, Manissier P (2009) Nutrition and nutritional supplementation: impact on skin health
and beauty. Dermato-endocrinology 1(5):271-274

Pinto JT, Rivlin R (2013) In Book: Handbook of Vitamins. 5% Ed. 191-265

Prasad AS (2008) Zinc in human health: effect of zinc on immune cells. Mol Med 14(5-6):353

Prashanth L, Kattapagari KK, Chitturi RT, Baddam VRR, Prasad LK (2015) A review on role of
essential trace elements in health and disease. J Dr NTR Univ Health Sci 4(2):75

Rayman MP (2012) Selenium and human health. Lancet 379(9822):1256-1268

Reddy P, Jialal I (2018) Biochemistry, Vitamin, Fat Soluble. [Updated 2018 Nov 23]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK534869/

Reid I, Bristow S, Bolland M (2015) Calcium supplements: benefits and risks. J Intern Med
278(4):354-368

Reynolds E (2014) The neurology of folic acid deficiency. In: Handbook of clinical neurology, vol
120. Elsevier, Amsterdam, pp 927-943

Rodriguez-Amaya DB (2004) Carotenoids and food preparation: the retention of provitamin A
carotenoids in prepared, processed, and stored foods. Arlington, John Snow and Opportunities
for Micronutrient Interventions Project, 1997 http://www.mostproject.org/carrots2.pdf.
Accessed 24 June 2004

Romagnoli G, Luttik MA, Kétter P, Pronk JT, Daran J-M (2012) Substrate specificity of thia-
mine pyrophosphate-dependent 2-oxo-acid decarboxylases in Saccharomyces cerevisiae. Appl
Environ Microbiol 78(21):7538-7548

Ronsein GE, Hutchins PM, Isquith D, Vaisar T, Zhao X-Q, Heinecke JW (2016) Niacin ther-
apy increases high-density lipoprotein particles and Total cholesterol efflux capacity but not
ABCA 1-specific cholesterol efflux in statin-treated SubjectsSignificance. Arterioscler Thromb
Vasc Biol 36(2):404-411

Sahay M, Sahay R (2012) Rickets—vitamin D deficiency and dependency. Indian J Endocrinol
Metab 16(2):164

Schlueter and Johnston (2011) Vitamin C: overview and update. J Evid Based Complement Alter
Med 16(1):49-57

Schmolz L, Schubert M, Kluge S, Birringer M, Wallert M, Lorkowski S (2018) The hepatic fate
of Vitamin E, Vitamin E in health and disease, Jose Antonio Morales-Gonzalez, IntechOpen,
https://doi.org/10.5772/intechopen.79445.  Available from: https://www.intechopen.com/
books/vitamin-e-in-health-and-disease/the-hepatic-fate-of-vitamin-e

Shearer MJ, Bach A, Kohlmeier M (1996) Chemistry, nutritional sources, tissue distribution and
metabolism of vitamin K with special reference to bone health. J Nutr 126(Suppl):S1181-S1186

Shrimanker I, Bhattarai S (2019) Electrolytes. [Updated 2019 May 3]. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.ncbi.nlm.
nih.gov/books/NBK541123/

Sorice A, Guerriero E, Capone F, Colonna G, Castello G, Costantini S (2014) Ascorbic acid: its role
in immune system and chronic inflammation diseases. Mini Rev Med Chem 14(5):444-452
Sudha JD, Raveendran RL (2017) Vitamin C: Sources, functions, sensing and analysis. https://doi.

org/10.5772/intechopen.70162


https://www.ncbi.nlm.nih.gov/books/NBK534869/
https://www.ncbi.nlm.nih.gov/books/NBK534869/
http://www.mostproject.org/carrots2.pdf
https://doi.org/10.5772/intechopen.79445
https://www.intechopen.com/books/vitamin-e-in-health-and-disease/the-hepatic-fate-of-vitamin-e
https://www.intechopen.com/books/vitamin-e-in-health-and-disease/the-hepatic-fate-of-vitamin-e
https://www.ncbi.nlm.nih.gov/books/NBK541123/
https://www.ncbi.nlm.nih.gov/books/NBK541123/
https://doi.org/10.5772/intechopen.70162
https://doi.org/10.5772/intechopen.70162

172 M. Akram et al.

Sur M, Shah AD (2019) Alkalosis. [Updated 2019 Aug 4]. In: StatPearls [Internet]. Treasure Island
(FL): StatPearls Publishing; 2019 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK545269/

Takeda E, Yamamoto H, Yamanaka-Okumura H, Taketani Y (2012) Dietary phosphorus in bone
health and quality of life. Nutr Rev 70(6):311-321

Telang PS (2013) Vitamin C in dermatology. Indian Dermatol Online J 4(2):143

Tulasi G, Rao KJ (2014) Essentiality of chromium for human health and dietary nutrition.
J Entomol Zoolgy Stud 2(1):107-108

Tuschl K, Mills PB, Clayton PT (2013) Manganese and the brain. Int Rev Neurobiol 110:277-312.
Elsevier

Viliméki M, Kinnunen K, Volin L, T#hteld R, Loyttyniemi E, Laitinen K et al (1999) A prospective
study of bone loss and turnover after allogeneic bone marrow transplantation: effect of calcium
supplementation with or without calcitonin. Bone Marrow Transplant 23(4):355

Vallet-Regi M, Gonzalez-Calbet JM (2004) Calcium phosphates as substitution of bone tissues.
Prog Solid State Chem 32(1-2):1-31

Vuong LT (1997) An indigenous fruit of North Vietnam with an exceptionally high b-carotene
content. Sight Life Newsl 2:16-18

Watts DL (1990) The nutritional relationships of manganese. J Orthomolecular Med 5(4):219-222

Weaver CM (2013) Potassium and health. Adv Nutr 4(3):368S-377S

Welch RM, Graham RD (2004) Breeding for micronutrients in staple food crops from a human
nutrition perspective. J Exp Bot 55(396):353-364

WHO/FAO (2004) Handbook on vitamin and mineral requirements in human nutrition, 2nd ed.

Wiley KD, Gupta M (2019) Vitamin B1 Thiamine Deficiency (Beriberi) [Updated 2019 Jan 2]. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2019 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK537204/

Xi L, Hao Y-C, Liu J, Wang W, Wang M, Li G-Q et al (2015) Associations between serum potas-
sium and sodium levels and risk of hypertension: a community-based cohort study. J Geriatr
Cardiol: JGC 12(2):119

Zhao A, Xue 'Y, Zhang Y, Li W, Yu K, Wang P (2016) Nutrition concerns of insufficient and exces-
sive intake of dietary minerals in lactating women: a cross-sectional survey in three cities of
China. PLoS One 11(1):e0146483

Website References

Micronutrient Facts. https://www.cdc.gov/nutrition/micronutrient-malnutrition/micronutrients/
index.html
Micronutrients. https://www.unicef.org/nutrition/index_iodine.html


https://www.ncbi.nlm.nih.gov/books/NBK545269/
https://www.ncbi.nlm.nih.gov/books/NBK545269/
https://www.ncbi.nlm.nih.gov/books/NBK537204/

Chapter 10 )
Prebiotics, Probiotics, Synbiotics and Its <o
Importance in the Management of Diseases

Santwana Palai, Cecile Melisse P. Derecho, Shyam Sundar Kesh,
Chukwuebuka Egbuna, and Precious Chidinma Onyeike

10.1 Introduction

The concept of adding living microorganisms in food is not new. Fermented milk
has been in use as early as 2500 BC by Sumerians as a cough remedy. In 76 BC,
Plinius, a Roman historian discussed about gastroenteritis and the administration of
fermented milk products as its treatment. In the twentieth century, several authors
like Metchnikoff and Tissier, introduced the oral administration of living microor-
ganisms for diarrhea and to reduce the toxin-producing bacteria in the gut by modi-
fying the gut microbiota. Fermented products, such as beer, bread, wine, kefir,
kumis and cheese have also been used for nutritional and therapeutic purposes for
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decades (Yoo and Kim 2016). The intestinal microflora has mechanisms that alert
the host to an infection. The gastrointestinal tract maintains an extensive and highly
active immune system. And it is the microorganisms in the gut altogether that
functions to protect this microenvironment. These endogenous microflora aid in the
metabolic functions of the body, and assist in the development of the complex
mucosal and systemic immunoregulator circuitry. They protect the gastrointestinal
tract (GIT) against colonization by exogenous microbes and in the prevention of a
potential intestinal mucosal invasion by an incoming pathogen. So any alterations in
the intestinal microflora can cause dysbiosis. This dysbiosis is related to different
important pathologies to which many therapeutic strategies are now implemented
that aims in rebuilding and restoring balance of the intestinal ecosystem. The idea
of functional food is an example of a strategy in counteracting intestinal dysbiosis
(Canny and McCormick 2008). Administration of probiotics, prebiotics and its
combination (synbiotics) function in the displacement of these potentially patho-
genic bacteria and help in returning the balance of the microbial community. Newer
therapeutic approaches like phage therapy and fecal transplantation are now also
being studied (Moelling et al. 2018). All these strategies however, share a common
goal that is, to restore eubiosis (i.e., to replace pathogens with more favorable
microbes) (Moelling et al. 2018).

10.2 Probiotics

The word “Probiotics” is derived from the Greek word meaning “for life”
(Bandyopadhyay and Mandal 2014). These are non-pathogenic live organisms
when given in adequate amounts will have beneficial effects on the hosts. Kollath in
1953 was the first one to use this term. He claimed that different organic and inor-
ganic supplements can restore the health of malnourished patients. This word was
then used by Ferdinand Vergin in 1954, a scientist who found out about the benefi-
cial effects of probiotics on the gut microflora when he was studying the effect of
antibiotics and similar substances on gut microbial population. In 1962, Lily and
Stillwell published an article in Science wherein they added to the definition of
probiotics: “substances secreted by one microorganism which stimulates the growth
of another.” Parker in 1974, described “probiotic’ as not only microbial organisms,
but also ‘other substances’ that help in the intestinal microbial balance. And it was
Roy Fuller in 1989 who redefined probiotics when he removed “other substances”
from the definition. He stated that probiotics are “live microbial feed supplements
which beneficially affects the host animal by improving its intestinal microbial bal-
ance”, and this definition of probiotic is the basis of the one used today (Fuller
1992). Today, the Food and Drug Authority (FDA) and World Health Organization
(WHO), defined probiotics as “live microbes which when given in adequate amount
provides health benefit to the host.”
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10.2.1 Classification and Selection Criteria

Probiotics are known by genus, species, and strain. The strain designation is impor-
tant because same species will have different strains, hence, different health effects.
Dose should also be considered because a probiotic consumed at a higher dose will
not always mean that it will have a greater health benefit than one given at a lower
dose. These probiotics contain many different microorganisms as shown in
Table 10.1 (Khalighi et al. 2016).

These probiotics are supplemented in food like fermented milk products, either
singly or in combination. New genera and strains of probiotics are continuously
emerging with more advanced and focused research efforts. Probiotic products may
have either one or mixture of more than one strains. Probiotic effects are strain spe-
cific and cannot be generalized. A single strain may exhibit different benefits when
used individually and in combination.

In 2002, FAO/WHO drafted guidelines which are now used as the global stan-
dard to evaluate probiotics in various food products (Gogineni et al. 2013a, b). The
guidelines in evaluation of probiotics include: (1) Strain identification; (2) Strain

Table 10.1 Common probiotic microorganisms

Genus Species

Lactobacillus spp. acidophilus

plantarum

rhamnosus

paracasei

fermentum

reuteri

johnsonii

brevis

casei

lactis

delbrueckii gasseri

Bifidobacterium spp. reve

infantis

longum
bifidum

thermophilum

adolescentis

animalis

lactis
Bacillus spp. coagulans
Streptococcus spp. thermophilus
Enterococcus spp. Jaecium
Saccharomyces spp. cerevisiae

Source: Khalighi et al. (2016)
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Table 10.2 Selection criteria of probiotic strains

Criterion

Required properties

Safety

Human or animal origin.

Isolated from the gastrointestinal tract of healthy individuals.

History of safe use.

Precise diagnostic identification (phenotype and genotype traits).

Absence of data regarding an association with infective disease.

Absence of the ability to cleave bile acid salts.

No adverse effects.

Absence of genes responsible for antibiotic resistance localised in non-stable
elements.

Functionality

Competitiveness with respect to the microbiota inhabiting the intestinal
ecosystem.

Ability to survive and maintain the metabolic activity, and to grow in the
target site.

Resistance to bile salts and enzymes.

Resistance to low pH in the stomach.

Competitiveness with respect to microbial species inhabiting the intestinal
ecosystem (including closely related species).

Antagonistic activity towards pathogens (e.g., H. pylori, Salmonella sp.,
Listeria monocytogenes, Clostridium difficile).

Resistance to bacteriocins and acids produced by the endogenic intestinal
microbiota.

Adherence and ability to colonise some particular sites within the host
organism, and an appropriate survival rate in the gastrointestinal system.

Technological
Usability

Easy production of high biomass amounts and high productivity of cultures.

Viability and stability of the desired properties of probiotic bacteria during
the fixing process (freezing, freeze-drying), preparation, and distribution of
probiotic products.

High storage survival rate in finished products (in aerobic and micro-
aerophilic conditions).

Guarantee of desired sensory properties of finished products (in the case of
the food industry).

Genetic stability.

Resistance to bacteriophages.

Source: Markowiak and S'liz ewska (2017)

characterization of safety and probiotic attributes; (3) Health benefits validation;
and (4) Labeling of potency claims and compositions for the entire shelf life. WHO,
FAO, and EFSA (the European Food Safety Authority) suggested that probiotic
strains in their selection process, must meet both safety and functionality criteria, as
well as those related to their technological usefulness (Table 10.2). The characteris-
tics of a probiotic are not associated with the microorganism’s genus or species but
are associated with few and specially selected strains of a particular species. A strain
is safe based on the following: its origin, the absence of association with pathogenic
cultures, and the antibiotic resistance profile. The functionality of a probiotic is
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defined by their survival in the gastrointestinal tract and immunomodulatory effect.

Probiotic strains also have to meet the requirements associated with the technology

of their production. Throughout the storage and distribution processes, these probi-

otic strains have to be able to survive and maintain their properties. Probiotics

should also evidently have pro-health effects that is consistent with the characteris-

tics of the strain present in a marketed product (Markowiak and Slizewska 2017).
Probiotic Guidelines (Anukam and Reid 2007):

. Probiotic organisms must be living;

. Identify the organism(s) to species level;

. Have proven safety data;

. Show physiological benefits when using a defined viable count of probiotics in a
defined delivery vehicle (food, capsule or whatever) in a defined patient
population, controlled by a placebo and/or standard therapy option if the end
outcome is treating a disease.

AW N —

10.2.2 Commercial Forms

Probiotic organisms can be ingested into two main forms: (a) fermented foods and
(b) supplements. Both dairy and vegetable origin belong to fermented foods, with
the most commonly known of each being yogurt and sauerkraut, respectively. While
probiotic supplements can either be: freeze-dried (lyophilized) bacteria in powder,
capsule, or tablet form. To be effective clinically, commercial forms containing pro-
biotic organisms must contain live organisms in sufficient numbers to exert thera-
peutic effects and these can be achieved using both forms (Khalighi et al. 2016).

10.2.3 Mechanism of Action of Probiotics

Probiotic bacteria have many functions in the host. However, there is no proper
documentation of the exact mechanism by which probiotics achieve their beneficial
actions on the host cell. Probiotics affect epithelial cells, dendritic cells, monocytes/
macrophages, T cells, and B cells of the gastrointestinal tract differently. This is
mainly because there are different genera and species of the bacteria and therefore,
their effects on cells vary. But there are several mechanisms that may explain many
of their positive effects, such as: modifying gut pH, antagonizing pathogens through
the production of antimicrobial compounds, competing for pathogen binding and
receptor sites as well as for available nutrients and growth factors, stimulating
immunomodulatory cells, and producing lactase. The gastric host defense mecha-
nisms (eg. gastric activity and bile) is a harsh environment. To reach the small intes-
tine and colonize the host, probiotics must survive this acidic environment so it can
exert its effect and be beneficial. Despite the differences between species and strains,
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at pH values below 3.0, these organisms generally exhibit increased sensitivity. This
is why acid tolerance is one desirable property that is being used in selecting probi-
otic strains (Corcoran et al. 2005).

Probiotics can also activate the immune response by secreting immunoglobulins
like IgA, or increasing the number of natural killer cells, and even enhancing phago-
cytic activity of macrophages. With an increased secretion of IgA the number of
pathogenic organisms in the gut is lowered and improves the microflora. Aside from
its immunomodulating effects, probiotics might also be helpful in certain medical
conditions like inflammatory bowel disease (IBD). Probiotics also digest food and
compete for nutrients with pathogens. Probiotics decrease programmed cell death in
intestine and/or increase the production of mucin. Lactobacillus rhamnosus avoids
cytokine-induced cell death by preventing TNFE. Lactobacillus species augment
mucin expression to block invasion and adherence Escherichia coli. Lactobacillus
rhamnosus prevents inflammation and intestinal epithelial cells’ apoptosis showing
mitogenic effects and thus mucosal regeneration. Probiotic bacteria are also com-
petitors of harmful bacteria on epithelial cell receptors and mucus layers.
Lactobacillus casei increase secretory IgA levels of pathogen by activating B cell.
Lactobacillus casei down-regulates gene transcription responsible for pro-
inflammatory effectors like cytokines and chemokines. This anti-inflammatory
effect is processed by the NF-xB cell pathway inhibition and I-kBa stabilization
specifically. Communication among bacteria occurs with help of signalling mole-
cules or auto-inducers called quorum sensing. This facilitates the intestinal microbes
for colonisation (Markowiak and Slizewska 2017).

When probiotics compete for adhesion sites, they fight for cellular attachments.
Such as when pathogenic organisms enter the GI tract, some strains of bifidobacte-
ria and lactobacilli act as “colonization barriers” (Lactobacillus rhamnosus strain
GG and Lactobacillus plantarum 299v). Both of these organisms do not allow
attachment of Escherichia coli to human colon cells because they already have
adhered to the mucosal epithelium. The synthesis of antimicrobial compounds is a
mechanism of action wherein probiotics modify the microbial flora. Probiotics
induce host cells to release peptides directly affecting pathogens and thus prevent
their epithelial attack. The following antimicrobial peptides released from the gut
epithelial cells are: defensins (hBD protein), bacteriocins, hydrogen peroxide
(H,0,), nitric oxide and short chain fatty acids (SCFA) such as lactic acids, acetic
acids and cathelicidin. They exert antimicrobial activity against many bacteria,
fungi, viruses by lowering the luminal pH. Many types of lactobacilli and bifido-
bacteria produce these bacteriocins or other antimicrobial compounds. These bac-
teriocins are “compounds produced by bacteria that have a biologically active
protein moiety and a bactericidal action”. Upon the release of these compounds by
probiotic organisms a beneficial modification of the microflora happens. But not all
strains of these Lactobacilli or Bifidobacteria have antimicrobial compounds, and
some produce compounds that has no specific activity, so that both beneficial bacte-
ria and pathogenic organisms may be negatively affected (Khalighi et al. 2016).
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10.2.4 Therapeutic Uses of Probiotics

To attain a successful clinical outcome, it is crucial to use the same probiotic strain
that has evidently demonstrated the desired therapeutic action.

Probiotic strains like Saccharomyces boulardi, Lactobacillus rhamnosus GG are
used in prevention of antibiotic associated diarrhea. Saccharomyces boulardii,
Lactobacillus rhamnosus GG or both can be used for preventing Clostridium diffi-
cile infection (CDI). Lactobacillus rhamnosus GG, Saccharomyces boulardii pre-
vent recurrence after first CDI. A mixture of Lactobacillus rhamnosus GG,
Saccharomyces boulardii, Lactobacillus acidophilus cans eradicate Helicobacter
pylori completely. Escherichia coli Nissle 1917, VSL#3 are helpful in treatment of
Ulcerative Colitis. Lactobacillus rhamnosus GG (LGG), Lactobacillus johnsonii
LA are used successfully in Crohn’s Disease. Bifidobacterium infantis is prescribed
in Irritable Bowel Syndrome. Lactobacillus plantarum 299 can be taken in Acute
Pancreatitis. Bifidusbacterium spp. and Lactobacillus acidophilus are used in
Necrotizing Enterocolitis successfully. VSL is used to treat Multi-Organ Dysfunction
Syndrome (MODS). Lactobacillus rhamnosus GG is given in ventilator associated
pneumonia, allergy and immune response.

There are many characteristics of probiotic microbes, but it is best to follow
International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus
which states that: a probiotic must be alive when administered, have a health benefit
and be delivered at an effective dose (Hill et al. 2014). The number of live organisms
present in the product determines the dosage of probiotic foods and supplements.
Based on clinical trials successful therapeutic outcomes have been attained using
between 107 and 1011 viable bacteria per day. Interestingly, it appears that 100
times fewer viable bacteria need to be given in a dairy medium than in a freeze-dried
supplement to achieve similar numbers of live bacteria in the lower bowel (Saxelin
1996). It is said that dairy is an ideal transport medium for the bacteria, augmenting
their survival in the upper GI tract (Kailasapathy and Chin 2000).

10.3 Prebiotics

The term ‘prebiotics” was coined by Gibson and Roberfroid in 1995. They defined
prebiotics as “a non-digestive food ingredient that beneficially affects the host by
selectively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon, and thus improves host health.” Probiotics do not contribute to
the caloric value of the food or food ingredient. Gibson and Roberfroid, however,
revised this definition and proposed a new one as a “‘selectively fermented ingredi-
ent that allows specific changes; both in the composition and/or activity in the gas-
trointestinal microbiota that confers benefits upon host well-being and health”
(Gibson et al. 2004; Roberfroid 2007). This definition matches the words “prebi-
otic” and “bifidogenic” and encompasses the definition of the prebiotic index (i.e.,
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it gives the absolute increase of the fecal bifidobacteria concentration per gram of
daily consumed prebiotics). According to this definition, proposed prebiotics must
fulfill the following criteria by in vitro and in vivo proven tests: (1) non-digestibility
(resistance to low pH gastric acid, enzymatic digestion, and intestinal absorption);
(2) fermentation by the intestinal microbiotica; and (3) selective stimulation of
growth and activity of intestinal bacteria (Anadén et al. 2016).

FAO/WHO defined prebiotics as non-viable food component extending health
benefits of the host through modulation of gut microbes. The prebiotics can serve as
support or a valid option of probiotics. Different prebiotics are responsible for mod-
ification of different bacteria at strain or species level. These non-digestible dietary
supplements impart health benefits by promoting number and activity of Lactobacilli
and Bifidobacteria like probiotics. When prebiotics pass through the gut, these can-
not be broken down by the digestive enzymes that is why these reach the large
intestine in an intact form. In the gut, these serve as food for the probiotic bacteria
that live there. Prebiotics of proven efficacy therefore, are able to modulate the gut
microbiota by flourishing beneficial gut microbes and suppressing harmful (patho-
genic) ones. Prebiotics maintain the optimal pH in the intestine which is essential
for the existence of the probiotics. They promote the immune system because they
enhance the probiotics growth. They suppress the reproduction of the pathogens so
that they are not able to multiply nor exhibit their harmful effects. They stimulate
the peristalsis and reduce the formation of gases. They also stimulate the growth and
reproduction of the useful microflora. These prebiotics serve as food for the probiot-
ics. Any food substrate that enters the large intestine may be a potential prebiotic,
but selective fermentation is a necessary determinant. Prebiotics selectively affect
the microbiota and results in improved health of the host. Prebiotics, like other low
digestible carbohydrates, exert an osmotic effect in the GIT as long as they are not
fermented; and if they are fermented by the native flora (i.e., at the place where they
exhibit their prebiotic effect), they also increase intestinal gas production (Roberfold
and Slavin 2000; Schrezenmeir and De Vrese 2001).

Most of the prebiotics that are used as food supplements are plant products like
inulin, fructo-oligosaccharides, lactulose, dietary fiber and gums wherein Inulin and
trans-galactooligosaccharides (TOS) are the two more common prebiotics used.
These two occur naturally in foods like the garlic, onions, leeks, shallots, asparagus,
spinach, Jerusalem artichokes, chicory, peas, beans, lentils, oats and bananas
(Bandyopadhyay and Mandal 2014). Oligosaccharides are the best-known prebiot-
ics. Other commonly used prebiotics are Fructo-oligosaccharides (FOS), Mannan-
oligosaccharides (MOS), Inulin, Lactulose, and Xylo-oligosaccharides (XOS).
Among these, xylooligosaccharides is commercially available.

10.3.1 Selection Criteria

In order to meet the definition of prebiotics, a dietary substance should have three
main physiological properties: (1) The first criterion infers that since prebiotics are
not digested (or just partially digested) in the upper segments of the GIT, they reach
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the colon and are selectively fermented by potentially beneficial endogenous bacte-
ria (a requirement of the second criterion). This fermentation may then lead to the
following: increased or modification in the relative production of different short-
chain fatty acids (SCFAs), a larger stool mass, a moderate decrease in colonic pH, a
reduction of nitrous end products and faecal enzymes, a better immunological sys-
tem. These effects are all beneficial for the host cell (the requirement of the third
criterion). (2) Selectively stimulating the growth and/or activity of the intestinal
bacteria is potentially associated with health protection and wellbeing and is consid-
ered another criterion. (3) The last criterion of the classification assumes that a
prebiotic should be unaffected by the food processing conditions and remains
unchanged, non-degraded, or chemically unaltered and available for bacterial
metabolism in the intestine (Gibson et al. 2004; Wang 2009). Potential prebiotic
candidates are those that do not meet all of the specifications of definitions to date
such as: selective stimulation of bacterial growth may be limited; or research is
not yet complete (Hooda et al. 2012). Currently, fructooligosaccharides,
galactooligosaccharides, lactulose, and non-digestible carbohydrates are the prebi-
otics that fulfill these three criteria (Yoo and Kim 2016).

10.3.2 Mechanism of Action

The gut microbes of the GIT are itself an ecosystem. The beneficial microbes are
Bifidobacterium and Lactobacillus etc. and the harmful ones are Salmonella spe-
cies, Clostridium perfringens, Helicobacter pylori, etc. Prebiotics are the non-
digestible or low-digestible dietary substances that help the host by favoring the
beneficial bacteria growth than harmful bacteria growth selectively in the colon.
Prebiotics enhance the following: (1) formation of short chain fatty acids (SCFA)
and lactic acid as a fermentation product; (2) growth of the probiotic bacteria
with an increase in the level of minerals like calcium, magnesium etc. in the
colon; and (3) the host immunity (IgA production, cytokine modulation, etc.)
(Nagpal et al. 2012). Thus, prebiotics can be used to aid in the probiotic’s mecha-
nism of action. So far, the most popular probiotic targets for prebiotic use are
lactobacilli and bifidobacteria. This is based largely upon their success in the
probiotic area. And the current foodstuffs that can be fortified with prebiotics are
the following: dairy products, beverages and health drinks, spreads, infant for-
mulae and weaning foods, cereals, bakery products, confectionery, chocolates,
chewing gum, savoury products, soups, sauces and dressings, meat products,
dried instant foods, canned foods, food supplements, animal feeds and petfoods
(Gibson and Roberfroid 1995).
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10.3.3 Therapeutic Use

Prebiotics are antimicrobial, anticarcinogenic, hypolipidemic in nature with few
benefits in diabetes mellitus (Gibson and Roberfroid 1995). It also possesses glu-
cose modulatory and antiosteoporotic properties. It is successfully used for curing
constipation and inflammatory bowel diseases. It exerts favorable lipid effects by
absorption and balance of minerals and also may promote the absorption of miner-
als in colon. In supplemented infant formulas, it benefits an infant who is not receiv-
ing the mother’s milk.

10.4 Synbiotics

When a product contains both probiotics and prebiotics it is termed as “synbiotics”.
This word implies synergy i.e., acting together (Markowiak and Slizewska 2017).
Gibson introduced the concept when he postulated about the additional benefits of
prebiotics when combined with probiotics. He claimed that the combination might
be more active in preventing GIT disorders compared to a probiotic or prebiotic
when used alone. Synbiotics therefore, were developed so that the prebiotic compo-
nent helps the probiotic microorganism grow and overcome possible survival diffi-
culties. The probiotics use the prebiotics as a food source, which allows the
probiotics to survive for a longer period of time inside the GIT than would other-
wise be possible. And this is based on evidences that show improvement of the
probiotic bacteria’s survival when it passes the upper intestinal tract. H,O,, pH,
organic acids, oxygen, moisture and stress are among several factors that have been
shown to affect the viability of probiotics especially in dairy products like yogurts
(Pandey et al. 2015). Synergism also acts to provide more efficient implantation in
the colon of live microbial dietary supplements as well as stimulating the growth of
probiotics. A probiotic needs its food and a prebiotic fuel for its perfect survival in
the GIT. But it is important that in order to have a beneficial effect on human health,
prebiotic compounds should selectively stimulate the growth of probiotics and not
stimulate other microorganisms. A combination of Lactobacillus or Bifidobacterium
genus bacteria with FOS (fructooligosaccharides) is the most common example of
a synbiotic.

10.4.1 Selection Criteria

The great challenge is to determine the best probiotic and prebiotic combination for
each disease setting and each individual. If one should combine probiotics and pre-
biotics which have demonstrated individual benefits, the combination should show
additive effects. A structured approach is warranted to be able to come up with the
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right combination. First, one should determine the specific properties that a prebiotic
will require to be beneficial to the probiotic, then select the prebiotic accordingly.
Therefore, an appropriate probiotic and prebiotic should be selected while compos-
ing a synbiotic formula; then the prebiotic used should have an enhancing role on
the probiotic microorganisms; and the prebiotic should particularly augment the
growth of microorganisms in probiotics.

10.4.2 Mechanism of Action

Synbiotics act in two ways: (1) by augmenting the ability of probiotics; and (2) by
providing defined benefits for health. When a prebiotic is added to a probiotic, it
stimulates the probiotics and results in the regulation of the metabolic activity in the
intestine. This is manifested by an intact intestinal biostructure, proliferation of the
beneficial microbiota, and the inability of the potential pathogens to grow in the
gastrointestinal tract. Synbiotics also cause the lowering of the amount of undesir-
able metabolites, as well as the inactivation of nitrosamines and cancerogenic sub-
stances. Synbiotics also significantly cause levels of short-chain fatty acids, ketones,
carbon disulphides, and methyl acetates to drop which is good for one’s health.
These products act against the decay processes in the intestine and prevent constipa-
tion and diarrhoea.

10.4.3 Therapeutic Actions

Synbiotics have many beneficial effects for humans such as acting as antimicrobials
in pyogenic inflammation and anticancerous, anti-allergenic, antidiarrhoeal activi-
ties. They can also be used for prevention of osteoporosis and reduction of fat in
serum and sugar in blood; for improving immunomodulative ability like immune
system regulation and brain functions; reduce nosocomial infections after a post-
operative procedure; and improve hepatic function in patients suffering from cir-
rhosis. Scientific researches have already documented these actions. One study
explained that when there is translocation of the products of metabolism (eg. lipo-
polysaccharides or LPSs, ethanol and SFCAs), these products enter the liver and
cause the synthesis and storage of hepatic triacylglycerols (IHTG) that worsens
steatosis (fatty liver). When the proponents of the study gave a synbiotic containing
five probiotics (Lactobacillus plantarum, Lactobacillus delbrueckii spp. bulgaricus,
Lactobacillus acidophilus, Lactobacillus rhamnosus, Bifidobacterium bifidum) plus
an inulin as a prebiotic, this resulted to a significant lowering of IHTG (intrahepatic
triacylglycerol) within 6 months among adult subjects having non-alcoholic steato-
hepatisis or NASH. Another study found that giving of a synbiotic product with
probiotics (Lactobacillus casei, Lactobacillus rhamnosus, Streptococcus thermoph-
ilus, Bifidobacterium breve, Lactobacillus acidophilus, Bifidobacterium longum,
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Lactobacillus bulgaricus) and fructooligosccharides caused the inhibition of NF-xB

(nuclear factor kB) and decreased the production of TNF-a (tumour necrosis factor

a) which is a factor that contributes to insulin resistance and inflammatory cell
uptake in non-alcoholic fatty liver disease (Wai-Sun Wong et al. 2015; Markowiak
and Slizewska 2017).

10.5 Differences Between Probiotics and Prebiotics

The differences between prebiotics and probiotics are summarized in Table 10.3
(Gibson and Roberfroid 1995; Yashoda 2016).

10.6 Health Benefits and Clinical Applications of Probiotics,
Prebiotics and Synbiotics

10.6.1 Gastrointestinal System

Probiotics are effective in gastrointestinal diseases and its efficacy depends upon
specific strains. Probiotics:

e are recommended for prophylaxis and treatment of acute gastroenteritis and anti-
biotic associated diarrhea.
» enhance growth and improve clinical outcomes when supplemented with infant

formula.

Table 10.3 Differences between prebiotics and probiotics

Categories | Prebiotics Probiotics
Content Indigestible but selectively | Live microorganisms
fermentable ingredients
Functions Provide food for probiotics; | Enhance the health and well-being of their host
increase number and organisms’ digestive tract
improve activity of
probiotics
Health Provide supportive function | Reduce the number of pathogenic bacteria in the
Benefits to probiotics GIT and improve its function; improve immune
system function; prevention of cellular damage
from oxidative stress
Sources Asparagus, Jerusalem Yogurt, sauerkraut, Yakult, miso soup, fermented

artichokes, Bananas,
Oatmeal, and Legumes

breakfast cereal and snack bars, soft cheeses,
kombucha, kimchi, and sourdough

Side Effects

increase in fermentation,
leading to increased gas
production, bloating or
bowel movement

Possibility of sepsis when given to
immunocompromised patients
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» used for conditions like inflammatory bowel diseases, irritable bowel syndrome,
constipation, lactose intolerance, allergies, cancers, hepatic diseases, hyperlipi-
daemia, Helicobacter pylori infection.

The European Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN)
association recommends the use of established probiotics prophylaxis and treatment
of acute gastroenteritis in kids. The specific probiotic strain Lactobacillus rhamnosus
GG is effective in preventing antibiotic-associated diarrhea. Sachromyces boulardii,
Lactobacillus rhamnosus GG, and Lactobacillus reuteri are probiotics of choice in
treating acute gastroenteritis, IBS and antibiotic-associated diarrhea. Bifidobacterium
animalis prevent nosocomial infections and Bifidobacterium lactis treats constipa-
tion in children. The efficacy of probiotics is related to ingested amount and the
dosage of consumption (Wang et al. 2016).

10.6.1.1 Mechanisms of Action

The probiotics are strain-specific and show effectiveness for integrity of the epithe-
lium and regulate immune components. The gastrointestinal tract i.e., from the oral
cavity to the anus, has the largest immune interface while regulating immune
responses in complex manner. That is why the epithelium of the gastrointestinal
tract is mainly taken into account while studying the mechanism of action of a pro-
biotic. Probiotic bacteria bind to a virus invader and inhibit its binding to the recep-
tor of the host cell. The lactic acid bacteria show antiviral activity by (Tapiovaara,
et al. 2016):

1. Interacting directly as an absorptive mechanism or trapping mechanism;

2. Immune system stimulation by natural killer cells, interleukin, immune response
activity of Th1 and IgA production;

3. Production of antiviral agents like H,O,, lactic acid, and bacteriocins.

10.6.2 Respiratory System

Probiotic consumption reduces the occurrence of respiratory tract infections (RTIs)
in kids. Lactobacillus rhamnosus is one of commonly used probiotics. The benefits
of probiotics in GI disorders are similar with the effects found in upper respiratory
infections. However, there is little information regarding colonization in upper
respiratory tract epithelium and possible colonization of the related mucosal tissues.

Probiotics’ mechanism of action in the upper respiratory tract (URT) is still
under scrutiny. However, the mechanism in the URT is linked with the mechanism
in the GIT.

Like in the GIT, probiotic bacteria could bind to a pathogen (virus) which results
in the inhibition of that pathogen’s attachment to the receptor of the host-cell. Lactic
acid bacteria’s antiviral activity can be by the following mechanisms: (1) direct
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interaction as an adsorptive or trapping mechanism; (2) stimulation of the immune
system by interleukin, natural killer cells, Thl immune response activity, and IgA
production; and (3) production of antiviral agents (e.g., hydrogen peroxide, lactic
acid, and bacteriocins) (Tapiovaara et al. 2016).

10.6.3 Cardiovascular System

Risks factors for cardiovascular illnesses are related to high levels of low-density
lipoprotein (LDL) cholesterol, increased triglyceride-rich lipoproteins and low lev-
els of high-density lipoprotein (HDL) cholesterol. Genetic makeup, health, body
composition and states of pre-existing disease can also add on to the risk. The
change in gut microbe related to a disease state is linked with an individual’s diet.

Diet modification changes the gut bacterial composition which is vital for either
prophylaxis or cure of cardiac diseases. An imbalance in the microenvironment of
the gut can cause diseases other than in the GIT. Adding the probiotics have
improved disease states specifically, the metabolic syndrome-related cardiovascular
diseases like hypertension, hypercholesterolemia, obesity, cardio-arterial disease,
diabetes, cardiomyopathy. Probiotics are involved in host immune modulation and
affects the growth and function of organs. The cardiovascular disease state occurs
through altered gut microbes affecting the metabolic components. Probiotics sup-
plement decreased the incidence of cardiovascular diseases in studies done recently.
An obesity study by Sanchet, et al. showed a significantly higher mean weight loss
among women given L.rhamosus compared to those given placebo; Moroti, et al.,
have seen lowering of blood glusoce levels by 38% among Type 2 Diabetes mellitus
(T2DM) subjects after giving L. acidophilus, L. rhamnosus and B. bifidum;
Kiessling, et al., stated that HDL cholesterol increased and LDL cholesterol
decreased after L. acidophilus and B. longum were given; and the study by Kawase,
et al., resulted in the lowering of the systolic blood pressure by the L. casei with
Streptococcus thermophiles (Antony and Ponce de Leon 2018).

10.6.4 Urinary System

In females, infection by the urinary pathogen is almost always through ascending
infection from the rectum and vagina to the urethra and bladder. The Lactobacillus
organisms that are normally present in the vagina of healthy women, spread from
the rectum and perineum and form a barrier in the vagina to bladder entry by uro-
pathogens. The concept of artificially increasing the amount of lactobacilli through
probiotic administration has long been thought of, but only recently been shown to
be possible. Not all lactobacilli are effective, and to date clinical efficacy only exists
for Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri B-54 and RC-14.
These strains are only commercially available in Austria, and therefore for most
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urologists, while some probiotic organisms may reduce the recurrences of bladder
cancer or oxaluria, no probiotics can be recommended widely to prevent UTT at
present (Reid and Bruce 2006).

10.6.5 Reproductive System

Reproductive health problems of women are not the same between the developed
and developing countries. However, they share a common link in microbial involve-
ment. Lactobacillus is the dominant type of bacteria present in the vagina. It is
affected by several factors like dietary intake, menstrual status, sexual practices,
socioeconomic status and genetics. The problems that are seen among females are
problems concerning conception, preterm labor, sexually transmitted infections,
malnutrition and environmental challenges. Probiotics (live microorganisms) in
adequate amounts can offer better reproductive health benefit. The development of
the fetus is related to maternal nutrition. Vaginal Lactobacilli produces isomers of
alpha-linolenic acid and other neurochemicals like by-products which go to the
uterus and placenta through bloodstream from the gut and has a vital role in fetal
development. The gut-brain signaling and the effect of micro-organisms on mem-
ory, anxiety like brain functions, have been shown to influence fetal development.
When Probiotic lactobacilli is given during pregnancy, this can lead to immune
modulation and reducing allergic responses. These probiotic interventions though
not proven clinically, can help reduce the pregnancy related risk factor.

Lactobacilli influence different membrane structures involved in pregnancy as it
controls the adherence junction protein regulation which is vital for epithelial bar-
rier function (Azad et al. 2018). This membrane integrity is needed for successful
blastocyst formation, retention of the amnion, chorion and placenta. Lactobacillus
reuteri released histamine resulted in increased cAMP levels. Evidence show that
probiotics stop the downstream MEK/ERK MAPK signaling through protein kinase
A, and depressed the TNF production by regulation transcription. TNF is involved
in preterm labor induction (Reid et al. 2013).

10.6.6 Immune System

In 2015, the World Allergy Organization (WAO) released probiotics usage guide-
lines for prevention of allergy. Gut micro biota is an important factor in the increas-
ing occurrence of immunity-related disorders like asthma, inflammation, atopy,
musculoskeletal disorders and liver fibrosis. It influences the physiology of host and
gives rise to new targets therapeutically. Probiotics suppresses pathogenic bacteria
in the gut with the activity of macrophages of peritoneum and spleen. In malnutri-
tion processes, the probiotic administration contributes to restore the thymus histol-
ogy and stimulates the adaptive immune response.
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The probiotics when consumed stimulates the induction signals of bacteria on
their cell wall structure. Probiotic bacteria affect the Toll-like receptors present on
the gut epithelial cells or immune cells linked with lamina propria. This leads to
production of various cytokines and/or chemokines that create a microenvironment
in the gut lamina propria, bronchi and mammary glands to produce IgA. At the
same time, cytokines stimulated by probiotic bacteria lead to the expression of Treg
cells (Foxp3+) that maintain the immune homeostasis in the gut mucosa. Intestinal
epithelial cells produce chemo attractant protein 1 of macrophage. This sends sig-
nals to all other immune cells activating the immune system. There is an increase in
IgA A+ cells of the mammary glands, bronchus and intestine and T cell activation.
This then releases IL-10 by activating regulatory T cells. Probiotics strengthen the
intestinal barrier by increasing tight junctional proteins, mucin, goblet & paneth
cells. Probiotic bacteria administration primes a Thl profile response, with high
dose of IL-10 and IFN-y that play an important role in the immunomodulation.

10.7 Health Benefits of Probiotics, Prebiotics and Synbiotics
in Various Diseases

10.7.1 Diarrhoea

According to WHO, the passage of more than three times of watery or loose stools
during a 24 h period can be termed as diarrhea. For the last 20 years, a lot of inves-
tigations are done on probiotic microorganisms to validate its efficacy in controlling
diarrhea using different experiments and appropriate well-designed clinical studies.

10.7.1.1 Acute Infantile Diarrhea

Acute infantile diarrhea caused by rotaviruses is the most studied gastrointestinal
condition and rapid oral rehydration is the primary treatment. Probiotics are useful
as adjunct to rehydration therapy. Saccharomyces boulardii prevented disease recur-
rence in individuals having numerous Clostridium difficile sequential infection. The
enzyme Protease from Saccharomyces boulardii blocks the intestinal receptor by
reducing the toxin produced by Clostridium difficile. It was also found to stimulate
specific intestinal antitoxin.

10.7.1.2 Antibiotic Associated Diarrhea (AAD)

The use of antibiotics lead to destruction of the local microflora and this is associ-
ated with clinical symptoms such as diarrhea and crampy abdominal pain. This
diarrhea consists of defective resistance to pathogens and thus interruption of micro-
bial flora in the gut leading to change in metabolism of carbohydrate, short-chain
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fatty acids, and bile acids. The probiotics that are effective in antibiotic associated
diarrhea include Lactobacillus rhamnosus GG, Lactobacillus acidophilus,
Lactobacillus delbruckii, Lactobacillus fermentum etc. and Saccharomyces boular-
dii. A meta-analysis done for probiotics and AAD in pediatric subjects suggested
that Lactobacillus rhamnosus and Saccharomyces boulardii at a high dosage of
5-40 billion CFU/day may prevent the onset of ADD, with no serious side effects
documented in otherwise healthy children (Johnston et al. 2011)

10.7.1.3 Traveler’s Diarrhea

Nearly 20-60% of travelers around the world are affected by this type of diarrhea.
It particularly affects people who travel from one country to another. The prevalent
causes are mostly bacteria (60-85% of cases) and most responsible bacterial patho-
gen is Escherichia coli followed by Campylobacter jejuni, Shigella spp. and
Salmonella spp. Parasites account for about 10% and viruses for 5% of infections.
Saccharomyces boulardii is more effective on bacterial diarrhea and Lactobacillus
GG showed effectiveness against viral and idiopathic diarrhea. Lactobacilli,
Bifidobacteria, Enterococci and Streptococci are used to prevent traveler’s diarrhea
and thus given prophylactically. There are various mechanisms of amelioration of
diarrhea by probiotics: (1) activation of the immune system; (2) competition for
receptor of epithelial cells on intestine; and (3) through the secretion of bacteriocins
like nisin. A meta-analysis concluded that a lot of probiotics like Saccharomyces
boulardii and a mixture of Lactobacillus acidophilus and Bifidobacterium bifidum
were significantly effective for travele’s diarrhea. There were no serious adverse
reactions that were reported in the 12 trials (McFarland 2007).

10.7.1.4 Irritable Bowel Syndrome (IBS)

This common chronic gastrointestinal disorder is characterized by recurrent spells
of abdominal discomfort, bloating, pain and a changeable bowel habit, without
mucosal abnormality and flatulence. At present, no curative treatment is available
and treatment is aimed to reduce only its symptoms. Many probiotics strains includ-
ing Lactobacillus plantarum decreased flatulence and relieve abdominal bloating.
Reduction in pain was observed with Lactobacillus rhamnosus GG. Different pro-
biotics strains such as Bacillus infantis, Lactobacillus rhamnosus LC705, Bacillus
breve Bb99 and Escherichia coli nissle]1917 were found effective in IBS treatment.
Soluble, non-viscous fibers as prebiotic like guar gum may also be useful in IBS.

10.7.1.5 Inflammatory Bowel Disorder (IBD)

IBD is a chronic, relapsing, multi-factorial disorder causing inflammation of the
gastro-intestinal tract that causes severe watery and bloody diarrhea accompanied
by abdominal pain. IBD affects the large and small intestine, particularly the colon.
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IBD includes Ulcerative colitis (UC), Crohn’s Disease (CD) and pouchitis. The
other precipitating factors include genetic, environmental factors, dysregulation of
immune system, type of intestinal microbes and oxidative stress. CD and UC are
due to the lack of adaptation of the innate immune system to the environment.

Ulcerative Colitis (UC) UC like IBD mainly affects the large intestine and rectum
lining. Chronic UC can cause colon cancer. Use of various probiotic species like
Saccharomyces boulardii, Lactobacillus casei and Bifidobacterium bifidum has
shown promising results (Kelesidis and Pothoulakis 2012). Bifidobacterium bifi-
dum, Bifidobacterium breve and Lactobacillus acidophilus in fermented milk were
beneficial to induce mild degree remission in patients.

Crohn’s Disease (CD) Crohn’s disease affects the intestine usually but it may
extend in GIT anywhere starting from mouth to anus. It will ulcerate and inflame the
GIT thus making the body unable to digest the food properly and eliminate waste.
The causative agents can be Clostridium difficile, Salmonella species, Campylobacter
Jjejuni,, Mycoplasma and Adenovirus. Examples of effective probiotics that offer a
therapeutic effect are Lactobacillus rhamnosus and Saccharomyces boulardii. This
can be due to competitive action with commensal pathogenic flora on the immune
system response and by restoration of intestinal mucosa integrity.

Pouchitis After ileal pouch canal anastomosis and colectomy, the ileal pouch is
usually inflamed. A probiotic mixture is one remedy for this condition. By inducing
mucosal cytokines like IL-4 and IL-10 this influences the intracellular interaction of
mucosa and improve the function of intestinal barrier and the modulation of the
cytoskeletal and tight junctional protein phosphorylation, producing anti-oxidant
enzymes like superoxide dismutase and catalase ameliorating the IBD symptoms.

10.7.2 Lactose Intolerance

Lactose intolerance is most common type of carbohydrate intolerance. This occurs
due to lower levels of Beta galactosidase enzyme activity and lack of digestion of
lactose. The typical symptoms include abdominal distress like diarrhea, bloating,
colic, abdominal pain and flatulence. The therapeutic interventions are: treatment
with lactase (tablets); and the treatment with probiotics such as Streptococcus ther-
mophiles and Lactobacillus bulgaricus. The intake of milk with Lactobacillus aci-
dophilus and Bifidobacterium longum cause decrease hydrogen production and
flatulence and improve lactose intolerance.

10.7.3 Diabetes

Diabetes is popularly referred as a serious lifestyle disease. It is of two types:
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(1) in Type 1 diabetes mellitus (T1DM) the pancreas stopped producing or produces
very little amount of insulin, the hormone that regulates blood sugar level. In
type 2 diabetes mellitus (T2DM) the body is not able to control sugar concentra-
tion in the blood. Probiotics benefit in normalising disturbed metabolism (altered
gut flora) in diabetic patients. They minimise preprandial glucose and level of
insulin depending on the species, probiotic dosage and efficacy. In diabetes, dis-
turbance in microbiota composition, insulin resistance in the host occur through:
input of energy rich diet; changed lipid metabolism in liver and adipose tissue,
modulation of glucagon-like peptide and gut peptide secretion; activation of the
lipopolysaccharide; and alteration in intestinal barrier rigidity through glucagon-
like peptide.

In T2DM, there is a reduction of bacteria producing butyrate in the GIT. The
alteration in gut microbiota occurs due to dietary intolerance involving excessive
fat, refined carbohydrate or fructose which initiates an immune response due to
augmented permeability of intestine resulting in bacteria migrating into the general
circulation. In the hypothalamus increased insulin resistance leads to increased food
intake due to decreased satiety resulting in increased body weight. This leads to
inflammation and immune cell infiltration in organs sensitive to insulin precipitating
insulin resistance.

In T1DM, altered thickness of microvilli and the space between microvilli facili-
tates entry of LPS and bacterial fragment through intestinal barrier and it binds
toll-like receptors that regulate innate and adaptive immunity. Probiotics like
Lactobacillus optimisises the gut microbiota by increasing the adhesion of proteins
like beta-catenin and E-cadherin by protein kinase. The pathogen Enterobacteriaceae
species is reduced by the probiotics Bifidobacterium animalis present in the mucosa
of small intestine and adipose tissue reducing its adherence in the intestine and fur-
ther shifting to the adipose tissue. Probiotics Lactobacillus johnsonii motivate T
helper (Th) cell differentiation in mesenteric gland to develop immunity for protec-
tion of TIDM (Shah and Swami 2017). Probiotics Lactobacillus and Bifidobacterium
species diminish preprandial blood glucose, insulin and enhance glycosylated hae-
moglobin (HbAlc) and insulin resistance. Cucurbita ficifolia (a type of pumpkin)
and yoghurt probiotics alone or together can blood sugar (Campbell 2017).

10.7.4 Obesity

The gut microbes in obese and lean individuals vary. But when obese people lose
their weight, the gut microflora tends to be like the microflora present in gut of lean
people. High fibre diets have lower fat and energy and are quite beneficial in reduc-
ing weight by promoting satiety. In the lean and obese individuals, gut microbes
influence the energy balance by affecting efficiency of calorie harvested from the
diet, utilization and storage of harvested energy.
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10.7.5 Cancer

Cancer is an emerging disease. An American Institute for Cancer Research examined
the link across nutrition and cancer incidence in the large study on the global scale
and found that approximately 30% of the cancer cases worldwide could be prevented
by changing the dietary habits. Probiotics as functional foods are not the magic bul-
lets. They do not target directly the cancer cell but target the different areas and alter-
ing the characteristics of the tissues and cells which results in reduction of infection
and inflammation commonly associated with certain kinds of cancer.

The probiotic Lactobacillus bulgaricus induces antitumor activity by: (1) alter-
ing the immune functions associated with immune response; (2) antiproliferative
effects via regulation of apoptosis and cell differentiation; and (3) suppressing the
Beta-glucuronidase, urease, choloylglycine hydrolase, azedoreductase and nitro-
reductase enzyme production by unwanted bacteria like entero-pathogens such as
Clostridium perfringens and Escherichia coli. Beta-glucosidase and urease help
pro-carcinogens to be converted into potential carcinogens. Bifidobacteria probiot-
ics reduces colon cancer influenced by 1,2- dimethylhydrazine when used with FOS
inhibited liver and mammary tumors. GOS consumption in humans resulted in
reduced activity of nitroreductase which is involved in producing genotoxic metab-
olites, indicating the potential of prebiotics and probiotics to reduce or prevent car-
cinogenesis. Dietary administration of Bacillus longum, Oligofructose and Inulin
stops preneoplastic lesion formation and suppress mammary and colon cancer.

10.7.6 Helicobacter pylori Infections

Helicobacter pylori, a small curved to spiral rod-shaped bacterium, is mostly asso-
ciated with duodenal peptic ulceration and it is the main biological pathogen of
chronic gastritis and gastric cancer and other gastric malignancies. Proton pump
inhibitors like Omeprazole and Prantoprazole used with antibiotics are most useful
therapies to eradicate this bacterium. Probiotics have an antimicrobial effect and
competes between Helicobacter pylori, inhibition of adherence and production of
metabolites. Presently, probiotic supplementation with Saccharomyces boulardii
resulted in increasing the eradication rate and reducing the infection by
Helicobacter pylori.

10.7.7 Allergy and Immune Response

Probiotics modulate the innate immunity and pathogen induced inflammation
through toll like receptor signaling pathways. Infants born through different routes
(Cesarean and spontaneous vaginal delivery) show major differences in cultural
microbiota up to 6 months of age. Infants harboring Bacteroides fragilis and
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Bifidobacterium species had more circulating immunoglobulin (Ig) A-secreting and
IgM-secreting cells. Bacteria in breast milk and microbes in amniotic fluid poten-
tially may affect the composition of gut microbiota. Gut microbiota stimulates the
THI, TH3, and T regulatory cells, which can balance the IL-4, IL-5, and IL-13
secreted by TH2 cells in atopic diseases like allergic rhinoconjunctivitis, asthma and
atopic eczema. Lactobacillus GG in combination with Bacillus lactis during preg-
nancy and breastfeeding reduced the risk of atopic eczema and allergic sensitization
in child (Behnsen et al. 2013).

10.7.8 Clostridium difficile Infections (CDI)

Clostridium difficile is an anaerobic, Gram-positive, spore-forming bacterium
which causes gastrointestinal infection. Main symptoms are diarrhea and pseudo-
membranous colitis which are often fatal. Saccharomyces boulardii produces serine
protease for degradation of the colonic receptor site for Clostridium difficile and
reducing Clostridium difficile toxin A and B. Vancomycin or metronidazole mini-
mise infection but in combination with Saccharomyces boulardii reduce CDI.

10.7.9 Necrotizing Enterocolitis (NEC)

NEC is an important disease in premature babies characterised by severe intestinal
inflammation and necrosis and it is inversely related to gestational age and birth
weight. Pathogenesis of this disease depends upon the colonisation pattern of the
bacteria. It has been revealed that Enterobacteriaceae, delta toxin positive methicil-
lin resistant Staphylococcus aureus and Clostridium spp are the main causative bac-
teria. A combination of probiotics species like Bifidusbacterium spp. and
Lactobacillus acidophilus are most effective to minimise the NEC.

10.7.10 High Blood Pressure

Consumption of milk supplemented with Lactobacillus strains reduces blood pressure
due to the Angiotensin converting enzyme inhibitors produced during fermentation.
10.7.11 Cardiovascular Diseases

Probiotics consumption can reduce serum cholesterol levels. Probiotics involve in
lipid metabolism are Lactobacillus bulgaricus, Lactobacillus reuteri, Bacillus coag-
ulans. The lowering of cholesterol level by probiotics is due to reduction in
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hydroxyl-methyl-glutaryl-Coenzyme-A reductase in liver and conversion of choles-
terol into bile acid and enzymatic deconjugation of bile acid. In this deconjugation,
bile acid enters into the intestine, then excreted in the faeces resulting in decrease in
the serum cholesterol level.

10.8 Conclusion

Probiotics, prebiotics and synbiotics help maintain eubiosis in the gut microflora.
They play a major role in improving the health status of the host individual by modi-
fying gut pH, antagonizing pathogens through the production of antimicrobial com-
pounds, competing for pathogen binding and receptor sites and stimulating
immunomodulatory cells. The probiotic needs food and the prebiotic fuel for its
perfect survival in the GIT. Synbiotic i.e., using both prebiotic and probiotic,
increases the beneficial effects on the host’s cell. The use of probiotics, prebiotics
and synbiotics on certain diseased states like diabetes, dyslipidemia, cardiovascular
diseases, hypertension and cancer have been the subject of extensive research until
now. Probiotics can be an adjuvant treatment to various types of gastrointestinal
disorders like diarrhea, C. difficile colitis, necrotizing enterocolitis and inflamma-
tory bowel disease. The use of probiotics, prebiotics and synbiotics hold the prom-
ise of improving outcomes in treatment of illnesses. However, an increased
understanding of their role in these disease states is important for the development
of medicine directed mostly to diet modification. As Hippocrates would put it, “Let
food be thy medicine and medicine be thy food.”
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Honey as Functional Food and Prospects
in Natural Honey Production

Maria Catherine B. Otero (® and Leslie Bernolo

11.1 Introduction

Honey is a superfood that has practically existed for as long as recorded human his-
tory. Evidence of bee hives and honey have been found in cave paintings in Spain
during the 7000 BC, and in Egyptian tombs as old as 2400 BC (The Honey
Association n.d.). Aside from being used as food ingredient and natural sweetener,
honey was also valued for its healing properties. Today, after over 2600 years, honey
continues to be produced by honeybees in bee farms and consumed by humans as
functional food because of its antioxidant, anti-inflammatory, anti-microbial, antitu-
mor, and anti-mutagenic effects.

Honey is defined as “the natural sweet substance produced by honey bees from
the nectar of plants or from secretions of living parts of plants or excretions of plant
sucking insects on the living parts of plants, which the bees collect, transform by
combining with specific substances of their own, deposit, dehydrate, store and leave
in the honey comb to ripen and mature.” (Codex Alimentarius Commission 1999).
Honey is made up of glucose and fructose mainly (~95% of dry weight), as well as
sucrose, maltose, turanose, and erlose, and oligosaccharides such as raffinose and
melezitosein smaller quantities (Bogdanov et al. 2008). It also contains amino acids,
proteins, organic acids and enzymes such as diastase, glucose oxidase and invertase,
minerals, vitamins, insoluble matter like honey comb debris and pollen. Traces of
bacteria, algae and fungi may also be found.

The use of honey as natural sweetener began to decline after the cultivation of
sugar cane in Papua New Guinea in 8000 BC and the production of table sugar
around 100 AD in India (Deerr 1950). But throughout human history, honey had
been celebrated for its folkloric medicinal effects. In 2016, the annual global honey
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production represented less than 1% of the 2014 total sugar production (Tridge
2019). However, because of the growing preference of consumers for healthier
sugar alternatives and functional food, global consumption by the year 2024 is
expected to hit 2.8 million tons (Global Industry Analysts, Inc. 2019).

11.2 Classification of Honey and their Distribution

There are 2 major classes of honey based on whether they come from flower
nectars (called Blossom or Nectar Honey), or if they chiefly are excretions of
plants or plant sucking Hemipterans insect (called Honeydew Honey). The differ-
ences in the relative amount of the fructose and glucose is used to determine if the
honey is unifloral blossom honey (Bogdanov et al. 2004).The types of minor
sugars in blossom honey, however, do not vary since they are products of the
enzyme invertase. Between honeydew and blossom honey, greater amounts of
oligosaccharides are found in honeydew honey, including melezitose and raffinose
that are absent in blossom honey.

There are over 300 types of honey in the world today. Depending on the botani-
cal and geographical origin of the honey, there will be variations in the appearance,
taste, and composition of the honey (Bogdanov et al. 2008). Blossom honey types
are named based on the plant species honey is derived from. For example, the source
of the Manuka honey is the manuka bush (Leptospermum spp.) found in Asia and
New Zealand, and Heather honey from heather (Erica spp. or Calluna vulgaris)
mainly from Europe and Asia. Clover honey from Europe or Asia contain nectar
from Trifolium spp. Eucalyptus honey from America is composed of Eucalyptus
nectar (Bogdanov et al. 2015).

Multifloral blossom honey are commonly labelled as blossom or nectar blend.
Honeydew honey types are not as many as blossom honeys, and are named based on
where they were taken (e.g. forest honeydew, beach forest honeydew, tree honey,
bug honey, or flea honey). Honey may also be named according to the method of its
removal from the comb (i.e. extracted honey, pressed honey, drained honey, comb
honey, or honey with comb).

11.3 Honey as Functional Food

While the two main purposes of food are to provide nutrition and to give satisfaction
to the body, a third purpose of food has emerged after mounting proof coming from
scientific researches worldwide. This is functional foods, and it refers to “foods that
have a potentially beneficial effect on health when consumed as part of a varied diet
on a regular basis at effective levels” (Hasler 2002).

Honey stands among these functional foods whose natural production has not been
significantly modified since its discovery. Honey is a healthier alternative to table sugar
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because of its lower glycemic index (Atkinson et al. 2008). Honey also contains prebi-
otics that encourage the growth of probiotic microorganisms, such as lactic acid bacte-
ria. Prebiotics, probiotics, and the secondary metabolites found in honey are responsible
for the medicinal properties of honey (Luchese et al. 2017; Olofsson and Vasquez
2008). The details of the health benefits of honey is explained in the following section,

11.4 Health Benefits of Honey

11.4.1 Antiseptic and Antimicrobial

Honey possesses a broad-spectrum antibacterial activity that varies in potency
depending on the honey’s plant origin (Molan 2006). The hygroscopic nature of
honey dehydrates bacteria. It’s acidic environment and high sugar concentration
deters microbial growth (Simon et al. 2009). The other antimicrobial components of
honey are discussed in the next section. Kynurenic acid, an intermediate in trypto-
phan metabolism, reported in arboreal honey, was also found to have antimicrobial
properties (Beretta et al. 2007).

11.4.2 Anti-Diabetic

Diabetics are advised to consume food with low glycemic index. Albeit having a
high total carbohydrate content, the average glycemic index of honey is only 55,
compared to 100 for glucose, and 65 for sucrose (table sugar) (Atkinson et al. 2008),
making it a healthier natural sweetener. The high levels of fructose, and the presence
of oligosaccharides like isomaltulose in honey reduces hyperglycemia and prolongs
gastric emptying, thus slowing down intestinal absorption in humans (Vaisman
et al. 2006; Erejuwa et al. 2012; Kellet et al. 2008; Kashimura and Nagai 2007).

11.4.3 Antioxidant

The antioxidant activity of honey is largely due to the synergistic effects of phenolic
phytochemicals such as flavonoids and phenolic acids, and non-phenolic com-
pounds like ascorbic acid, organic acids and amino acids, and the action of enzymes
like catalase and glucose oxidase (Sousa et al. 2016; Gorjanovic et al. 2013). The
levels of these bioactive substances vary depending on the geographical and botani-
cal origin of honey.

Two classes of phenolic acids in honey have been studied: (1) benzoic acids,
and (2) cinnamic acids. For honey flavonoids, 3 classes have also been found:
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(1) flavones, (2) flavanones, and (3) flavonols. These phytochemicals contribute to
the flavour, color, and the distinctive taste of honey. Phenolic phytochemicals have
also been explored as potential markers of the botanical origin of honey (Silva
et al. 2012).

11.4.4 Anti-Inflammatory and Wound Healing

For centuries, the topical use of honey on skin wounds have been practiced because
it controls wound infection, debrides the wound, produces a clean wound bed with
minimal scarring, and reduces inflammation and pain (Dunford et al. 2000; Molan
2006). To date, however, only two honey brands have been approved for therapeutic
use (Medihoney™ and Active Manuka Honey).

Bee pollen enzymes, essentials oils, propolis, and secondary metabolites like
flavonoids, polyphenols and terpenes were found to contribute to honey’s wound
healing properties (Azeredo et al. 2003; Viuda-Martos et al. 2008). The mild acidity
of honey, and its low levels of hydrogen peroxide also enhance tissue repair and the
antibacterial activity of honey (Lusby et al. 2005). Honey can also stimulate the
cytokine production of the monocytes, thus, initiating tissue repair (Molan 2006).
Chestnut honey, rhododendron honey, and multifloral blossom honey from Turkey
were reported to improve histopathological parameters during wound healing (epi-
thelialisation, angiogenesis, macrophages, and fibroplasias) when compared to the
control treatment (Nisbet et al. 2010).

11.4.5 Regulation of Blood Pressure and Cardiovascular
Function

Honey was found to improve the lipid profile and lower the C-reactive protein
(CRP) levels. Honey consumption also lowered homosycteine and the triacylglyc-
erol levels in subjects with hypertriglyceridemia (Al-Waili 2004). The risk factors
for cardiovascular diseases, such as obesity, hypertension, smoking, and chronic
periodontal disease, are correlated with elevated levels of CRP (Koenig 2003).
Thus, the anti-inflammatory activity of honey also relates to its potential cardiovas-
cular function protection.

11.4.6 Anti-Cancer

In a review by Ahmed and Othman (2013), the anti-cancer activity of cancer was
organized into: (1) antioxidant activity; (2) anti-inflammatory activity; (3) pS3 regula-
tion; (4) cell cycle arrest; (5) immunomodulatory activity; (6) anti-mutagenic activity;
(7) estrogen modulation; (8) cyclooxygenase-2 (COX-2) modulation; and (9) tumor
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necrosis factor (TNF) modulation. While the complete mechanism of honey’s anti-
cancer activity is not yet fully elucidated, the phenolic constituents of honey have been
reported to be the main actors in its anti-cancer activity (Abubakar et al. 2012). But as
with the other health benefits of honey consumption or use, the anti-cancer compo-
nents in honey will vary with the geographic location and the plant sources of honey.

11.5 Known Bioactive Components of Honey

11.5.1 Probiotics

Honey is not microbe-free as it is considered a good source of probiotics, such as
acid-loving lactic acid bacteria and yeast. Probiotics are defined as “live microor-
ganisms that, when administered in adequate amounts, confer a health benefit on
the host” (Sanders 2008). Honey acidification is a by-product of glucose oxidase
metabolism. The acidic environment deters the proliferation of many spoilage
microbes (Da Silva et al. 2016), naturally preserving the honey.

Lactic acid bacteria (LAB) come from the stomach of honeybees (Olofsson and
Vasquez 2008), and from the flower secretions and pollen. Among the LAB symbi-
onts found in fresh honey Lactobacillus acidophilus, L. apis, L. alvei, L. plantarum,
L. insects, and L. parabuchneri, and Bifidobacterium asteroids and B. coryneform.
LAB symbionts contribute to the therapeutic and antibacterial properties in honey.

11.5.2 Prebiotics

A dietary prebiotic is “a selectively fermented ingredient that results in specific changes
in the composition and/or activity of the gastrointestinal microbiota, thus conferring
benefit(s) upon host health” (Gibson et al. 2010). Examples of prebiotics in honey are
non-digestible polysaccharides and oligosaccharides, such as maltulose, maltotriose,
turanose, panose, melezitose, raffinose, inulobiose and kestose, that encourage the
growth of probiotic microbes (Leite et al. 2000; Mei et al. 2010). The osmotic constitu-
tion as well as the composition of honey also protects probiotic bacteria as they pass
through the human gastrointestinal tract during digestion (Luchese et al. 2017).

11.5.3 Quercetin

Honeys abundantly contain phenolic compounds which act as natural antioxidants.
Quercetin, a flavonol, has been identified as one of the most predictable elements of
nectar, honey, pollen, beebread, and propolis, and as a signaling substance respon-



202 M. C. B. Otero and L. Bernolo

sible for pollen germination stimulation and pollen tube growth (Liao et al. 2017).
Studies have determined health benefits of quercetin for bees including increased
response for detoxification and immunity genes in honey bees (Mao et al. 2013; Mao
et al. 2013). Moreover, polyphenols identified in honeys including quercetin have
been reported as “promising pharmaceutical drugs in the treatment of cardiovascular
diseases” (Khalil and Sulaiman 2010). Quercetin-detection capability of honey bees,
however, still remain a mystery since it is a non-volative compound. Some research-
ers stated that it may be detectable by gustatory receptors (KaSkonien¢ et al. 2015).

11.5.4 Hesperitin

Hesperitin is a common bioactive flavonoid which belongs to the chemical class “fla-
vanone”, that quickly emerges as an appealing curative agent which covers a broad
spectrum of properties including antioxidant, anti-carcinogenic, hypolipidemic, vaso-
protective, and other essential therapeutic properties (Chakraborty et al. 2012).

The phenolic profile of honey vary depending on the floral source and geo-
graphical location. Honey composition of phenolic compounds were identified as
strongly affected by geographical location, while concentrations of phenolic com-
pounds are reliant on the floral source. Studies have shown that geographical loca-
tion and floral source have a more considerable impact on flavonoid content than on
the phenolic acid profile of honey samples. Results have shown that phenolic acid
compounds and flavonoids can be utilized as a botanical marker to determine the
floral source and geographical origin of honey samples. Consequently, hesperitin
was identified as an investigative compound that can be used in determining the
floral source of various honey samples, whether it be unifloral or multifioral
(Cheung et al. 2019).

11.5.5 Luteolin

Luteolin is one of the most commonly reported flavonoids in honey which has antioxi-
dant, anti-inflammatory, antitumor properties, and has neuroprotective effects against
microglia-induced neuronal cell death (Lin et al. 2008; Rahman et al. 2014). Luteolin
is listed as a major component of the flavonoid fraction of manuka honey (Yao et al.
2003). Luteolin was found to be weakly correlated with non-peroxide antibacterial
activity of honey and probable marker compounds for manuka monofloral honey
(Chan et al. 2007).
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11.5.6 Kaempferol

Kaempferol is a major flavonoid found in several natural products including bee
pollen. Kaempferol exhibits numerous pharmacological properties which includes
antimicrobial, anti-inflammatory, antioxidant, antitumor, cardioprotective, neuro-
protective, and antidiabetic activities (Imran et al. 2019). Different polyphenols
have been identified as floral markers in honey. For acacia honey, kaempferol rham-
nosides and rhamnosylglucosides have been proposed as markers. Kaempferol was
also identified in eucalyptus honey (Istasse et al. 2016).

11.5.7 Galangin

Galangin is another natural flavonoid found in honey, and is known as a marker
compound of honey. Galangin has antimicrobial, anti-diabetic, anti-obesity, anti-
tumor, anti-inflammatory, anti-mutagenic, anti-clastogenic, anti-oxidative, radical
scavenging, and metabolic enzyme modulating activities (Patel et al. 2012; Ma et al.
2019). Similar with other compounds, galangin was found to have a positive effect
in the treatment of cardiovascular diseases and aid in the preservation of other pro-
tective antioxidants including vitamin E, vitamin C, and other flavonoids (Khalil
and Sulaiman 2010).

11.5.8 Naringenin

Naringenin is considered as one of the most important naturally-occurring flavo-
noid that is extensively seen in different citrus fruits, bergamot, tomatoes, and other
fruits (Salehi et al. 2019). Numerous biological activities such as antioxidant, anti-
tumor, antiviral, antibacterial, anti-inflammatory, anti-atherogenic, antiadipogenic
and cardioprotective effects have been attributed to naringenin (Alam et al. 2014;
Salehi et al. 2019).

Aside from the sources mentioned, naringenin was also found in many types
of honey (Afroz et al. 2016). Significant difference in the content of naringenin
in relation to origin of honey was identified. High amounts of naringenin were
found in linden honey, chestnut honey, and acacia honey, respectively. On the
other hand, the minimum content of naringenin was found in mountain honey
(Kurtagic et al. 2013).
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11.5.9 Isorhamnetin

Isorhamnetin is another flavonol which is present in an individual’s daily diet. It has
antioxidant, antiviral, anticancer, antimicrobial, and anti inflammatory effects (Settu
and Manju 2017). Isorhamnetin was found to be one of the main phenolic com-
pounds found in bee bread, “a fermented mixture of plant pollen, honey, and bee
saliva used as food for larvae and for young bees to produce royal jelly” (Sobral
etal. 2017). Isorhamnetin was also detected in most honeys including melon, pump-
kin, cherry blossom, rhododendron, rosemary lemon, orange, dandelion, maple, and
pine tree honey (Petrus et al. 2011). Isorhamnetin was identified as a complemen-
tary biomarker for the identification of the floral origin of Argentinean Diplotaxis
honeys (Truchado et al. 2010).

11.5.10 Bee Defensin-1

Bee defensin-1 is the only cationic bactericidal compound curretly identified that
is naturally present in honey. It was previously isolated from the royal jelly which
is the “main source of food for bee queen larvae and was identified in honeybee
hemolymph”. Bee defensin-1 is released by the worker bees’ hypopharyngeal
gland into the gathered nectar with carbohydrate-metabolizing enzymes.
Presumably, it aids in the protection of the royal jelly, and of honey against micro-
bial spoilage since antimicrobial properties of honey are dependent on the hydro-
gen peroxide, methylglyoxal and defensin-1 content (Kwakman et al. 2010;
Ilyasov et al. 2012).

Bee defensin-1 amount ranges from 0.04 to 5.17 pg/g of honey. Lesser amounts
of bee defensin-1 questions the purity of honey. Defensin-1 is found in all tested
types of larval jelly and honey, including Manuka honey, although its amount dif-
feres significantly (Valachova et al. 2016).

11.6 International Standards for Honey

The Codex Alimentarius Standard for Honey and European Honey Directive have
been widely used worldwide as guidelines describing the standard honey quality
criteria. The latest revision of the Codex Alimentarius Honey was in 1998(Codex
Alimentarius Commission 1999), while the latest revision for the EU Directive
for honey was in 2001 (EC 2001). Codex Alimentarius Standard is generally
usable for honey trade globally. However, other regional standards like the
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European Honey Regulation may also be recognized, especially when there are
local quality requirements that cannot be met if the Codex Alimentarius Standard
was to be followed. In New Zealand, for instance, the Unique Manuka Factor
Honey Association (UMFHA) has a unique trademark UMF®, which set an inde-
pendent standard to ensure that honey products have been tested for quality and
purity before leaving New Zealand (UMFHA 2019). UMFHA’s focus is to iden-
tify the unique signature compounds of genuine Manuka Honey to protect con-
sumers and the industry.

The draft for the EU honey standard was found to be somehow identical with
the Codex standard, except that specifics on contamination, hygiene, and sugar
adulteration found in Codex was not included in the EU Directive. Conversely,
there are also points contained in the EU standard that are lacking the in the Codex
Standard. Examples include the definition of “industrial” or “bakery-honey” and
the question of honey pollen. Codex Alimentarius stated that the quality standards
set are not compulsory for governments and can be agreed upon. On the other
hand, the EU Honey Directive demanded that all commercial retail honeys should
abide by their standards.

Table 11.1 summarizes the criteria mentioned in the CL 1998/12-S of the Codex
Alimentarius and to the Council Derivative 2001/110/EC of the EU, and the other
quality criteria proposed by the International Honey Commission (IHC) (Bogdanov
et al. 2015).

11.7 Challenges in Honey Production

The levels of bioactive substances in honey vary depending on its geographical and
botanical origin. Thus, proper labelling of honey products must be advocated so that
consumers are not misled. The Codex Alimentarius Standard for Honey is generally
accepted worldwide for honey trade. In the wake of expected increase in global and
local honey trade, however, issues of adulteration and sub-standard honey produc-
tion must be given importance, and regulations must be in place even in the
regional level.

Climate change is an on-going risk to precision apiculture. Comparing the bee-
hive weights in the optimal beekeeping conditions and during drought in the
Mediterranean areas in 2017 showed that bee populations, honey reserves, and pol-
len spectrum was affected greatly (Flores et al. 2019). Another risk to beekeeping is
the phenomenon called the Colony Collapse Disorder (CCD), where honey bee
stocks dip dramatically due to unknown reasons. Researchers point to parasites,
pathogens, pesticides, or immune system disorders as the drivers of CCD
(Stokstad 2007).
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Table 11.1 Proposed criteria to assess honey quality and standard

International
Honey
European Codex Commission
Directive Alimentarius | (Proposed
Parameter 2001/110/EC | CL 1998/12-S | Standard)
Moisture content
General <21g/100g | <21¢g/100¢g
Heather, clover <23¢/100g | <23¢g/100g |<21g/100g
Industrial or bake-honey <25¢g/100g | <25¢g/100 g
Apparent reducing sugars content
Honeys not listed below >65g/100g | >65¢g/100 g
Honeydew honey or blends of honeydew >45¢/100g | >60g/100 g
honey and blossom honey
Xanthorrhoea pr. >53¢g/100g | >53¢g/100 g
Apparent sucrose content
Honeys not listed below <5¢/100 g <5¢g/100 g
Robinia, Lavandula, Hedysarum, Trifolium, | <10g/100g |<10g/100 g
Citrus, Medicago, Eucalyptus cam.,
Eucryphia luc. Banksia menz* Rosemarinus®
Calothamnus san., Eucalyptus scab., Banksia | — <15g/100 g
gr., Xanthorrhoeapr., honeydew honey and
blends of blossom with honeydew honey
Water-insoluble solids content
General <0.1g/100g <0.1g/100g
Pressed honey <0.5¢g/100g | <0.5¢g/100 g
Mineral content (ash)
General <0.6g/100g <0.6g/100¢g
Honeydew or blends of honeydew and <12g/100g |<1.2¢g/100¢g
blossom honey or chestnut honey
Acidity
In general <50 meg/kg | <50 meq/kg
Baker’s honey < 80 meq/kg
Diastase activity
After processing and blending (diastase
number in Schade scale)
General >8 >8
Honeys with natural low enzyme content >3 >3
Hydroxymethylfurfural (HMF) content
In general, except baker’s honey <40 mg/kg
After processing and/or blending <60 mg/kg | <60 mgkg
Honeys of declared origin from regions with | < 80 mg/kg

tropical climate and blends of these honeys

Sugar content

Sum of fructose and glucose

Honeys not listed below

>60g/100g | >60g/100 g

(continued)
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Table 11.1 (continued)
International
Honey
European Codex Commission
Directive Alimentarius | (Proposed
Parameter 2001/110/EC | CL 1998/12-S | Standard)
Blossom honeys >45¢/100g | >45¢g/100¢g
Honeydew honey or blends of honeydew
honey and blossom honey
Sucrose
Honeys not listed below <5¢g/100 g <5¢g/100¢g
Alfalfa (Medicago sativa), Citrus spp., false <10g/100 g
Acacia (Robiniapseudoacacia), French
honeysuckle (Hedysarum), Menzies Banksia
(Banksia menziesii), red gum (Eucalyptus
camaldulensis), leatherwood (Eucryphia
lucida), Eucryphia milligani
Lavender (Lavandula spp), borage (Borago <15¢g/100¢g
officinalis)
Banksia, Citrus, Hedysarum, Medicago, <10g/100 g
Robinia
Lavandula <15g/100 g
Electrical conductivity
(a) Honey not listed under (b) or (c), and <0.8 mS/cm | <0.8 mS/cm
blends of these honeys
(b) Honeydew and chestnut honey, except the > 0.8 mS/cm | > 0.8 mS/cm

honeys listed below and blends with those

(c) Strawberry tree (Arbutus unedo), bell
heather (Erica), Eucalyptus, lime (Tiliaspp),
Ling heather (Calluna vulgaris) Manuka or
jelly bush (Leptospermum), tea tree
(Melaleuca spp) (exceptions listed in Codex
Alimentarius)

(d) Arbutus, Banksia, Erica, Eucalyptus,
Eucryphia, Leptospermum, Melalueca, Tilia
(exceptions listed in IHC proposal)

“The European draft refers to honeydew honey and mixtures of honeydew and blossom honey,

acacia, Banksia and Citrus honeys

*The THC proposes also that Rosemarinus be included in this list
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12.1 Introduction

Besides the supply of basic nutrients for growth and development of the human
body, the relevance of nutrition has extended to maintenance of health and combat-
ing of diseases (Nicoleta-Maricica 2019). Foods that provide basic nutrition as well
as health-promoting benefits are known as functional foods. They contain biologi-
cally active compounds or phytochemicals that exert health beneficial effects and
help reduce risk of diseases. The introduction of probiotics, prebiotics, or synbiotics
into human diet is essential for the intestinal micro flora and the human health. They
may be taken in the form of dairy products, raw vegetables and fruit or fermented
pickles. A category of functional foods that have proven useful over time by virtue
of their health benefits are probiotics (Butnariu and Sarac 2019).

The relevance of functional food has led to the publication of several articles
describing studies on the constituents and biological functions of the various type of
food, of which milk and milk products hold great uniqueness (Siro et al. 2008).
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Milk is a probiotic compound because it contains viable bacteria that are benefi-
cial for human health (Roberfroid 2000). Milk is white (yellow-white or bluish-
white) liquid secreted by the mammary gland of female mammals. Humans use this
as food especially for the nourishment of their offspring. Milk is an important source
of energy which contains water, milk sugar (lactose), fat, protein, vitamins and min-
erals (Soliman 2005). Quantitatively, four components are dominant: water, fat, pro-
tein and lactose; while minerals, enzymes, vitamins, and dissolved gases constitute
the minor constituents (Mourad et al. 2014). The misconception that milk and milk
products contain fatty content that causes obesity and heart diseases could be
responsible for the less intake of milk. This chapter succinctly reviews the composi-
tion, source and health benefits of milk and milk products in clear perspectives.

12.2 Sources, Composition and Preservation of Milk

All female mammalian species act as sources of milk but cows hold the highest
commercial value because 85% of milk is obtained from them (Gerosa and Skoet
2012). Other sources include buffalo milk (11%), goats (3.4%), sheep (1.4%) and
camels (0.2%) (Fig. 12.1).

12.2.1 Composition of Milk

The composition of milk varies among species to species or dairy to dairy
(Table 12.1).

Fig. 12.1 The percentage . Sheep milk, 1.40% __Camel milk, 0.20%
composition and sources of Goat milk, 3.40% /_
milk
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Table 12.1 Sources and composition of milk

Species Water Proteins Fat Lactose Ash
Cow 87.0 3.5 39 49 0.72
Goat 87.7 33 4.1 39 0.82
Sheep 82.7 5.5 6.4 4.7 0.92
Camel 86.9 3.4 4.1 3.7 0.71

The composition of milk from different mammals in g/100 g milk (Mourad et al.
2014; Alhadrami 2016).

12.2.2 Milk Preservation

Raw milk contains different type of pathogenic bacteria including; Listeria mono-
cytogenes, Yersinia enterocolitica, Camphylobacterjejuni and E. coli (Vasavada
1988). There are two major processes that could lead to contamination of raw milk:
preharvest and second one is postharvest process. Several strategies are used to
reduce the risk of contamination— enhanced animal health, improved milking
hygiene and pasteurization. Pasteurization is a method in which pathogenic bacteria
can be killed on fixed time at prearranged temperature.

12.3 Health Benefits of Milk and Milk Products

Cow milk contains high amount of protein, vitamin B, vitamin D, antioxidants, organic
compounds and various minerals that affect the body in several ways. According to
Karen Giles-Smith, cow milk is a rich source of high-quality protein of which 82% is
casein and the remaining 18% consist of whey protein. They are rich source of pep-
tides that helps in lowering blood pressure in hypertensive patients. Whey protein also
contains essential amino acid Leucine that provides energy for boosting muscle mass
and strengthens during exercise and heavy work (Giles-Smith 2013).

Vitamin By, is an essential vitamin that is necessary for human health because it
affects cell division. Its deficiency may lead to anaemia and neuropathy. Matte et al.
(2014) described the importance of milk as a source of vitamin B, for human nutri-
tion. They reported three things mainly; ruminant animals have a natural source of
vitamin B that is naturally synthesized by ruminant microflora and cobalt is a pre-
cursor in this process. Also the concentration of vitamin B12 in milk varies at
different levels of heat. The absorption of vitamin B, as a supplement (cyanoco-
balamin) varies in raw milk, pasteurized milk and micro-filtered milk in the pig’s
intestine. On analysis, the result shows that absorption efficiency of cyanocobala-
min is 0%, raw milk is 9.2%, pasteurized milk is 7.8% and micro-filtered milk is
10.0% (Matte et al. 2014).
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Milk contains high amount of calcium (most common mineral) that strengthens
bones and teeth. Less intake of calcium source causes rickets in early life (Heaney
et al. 2000). Grass-fed cow’s milk have a rich source of omega-3 fatty acids that is
good cholesterol improves heart health and prevent from different heart problems
like heart attacks or strokes (Haug et al. 2007).

It is important to note that cow milk contains low amount of vitamin D. Vitamin
D (vitamin D-2, vitamin D-3) is synthesized in the human skin in the presence of
sunlight. It acts as a hormone and regulates the calcium and phosphorus concentra-
tion in the blood serum. It also helps in muscle development because vitamin D
receptors present on muscle. Main source of vitamin D is sun exposure but now a
day people do not have enough sun exposure because they live most of the time in
shadowed or congested homes, working place also have less sun exposure that’s
why bones and muscles are weak. Vitamin D deficiency be averted by the use of
vitamin D fortified milk (Schmid and Walther 2013).

Khan et al. (2019) reported that milk have antioxidant properties because milk is
rich in sulfur-containing amino acids such as carotenoids, cysteine, phosphate, zinc,
selenium, vitamin A, E, enzymes, superoxide dismutase, catalase. Milk products
such as yoghurt and cheese have oligosaccharides and peptides that also have anti-
oxidant property that can neutralize and act as free radical scavengers. They help
protect the human body from harmful effects. These free radicals lead cancer, car-
diovascular diseases, and diabetes and increase the ageing process because they
cause oxidative stress which disrupts biochemical compounds like DNA, protein
and lipids (Khan et al. 2019).

Goat milk is almost similar in nutrient composition as cow milk, but it differs in
several characteristics. Goat milk is completely white in colour, as a result of the
conversion of the beta-carotene (ingested from feed) to vitamin A. Goat milk has
also been shown to have good nutritional value. It contains fat (3.8%), protein
(3.5%), lactose (4.1%) unlike in cow which has higher lactose content (4.6%) but
less protein (3.3%) and fat (3.6%) contents (Park 2010). Fat globule size is a factor
that affects digestion value. Goat milk fat globule diameter is less than cow milk fat
globule diameter which implies that its digestion rate is more due to its small size
(Gantner et al. 2015).

According to Zenebe et al. (2014), the medicinal and nutritional values of goat
milk are quite promising. Goat milk contains medium-chain triglycerides that helps
in nutrient absorption and provide energy to the body. Goat milk also have bioactive
component like gangliosides, glycolipids, cerebrosides and glycosphingolipids.
These bioactive lipids act as antibodies and help detect antigens and bacterial toxins
such as cholera toxin and enterotoxins. They also help to maintain cells to cell inter-
action. Alphal-casein is a protein that increases the digestion time period of which
goat milk has fewer amounts compared to than other sources of milk. Taurine is a
free amino acid that is present in goat milk and plays an important role in brain
development, growth and bile salt formation. Its deficiency causes epilepsy, retarded
growth and cardiomyopathy (Zenebe et al. 2014).

Goat milk induces less allergic reaction in infants than cow milk because it is
easily digestible due to its less percentage of lactose (lactose is a major carbohy-
drate). Several studies report that the use of goat milk resolves 30% and 40% of the
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cases (Haenlein 2004). Oligosaccharide is also a carbohydrate that is present in goat
milk. It is beneficial to human nutrition because of their prebiotic and anti-infective
properties. In animal models, goat milk oligosaccharides have been shown to have
anti-inflammatory effects in induced colitis (LaraVilloslada et al. 2006).

CLA (Conjugated linoleic acid) is a bioactive lipid present in goat milk. It has
anti-allergic and anti-inflammatory properties because it decreases the production
of cytokines, prostaglandins and immunoglobulins that are associated with athero-
sclerosis, cancer and irritable bowel disease (Park 2009).

On the other hand, Sheep milk contains high amount of fat in milk than other
dairy mammals (Mourad et al. 2014). Sheep milk has a high level of solids, fats and
conjugated linoleic acid that makes it more suitable than other milk for producing
high amount of cheese (Sinanoglou 2015).

Camel is a draught animal that has significance due to its nutritional and medici-
nal benefits. Its milk is called white gold of the desert (Wernery 2006). According
to a prospective study conducted by Saltanat et al. (2009) aimed at assessing the
influences of camel milk on the immune response of chronic hepatitis B patient,
they found out that camel milk corrects the imbalance of Th1/Th2 cytokines net-
work and inhibit the replication process of DNA by strengthening the cellular
immune response, thereby improving the recovery chances of chronic hepatitis B
patients (Saltanat et al. 2009).

Camel milk contains lactoferrin protein. Lactoferrin is an iron-binding glycopro-
tein, which plays an important role in host defense system against pathogenic organ-
isms. In Egypt, a clinical study was performed for the role of camel milk in hepatitis
C patients. The study shows that camel milk contains constituents that have the
ability to decrease the level of alanine aminotransferase and aspartate aminotrans-
ferase (Redwan and Tabll 2007). Another study was performed by EL-Fakharany
et al. (2012) on anti-infectivity of camel polyclonal antibodies against hepatitis C
virus in Huh7.5 hepatoma. They perform three experiments on PBMCs and HuH7.5
cell. They found that camel milk-lactoferrin inhibits the HCV infectivity on direct
interaction with HCV but human IgGs and casein failed to inhibit the HCV entry at
any tested concentration. The concentration at which camel lactoferrin inhibits
HCYV replication was recorded to be at 0.25-1.25 mg/ml (EL-Fakharany et al. 2012).

12.4 Milk Products and Their Benefits

For over many centuries, Milk has been an invaluable dietary source of nutrition to
humans in the production of both fresh and storable nutritious foods. In some parts
of the globe more than a quarter of the milk produced is consumed as fresh pasteur-
ized whole, low-fat, or skim milk. However, most milk is manufactured into more
standardized dairy products of global economic importance, such as butter, cheese,
dried milks, ice cream, and condensed milk. Milk or dairy products are the kinds of
foods that are obtained primarily from or contain milk of mammals such as cattle,
goats, sheep, etc. Milk can be used in different forms such as yoghurt, cheese, butter
and ice cream.



216 M. Akram et al.

Yoghurt is a fermented form of milk it contains probiotics that act as an immu-
nomodulator and prevent inflammatory conditions such as inflammatory bowel dis-
ease (Lorea Baroja et al. 2007). Yoghurt used for hepatitis and HIV patients (Deems
et al. 1993).Yoghurt is beneficial for lactose intolerance patients (He et al. 2008).

Butter is a pale yellow substance has solid texture at room temperature.it is also
a milk product contains nutrients that present in milk but the fat value is high in
them. It is a rich source of energy due to high-fat content, also prevent from night
blindness because it contains vitamin A. great source of short-chain fatty acid
(CLA) which reduce the inflammation and cancer risk (Ip et al. 1999).

Cheese is a milk product which contains almost the same nutrients present in
milk such as protein, fat and minerals. It is the best source of energy for under-
weight people to gain healthy weight. Settanni and Moschetti studied the cheese
quality improvement technique by using the non-starter lactic acid bacteria
(NSLAB) to improve the quality of cheese. This bacterium (NSLAB) has the
potency to produce bioactive peptides and improved probiotic quality (Settanni and
Moschetti 2010).

12.5 Conclusions

Milk and milk products exert biological and nutritional effects that are beneficial to
health. Use of milk and milk products according to our body requirement improves
the health and nutritional status. Milk has natural ingredients such as bioactive pep-
tides, casein or whey proteins and other ingredients that confer functional food
properties to it. Further research that will harness the intrinsic nutrients in milk via
quality processing techniques would help to produce viable milk products that
would be beneficial to both healthy and immune-compromised patients.
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PL phospholipids

PS phosphatidylserine

PUFAs  polyunsaturated fatty acids
ROS reactive oxygen species
SCD sudden cardiac death

TG triglycerides

13.1 Introduction

Metabolic syndrome and the rise in other lifestyle-related illnesses in the elderly
have become critical issues for the human health, both in medical terms and finan-
cially. Even in high-income countries, more and more patients suffer from obesity,
hypertension, diabetes, dyslipidemia and cancer, and the burden of these conditions
is growing day by day (Carrion Alvarez and Obregon Perales 2019; Iorga et al.
2019; Gaman et al. 2019a). Metabolic syndrome is associated with several types of
cancer, type 2 diabetes mellitus (Cerchietti et al. 2007; Gaman et al. 2019b), nonal-
coholic fatty liver disease (Byrne 2010; Epingeac et al. 2019) and cardiovascular
disorders (Hwu et al. 2008; Albers et al. 2019). Most probably, the current diabetes
and obesity epidemic is due to the increased consumption of dietary sugar and fat
(Linseisen et al. 2009; Dobrica et al. 2019; Medina-Gaona et al. 2018). Fast food
consumption and soft drinks also have negative effects on the human health. Some
of the variables that influence dietary habits in humans include food accessibility,
eating preferences, culture, age, and expertise in nutrition and health. A promising
novel tactic to tackle unhealthy lifestyle habits is reforming the food milieu (Story
et al. 2008; Manea et al. 2019; Vincek et al. 2018).

Annually, fish capture and aquaculture have resulted in 167.2 million tons:
146.3 million tons have been used for human consumption and the remaining
20.6 million tons were destined for other purposes (FAO 2016). There is a remark-
able uplift in the demand for seafood products every year mainly due to their nutri-
tional benefits (FAO 1986). The nutritional value of marine foods derives from the
considerable amount of proteins, essential micronutrients and lipids contained in
seafood. Marine animals, which are considered a supreme source of protein, have
the highest content of polyunsaturated fatty acids (PUFAs) and a low caloric density
in comparison with terrestrial animals (Tacon and Metian 2013). Seafood is now
recognized as an essential human food. In the future, the demand of seafood is
expected to increase, taking into consideration its elevated content in high-quality
protein, vitamins, trace elements, PUFAs or minerals (FAO 2010).

Seafood possesses of myriad of benefits to the human health. For example, the
vital nutrients contained in seafood are important in the development of the brain
and nervous system. Apart from this, the nutrients found in seafood are known to
have anticancer effects (Liao and Chao 2009). In many developing countries, sea-
food has helped to alleviate food shortages, offering a valuable complement to a
healthy and nutritious diet. The worldwide consumption of seafood has steadily
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increased in recent years (FAO 2010). Since there is a clear diet-CVD correspon-
dence (Enriquez et al. 2018; Manea et al. 2018), as evidenced both by experimental
and epidemiological reports, dietary interventions containing marine food might be
of aid in disorders such as atherosclerosis. Moreover, seafood has a great influence
on health promotion and maintenance (Mozaffarian and Rimm 2006; Pereira et al.
2004). Seafood is healthy due to its high content of omega-3 PUFAs, mainly doco-
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Dyerberg et al. 1978).

Due to the abundance in PUFAs, i.e. EPA and DHA, fish oil is sold as a func-
tional food to encourage healthier dietary habits. Many other bioactive components
are also marketed and are being sold as functional foods due to their value in health,
with special reference to the reduced risk of ischemic heart disease and inflamma-
tory disorders (e.g. arthritis) and to the possible effect in cancer prevention, as
hypothesized in many research papers (Harris 2004; Rudkowska et al. 2009). Fish
and other seafood are also a main source of amino acids, such as taurine and cho-
line, but also calcium, phosphorus, iodine, selenium, vitamin D; and vitamin By,
(Lund 2013).

The nutritional and health aspects of functional foods reduce the risk of lifestyle-
associated diseases (Gheorghe et al. 2019; Tica et al. 2018). The bioactive moieties
of seafood are essential in improving unbalanced diets and in preventing lifestyle-
associated diseases. Thus, the aim of this chapter is to summarize the available
evidence regarding the beneficial effects of micronutrients obtained from seafood
(Fig. 13.1).

13.1.1 Major Biochemical Constituents of Seafood

In this section, we detailed the major biochemical components reported in seafoods.
Table 13.1 presents summaries of these various components and their effects in
human system.

Phospholipids

seoon | =

Fig. 13.1 Nutrients available in seafood. PUFAs polyunsaturated fatty acids
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Table 13.1 Nutrients found in seafood: sources and effects in preclinical and clinical studies

Nutrient Sources Effects References
Omega-3 Phytoplankton | Primary/secondary CVD Shahidi (2011) and Lavie
PUFAs Mackerel prevention et al. (2009)
Salmon
Herring
Stabilization of ATS plaques Thies et al. (2003)
| Obesity Ramel et al. (2010)
| Inflammation
1 Insulin sensitivity
1 Expression, affinity, membrane | Peyron-Caso et al. (2002)
fluidity, protein content of
GLUT4 in the adipose tissue
| BMI Couet et al. (1997)
| Lipid oxidation
1 Satiety control, improve the Abete et al. (2010)
cytokine profile
Antiarrhythmic Rimm et al. (2018)
| Inflammation
| Risk of congestive HF
| Risk of CHD and SCD
1 Risk of ischemic stroke
Cardio-protective and Mori (2017)
antithrombotic
| BP and blood lipids
1 blood vessel function
1 heart function
| inflammation and oxidative
stress
Anti-Alzheimer’s disease Morris et al. (2003)
Anti-prostate cancer
Phospholipids | Krill oil PC | blood lipids Mastellone et al. (2000)
Squid mantle | PC 1 brain function and Chung et al. (1995)
PEA and PS | cholesterol McDaniel et al. (2003)
PEA and PS 1 brain function
1 EPA and DHA in the plasma and | Wang et al. (2011) and
cell membrane Maki et al. (2009)
PL + omega-3 PUFAs | obesity Shirouchi et al. (2007)
Antioxidant Hiratsuka et al. (2008)
| Inflammation Ikemoto et al. (2001)
Antineoplastic Hosokawa et al. (2001)
PL + omega-3 PUFAs | TG Hosomi et al. (2010)
Proteins Fish oil Omega-3 PUFAs | TG Balk et al. (2006)
Whole fish
Fish sausages
Japanese
surimi
Cod

(continued)
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Nutrient Sources Effects References
Sardine | Serum cholesterol Hosomi et al. (2009)
Jumbo squid 1 Cholesterol catabolism
| Cholesterol and bile acids
absorption
1 Fibrinolysis Murata et al. (2004)
Antihypertensive Boukortt et al. (2004)
| Obesity Oishi and Dohmoto
(2009)
Cod proteins | hs-CRP Ouellet et al. (2008)
Cod proteins 1 insulin sensitivity | Ouellet et al. (2007)
| Cholesterol Wergedahl et al. (2004)
Antimicrobial Tincu and Taylor (2004)
| Lipid peroxidation Mendis et al. (2005)
Immunomodulation Duarte et al. (2006)
Valyl-tyrosine | BP Kawasaki et al. (2000)
Vitamin D Fish | risk of hip fractures Fan et al. (2013)
Salmon Bone health
Selenium Tilapia fish Seleno-proteins Holben and Smith (1999)
Seafood Thyroid gland activity
| Hg toxicity Ralston and Raymond
(2010)
Calcium Mollusks Bone metabolism Ghosh and Joshi (2008),
Crustaceans Skeleton rigidity Tacon and Metian (2013)
Salmon and Malde et al. (2010)
Cod bones
Phosphorus Mollusks Bone health Martinez-Valverde et al.
Fish Cell membranes (2000) and Tacon and
Nucleoproteins Metian (2013)
Nucleic acids
Organic phosphates
Taurine Oysters Regulates the actions of Huxtable (1992) and

antioxidants

Regulates Ca** levels

Regulates bile acids’ conjugation
Immunity

Membrane stability

Schuller-Levis and Park
(2004)

Taurine + omega-3 PUFAs | ATS
and dyslipidemia

Elvevoll et al. (2008)

| BMI
| Atherogenic index
I TG

Zhang et al. (2004)

Anti-hypertensive
1 Cholesterol
| Inflammation

Matsushima et al. (2003)
and Schaffer et al. (2010)

(continued)
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Nutrient Sources Effects References
Fibers Edible seaweed | | Cholesterol Jimenez-Escrig and
| LDL Sanchez-Muniz (2000)
1 TG and Amano et al. (2005)
Interfere with micelle development
| Lipids and bile acids’ absorption
Antioxidant Heo et al. (2005)
Antiviral Artan et al. (2008)
| Inflammation Kim et al. (2009)
Anticoagulant Matsubara et al. (2000)
Phytosterols | Edible | LDL-cholesterol Kanazawa (2001),
microalgae | Cholesterol Malinowski and Gehret
(2010) and Plaza et al.
(2009)
| Cholesterol uptake (gut) Marangoni and Poli
Bind to micelles (small intestine) | (2010)
1 luminal cholesterol excretion
Antioxidant Mannarino et al. (2009)
| Inflammation Houweling et al. (2009)
Anticancer Bouic (2001)
Carotenoids | Lobster Convert light into chemical energy | Lesser (2006) and Maeda
Salmon Antioxidant et al. (2007)
Crustaceans | ROS-induced damage
Hijiki
afusiformis
Laminaria
Jjaponica
Sargassum
Sfulvelum
Undaria
pinnatif
| Inflammation Cicero et al. (2007) and
| Dyslipidemia Woo et al. (2010)
| Oxidative stress
| TG Yoshida et al. (2010)
1 HDL-cholesterol
| Fat tissue Maeda et al. (2008)
| Abdominal fat
| Inflammation
1 Risk of cancer and stroke

13.1.2 Omega-3 Fatty Acids

The importance of seafood in the human diet is due to the presence of naturally
occurring fatty acids such as omega-3 PUFAs (EPA and DHA), which possess mul-
tiple beneficial health effects. The highest ratio of fatty acids, such as EPA and
DHA, in the food chain is found in the marine phytoplankton. The overall content
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in EPA and DHA of fish is influenced by several factors, e.g. species or environ-
ment. According to Shahidi (2011), fatty fish such as mackerel, salmon or herring,
have a higher concentration of omega-3 PUFAs as compared to halibut haddock or
cod that are categorized in lean fish category. Shellfish such as crab, lobster or
shrimp, contain low levels of omega-3 PUFAs. The most well-known metabolites of
EPA are thromboxanes, 5-series leukotrienes, 3-series prostaglandins and prostacy-
clin (Calder 1998). Pro-thrombotic and pro-inflammatory eicosanoids resulted from
arachidonic acid are not as active as EPA-derived eicosanoids. In humans, omega-3
and omega-6 levels are dependent on the dietary consumption (Lands et al. 1992).
In cardiovascular health, PUFAs supplementation therapy remains a highly effec-
tive method in the prevention of cardiovascular disorders (Lavie et al. 2009).

The American Heart Association suggests that patients with ischemic heart dis-
ease should include approximately 1 g/day of EPA and DHA in their diet. This
dietary intervention is helpful in the general prevention of CVD (Kris-Etherton
et al. 2002). Similarly, AHA recommends that healthy people should consume fatty
fish at least 2 times/week or have a dietary intake of about 500 mg EPA and DHA/
day. In addition, >3-20 EPA and DHA g/day has effects on serum triglycerides
(TG), blood vessel flexibility, endothelial function, platelet aggregation, blood pres-
sure and inflammation (Kris-Etherton et al. 2003). In their study published in The
Lancet, Thies et al. have demonstrated that the consumption of (n-3) PUFAs
enhances the stability of atherosclerotic plaques affecting the carotid arteries (Thies
et al. 2003). Moreover, Ramel et al. have shown that omega-3 PUFAs present anti-
obesity effects, reduce inflammation and insulin sensitivity (Ramel et al. 2010). In
obese and insulin resistant murine models, the incorporation of dietary omega-3
PUFAs into the phospholipids of the cell membrane stimulated the expression,
affinity, membrane fluidity, protein content of glucose transporter-4 in the fat tissue
(Peyron-Caso et al. 2002) as well as the expression of some insulin receptors (Das
1999), sensitizing tissues in the body to the action of insulin. Furthermore, in obese
subjects, omega-3 PUFAs can reduce the oxidation of lipids and the body mass
(Couet et al. 1997). The potential health benefits of PUFAs have also been studied
in rheumatologic disorders (rheumatoid arthritis or lupus), immunoglobulin A
nephropathy or gastrointestinal disorders (ulcerative colitis, Crohn’s disease)
(Volker et al. 2000; Walton et al. 1991; Belluzzi et al. 1996; Das 2005; Stenson et al.
1992; Donadio et al. 1994). Omega-3 PUFAs improve the control of satiety and the
cytokine profile (Abete et al. 2010). Moreover, omega-3 PUFAs have antiarrhyth-
mic effects, counteract oxidative stress and reduce the risk of heart failure and sud-
den cardiac death (Rimm et al. 2018; Mori 2017).

13.1.3 Phospholipids

Approximately 10% of the fat from seafood comes in the form of TG and phospho-
lipids (PLs). Several animal studies have concluded that dietary PLs could be ben-
eficial to the human health. Phosphatidylcholine, the major component of
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phospholipids (PLs), reduces the total lipids in the blood (Mastellone et al. 2000)
and enhances the activity of the brain (Chung et al. 1995). Phosphatidylethanolamine
and phosphatidylserine are also able to reduce lipid levels and improve the function
of the brain (McDaniel et al. 2003). The abundance of effective and potential sea-
food derived PLs like EPA and DHA has also been included in foods as a valuable
ingredient.

The administration of omega-3 PUFAs seems more effective if omega-3 PUFAs
were given as PL- rather TG-formulations (Wijendran et al. 2002). The beneficial
effects of dietary krill oil supplementation have also been examined in several clini-
cal studies. Supplementation with krill oil has proven beneficial effects on the
human health, mainly by increasing the EPA and DHA levels in the plasma and the
cell membrane (Wang et al. 2011; Maki et al. 2009). In addition, obesity-related
metabolic disorders are ameliorated under the administration of PL-containing
omega-3 PUFAs (Shirouchi et al. 2007). Moreover, in several studies conducted on
animals, these agents were explored for their antioxidant (Hiratsuka et al. 2008),
anti-inflammatory (Ikemoto et al. 2001) and antineoplastic properties (Hosokawa
etal. 2001). Previous studies have reported a decrease in serum and liver TG follow-
ing the addition of PL-containing omega-3 PUFAs derived from squid mantle mus-
cle or from soybeans to the diet (Hosomi et al. 2010).

13.1.4 Protein, Peptide, and Non-protein Nitrogen Compounds

The human diet usually includes fish oil and whole fish. Dietary omega-3 PUFAs
reduce serum TG even if serum cholesterol is not reduced (Balk et al. 2006). The
main micronutrients found in fish are fish proteins. Around the globe, fish proteins
are essential elements in human nutrition and have been included as main ingredi-
ents in processed fish products such as fish sausages or the Japanese surimi (FAO
2010). The impressive levels of amino acids in seafood proteins can make up
between 10% and 25% of their content. Seafood proteins can be classified as sarco-
plasmic, myofibrillar or stromal proteins. In terms of amino acid composition and
bioavailability, animal proteins are more acceptable versus vegetable proteins.

The potential impact of fish proteins on the lipid metabolism is another dimen-
sion of the role of fish proteins in health. In this context, researchers have shown
that the administration of fish proteins in laboratory animals influenced serum cho-
lesterol levels (Wergedahl et al. 2009). The reduction in serum cholesterol was due
to the properties of fish protein to inhibit the absorption of cholesterol and bile
acids. Thereby, the catabolism of cholesterol in the liver increased (Hosomi et al.
2009). Additionally, other beneficial effects of these substances include the
enhancement of fibrinolysis (Murata et al. 2004), as well as their antihypertensive
(Boukortt et al. 2004) and anti-obesity properties (Oishi and Dohmoto 2009).
Furthermore, animal and human studies have concluded that dietary cod proteins
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reduce the levels of high-sensitivity C-reactive protein in the serum (Ouellet et al.
2008) and increase insulin sensitivity in subjects resistant to insulin (Ouellet
et al. 2007).

Biopeptides extracted from seafood proteins have an immense influence on the
promotion of healthy eating. In a placebo-controlled trial, the administration of
valyl-tyrosine, a peptide extracted from sardines, has resulted in a decrease of
9.3 mmHg in the systolic blood pressure and a decrease of 5.2 mmHg in the dia-
stolic blood pressure (Kawasaki et al. 2000). Moreover, marine bioactive peptides
isolated from the jumbo squid were seen to inhibit lipid peroxidation. Their activity
was similar to butylated hydroxytoluene (BHT), but much lower in comparison with
a-tocopherol (Mendis et al. 2005). According to previously stated work by several
authors, marine bioactive peptides have ameliorated hypocholesterolemia
(Wergedahl et al. 2004) and have displayed immunomodulatory (Duarte et al. 2006)
and antimicrobial effects (Tincu and Taylor 2004), both in animals and in vitro.
However, the health benefits of marine proteins need further investigation in studies
conducted on humans.

13.1.5 Vitamin D

In addition to its valuable protein and lipid composition, seafood also comprises
considerable amounts of vitamin D (Holick 2008). Rickets, low bone density,
osteomalacia and osteoporosis are health conditions associated with vitamin D
deficiency (Cranney et al. 2007). Fan and his coworkers (2013) reported an
inverse relation among fish consumption and chances of hip fracture in the
Chinese elderly. Alongside to bone-related disorders, vitamin D deficiency seems
to be also involved in the development of diabetes, autoimmune disorders, aggres-
sive cancers, as well as CVD (Holick 2008). Sunlight exposure is a key element
in vitamin D homeostasis. Limited sun exposure has been linked to vitamin D
deficiency (Norman 2008). Overall, the average dietary intake of vitamin D is of
at least 1000 international units (IU) or equivalent to 25 mg per day (Lu et al.
2007; Holick 2008). Vitamin D, (ergocalciferol) is found in plants such as mush-
rooms, whereas vitamin D; (cholecalciferol) is found in fish and is also produced
in the skin via exposure to ultraviolet B rays (Holick 2008; Norman 2008).
Ergocalciferol slightly differs in structure from cholecalciferol, as it contains one
additional double bond along with methyl group. In various species of fish mus-
cle, the vitamin D content ranges from 5 to 30 mg/100 g (Mattila et al. 1995). It
was observed that wild salmon has a higher content of vitamin D as compared to
farmed salmon. Moreover, the methods of preparation also affect the final quan-
tity of vitamin D. After frying, 50% of the vitamin D is retained in the salmon (Lu
et al. 2007).
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13.1.6 Minerals

Selenium is an essential mineral in humans and animals. However, in high levels, it
is toxic. In humans, selenium is responsible for the synthesis of seleno-proteins, as
well as in the normal activity of the thyroid where it acts as a cofactor in the metabo-
lism of thyroid hormones (Holben and Smith 1999). Selenium deficiency is associ-
ated with cardiovascular events (e.g. myocardial infarction) and a higher rate of
CVD-related deaths. Likewise, selenium deficiency is also linked with a higher risk
of kidney disorders and cancer (Holben and Smith 1999). Selenium also partakes in
the process of reducing methylmercury toxicity (Ralston and Raymond 2010).
According to the United States Department of Agriculture (USDA), seafood is an
excellent source of selenium (Ralston 2008). In comparison with yeast-derived sele-
nium, selenium obtained from fish has a higher bioavailability (Fox et al. 2004).
During the analysis of seafood obtained from the South Atlantic Ocean, a beneficial
selenium-to-mercury ratio (> critical level of 1:1) was observed and held responsi-
ble for the protection against methylmercury toxicity (Kehrig et al. 2013). Moreover,
the selenium content of seafood can be increased by supplementing the diet of fish
with selenium, as seen in studies conducted on tilapia (Molnar et al. 2012). For
seafood safety, the selenium health benefit value (Se-HBV) was proposed. It takes
into consideration the exposure to methylmercury and the selenium intake (Kaneko
and Ralston 2007). Recently, the Se-HBV has been updated to consider its avail-
ability from fish. In order to differentiate between the two, Se-HBV is now abbrevi-
ated as HBVSe (Ralston et al. 2016). Mercury-induced toxicity seems to be related,
in avid seafood consumers, to an increase in oxidative stress levels (Karimi
et al. 2016).

Calcium is an essential macro-mineral in human nutrition for its role in bone
metabolism. Calcium ions play a significant role in maintaining the rigidity of the
skeleton. In the human body, 99% of calcium is stored in of bones (Ghosh and Joshi
2008). The average intake of calcium differs based on age groups. However, in
adults, the WHO/FAO recommends a daily intake of 400-500 mg/day. In compari-
son with other nutrients, the absorbance of calcium in body is inadequate. Generally,
the bioavailability of the total dietary calcium is estimated at 25-30% (FAO
Agriculture and Consumer Protection Department 2002). Besides milk and dairy
products, fish and other marine animals also contain calcium (Martinez-Valverde
et al. 2000). In comparison with terrestrial meat which contains 14 mg cal-
cium/100 g, mollusks, crustaceans and fish contain 26—68 mg calcium/100 g (Tacon
and Metian 2013). Moreover, calcium from salmon and cod bones has a better
absorption (Malde et al. 2010).

Phosphorus is also a key factor in bone health and the composition of cell mem-
branes. Moreover, phosphorous is also an important component of nucleoproteins,
nucleic acids, as well as organic phosphates i.e. adenosine triphosphate and creatine
phosphate. Martinez-Valverde et al. (2000) reported that 700 g of phosphorous are
found in the body, of which 80% is found in bones, 10% in viscera and 9% in the
skeletal muscles (Ghosh and Joshi 2008). Phosphorus deficiency is related to a
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myriad of health disorders: metabolic acidosis, muscle disorders, variation in bone
mineralization, and respiratory, cardiac or neurological disorders (Ghosh and Joshi
2008). In various studies, seafood are proposed as excellent sources of phosphorus,
since 204-230 mg phosphorus/100 g are found in mollusks and fish, in comparison
with terrestrial meat which only contains 176 mg phosphorus/100 g (Tacon and
Metian 2013).

13.1.7 Taurine

Seafood contains taurine (2-aminoethanesulfonic acid). Taurine is abundantly found
in the blood, the developing brain, the retina and the heart (Wdjcik et al. 2010).
Guinea-pigs and rats’ diets are highly dependent on taurine. As compared to humans,
the synthesis of taurine is higher in animals (e.g. Guinea-pigs and rats). Taurine (a
nonessential amino acid) has a significant impact in many biological processes
which regulate the actions of antioxidants, the calcium level, and the conjugation of
bile acids, immunity and membrane stability (Huxtable 1992; Schuller-Levis and
Park 2004). Seafood contains high amounts of taurine and a high percentage of the
taurine in the human diet comes from seafood (Tsuji and Yano 1984). Marine inver-
tebrates such as oysters contain higher amounts of taurine (>1/100 g) in comparison
with plants, in which the taurine content is lower or even absent (Kataoka and
Onishi 1986). Taurine decreases the risk of lifestyle-related diseases and acts as
anti-hypertensive, anti-hypercholesterolemic and anti-inflammatory  agent
(Matsushima et al. 2003; Schaffer et al. 2010). Studies have reported that the asso-
ciation between taurine and omega-3 PUFAs exerts more pronounced anti-athero-
genic and hypolipidemic effects in humans as compared to omega-3 PUFAs
supplements alone (Elvevoll et al. 2008). Zhang et al. concluded that a 7-week tau-
rine supplementation in a dosage of 3 g/day significantly reduced the body weight,
atherogenic index and serum TG of non-diabetic obese human subjects. According
to their research, an adequate amount of taurine might be helpful to decrease the risk
of lifestyle-associated disorders such as stroke or atherosclerosis (Zhang et al. 2004).

13.1.8 Fiber

Carbohydrates and fibers are present in a very little amount in seafood. Edible sea-
weed comprises of 25-75% of dry weight of dietary fiber and also contains approxi-
mately 50-80% of water soluble fiber constituents (Jimenez-Escrig and
Sanchez-Muniz 2000). Seaweeds are divided into three groups based on pigmenta-
tion: brown seaweeds, green seaweeds and red seaweeds. Brown seaweeds owe
their color to the pigment known as fucoxanthin and consist of primary polysac-
charides (alginates, cellulose, fucans and laminarins) (Goni et al. 2002). In green
seaweed, chlorophyll and ulvan are the major polysaccharide components
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responsible for its color (Robic et al. 2009). Red seaweeds owe their color to phy-
coerythrin and phycocyanin (McHugh 2003). In terms of health, the consumption of
polysaccharides extracted from edible seaweeds has been linked to a significant
reduction in total cholesterol, low-density lipoproteins and plasma TG (Amano
et al. 2005). Polysaccharides extracted from seaweeds showed hypo-cholesterol-
emic effects due to their increased interference with micelle development and
absorption of lipids and biliary acids. Moreover, sulfated polysaccharides (carra-
geenans and fucoidan) have several important biological functions: antioxidant
(Heo et al. 2005), antiviral (Artan et al. 2008), anti-inflammatory (Kim et al. 2009)
and anticoagulant (Matsubara et al. 2000). Thus, their potential has been employed
in cosmetics, functional foods and pharmaceuticals (d’ Ayala et al. 2008).

13.1.9 Phytosterols

The structure of phytosterols and cholesterol is similar. The only difference between
them is the relative positioning of the methyl and ethyl groups. In plants, phytoster-
ols exist in the form of beta-sitosterols, campesterol and stigmasterol, while in
marine invertebrates these phytosterols exist in the form of stanols, sterols and ste-
rol esters (Kanazawa 2001). Phytosterols play an important role in the production of
healthy food products like milk, fat free or low-fat yogurt, spreads, juice, bread and
cereals (Demonty et al. 2009). In clinical trials, an intake of 2-3 g/day of phytoster-
ols has significantly reduced LDL-cholesterol (Malinowski and Gehret 2010).
Moreover, edible microalgae containing phytosterols have proven hypocholesterol-
emic effects (Plaza et al. 2009). Phytosterols reduce the uptake of cholesterol in the
gut since they bind to micelles in the small intestine. Also, phytosterols enhance the
action of the ATP-binding cassette G-proteins in the enterocytes via excretion of
cholesterol in the lumen (Marangoni and Poli 2010). Other biochemical actions of
phytosterols include their antioxidant (Mannarino et al. 2009), anti-inflammatory
(Houweling et al. 2009) and anticancer activities (Bouic 2001). Musa-Veloso et al.
(2011) have hypothesized the cardio-protective effects of phytosterols against coro-
nary heart disease and have reported that an intake of >2 g/day of phytosterols sig-
nificantly lowers LDL-cholesterol.

13.1.10 Carotenoids

Carotenoids (fat-soluble) contain orange and yellow pigments and have the ability
to convert light into chemical energy. Carotenoids comprise antioxidants that pre-
vent reactive oxygen species-induced damage in fungi, plankton and other photo-
synthetic organisms (Lesser 2006). Carotenoids (e.g. f-carotene) play important
roles in many biological processes, such as the formation of vitamin A in the body
(Garcia-Gonzdlez et al. 2005). Other examples of carotenoids include lycopene,
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fucoxanthin and astaxanthin (Gaman et al. 2019c). Seafood carotenoids (e.g. astax-
anthin, fucoxanthin) have many commercial applications. The xanthophyll carot-
enoid astaxanthin can be found in lobsters, salmon and marine crustaceans and
presents anti-inflammatory, anti-hyperlipidemic and anti-oxidative stress actions
(Cicero et al. 2007). Oxidative stress has emerged as a putative mechanism in the
development of many health issues, including myeloid and lymphoid malignancies
(Moisa et al. 2018a, b, 2019; Gaman et al. 2014, 2019d; Pascu et al. 2019). Yoshida
et al. (2010) reported a significant reduction in TG and an increase in high-density
lipoprotein (HDL) cholesterol in non-obese individuals after the intake of astaxan-
thin for 12 weeks (Yoshida et al. 2010). However, there is limited data on the effect
of astaxanthin on the human health. Edible seaweeds contain the orange-colored
pigment fucoxanthin (Maeda et al. 2007). Fucoxanthin decreases abdominal fat and
inflammation. Also, it can be useful to reduce the risk of malignancy and stroke
(Maeda et al. 2008). Furthermore, HDL-cholesterol in the plasma of mice can
increase following fucoxanthin consumption (Woo et al. 2010).

13.2 Factors Affecting the Nutritional Status of Seafood

Several factors such as the production methods and the processing conditions usu-
ally influences the composition and quality of seafood. The diet of marine creatures
can also influence the nutritional status of seafood (Lie 2001; Morris 2001). There
are some other factors such as the ash content, the mineral composition, the protein
content and other micronutrients which can alter the quality of fish (Baker 2001).
Feeding, handling, transportation, storage and slaughtering methods can also inter-
fere with the quality of fish and fish products (Robb 2001). The lipid content and
configuration is affected by the aforementioned steps. The way of processing also
alters the fatty acid composition of seafood via possible oxidation (Sampels
2015a, b).

13.3 Risk Associated with Fish Consumption

The reported increase in fish consumption might be due to their beneficial effects on
health, such as their role in CVD prevention (FAO 2010). On the other hand, fish
consumption might pose health risks as well. Edible marine products contain meth-
ylmercury which is metabolized by microorganisms and causes damage to the cen-
tral nervous system. This effect can also occur in the fetus and in infants. It has been
reported that the severity of central nervous system damage depends on the quantity
of methylmercury consumed (Clarkson et al. 2003). The Food and Drug
Administration (FDA) has already published several dietary guidelines addressing
the type and quantity of fish which can be consumed by pregnant women and chil-
dren. Additionally, some other environmental toxins found in seafood, such as
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dioxins and polychlorinated biphenyls, have negative effects on the human health
(Arisawa et al. 2005). The health benefits of fish and fish products are only present
if consumed in appropriate amounts (He 2009). The reported benefits of seafood
consumption outweigh their risks, with the exception of some sea animals (sharks,
swordfish) and edible plants which contain severe environmental toxins (Dewailly
et al. 2007). However, the benefits and risks of seafood and other natural products
require further preclinical investigation (Islam et al. 2018; Luis Gomes et al. 2018).
Eventually, the evidence should be incorporated into more clinical studies and ran-
domized controlled trials to test these findings.

13.4 Conclusion

The nutritional content of seafood (proteins, fats, minerals, vitamins etc.) has helped
us recognize the value of these products in our diet. Unfortunately, the health ben-
efits of seafood have been acknowledged only after many years. Taking into consid-
eration the epidemic of lifestyle-related disorders worldwide, dietary interventions
based on seafood might be of aid in the near future.
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14.1 Introduction

An increase in the consumption of fruits and vegetables has been observed in recent
years due to increase in knowledge of its beneficial properties. A high amount of
plant-based food consumption, at least 400 g of fruits and vegetables is recom-
mended in dietary guidelines (Agudo 2005). Epidemiological surveys indicated a
positive correlation towards a diet rich in fruits and vegetables and minimized the
occurrence of degenerative diseases including certain types of cancer, cardiovascu-
lar diseases, macular degeneration, aging and others (Michels et al. 2000;
Trichopoulou et al. 2003; Willcox et al. 2003; Dauchet et al. 2006; Ordovas et al.
2007; Liu 2013).

Fruits and vegetables contain a wide range of micronutrients and non-nutrient
bioactive compounds such as dietary fiber, minerals (potassium, calcium, and mag-
nesium) vitamins (A, C and E), phytochemicals (poly phenolic compounds and
carotenoids, glucosinolates, organosulphur compounds, sesquiterpene lactones).
Approximately there are more than 5000 individual phytochemicals have been
noticed in fruits, vegetables but a large proportion of them remains unknown (Liu
2013). Bioactive compounds are the secondary metabolites of the plants, which
have pharmacological and poisonous manifestations in man and animals (Bernhoft
2010). They generate important functions in the living cell such as defense against
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free radicals and prevention of disease as a result of oxidative stress and act as anti-
oxidants (Bernhoft 2010; Kaur and Kapoor 2001). The bioactive compound biosyn-
thesis is encouraged by light; hence they assemble in the skin and leaves of the fruits
and vegetables (Bernhoft 2010). The levels of the bioactive compounds in fruits and
vegetables differs based on genetic factors, environmental conditions such as light,
maturity and postharvest treatments (Deepa et al. 2007; Vallejo et al. 2003). The
Vitamins, minerals and bioactive compounds of fruits and vegetables are in the
liquid form which makes them more bioavailable in the human diet (Yildiz and
Giiltekin 2006).

The advantages from the intake of fruits and vegetables, seems to be related to
additive interactions between the phytochemicals that could affect different path-
ways such as changes in cholesterol and hormone metabolism, enhances immune
response, modulation of steroid hormone concentration and detoxifying enzymes,
reduction of blood pressure, stimulates antibacterial, antiviral and antioxidant activ-
ity, lowers inflammatory processes, anti-carcinogenic properties and delay of car-
diovascular diseases (Yu and Ahmedna 2013). It is a fact that fruits and vegetables
can be processed for economical and logistical reasons to improve their commercial
shelf-life and digestibility fallowing the consumer habits of each country or to facil-
itate the consumption by special groups (children, pregnant women, older adults
and patients with certain pathologies).

Foods that convey a specific, documented health promoting and disease pre-
venting property beyond the basic function of supplying nutrients are termed
‘functional foods.” Functional foods are an emerging science area. Currently, the
functional food industry is encountering rapid growth due to the innovation of
new products, and associated marketing, based upon the bioactivity of polyphe-
nolic compounds. These products report the wellness trend and the needs of
health-conscious consumers across infinite health areas (Gibson et al. 2000;
Kathleen 1999). Another aspect of the success of functional foods is that they
taste great and be convenient. Fruits have more health halo than vegetables and
with their intrinsic sweetness, generally good taste, texture and convenience in
portability; they are much more attractive to consumers. Our aim is the provi-
sion of appropriate information to plant breeding teams, to select for scientifi-
cally proven health-promoting fruits and vegetables as whole fresh
functional foods.

Fruits and vegetables producing crops are classified based on their climatic
adaptability (Table 14.1). They are tropical, subtropical, temperate and arctic fruits
and vegetables. Tropical crops survive in the region between tropic of Cancer (23°
27N latitude) and tropic of Capricorn (23° 27”S latitude), need a moist warm cli-
mate, resist dry weather and are evergreen. Sub-tropical fruits grow between tem-
perate and tropical climatic conditions (either evergreen or deciduous). They are
adapted to low temperatures. Temperate crops are those which survive in extreme
cold. They are deciduous and become dormant in winter. The Arctic is a cold tem-
perature region, a few crops thrive in such extreme frost conditions.
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Table 14.1 Classification of Fruits and Vegetables based on climate

Type of

Fruit Fruits Examples Vegetables Examples

Tropical Mangosteen, jackfruit, Olive Arugula, Asian Greens, Beans, Bell Peppers,
rambutan, Syzygium, Mango, | Cabbage, Capsicum (that’s the Australian name
banana, plantain, papaya, guava, | for peppers), Cassava, Chard (silverbeet,
pineapple passion fruit etc. similarto spinach), Chinese Cabbages, Chilli
(Ayala-Zavala et al. 2011) Peppers, Cucumbers, Eggplant, Endive, Lettuce,

Okra, Peppers, Pumpkins, Radish, Rocket
Squash, Sweet Corn etc. (Wani et al. 2017; Litz
et al. 1986; Tindall 1983)

Subtropical | Grapes, pomegranate, Cherry tomato, Pumpkin, lablab bean, Choko,
Pineapples, Papaya, Banana, Ethiopian or Kenyan Cabbage, Sweet potato,
Avocado, Litchie, Kiwi Luffa (Luffa cylindrica) etc. (Wani et al. 2017;
Mangoes, Guavas, Citrus fruit Litz et al. 1986)

(sweet orange, mandarin,
tangerine) (Galan Sauco et al.
2014; Litz et al. 1986)

Temperate | peach, pear, strawberry, Endive, Escarole, Mustard, Black mustard, Kale,
craneberry, blackberry, collards, Cabbage, Savoy cabbage, Garden cress,
blueberry, Apple, pear, stone Watercress, Chard, Swiss chard, Spinach,
fruits etc. (Kole 2011) lettuce, Sorrel, Asparagus, lettuce, Celery,

Parsley, Rubharb etc. (Martin 1982)

Arctic Almond and trifoliate orange, Herbs, Braccoli (Ganong 1977)
arcitic rasp berries etc. (Molau
1997)

14.2 Functional Properties of Fruits and Vegetables

Fruits and Vegetables are composed of several macro and micronutrients.
Macronutrients are required in larger amounts and are mainly carbohydrates, pro-
teins, and fats. Micronutrients are only needed in smaller quantities. Common
micronutrients are vitamins and minerals. Vitamins devote the maintenance of
healthy vision, immune function, bone health; cell integrity helps regulate calcium
and phosphorus. Fruits are rich in vitamin C, A and E. Minerals may reduce the risk
of high blood pressure and stroke. Copper and manganese are cofactors of the anti-
oxidant enzyme, superoxide dismutase. Copper is required for the production of red
blood cells. Vitamin composition of some fruits and vegetables are tabulated below
(Tables 14.2 and 14.3).

14.3 Functional Bioactive Compounds and Their Properties

The list of major bioactive components of fruits and vegetables that have beneficial
effects in the human body has been summarized in Table 14.4.
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Table 14.2 Vitamin content of some major Fruits
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Fruit Vitamins

A Bl B2 B3 C D E K

(IU) |(mg) | (mg) |(mg) B6 (mg) | B9 (pg) |(mg) | (IU) |(mg) |(pg)
Grapes 67 |15 - 0.00006 | 0.000016 | 0.00009 | 6.5 |- - -
Plantain | 1127 | 0.052 [0.05 |0.69 0.29 22 184 (0.7 1014 0.7
Pineapple| 58 | 0.08 0.03 0.5 0.11 18 478 |0 0.02 0.7
Apple 54 | 0.02 003 0.09 0.04 3 46 10 0.18 |22
Orange 225 | 0.09 |0.04 |0.28 0.06 30 533 |0 0.18 |0
Banana 64 | 0.03 007 0.67 0.37 20 87 |0 0.1 |05
Mango 1082 | 0.03 0.04 |0.67 0.12 43 36.4 |0 09 |42
Peach 326 | 0.02 [0.03 |08l 0.03 4 6.6 |0 073 2.6
Papaya 950 | 0.02 |0.02 |0.35 0.03 37 60.9 |0 03 |26
Pear 25 | 001 003 0.17 0.03 7 43 10 0.12 |44
Guava 624 | 0.06 0.04 |1.08 0.11 49 2283 |0 07 |26

Source: (Saini and Keum 2016; Dasgupta and Klein 2014; Ptonka et al. 2012; Chun et al. 2006;
Benvenuti et al. 2004; Belitz et al. 2004)

Table 14.3 Vitamin content of some major Vegetables

Vegetable Vitamins

AU) |Bl(mg) |B2(mg) |B6(mg) |BI(ug) | C(mg
Pumpkin 0.02 0.04 0.04 0.02 0.007 16.00
Broccoli 0.2 0.1 0.3 0.21 110.00
Brussels sprouts 0.03 0.1 0.12 0.23 0.087 66.00
Cabbage 0.01 0.1 0.15 0.2 0.069 80.000
Carrot 0.6 0.01 0.01 0.03 0.016 1000
Cauliflower 0.001 0.05 0.07 0.2 0.044 80.000
Cucumber 0.034 0.03 0.01 0.03 0.005 10.000
Onion 0.001 0.03 0.01 0.17 0.01 10.000
Peas 0.3 0.06 0.05 0.05 0.022 1000
Potato 0 0.12 0.04 0.3 0.023 14.000
Radish 0.002 0.05 0.03 0.08 0.028 20.000

Source: (Saini and Keum 2016; Dasgupta and Klein 2014; Chun et al. 2006; Benvenuti et al. 2004;
McCarthy and Matthews 1994; Saleh et al. 1977)

Polyphenols Polyphenols are dietary antioxidant that exists usually in fruits and
vegetables. They consist of flavonoids (flavonols, flavones, isoflavones, flavonols,
flavanones and anthocyanins) and non-flavonoid polyphenols (phenolic acids, lig-
nans and stilbenes).

Flavonoids Flavonoids neutralize free radicals that damage cells and increases cel-
lular antioxidant protection. Isoflavones- are structurally similar to estrogen but are

not steroids.
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Flavanones These are flavonoids that are glycosylated at the seventh position to
give flavanones. A variety of flavanones are present in fruits and vegetables.
Hesperetin- regenerates vitamin C. It inhibits the proliferation of cancer cells, rep-
lication of viruses like polio, herpes, and flu (Divya and Pandey 2014). They have
chemopreventive effects. They are used in treating hemorrhoids, varicose veins, and
lymphedema Naringenin acts as antioxidant, anti-inflammatory, anti-allergic, hypo-
lipidemic and vasoprotective (Gardana et al. 2007). Narirutin used in the treatment
of bronchial asthma (Funaguchi et al. 2007).

Flavonols They occur in un-glycosylated forms. It includes catechins and proan-
thocyanidins. Catechins (Flavan-3-ols) It acts as an anticarcinogen in the lungs,
stomach, esophagus, duodenum, liver, pancreas, mammary gland. It also prevents
chronic inflammation associated with carcinogenesis and cardiovascular disease
(Cheynier et al. 2000). Quercetins effective in protecting Low Density Lipoprotein
from oxidation, followed by myricetin and kaempferol. It inhibits oxidation of LDL
thus reducing atherosclerosis and cardiovascular diseases; inhibit colon cancer
(David et al. 2016). Kaempferol It has anti-inflammatory and antioxidant proper-
ties. Proanthocyanidins. They are oligomers of catechin and epicatechin and their
gallic acid esters. They form tannins.

Anthocyanins These are watersoluble plant pigments, responsible for the red, blue
and purple colors of fruits (Rufino et al. 2010). Cyanidin, delphinidin, petunidin,
peonidin and malvidin are the classes (Mazza and Miniati 1993). It has antioxidant
properties. It enhances immune suppressive mechanisms, anti-allergic, anti-
inflammatory, antimicrobial and anti-cancer (uterine carcinoma and colon adeno-
carcinoma) (Cheynier et al. 2000).

Flavones Apigenin, luteolin and tangeretin are important edible flavones. Apigenin-
used in the treatment of HIV, inflammatory bowel disease and skin conditions
(Duthie and Crozier 2000), prostate cancer and cervical cancer (Gupta et al. 2002).
Luteolin exhibits anti mutagenic, anti tumerigenic, antioxidant and has anti-
inflammatory properties (Kim et al. 1999). Tangeretin is a polymethoxylated fla-
vone, stops cancer cell proliferation, breast cancer (Marc et al. 1999).

Carotenoids They inhibit the cell proliferation of human endometrium, mammary
gland, and lungs. - Carotene neutralizes free radicals, which may damage cells.
- Carotene and lutein are orange and yellow carotenoids. They minimize liver can-
cer and lung cancer (Pueyo and Polo 1992). B Carotene boosts the activity of natu-
ral killer immune cells. It gives cornea protection against UV light. Zeaxanthin
grants to the preservation of healthy vision. Lutein may protect against colon can-
cer. Lycopene aids in the continuation of prostate health.

Phenolic Acids Separated into two classes- hydroxybenzoic acids and hydroxycin-
namic acids.

Hydroxybenzoic acid-Gallic acid and p-hydroxybenzoic acid are common types.
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Hydroxycinnamic acid- Phenols and hydroxycinnamic acid inhibit the formation of
carcinogen metabolites. Chlorogenic acid prevents colon cancer, helps in the
maintenance of cardiac health and prevents various tumors. It also possesses
chemopreventive properties. Ferulic acid- inhibits carcinogen metabolites.
Stilbenoids: They are glycosylated forms of stilbenes. Resveratrol in grapes acts
as an antioxidant, anti-aging agent, reducing the oxidative damage in the DNA of
neuronal cells (Nazar et al. 2006). It has an anticancer factor against colon and
prostate cancers. It is beneficial in coronary heart disease by preventing vasodila-
tion and platelet aggregation (Niles et al. 2003). It protects against age related
macular degeneration (King et al. 2005). It has a role in preventing Alzheimer’s
disease and viral/fungal infections.

Dietary Fibers Insoluble fiber may accord to the perpetuation of a healthy diges-
tive tract (Dreher 2018). Soluble fibre may reduce the risk of coronary heart disease
and some types of cancer. Cellulose, hemicellulose and pectin are some examples.

Proteins Proteins in the form of enzymes play a significant role in free radical
scavenging activities Polyphenol oxidases, peroxides, phenolase, phosphatase, pro-
teases, pectin, Methyl esterase (PME), polygalacturonasen etc. are enzymes present
in the skin (Shahidi and Naczk 1995). Bromelain of the pineapple has significant
anti-inflammatory effects in acute sinusitis, sore throat, arthritis and speeding recov-
ery from injuries. Bromelain also used in the treatment of rheumatoid arthritis, dia-
betic ulcers, angina pectoris and general surgery. Pineapple is an excellent cerebral
toner that combats loss of memory sadness and melancholy.

Prebiotics They are non-digestible carbohydrates that cannot be broken down by
the body. They are food sources for probiotic organisms.

Some vegetables and fruits can be classified as super foods, referring to foods
that provide utmost nutritional benefits for minimal calories. They are packed with
vitamins, minerals, and antioxidants. The term “superfood” was used as a marketing
tool for selling specific foods, dietary supplements, foods with selected food addi-
tives (Fitzgerald 2014). “Super food” products were sold at a greater price than
similar foods without the label.

As there is no official scientific definition of a super food by regulatory authori-
ties in major consumer markets, such as the United States Food and Drug
Administration and Department of Agriculture or the European Food Safety
Authority (Brown 2010), but it is generally accepted that super foods contain high
levels of vitamins and minerals. They can be a source of antioxidants, substances
that protect from cell damage, preventing cancer. They also possess healthy fats that
prevent heart disease, fiber thought to ward off diabetes and digestive problems; and
phytochemicals, responsible for deep colors and odors which have many health
benefits. Super fruits are a subset of super foods (Srinivasan 2008). The designation
of a fruit as a super fruit is entirely up to the product manufacturer, as the term is
primarily used to create consumer demand (Starling 2008). Following are the list of
some super foods.
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14.4 Dark Green Leafy Vegetables

These are rich in folate, zinc, calcium, iron, magnesium, vitamin C and fiber. They
minimize the probability of chronic illnesses including heart disease and type 2
diabetes (Blekkenhorst et al. 2008; Wang et al. 2016). They also contain high levels
of carotenoids (anti-inflammatory compounds), protect against certain types of can-
cer (Xavier and Perez-Galvez 2016). Some well-known Dark green leafy vegetables
considered as super foods include Kale, Swiss chard, Collard greens, Turnip greens,
Spinach. Kale is a good source of minerals, antioxidants and vitamins A, C and
K. It also contains antioxidants lutein and beta-carotene, which prevents the risk of
diseases due to oxidative stress (Lien et al. 2008). Collard greens are reliable
sources of calcium an vitamins A, B9 (folate), C and K (Weber 2001). Spinach is
rich in manganese vitamin K and A. It’s also packed with folate, which plays a key
role in red blood cell production and the prevention of neural tube defects in preg-
nancy (Furness et al. 2013). Swiss Chard is rich in the minerals potassium, manga-
nese and vitamins A, C, and K. Swiss chard also contains a unique flavonoid called
syringic acid, a compound that may be beneficial for lowering blood sugar levels
(Young-Hee Pyo et al. 2004). Turnip greens accommodate diverse antioxidants
including glucotropaeolin, gluconasturtiin, quercetin, myricetin and beta-carotene,
etc., effective in lowering stress you’re the risk of heart disease, cancer and inflam-
mation (Lin and Harnly 2010).

14.5 Green Leafy Vegetables

Green leafy vegetables contain folic acid (B vitamin) that prevent birth defects,
heart disease, dementia, colon cancer, vision loss and protects skin and bones.
Green leafy vegetables are a source of lutein which prevents macular degeneration
(a cause of age-related vision loss), cataracts and protect skin from the adverse
effects of sun exposure. Lutein preserves the fats in the top layer of skin, halting
dehydration, roughness and even wrinkles. Green leafy vegetables are rich in vita-
min K, necessary for bone development. Examples include: Micro greens-
Microgreens are immature greens developed from the seeds of vegetables and herbs,
measure 1-3 inches. Microgreens contain up to 40 times more nutrients compared
to their mature counterparts including vitamins C, E and K (Xiao et al. 2012).
Cabbage is formed of clusters of thick leaves that come in green, white and purple
colors. Vegetables in Brassica family contain glucosinolates may have cancer-
protective properties against lung and esophageal cancer (Johnson 2002). Cabbage
can be fermented and turned into a sauerkraut, which improves digestion, boosts the
immune system and aids weight loss (Gupta and Garg 2009). Beet Greens rich in
potassium, calcium, riboflavin, fiber and vitamins A and K. fiber. They also contain
the antioxidants beta-carotene and lutein, which inhibit the risk of eye disorders,
such as macular degeneration and cataracts (Semba and Dagnelie 2003). Watercress
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is an aquatic plant from the Brassicaceae family. Watercress extract is beneficial in
targeting cancer stem cells and impairing cancer cell reproduction and invasion
(Boyd et al. 2006). Romaine Lettuce is an excellent source of vitamins A and K
which is important for good health (Nicolle et al. 2004). Arugula is a leafy green
from the Brassicaceae family. It’s also one of the best sources of dietary nitrates,
may help increase blood flow and reduce blood pressure by widening your blood
vessels (Kapil et al. 2015). Endive belongs to the Cichorium family, rich in vitamin
K, A and folate. It’s also a source of kaempferol, an antioxidant reduces inflamma-
tion and inhibits the growth of cancer cells in test-tube studies (Chen and Chen
2013). Bok Choy is a variety of Chinese cabbage. Bok Choy is popular in China
and often used in soups and stir-fries. It contains the mineral selenium, which ben-
efits brain health, immunity, cancer protection and thyroid health (Ventura
et al. 2017).

14.6 Cruciferous Vegetables

Cruciferous vegetables (broccoli, cabbage and Brussels) possess sulforaphane an
enzyme that detoxifies carcinogens before they damage cells. Cruciferous vegeta-
bles prevent the development of cancer cells in the breast, uterine lining (endome-
trium), lung, colon, liver and cervix. Isothiocyanates from cruciferous vegetables
aids in the conversion of estrogen and other hormones into forms that are more
easily excreted from the body. Diets rich in cruciferous and dark yellow veggies
helps to defend against cardiovascular disease. Vitamin C, beta carotene and potas-
sium are the other significant nutrients of cruciferous vegetables. Sweet potato is a
root vegetable stuffed with a variety of nutrients, including potassium, fiber vita-
mins A and C, carotenoids of sweet potato inhibits the risk of cancer (Tanaka et al.
2012). Interestingly, they may improve blood sugar control in those with type 2
diabetes (Ooi and Loke 2013). The Onions family and related super foods including
garlic and leeks have a wide range of nutritional and health benefits. Naturally con-
trols blood sugar in diabetics, very good source of daily fiber and natural sugars
(Morris 2012). Onions used as disinfectants (sulfur content), a diuretic, anti-emetic,
stimulant, expectorant, and fight colds. Onions contain selenium, an important
nutrient. Red onions are rich in anthocyanins, which are powerful plant pigments
that may protect against heart disease, certain cancers and diabetes (Slimestad
et al. 2007).

14.7 Orange Fruits and Vegetables

Beta carotene of orange vegetables and fruits such as sweet potatoes, squash, pump-
kins, carrots, mangos, oranges and papayas possess beta carotene, an anti-oxidant
that helps protect healthy skin cells and block sun damage (Schulz 2004). Beta
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carotene is necessary for the lining of membranes in the mouth, throat, lungs, stom-
ach, intestines, urinary tract and the reproductive tract. It also helps night vision.
Manganese, copper, fiber, vitamin B-6, potassium and iron are the other nutrients in
orange fruits and vegetables.

Berries Berries are boosted with vitamins, minerals, fiber and antioxidants. The
strong antioxidant property of berries reduce threat of heart disease, cancer and
other inflammatory conditions (Skrovankova et al. 2015; Manganaris et al. 2014).
Berries are effcient in eliminating digestive and immune-related disorders (Govers
et al. 2018). Some of the most common berries include: Raspberries, Strawberries,
Blueberries, Blackberries, Cranberries. Blueberries are considered to improve
memory, brain function, heart function; inhibits the risks of cancer, reduce choles-
terol; act as an anti-inflammatory and have anti-aging benefits etc. Blueberries are a
great add-in for smoothies, yogurt, salads or just to eat alone (Seeram 2008).
Canberries are rich in high phenol content that help to lower the oxidation of the
LDL cholesterol. Proanthocyanidins in Cranberries’ can protect against urinary
tract infections. The antioxidants and other nutrients in Cranberries enhance immune
function, helps digestion, decrease the risk of heart-problems and possess anti-aging
properties.

Pomegranates are an antioxidant rich fruit used for treating diarrhea, excessive
perspiring, recurrent fevers, sore throats. It also used as an astringent. Bark, rind,
and seeds of pomegranates are frequently used Avocado is a good source of many
nutrients, including fiber, vitamins, minerals and healthy fats, monounsaturated fats
(Dreher and Davenport 2013). Oleic acid is the most predominant MUFA in avo-
cado, which reduces inflammation in the body (Sales-Campos et al. 2013). Avocado
may reduce the risk of heart disease, diabetes, metabolic syndrome and certain
types of cancer (Fulgoni 3rd et al. 2013; Wang et al. 2015; Ding et al. 2007).

14.8 Conclusion

Food is a substance that we eat which provides nutrition to maintain growth and
sustain life. Instead of having anything to consume, it will be good to take food
which provides us both flavor and health. As the Father of Medicine, Hippocrates
said more than 2000 years ago “Let food be thy medicine and medicine be thy
food”. Fruits and vegetables are a good source for obtaining phytochemicals with
high antioxidant activity and other beneficial health properties. The utilization of
these low-cost renewable resources could be prepared for the pharmaceutical, nutra-
ceutical, and food industries with the opportunity of developing new nutraceutical
and pharmaceutical products. Studies are to be focused on elucidating the possible
mode of action of bioactive compounds. It is also aimed to prevent deteriorative
reactions as well as identify their specific contribution to the total antioxidant capac-
ity. Furthermore, encompassing the efforts of food technologists, nutritionists and
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physicians will lead to the development of programs to raise awareness of the great
health advantages that fruit and vegetable consumption offers.
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15.1 Introduction

Cereal-based food products have been the basis of human diet since ancient times
(Borneo and Leon 2011). Whole grains, refined cereals, and legumes are important
components of diet in many parts of the world. They are major source of energy,
proteins, and other nutrients (Tayyem et al. 2016; Dias-Martins et al. 2018). The
concept of functional food includes foods or food ingredients that exert a beneficial
effect on health and/or reduce the risk of chronic diseases beyond basic nutritional
functions. Increasing awareness of consumer health and interest in functional foods
to achieve a healthy lifestyle has resulted in the need for food products with versa-
tile health-benefiting properties. Cereal and cereal based food products offer oppor-
tunities to include probiotics, prebiotics, and fibres in the human diet (Das et al.
2012). Dietary guidelines has it that the high nutrient density of breakfast cereals
(especially those that are whole grain or high in cereal fibre) makes them an impor-
tant source of key nutrients in addition to providing an important source of vitamins
and minerals. Breakfast cereals are also potentially important source of antioxidants
and phytoestrogens and are one of the most important sources of whole grains
(Williams 2014).

A whole grain is a grain of any cereal and pseudo cereal that contains the endo-
sperm, germ, and bran, in contrast to refine grains, which retain only the endosperm
(Aune et al. 2016). There are a lot of supportive evidence showing that the con-
sumption of whole grains and whole-grain-based products are associated with the
reduction of the risk of developing many diseases such as cardiovascular diseases,
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hypertension, strokes, metabolic syndrome and type 2 diabetes as well as different
types of cancer. Cereals contain all the macronutrients (proteins, fats and carbohy-
drates) we need for support and maintenance. They are an excellent source of min-
erals, vitamins, and other micronutrients required for adequate health (Borneo and
Leon 2011).

A food can be made functional by applying any technological or biotechnologi-
cal means to increase the concentration of, add, remove or modify a particular com-
ponent as well as to improve its bioavailability, provided that component has been
demonstrated to have functional effect. In recent years, cereals and its ingredients
are accepted as functional food and nutraceuticals because of providing dietary
fibre, proteins, energy, minerals, vitamins and antioxidants required for human
health. Also, cereals can be used as fermentable substances for the growth of probi-
otic microorganisms. Wheat, buckwheat, oat, barley, flaxseed, psyllium, brown rice
and soy products are notified as the most common cereal based functional food and
nutraceuticals (Das et al. 2012; Cencic and Chingwaru 2010).

Unani (Greco-Arab) system of medicine originated in Greece and passed
through many centuries before establishing itself in India during the medieval
period (Husain et al. 2017). The Unani system of medicine is a comprehensive
medical system, which meticulously deals with the various states of health and
disease. It provides promotive, preventive, curative and rehabilitative healthcare.
The therapeutics in Unani system of medicine is described under the major head-
ings of Ilajbi’l-Tadbir (Regimenal therapy), Ildjbi’l Ghidha (Dietotherapy),
1lajbi’l-Dawa (Pharmacotherapy) and /ldjbi’l-Yad (Surgery) (Central Council for
Research in Unani Medicine: http://ccrum.res.in/writereaddata/UploadFile/
Dossier_1325.pdf accessed on 30/11/2017). It was Hippocrates who famously
stated “let your food be your medicine and your medicine be your food” (Jennings
et al. 2015). It uses natural products of plant, animal and mineral origin as a drug
in various dosage forms for the prevention and treatment of various disease of the
body (Makbul et al. 2017, 2018). Coarse cereals which are used in Unani system of
medicine include maize (Zea mays), sorghum (Jowar; Sorghum vulgare), barley
(Jow; Hordeum vulgare), pearl millet (Bajra; Pennisetum glaucum) (Table 15.1)
(Ibn al Baitar 1999; Ibn Sina 2007; Khan 2013). They are rich in dietary energy,
vitamins, several minerals insoluble dietary and phytochemicals with antioxidant

Table 15.1 List of cereals, English name | Unani name | Botanical/Scientific name
grains and m}llet used in Wheat Gandum Triticum aestivum
Unani medicine . ;
Rice Chawal Oryza sativa
Maize Makka Zea mays
Barley Jau Hordeum vulgare
Sorghum Jawar Sorghum vulgare
Pearl millet Bajra Pennisetum glaucum
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properties (Kaur et al. 2014). This chapter emphasized on nutraceutical properties
and the application of cereals and grains potentially healthy to elaborate therapeu-
tic food products.

15.2 General Concept of Whole Grains and Cereals

Cereals are defined as wheat, coarse grains and rice. Coarse grains generally refer
to cereal grains other than wheat and rice in the OECD countries (https://stats.oecd.
org/glossary/search.asp, 2-10-2018). Coarse cereals are a broad sub-group of sev-
eral short duration warm weather (Kharif) crops such as Jowar (Sorghum), Bajra
(Pearl Millet), Maize, Ragi (Finger Millet) etc. They are used in food, fodder, fuel;
value-added products and also fast food products (http://apeda.gov.in/apedawebsite/
six_head_product/cereal.htm, 2-10-2018). Grains, commonly referred to as ‘cere-
als’ or ‘cereal grains’ are the edible seeds. There are a number of different types of
grains found within the true cereal grains including wheat, oats, rice, corn (maize),
barley, sorghum, rye, and millet (https://www.glnc.org.au/grains/types-of-grains/).

India is the world’s second largest producer of rice, wheat and other cereals. The
important cereals are wheat, paddy, sorghum, millet (Bajra), barley and maize etc.
India’s export of cereals stood at Rs. 52,064.52 crore/8078.85 USD millions during
the year 2017-18. In India the coarse cereals are mainly grown in poor agroclimatic
regions, particularly rain fed areas of the country. These crops are grown in areas
with high temperature and are called dry land crops because can be grown in areas
with 50-100 cm rainfall (http://apeda.gov.in/apedawebsite/six_head_product/
cereal.htm, 2-10-2018).

Grains are one of the major staple foods consumed around the world and provide
56% of the energy and 50% of the protein intake. They constitute the largest com-
ponent of recommended daily intake in all dietary guidelines. High intake of whole
grains has been associated with a reduced risk of type 2 diabetes, coronary heart
disease and obesity. Whole grains contain endosperm, germ, and bran, in contrast
with refined grains, which have the germ and bran removed during the milling pro-
cess. Whole grains are good sources of fibre, B vitamins, and some trace minerals
such as iron, magnesium, and zinc. These nutrients are found in the outer layer of
the grains or the bran that function as a protective shell for the germ and endosperm
inside. The germ is nourishment for the seed and contains antioxidants, vitamin E,
and some B vitamins, while the endosperm provides carbohydrates, protein, and
energy. Consumption of whole grains differs considerably between populations,
with the main source being whole grain bread in Scandinavian countries, whole
grain bread and breakfast cereals in the United States, brown rice, unrefined maize
and sorghum in some African countries, and brown rice in Asia, although most of
the rice consumed in Asia is white rice (Aune et al. 2016).
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15.3 Concept of Functional Food in Unani System
of Medicine

s

In Unani System of Medicine, there is a unique concept of Food Medicine (Dawd
Ghidha’r) and Medicinal Food (Ghidha’ Dawd’t). Substances used primarily for
their medicinal properties but also having nutritional value are called Food Medicine.
They not only treat a disease but also nourish the patient e.g. Almond (Prunus
amygdalus), Fig (Ficus carica), Halwa-e- magzsarkunjashk, Halwae Salab, Maul
shaeer etc. The substances which are used primarily as food but also have some
medicinal properties are known as Medicinal Food like e.g. Egg, Bengal gram etc.
They have the advantage of being very safe. Unani System of Medicine lays great
stress on treating certain ailments by administration of specific diets or by regulat-
ing the quality and quantity of food. In addition to nutritional properties, various
foods have pharmacological actions too (Central Council for Research in Unani
Medicine: http://ccrum.res.in/writereaddata/UploadFile/Dossier_1325.pdf accessed
on 30/02/2019). Mizaj (Temperament: A quality that is produced by action and reac-
tion of opposite qualities of elements which are broken up in small particles in order
to facilitate their mixing. When these components interact among themselves, a
condition is produced, which is found in equal proportion in all the particles of the
compound) is one of the fundamental components of Unani system of medicine.
The Mizaj of drugs have been expressed in terms of four kaifiyat (qualities) viz. har
(hot), barid (cold), yabis (dry) and ratab (moist) (Makbul et al. 2018).

15.4 Brief Description of Cereals and Grains in Unani
System of Medicine

Diettherapy involves recommending a specific diet, which is the simplest and most
natural course of treatment by a Hakim (traditional healer). For example, in fever
Unani medicine stresses a nutrient rich, low roughage diet that might include Dalia
(porridge) and kheer (a milk broth), as such type of diets are found to be very effec-
tive. Before initiation of treatment through drugs, Unani physicians as per their
belief, advice restriction or alteration in daily diets, as this pattern should be adjusted
according to disease. Sometimes they wait for few days, because some diseases can
be cured even by diet so advised, and even during the drug therapy, specific diets are
advised according to disease (National Health portal, India: https://www.nhp.gov.
in/ilaj-bil-ghiza-dietotherapy-_mtl accessed on 14-12-2018). There are many clas-
sical books (literature) in Unani system of medicine that describe cereals, grains and
millets such as Al ganoon fit Tib, Kitabul Mansuri, Kamilu Sana, Al Jami lil
Mufradatwal Advia wal Aghzia (Ibn Sina 2007; Al Razi 1991; Ibn al Baitar 1999;
Majoosi 2010).
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15.4.1 Wheat (Triticum aestivum)

Wheat (Triticum spp.) is an ancient grain and also one of the leading cereal crops,
ranking third in the world (Poudel and Bhatta 2017). Wheat grass has been used as
traditional herbal medicine and is highly valued for its therapeutic and nutritional
properties. Wheatgrass is the young grass of common wheat plant, Triticum aesti-
vum belongings to the family Poaceae. It is commonly known for its high chloro-
phyll content which accounts for 70% of its chemical constituents. Triticum aestivum
was found to reduce symptoms in patients with rheumatoid arthritis, to reduce
severity of rectal bleeding in patients with ulcerative colitis, and to reduce the fre-
quency of blood transfusions in patients with thallasemia major. Wheat is consid-
ered as a good source of protein, minerals, B-group vitamins and dietary fibres
(Kumar et al. 2011).

In Unani system of medicine wheat is considered the best in all the variety of
grains. Due to its temperament wheat amongst all the types of grains and seeds is
most suitable with the temperament of human body and the most acceptable diet.
Wheat has two varieties; one is turgid, bulky and reddish, the other being whitish,
flaccid and light in weight. The former one is of best quality, providing more nutri-
tion. On the other hand, the latter is less nutritive. A number of food items are pre-
pared by wheat such as chapati, wheat sattu, wheat nashashta (wheat starch), daliya
(porridge) etc. (Table 15.2). (Ibn Sina 2007; Al Razi 1991; Ibn al Baitar 1999;
Majoosi 2010).

15.4.2 Barley (Hordeum vulgare)

Barley is an annual, erect, stout and tufted grass, reaching a height of about
0.5-1.2 m. leaves are few and linear- lanceolate; spike is terminal, 5-6 cm long and
densely flowered. Glumes are two, small, narrow; short awned and enclosing three
spikelets. Its fruit is caryopsis, elliptic, 9 cm long, short pointed, smooth and free or
adherent to palea or both to lemma. Flowering and fruiting is during February—April
(Rajesh and Mita 2015).

15.4.3 Rice (Oryza sativa)

Rice is a dietary staple food and one of the most important cereal crops, especially
for people in Asia. It provides the bulk of daily calories for many companion ani-
mals and humans (Rohman et al. 2014). Rice is supplying as much as half of the
daily calories of the world population (Abbas et al. 2011). The first attempt to culti-
vate rice occurred around 10,000 years ago. Rice accounts for 21% global energy,
14% protein and 2% fat supply. Rice is a good source of natural antioxidants
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including phenolic compounds (Khalid et al. 2015). Various varieties of rice are
used in which the red variety is likely to induce constipation nevertheless after boil-
ing with milk it is well-adjusted both in its temperament and effect. Nutritional
property of rice always remains intact no matter how old it is (Ibn Sina 2007; Al
Razi 1991; Ibn al Baitar 1999; Majoosi 2010). Though rice is harmless, its excessive
dryness is reduced and nutritional value can be increased after cooking or by mixing
it with milk, sugar, butter or ghee. In this form it digests easily. White rice is more
useful than other varieties as it brings freshness, and charm to the body (Ibn Sina
2007; Al Razi 1991; Ibn al Baitar 1999; Majoosi 2010).

15.4.4 Maize or Corn (Zea mays)

Zea mays ssp. mays, commonly referred to as maize or corn, belong to the grass
tribe Andropogoneae of the family Gramineae (Strable and Scanlon 2009). Zea is an
ancient Greek word which means “sustaining life” and Mays is a word from Taino
language meaning “life giver.” Due to its highest yield potential among the cereals
it is known globally as “Queen of cereals”. The largest producer of maize is United
States of America (USA) contributing about 35% of the total world maize produc-
tion. It is known as mother grain of Americans and it is the driver of the US econ-
omy. In India, the major maize growing states are Uttar Pradesh, Bihar, Rajasthan,
Madhya Pradesh, Punjab, Haryana, Maharashtra, Andhra Pradesh, Himachal
Pradesh, West Bengal, Karnataka, and Jammu and Kashmir (Shah et al. 2016). In
traditional medicine, corn is used for relieving diarrhoea, dysentery, urinary tract
disorders, prostatitis, lithiasis, angina, hypertension and tumour. Stigma maydis
(Corn silk) is one of several herbs commonly used in the management of kidney
stones, bed wetting, and urinary infections. Corn silk has found therapeutic applica-
tions as an insecticide, disinfectant, antioxidant, antibiotic, and immune booster
(Wang and Zhao 2019; Hasanudin et al. 2012).

As per Unani description it has three varieties white, yellow and red. It is also
known as big jawar and its properties are similar to jawar. Since it is constipative
and cause flatulence therefore, Unani physicians advice to take it with some correc-
tives (Musleh) such as it should be combined with such drugs that help in its diges-
tion viz. Fennel (Foeniculum vulgare), Ajowan (Trachyspermum ammi), Anise seed
(Pimpinella anisum) etc. (Ibn Sina 2007; Al Razi 1991; Ibn al Baitar 1999; Majoosi
2010; Ghani 2011).

15.4.5 Millet

Pearl millet (Pennisetum glaucum), also known as Bajra, is one of the four most
important cereals (rice, maize, sorghum and millets) grown in tropical semi-
arid regions of the world primarily in Africa and Asia (Pal and Pandey 2017;
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Tako et al. 2015). Pearl millet is a gluten free grain and is the only grain that
retains its alkaline properties after being cooked which is ideal for people with
wheat allergies. Pearl millet grains are very high in calories precisely the reason
they do wonders for growing children and pregnant women. Gluten intolerance
persons (Celica) are allergic to gliadin, aprolmine specific to wheat and some
other common grains (Nambiar et al. 2011).

15.4.6 Jawar (Sorghum vulgare)

Sorghum is the fifth most important cereal crop in the world after wheat, rice, corn
and barley. Sorghum is used in a variety of foods. The white sorghums are processed
into flour and other products, including expanded snacks, cookies and ethnic foods,
and are gaining popularity in areas like Japan (Awika and Rooney 2004). The nutri-
ents in the sorghum millets have identified prospective for reducing the risk of coro-
nary heart disease, diabetes, tumour incidence, cancer risk, blood pressure, reduces
the rate of cholesterol and fat absorption, delaying gastrointestinal emptying and
provide in gastrointestinal health. Thus, the regular intake of sorghum millets and
their processed products can make a payment to health endorsement and disease
avoidance (Mathanghi 2012).

15.5 Nutritional Composition and Bioactive Compounds
in Cereals and Grains

The phytochemicals in fruits and vegetables are different from those in the grains,
which contain tocotrienols, tocopherol and oryzanol. The phenolic like ferulic acid
and diferulate are predominant in grains, but are not significant in some fruit and
vegetables. Thus, the regular insertion of cereals and their processed products can
make a payment to health endorsement and disease avoidance (Mannan et al. 2013).
Whole grains are a source of carbohydrates, multiple nutrients and dietary fibers
(https://en.wikipedia.org/wiki/Whole_grain). Moreover, they contain a substantial
amount of starch, a carbohydrate that provides dietary energy (https://en.wikipedia.
org/wiki/Legume). Cereals include dietary fibres such as glucan and arabinoxylan,
carbohydrates such as resistant starch and oligosaccharides (galacto- and fructo-
oligosaccharides). Cereals can also be used as fermentable substrates for the growth
of probiotic microorganisms. Several of the nutrients in cereals such as the linoleic
acid, fibre, vitamin E, selenium and folate have known potential for reducing the
risk factors for coronary heart disease. (Otles and Cagindi 2006).

Wheatgrass (Triticum aestivum) is one of the most widely used health foods;
Wheat germinated over a period of 610 days is generally called wheatgrass. During
germination, vitamins, minerals, and phenolic compounds including flavonoids are


https://en.wikipedia.org/wiki/Carbohydrate
https://en.wikipedia.org/wiki/Nutrient
https://en.wikipedia.org/wiki/Whole_grain
https://en.wikipedia.org/wiki/Legume
https://en.wikipedia.org/wiki/Legume
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synthesized in wheat sprouts. Qualitative phytochemical analysis of this plant con-
firms the presence of various phytochemicals in their methanolic leaves extract
(Suriyavathana et al. 2016). Presences of various bioactive compounds in wheat are
reported (Table 15.3), these compounds might be responsible for their therapeutic
effect. HPTLC studies of alcoholic extracts chromatogram shows many coloured
spots which indicate the presence of biomolecules in the drug. The findings of the
study reveal a strong hope for development of more chemotherapeutic agents
(Pathak and Shrivastav 2015).

The nutrients content of rice varies depending on the variety of rice soil, and the
conditions they grow. Rice contributes to the major dietary energy for body. Pre-
germinated brown rice has protein two times more than white rice i.e. 14.6 g/100 g
(brown rice) vs 7.3 g/100 g (white rice). On the other hand, the fat content is so high,
namely 24.8 g/100 g for pre-germinated brown rice and 1.5 g/100 g for white rice
(FAO 2004; Rohman et al. 2014). Roasted maize kernels are also used as coffee
substitute (Shah et al. 2016). Maize kernels contain various vitamins and minerals
(Table 15.3) and an average fatty acids composition of 11% palmitic (16:0), 2%
stearic (18:0), 24.1% oleic (18:1), 61.9% linoleic (18:2), and 0.7% linolenic (18:3)
acids (Ignjatovic-Micic et al. 2015).

Pearl millet grains can be considered a possible alternative for food diversifica-
tion because they have the fibers, minerals, proteins and antioxidants with similar or
even higher levels than those found in traditional grains such as rice and maize
(Dias-Martins et al. 2018). The chemical composition of pearl millet (dry basis) is,
on average, 72.2% carbohydrate, 11.8% protein, 6.4% lipid, 7.8% dietary fibre and
1.8% minerals. However, variations of these levels are possible due to genotype,
climatic conditions, soil nutrient content and type of processing (Dias-Martins
et al. 2018).

Sorghum is a rich source of various phytochemicals (Table 15.3). These constitu-
ents have potential to significantly impact human health. Sorghum fractions possess
high antioxidant activity in vitro relative to other cereals or fruits (Awika and
Rooney 2004; Mathanghi 2012). Among cereals, sorghum has the highest content
of phenolic compounds reaching up to 6% (w/w) in some varieties. Almost all
classes of phenolic compounds are found in sorghum important for human nutrition
(Dicko et al. 2006).

The phytochemical analysis of aqueous and methanolic Zea mays hair extracts
summarized in Table 15.3. Terpenoid compounds however present only in the meth-
anolic extract sample. In addition, the total phenolic content (TPC) in aqueous
extract was significantly higher compared to methanolic extract. The findings sug-
gested that phytochemicals present in Zea mays hair are potentially beneficial as
therapeutic and antioxidative agents in pharmaceuticals, food and other related
industries (Solihah et al. 2012). GCMS analysis of its aqueous extract revealed the
presence of major identifiable apoptogenic phytonutrients.

Phenolic compounds are the most widely distributed secondary metabolites, uni-
versally present in the plant kingdom. Phenolic acids and flavonoids represent the
most common form of phenolic compounds found in whole grains. Among health-
promoting phytochemicals residing in whole grains of cereals, phenolic compounds
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have gained much attention in many scientific research areas, as they have strong
antioxidant properties. In vivo experiments confirmed that polyphenol rich diets
may decrease the risk of chronic diseases by reducing oxidative stress. Also, Meyer
et al. (1998) reported that hydroxyl cinnamates such as ferulic, caffeic and
p-coumaric acid reduce low-density lipoprotein oxidation, potentially protecting the
body from atherosclerosis. Ferulic acid, as the most common phenolic acid in whole
cereal grains, was predominantly found in bound form in corn, wheat, oats, and rice
(Zilic et al. 2011).

15.6 Pharmacological Studies on Cereals and Grains

Phytoconstituents such as ascorbic acid, tocopherols, carotenoids and phenolic
compounds (polyphenols), besides other bioactive compounds are reported to have
antioxidant activity. A majority of the antioxidant activity is attributed to the fla-
vones, isoflavones, flavonoids, anthocyanin, coumarin, lignans, catechins and iso-
catechins (Firdous and Bharathi 2014). In recent years, cereals and its ingredients
are accepted as functional foods and nutraceuticals because of providing dietary
fibres, proteins, energy, minerals, vitamins and antioxidants required for human
health. It is widely recognized that dietary ingredients have a dual role, one of them
is nutritional and another is pharmaceutical. So now it’s often called
nutraceuticals.

The antidiabetic and antioxidant potential of Triticum aestivum were evaluated in
streptozotocin-induced diabetic rats. Ethanolic extracts of Triticum aestivum
(100 mg/kgb.w.) were administered orally for 30 days. Result showed that a signifi-
cant increase in the liver glycogen and a significant decrease in fasting blood glu-
cose, glycosylated hemoglobin levels, and serum marker enzyme levels. The total
cholesterol and serum triglycerides levels, low density lipoprotein, and very low
density lipoprotein was also significantly reduced and the high density lipoprotein
level was significantly increased upon treatment with the ethanolic wheat extract. A
significant decrease in the levels of lipid peroxides, superoxide dismutase, and glu-
tathione peroxidise and increase in the levels of vitamin E, catalase, and reduced
glutathione were observed in treated diabetic rats (Mohan et al. 2013). In other
study ethanolic extract of the leaves of Triticum aestivum were evaluated for its
effect in the treatment of chronic fatigue syndrome (CFS) in an experimental mice
model. After 7 days, various behavioural tests (mirror chamber and elevated plus
maize test for anxiety, open field test for locomotor activity) and biochemical esti-
mations (malondialdehyde [MDA] and catalase activity) in mice brain were per-
formed. Result showed that forced swimming in the stressed group resulted in a
significant increase in immobility period, decrease in locomotor activity and ele-
vated anxiety level. The brain homogenate showed significantly increased MDA
and decreased catalase levels. The extract-treated groups showed significantly
(P < 0.05) improved locomotor activity, decreased anxiety level, elevated catalase
levels and reduction of MDA (Borah et al. 2014). One more study was conducted on
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fresh grass juice of Triticum aestivum to investgate the hypolipidemic activity in
normal rats. Freshly prepared wheatgrass juice was administered to normal rats
(5 ml/kg and 10 ml/kg orally once daily) for 21 days. Fresh grass juice administra-
tion produced dose related significant reduction in total chloesterol, triglycerides,
low density lipoprotein-cholesterol and very lowdensity lipoprotein-cholesterol lev-
els in normal rats as compared to control (Kothari et al. 2008).

Aqueous leaf extract of Oryza sativa exhibited enormous activity against E. coli.
Moderate amount of inhibition zones was recorded in Pseudomonas (Firdous and
Bharathi 2014).

Recently, barley flour and whole-grain products have been formulated in food
research laboratories to increase the diversity of barley food products available and
to improve the utilization potential of this healthful grain. Another motivation for
advancing barley research and product development is the potential for barley foods
to improve consumer health and reduce the risk of prevalent diseases especially
cardiovascular disease. The f-glucan soluble fibre levels in barley varies in different
varieties of barley e.g. Kalra and Jood compared cultivars of barley differing in
B-glucan content and showed that quantity and solubility of barley B-glucan were
strong predictors of cholesterol-lowering ability in rats. However, Wilson et al.
showed that both high-molecular-weight and low-molecular-weight b-glucan con-
centrates from barley, lowered cholesterol to similar levels and through similar
mechanisms in hamsters. In addition, Pins et al. and Keenan et al. conducted ran-
domized, controlled clinical studies to determine the cholesterol-lowering effects of
isolated barley b-glucan, when low- (50400 kDa) vs. high-molecular-weight
(1000 kDa) b-glucan was added to food products although a dose response was
evident, 9-15% reduction in LDL cholesterol, molecular weight did not signifi-
cantly affect cholesterol lowering effect (Ames and Rhymer 2008).

Young green barley leaf is one of the richest sources of antioxidants and has been
widely consumed for health management in Japan. Antidepressant effect was evalu-
ated on the forced swimming test in mice, a significant anti-depressant effect was
observed. The expression of mRNA for NGF detected in the hippocampus immedi-
ately after the last swimming test was higher than that in the non-swimming group.
Young green barley leaf also showed a moderate decrease in the expression of
mRNA for NGF, in a dose-dependent manner (Yamaura et al. 2012).

The current study focused on testing the hypolipidemic activity of two doses of
barley bran on hypercholesterolemic male rats. Administration of the two doses of
barley bran to the hypocholesterolemic rats ameliorated the level of lipids, liver
enzymes, lactate dehydrogenase, and creatinekinase-MB. In addition, the histology
of heart, liver, and kidney tissues nearly restored the normal state as in negative
control group (Abulnaja and El Rabey 2015).

Naniet al (1993) have reported that pearl millet (Penniseteum typhoideum), has
the lowest GIIt also favours increased glucose uptake into skeletal muscle and
improves insulin sensitivity by increasing the viscosity of the stomach contents and
impeding digestion of carbohydrate and absorption of macronutrients. According
to the obtained results, it was concluded that diets containing millet when
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administered to diabetic rats induces notable and probable changes of the glucidic
metabolism. The use of whole grain millet appears useful to correct the hypergly-
caemia caused by diabetes mellitus and can thus prevent, and even decrease the
intensity of this disease (Nani et al. 2011).

The presence of omega-3 fatty acids in pearl millet as compared to any other
cereal grain highlights its potential in prevention and treatment of cardiovascular
diseases, diabetes, arthritis and certain types of cancer. Pearl millet grains can be
processed and consumed as ingredients in diversified foods. They are called “nutri-
cereals” because of their high protein, fibre, mineral, and fatty acids contents, as
well as their antioxidant properties. Also, they are an alternative food for celiacs and
gluten sensitive individuals (Dias-Martins et al. 2018). The protein in millet consists
of all varieties of essential amino acids including leucine. It is a good source of
Tryptophan, an amino acid which can raise serotonin level and helps stress reduc-
tion. Also, from the result obtained in this study, pearl millet possesses ability to
serve as reducing agent and therefore can serve as a of antioxidants which counter
the accumulation of free radicals in the body (Odusola et al. 2013).

Zea mays hair has been claimed to have effect particularly on renal diseases
including chronicnephritis, benign prostate hyperplasia, gout, chronic nephritis
andcystitis. It helps to pass stone from kidney and urinary tract and prevent inflam-
mation. Besides, Zea mays hair has anti-prostatitis and anti-spasmodic activities
(Solihah et al. 2012).

A study evaluated membrane stabilization and detoxification potential of ethyl
acetate fraction of Zea mays Stigma maydis in acetaminophen-induced oxidative
onslaughts in the kidneys of Wistar rats. The acetaminophen-mediated significant
elevations in the serum concentrations of creatinine, urea, uric acid, sodium, potas-
sium, and tissue levels of oxidized glutathione, protein-oxidized products, lipid per-
oxidized products, and fragmented DNA were dose dependently assuaged in the
fraction-treated animals. The fraction also markedly improved creatinine clearance
rate, glutathione, and calcium concentrations aswell as activities of superoxide dis-
mutase, catalase, glutathione reductase, and glutathione peroxidase in the nephro-
toxic rats. These improvements may be attributed to the antioxidative and membrane
stabilization activities of the fraction. The overall data from the present findings
suggest that the fraction could prevent or extenuate acetaminophen-mediated oxida-
tive renal damage via fortification of antioxidant defence mechanisms (Sabiu
et al. 2016).

The present study targeted the possible association between cereals and legumes
and risk of colorectal cancer (CRC) development. Results indicated that higher con-
sumption of refined cereals and white bread is associated with higher CRC risk. The
study also showed that higher intake of whole grains and legumes is associated with
lower risk for developing CRC. The protective effect of whole grains against risk of
developing CRC could be attributed to nutrients and phytochemicals content of
whole grains including dietary fibres, resistant starch, oligosaccharides escaping
from digestion in the small intestine and then being fermented in the gut to produce
short-chain fatty acids. Furthermore, whole grains are rich in antioxidants,
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including trace mineralsand phenolic compounds. These phenolic compounds may
exert a preventive effect in the disease process. Additionally, whole grains may
mediate insulin and glucose responses (Tayyem et al. 2016).

15.7 Conclusions and Future Prospects

Cereals and grains are an essential food source that not only provide major nutrients
like proteins, carbohydrates, fats etc. but also offer ample amount of vitamins and
minerals. Despite the fact that they are consumed as food they have medicinal prop-
erties too. They are an excellent source of antioxidants such as phenolic acids and
flavonoids. Additionally, some of them are characterized to be potentially prebiotic
and can enhance the viability of probiotics with potential health benefits. Unani
system of medicine emphasises the use of food to treat several ailments and a
lengthy list of food medicine and medicinal food are mentioned in the Unani clas-
sics. The properties of cereals and grains mentioned in the literature are based on the
empirical research of Unani physicians. Though several studies are carried out
regarding its phytoconstituents and pharmacological properties, the medicinal ben-
efit described in Unani literature are still untouched. Hence there is a dire need to
reinvestigate them by using modern methodologies and technologies so that the
claims of Unani physicians can be validated and the safety and efficacy of various
nutraceutical preparations (Maushsheer, Kashkushsheer, Sattu etc.) can be
established.
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16.1 Introduction

The present global prevalence of lifestyle associated maladies is irrefutable (Essa
and El Shemy 2015), with experimental and epidemiological indications devastat-
ingly showing that poor, unhygienic nutrition and lifestyle of most of the people are
main trends added to the etiology of long lasting and non-transferable maladies for
example over weight, many type of cancers related to diet, diabetes and heart dis-
ease (Chaput et al. 2011). Due to upper mentioned maladies nutritionist and diet
planners recommend healthy diet which improves health of consumers and reduces
risk of diet related disorders (National Health and Medical Research Council
[NHMRC] 2013). In current life style people consume food containing high number
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of calories rather than nutrition so causes over weightiness, also modified the nor-
mal signaling and homeostasis of body and creates wide range of physiological
defects (Ferndndez-Sdnchez et al. 2011). Bunch of maladies produced due to poor
diet are diabetes, hypertension, several types of inflammation, dyslipidemia along
with considerable risk of heart diseases (Cheung and Li 2012).

Various health conditions could be produced by using different diets, so func-
tional and nutritional components of food are fundamental in controlling and
improving maladies produced due to lifestyle (Cencic and Chingwaru 2010).
Therefore, consumption of proper and balanced diet along with functional compo-
nents impacts health most importantly. Now a day’s industry of functional foods
growing exponentially throughout the world as functional components has many
benefits having various physiological effects which proved to be helpful in improv-
ing health (Abuajah et al. 2015). Grains (cereals, pulses and legumes) commonly
used worldwide are staple foods globally containing many bioactive and functional
components affecting health positively and protect consumers from adverse health
defects produced to present lifestyle thus received major attention of researchers
(Fardet 2010). They are good source of vitamins, minerals, fibre and notable quanti-
ties of bioactive compounds including phenolics, carotenoids, lignans, starch, ste-
rols, and phytates. These compounds either have additive and synergistic effects
because of having role as free radical scavengers, as cofactors with antioxidant
enzymes, or as indirectly performing as antioxidants providing positive effects on
human health by reducing the hazards of chronic diseases other than the basic nutri-
tion (Topping 2007).

Among many findings, the application of controlled germination process of
seeds is a valuable technique in improving the nutritional contents of these grains
which are excessively used in the world. This technique proves to be practical in
enhancing the nutritional value of these grains especially in the countries where diet
related maladies are major issue due to lifestyle.

16.2 Grains (Cereals and Legumes)

Cereals and legumes rich source of minerals and vitamins (as a whole) are exces-
sively used especially in Asian region. Most of the grains are crushed and converted
into flour prior to use while other grains like rice and legumes are used as a whole
(Oghbaei and Prakash 2016). If we speak about, these are edible portion derived
from caryopsis of cereal grasses, belong to Poaceae (Gramineae) family including
many other crops which are grain producing for example barley, rye, wheat, triti-
cale, rice, oats, sorghum and maize (Davidson et al. 2012), along with these some
minor grain crops are also included in this family like millet. By description whole
grains contain equal amounts of nutrients and grain components (germ, bran, endo-
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sperm) and available in various forms such as crushed, cracked, rolled, flaked,
cooked or extruded grains (US Food and Drug Administration [USFDA] 2011).
Many cereals which do not contain true seeds are considered as whole grain, e.g.
amaranth, quinoa and buckwheat, but few grain containing crops like oilseeds and
legumes are not included in whole grains (Whole Grains Council n.d.). Furthermore,
few grains which were sprouted or malted are also included in whole grains but
condition is, they should contain parts like bran, germ, and endosperm and retain
their nutritional value (American Association of Cereal Chemists [AACC] 2008).

Cereals are major part of diet of many people throughout the world. Widely
growing cops are wheat, maize, rice, sorghum and barley. All these crops belong to
a same family called Poaceae, and contain monocotyledon in their grain. Cereals are
processed and converted into variety of products and gives energy, dietary fiber,
minerals, vitamins and proteins (Sarwar et al. 2013). Besides these cereals are also
rich source of many bioactive and functional compounds e.g. tocopherols (anti-
oxidant), phytosterols, phenolic acids, lignans and folates (Van Hung 2016).
Consumption of whole grain cereals or their products resulted in many positive
effects on health which includes reduction in risk of certain cancers, reduction in
level of blood cholesterol and risk of heart related maladies (Sarwar et al. 2013).
Several research studies have been conducted using cereals alone or their products
as an ingredient for their functional foods (Das et al. 2016).

In developing agricultural countries legume crops also play key role due to their
nutritional value for both the producers and consumers. Another form of seeds
which are enclosed in pods belongs to legume family defined as “bean’ are consum-
able and nutritious. Legumes also called pulses are grown in various countries. They
include wide range of varieties like alfalfa, clover, lupins, green beans, peas, pea-
nuts, dry beans, broad beans, dry peas, kidney beans, fava beans, black beans, soy
beans, chickpeas, and lentils etc. In many regions of the world legumes used along
with cereals proved to be complementary diet as these are rich source of proteins
and minerals, therefore perform a key role in human diet (Bouchenak and Lamri-
Senhadji 2013). Dicotyledons contain as many as 700 genera and about 20,000
species among these legumes belongs to family Leguminosae (Petchiammal and
Hopper 2014). Among flowering plants on the basis of population Leguminosae is
a third most important family (del Socorro Lépez-Cortez et al. 2016).

Plant of legumes recognized by its seeds which are edible and born in pods
(Megat Rusydi et al. 2011). Among legumes researchers give their major attention
to dry seed besides these dry edible seeds, legumes are also used in the form of salad
as these are green in color for example fresh pods, leaves and seedlings (Mitchell
et al. 2009). These foods contain many essential nutrients which proved valuable to
human health as they contain antioxidant, and are recognized as safe (GRAS) to use
for human. Free radicals which are usually produced in biomolecules like DNA,
lipids, and other proteins, their oxidative effect is masked by protein of these
legumes (Rochfort and Panozzo 2007).
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16.3 Biological Activities of Grains

As the grains are used worldwide and are staple foods of many countries therefore
their use has the potential of impacting health outcomes. Major portion of grains is
carbohydrates which are useful source of energy, it also contains other valuable
dietary components e.g. phytochemicals (Okarter and Liu 2010), therefore mixing
of these grains into foods either whole grain or in the form of other products gives
vital nutritional differences. If we compare nutritional profile of whole grains and
milled grains, major difference noticed in dietary fiber, minerals, vitamins and other
bioactive compounds e.g. polyphenol which are antioxidants (Jonnalagadda et al.
2011). Various varieties of whole grains contain different nutritional composition
and therefore contains different bioactive compounds and activities, so produced
various biological effects in body (Donkor et al. 2012). Number of bioactive com-
pounds present in grains along with other components are characterized with differ-
ent physiological responses (Bjorck et al. 2012; Fardet 2010). In past many
researchers had reviewed the functional characteristics of whole grains, but still
they are not clarified completely (Bjorck et al. 2012). From literature, it is con-
cluded that dietary fiber (important part of whole grains) provides number of health
benefits, but data from research shows that all whole grains are not reliable source
of dietary fibers e.g. brown rice contain 4.6 g/100 g while dark rye flour contain
23.8 g/100 g (US Food and Drug Administration [USFDA] 2012).

Many explanations regarding mechanism of whole grains activity were discussed
e.g. structure of starch, solubility properties and viscosity produced by fiber, along
with size of particles (Jonnalagadda et al. 2011), structure of food and gelatinization
(Bjorck et al. 2012). Soluble fiber present in whole grains may help to reduce level
of cholesterol in blood by production of bile while production of cholesterol may
also be inhibited by shot chain fatty acids which produced after fermentation of
grain polysaccharide. Risk of diabetes could be reduced by many minerals (Mg, Se)
and antioxidant (Vitamin E) present in whole grains (Jonnalagadda et al. 2011).
Oxidative stress and inflammation may also be reduced by polyphenolic antioxi-
dants (Mateo Anson et al. 2010).

Importantly, it was observed that superior health effects were exerted through
consumption of whole grains in comparison to milled grains in diet, this effect
proved through epidemiological studies (Masters et al. 2010). Basal metabolic rate,
LDL and total cholesterol improved by consuming whole grains (Newby et al.
2007). Numerous studies had been conducted related dietary intake of whole grains
which associated with reduced risk of various disease but recommended consump-
tion of whole grains is not met in many contraries including Canada, USA and
Australia. In developed country like USA recommendation to consume whole
grains were 500% more than present consumption while just 20% increment
observed in consumption, which were not up-to the mar (Whole Grains
Council 2009).

Similar conditions also observed in Australia where less than 1/3rd of whole
grain were consumed, which are far less than recommendation (Go Grains Health
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and Nutrition [GGHN] 2010), In Canadian community, consumption of whole
grains was also less than recommendation e.g. data collected in 2004 through a
Canadian Health Community showed that between 21% and 66% of Canadian citi-
zens aged 19 years or older were not taking their minimum intake of whole grains
(Garriguet 2007). Many reasons discussed regarding reduction in consumption of
whole grains, among of these lack of understanding, consumption of refined food
and availability of various products have been suggested as obstacles for less whole-
grain utilization (Go Grains Health and Nutrition [GGHN] 2010). Besides these
barriers many anti-nutritional factors which inherent the grains may also impair the
availability of many minerals e.g. iron and zinc such as phytic acid which may
inhibit absorption of these mineral (Gupta et al. 2015). A novel grain processing
method was recognized by “The European HEALTHIGRAIN" which will improve
the palatability and nutritional profile of whole grains and ultimately positively
affect the health of consumer (Delcour et al. 2012). Epidemiological and interven-
tional studies mainly focused to non-germinated (non-sprouted) whole-grain and
so, creating the gap in understanding many wider effects of whole grains on health.

Additionally, legumes are also rich source of phytochemicals (phytosterols, nat-
ural anti-oxidants), polyphenols and other bioactive carbohydrates. Therefore,
legumes have increasingly used in diet to treat and prevention of number of dieses
in developed countries (Amarowicz and Pegg 2008). Through numerous studies it
was proved that correlation exist between consumption of legumes and reduction in
risk of several disease e.g. cancer, heart related disease, overweightness and diabe-
tes (Boudjou et al. 2013). As legumes are reliable source of phenolic compounds
therefore, antioxidant ability (Heimler et al. 2005) and the anti-cancer (Cardador-
Martinez et al. 2002), related to apoptosis (Aparicio-Ferndndez et al. 2008), and
antiproliferative effects are inserted by legumes (Segev et al. 2010).

Many anti-cancer compounds e.g. flavonoids, phenolic acids, lignans, and tan-
nins, which are richly present in legumes (seed coat). Such ant-oxidant (phenolic
contents) found in legumes proves to be helpful against many chronic diseases
(Aberoumand and Deokule 2008). Legumes are usually as a seed but many products
could also be produced from legumes such as dhal, snack foods, flour etc. which
could be used for further food preparation (Villegas et al. 2008) or also as germi-
nated grains. It is universally accepted that simple and less costly conventional pro-
cessing methods are effective techniques to bring useful changes in composition of
legume seeds. Among these conventional techniques soaking, cooking, fermenta-
tion and germination may be used to enhance the quality of legumes and their nutri-
tional value due to the removal of few anti-nutritional factors (Singh et al. 2014).

16.4 Germination Processing

Germination is a natural processing technique used for biological activation of
grains to improve their nutritional and functional properties (Hefni and Witthoft
2011). Sometimes seeds germination in controlled environment is achieved to get
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desire benefits in which seeds are grown thus sprouts formed during germination
process. The environmental conditions required for germination are optimal humid-
ity level, accessibility of oxygen (aerobic respiration), acceptable temperature for
proper time duration to stimulate metabolic processes (Sangronis and Machado
2007). These environmental factors could be controlled like moisture, temperature
and humidity in controlled environment in the laboratory or alternatively seed could
also have germinated in field, process called preharvest sprouting (PHS). In both
condition, basic purpose is sprouting which resulted in higher amounts of essential
nutrients like soluble dietary fiber, vitamins, minerals, antioxidants and phytochem-
icals which proved beneficial for consumers (Van Hung et al. 2011). It’s necessary
to carry out germination for several days to increase nutritional value of grains
(Rakcejeva et al. 2014).

Additionally, sprouts are also rich source of health improving vital nutrients like
glucosinolates, phenolics and selenium-containing components in various legumes
for example in the Brassica plants and isoflavones in the soybean plant. It is very
important to note that the sprouts which produced during germination are consumed
as such so gives high amount of nutrients. Addition to nutrients sprouts are also rich
source of various phytochemicals, various minerals and vitamins, enzymes and
essential amino acids which exert heath promising effects on humans (Gan et al.
2017). Recently researcher gave more attention to biological value of the nutritional
sprouts (Marton et al. 2010). Many anti-nutritional compounds such as trypsin
inhibitor, phytic acid, pentosan, tannin etc. reduced in considerable amount, and on
the other hand it also observed many compounds which proved to be health improv-
ing compounds are increased which showed anti-cancer activity, example of these
compounds is glucosinolates. Therefore, sprouting can increase the amount of nutri-
ents which exert positive effect on human health and reduces the risk of many seri-
ous diseases (Sangronis and Machado 2007).

Exact nutritional composition of sprouts is not clear as nutritional profile varies
with variety of legumes but fundamentally germination modified the nutritional and
physicochemical characteristics of seeds to support the growth of baby plant (Noda
et al. 2004). As compared to non-germinated (non-sprouted) grains, germinated
exert beneficial effect on human health as they contain huge amount of beneficial
nutrients and antinutritional factors are also reduced during germination process.
For germination grains are soaked in water for the short time duration which facili-
tate the germination process resultantly improve the technological and nutritional
properties of grains. Alongside the modification in nutritional value germination
also changes the appearance, taste, and flavor of the grains (Kaukovirta-Norja et al.
2004). In germination process kernels are usually soaked in water and after that
allowed to germinate in controlled environment. Therefore, sprouting conditions
and water contents exert significant impact on metabolic process of grains. And this
metabolic process occurs in embryo results in the formation and/or release of meta-
bolic compounds which carry health maintaining effects (Hiibner and Arendt 2013).
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16.5 Mechanism of Germination

Germination processing can be conducted in different simple steps like sterilization,
steeping and sprouting. Germination can be activated in controlled environment
having optimum range of temperature, light and moisture factors. Before soaking
the seeds in water, sterilization is carried out to reduce the microbial load. Many
sterilization solutions available but solution of sodium hypochlorite (NaClO) with
various concentration proved to be promising and is commonly used to reduce to
microbial load before seed germination (0.07% NaClO solution) (Limén et al.
2014). By using above mentioned solution usually sterilization is carried out at
room temperature for 15-30-min duration in the ratio of 1:5 or 1:6 with 85 (g) seed
weight/solution volume. Beside sodium hypochlorite pure ethanol or ethanol 70%
solution and 0.2% formaldehyde solution also successfully used in literature for
3-min time duration (Nour et al. 2015; Pajak et al. 2014). Results of few research
shows effect of sterilization process on seed germination. While in few research
sterilization, process is omitted (Guo et al. 2012; Guajardo-Flores et al. 2013),
researcher claim that sterilization process can cause potential hazardous effects and
create seed food safety risks. So, sterilization of seeds is not compulsory before seed
germination, it depends upon many factors including seed condition, water chang-
ing frequency during germination process and germination purpose.

Before carrying germination, seed is usually soaked in water to re-hydrate the
seed and during this process temperature, time of soaking, ratio of seed weight and
water volume should be considered. Soaking the seed at room temperature from few
to 24 h and seed weight/volume ratio of 1:1.5 to 1:20 is a frequent practice which
carried out before seed germination. The variation in seed soaking depends upon
inherent characteristics of seeds for example water absorbing capacity of seeds,
seed coat thickness and seed size. After carrying out soaking process seeds could be
placed in incubators for proper germination (Gan et al. 2017). The metabolic activ-
ity of dry grains boosts rapidly as it is hydrated during soaking. For proper seed
germination process several processes should be note such as the light, temperature,
humidity, watering and time. Successful germination usually performed in dark and
temperature for germination is kept 20 to 30 °C. Proper care is required during ger-
mination process, for example watering to should be done every day to provide seed
optimum humidity for growth, water should be replaced periodically (twice a day),
it will help to eliminate metabolites of sprouted seed and stop the growth of micro-
organisms (Kandil et al. 2015). To start germination in the grains presence of water
is compulsory which initiates extensive biochemical and physiological process
which provides support to growing baby plant and this process ceased after elonga-
tion of embryonic axis. Emergence of radical round the embryo of the grain is the
visible sign that germination had completed (Bewley and Black 1994). Water pen-
etration enhances seed rehydration which stimulates gibberellin synthesis in embryo
which leads to gene expression of hydrolytic enzyme (Nelson et al. 2013).
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As grains always remain in dormant in unfavorable condition therefore, for
proper germination grains are exposed to appropriate environmental condition e.g.
proper temperature and moisture which will stimulate the hormones present in
grains to initiate the germination process. Optimum moisture contents and tempera-
ture will stimulate the debranching and hydrolytic enzymes and some hormones
which will liberate nutrients from germ (embryo), endosperm and scutellum from
within the seed (Gan et al. 2017). Period for sprouting usually varied seed to seed
for example 3-5 days are enough for successful germination of edible beans.
Germination process is simple, less costly, environmental friendly and recom-
mended as safe to sprout a seed within less duration of time (Gan et al. 2017).

During germination process, complex biochemical changes occur in seeds like
hormones (gibberellin) release from embryo and reached up-to aleuronic layer of
seed and stimulate the release of different enzymes (amylases, proteases) into the
endosperm, and also lower the activity of enzyme inhibitors, all these activities will
act on compounds present in germ and endosperm therefore, convert seed from
dormant to active metabolism (Iordan et al. 2013). These enzymes will act on stored
carbohydrates and proteins and convert them to smaller molecules which will be
used by the baby plant for growth. It is interesting to know that most of these stored
compounds are not soluble into water therefore growing embryo unable to use them
until they converted to smaller components by enzymes which are soluble (Miransari
and Smith 2014).

As the germination process starts in the grains numerous phytochemical and
physiological changes took place in which complex nutrient flux occur which
includes degradation, remobilization and accumulation. Stored complex compounds
e.g. starch, lipids and proteins are catabolized during germination which resultantly
produced smaller molecules such as nitrogen and carbon which are used for the
proper growth and photosynthesis by the plant (Theodoulou and Eastmond 2012).
During germination process lot of nutrients and other bioactive compounds
increased (Donkor et al. 2012), and reduced as these compounds consumed by the
growing plant (Yang et al. 2001). It was given by Hung et al. (2012) that sprouted
waxy wheat had improved and beneficial nutritive profile as compare to non-
sprouted, as it contains high amount of dietary fiber, free amino acids and phenolics.
In another study, it was reported that after 102 h germination at 20-25 °C grains
contain 2 times high amount of a-tocopherol and 2-3 times more minerals (Ozturk
et al. 2012). In same study 3.6-time higher amount of folate was found (Koehler
et al. 2007). Another research conducted by Yang and co-workers (2001), reported
that amount of ascorbic acid and tocopherol and p-carotene were not easy to detect
in un-germinated wheat grains, while in the same grains these compounds were
present in higher amounts and their amount continuously increasing after lengthen-
ing the time of germination and reached up-to optimum value after 7 days of germi-
nation. Values of vitamin C were 550 pg/g, and of a-tocopherol were 10.92 pg/g
while for p-carotene were 3.1 pg/g. In the same study amounts of ferulic and vanil-
lic acids were also noticeably enhanced, reached optimum level after 7 days of ger-
mination which became 932.4 pg/g and 12.9 pg/g, respectively.
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Many variables such as variations in grain types, germination conditions along
with laboratory technologies may confused the findings. Due to these variable
results achieved after germination of same type of whole grain could be changed
(decrease or increase) or unchanged. Such as amount of sugar were resulted both
increase or decrease when compare with control group (un-germinated) while dif-
ferent results were showed by using different type of rice varieties. (Moongngarm
and Saetung 2010). Related results were also found in another study in which anti-
oxidant ability of sprouted rice resulted both increase and decrease, antioxidant
activity was measured by using scavenging activity of the rice variety (Imam et al.
2012). Due to above mentioned reasons care should be taken during comparison of
the results from other studies. It proved from previous discussion that optimum
conditions might be varied with grain type, parameter to be studied and analytical
techniques being used for analysis. The degree of the variation detected may change
with other parameters like temperature, time, moisture, available oxygen for germi-
nation (Koehler et al. 2007), type of whole grain and environmental conditions
(Mak et al. 2009).

If talk about life-cycle of the cereals grains it comprised upon two phases which
were separated from each other by dormancy i.e. germination and development.
During germination seeds play a vital role as a reproductive unit and this unit guar-
antees survival of all species of plants. There are three distinct parts of the wheat
grains namely endosperm, bran layer (sometime called peripheral layer) which
comprised of aleurone, nucleus tegument, testa and pericarp, and important part
germ which is comprised of embryos and scutellum (Tasleem-Tahir et al. 2011). As
the germination process starts complex compound present in grain like carbohy-
drates, protein and lipids are converted to simple and soluble molecules by the
action of various enzymes which are present in the kernel. These enzymes usually
stimulate upon germination. Mostly such enzymes present in upper aleurone layer,
bran and in germ (Poutanen 1997). For example, amylase enzyme required to break-
down complex starch usually present in the pericarp. Another important enzyme
required to break-down complex protein (proteases) are present in endosperm, germ
and aleurone layer. Lipoxygenase enzyme which break-down fats is dominantly
present in embryo, while polyphenol oxidase and peroxidase are dominantly pres-
ent in bran of seeds (Rani et al. 2011). These enzymes convert complex compounds
into simple fractions which initiate the complex physiological and bio-chemical
changes in the seeds.

16.6 Bioactive Compounds

A vast number of organic compounds are produced by the plants and these organic
compounds didn’t take part directly in growth and development of the plants.
Conventionally, such compounds are called secondary metabolites and are found in
various amounts in taxonomic group of plants. In contrast, secondary metabolites
plant also produced primary metabolites such as acyl acids, phytosterols, organic
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acids and amino acids which are produced by all types of plants and participate
essentially in development and growth of the plant (Hussain et al. 2012). Secondary
metabolites which are limitedly produced by the plants have complex structure and
biosynthetic pathways and conventionally these compounds didn’t get much inten-
tions of the researchers as these compounds are taken biologically insignificant
(Parsaeimehr et al. 2011).

In contrast to biochemists, pharmaceutical researchers gave much intention to
secondary metabolites (organic compounds) and since 1850s they intensively inves-
tigated their biochemical properties. Interestingly, investigation on these bioactive
compounds was not just on academic level but on industrial level several com-
pounds were developed from these bioactive components, few examples are dyes,
polymers, fibers, glues, oils, waxes, flavoring agents, perfumes, and drugs. These
compounds have huge biochemical properties due to which researchers focused to
develop innovative drug, herbicides, insecticides and antibiotics (Grindberg
et al. 2011).

Based on their synthetic pathways, these compounds are divided into three major
categories (nitrogen containing compounds, terpenes and phenolics) (Krzyzanowska
et al. 2010). Research had been conducted on their mechanism of synthesis includ-
ing firstly the mevalonic pathway (to synthesize terpenes), secondly shikimic acid
pathway or the mevalonic pathway (to synthesize phenolic compounds), thirdly tri-
carboxilic acid pathway (to synthesize nitrogen containing secondary metabolites).
In pharmaceutical industry, vast number of products are produced by using these
secondary metabolites (Parsaeimehr et al. 2011).

16.7 Phenolic Compounds

In numerous studies, (Table 16.3) polyphenolic compounds recognized as major
antioxidant components of the whole grains (Zieli’'nski and Koztowska 2000).
Radical compounds produced from oxidation are stabilized by the phenolic com-
pounds as phenolic compounds are antioxidant in nature. Whole grains contain
large amount of antioxidant compounds, few examples of such compounds are vita-
mins, sterols, and phenolics as well as phytic acid. Above mentioned compounds
mostly found in bran or germ of the whole grain (Fardet et al. 2008). All these
mentioned bioactive compounds are participated in degree of antioxidant properties
and germination process also affect such compounds. Various in vitro studies
showed the antioxidant effect of these compounds however, in vivo antioxidant
effect is not completely recognized yet (Fardet et al. 2008). It is interesting to know
that few bioactive compounds might act as synergists/antagonists, having antioxi-
dant characteristics in-vitro, might not observed of such compounds in-vivo.
Polyphenols primarily occur in both soluble or bound forms in plants but edible
grains mostly have high ratio of bound phenolics (Agati et al. 2012).

Polyphenolic contents (secondary metabolites) produced by plants contains vari-
ety of structurally and functionally diverse compounds which are produced through
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the shikimate-phenylpropanoids flavonoids pathways (Krzyzanowska et al. 2010).
Majority of the phenolic compounds show estrogenic activities, and defined as the
compounds having one or more aromatic ring along with hydroxyl substituents,
including many functional derivatives like esters, methyl ethers, glycosides, etc.
(Parsaeimehr et al. 2011). Polyphenolic compounds could be divided into two cat-
egories, firstly soluble phenols e.g. phenolic acids, flavonoids and quinones, sec-
ondly insoluble phenols e.g. condensed tanins, lignins and cell wall bounded
hydroxycinammic acids (Krzyzanowska et al. 2010).

Many types of compounds are included in polyphenolic compounds like furano-
coumarins, lignin, flavonoids, isoflavonoids, and tannins. Another class of phenols
flavonoids comprised of large and varied units of polyphenolic compounds found in
plants. Among flavonoids vital group of compounds are flavonols comprised of
quercetin, kaempferol, and isorhamnetin, other important group is flavones for
example apigenin, luteolin, and chrysoeriol (Hounsome et al. 2008). Another class
called phenolic acids contains gallic and caffeic acids, vanillic acid, cinnamic acid
and coumaric acid (Krzyzanowska et al. 2010). Most commonly phenolic acids and
flavonoids are found in sprouted seeds which have recognized as anti-oxidant and
could be used as functional compounds (Fu et al. 2011). As germinated (sprouted)
are rich source of poylphenolic compounds and other bioactive compounds there-
fore, these seeds could be the best alternative of fruits and vegetables in our
healthy diets.

16.8 Germinated Grains and Polyphenols

Through several studies in cereal grains it was shown that germination process
could enhance the amount of solvent-extractable phenolic compounds (Tables 16.1
—16.3). Several authors suggested that increment of water soluble polyphenolic
compounds during sprouting process can be attributed to the de novo synthesis and
transformation (Kim et al. 2013; Tang et al. 2014). Negative impact of seed germi-
nation also observed, as many studies showed the reduction in polyphenolic content
in sprouted seeds. And this contradictory result associated with increment in mois-
ture content during germination process, during which soluble phenols may be
wasted (Guo et al. 2012). These opposing results stated are mainly accredited to
difference in soaking, temperatures, germination time and methods of drying the
germinated grains. Increased phenolic contents and antioxidant activities has been
stated through different in vitro studies in cereal grains, like wheat (Van Hung et al.
2011), sorghum (Donkor et al. 2012), buckwheat (Alvarez-Jubete et al. 2010), and
rice (Imam et al. 2012).

Enhanced polyphenol oxidase activity (PPO) might be the reason of increased
polyphenol contents in germinated grains as compared with non-germinated grain
(Demeke et al. 2001). The increase in polyphenols during seed geminating could be
due to solubilization of condensed tannins during water soaking and its movement
to the outer layer during germination. During maize germination phytate contents
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Table 16.1 Phenolic compounds in different germinated cereals sprouts

S. Hassan et al.

Remarks/
Grain type Phenolic compound Analytical method | results References
Maize Phenolic contents uv Increased | Mihafu et al.
spectrophotometer (2017)
Barley Total flavonoid content uv Increased | Aborus et al.
Total phenolic content spectrophotometer (2017)
Individual polyphenols (gallic | HPL.C
acid, vanillic acid, catechin, DPPH & ABTS,
epicatechin, chlorogenic acid,
ferulic acid sinapic acid,
myricetin, quercetin,
kaempferol)
Antioxidant activity
Soybean Total flavonoid content uv Increased | Xue et al.
Total phenolic content spectrophotometer (2016)
Antioxidant activity DPPH, ABTS
Buckwheat Individual phenolic HPLC Increased | Nam et al.
compound (qrientin, (2015)
isoorientin, vitexin,
isovitexin, rutin)
Wheat Total phenolic content uv Increased | Van Hung
spectrophotometer etal. (2015)
Soybean Total phenolic content uv Increased | Koo et al.
Antioxidant activity spectrophotometer (2015)
DPPH, ABTS
Soybean Antioxidant activity uv Increased | Victoria et al.
spectrophotometer (2015)
Wheat Total phenolic content uv Increased | Zilic et al.
Individual phenolic spectrophotometer (2014)
compound (ferulic acid, HPLC
isoferulic acid) FRAP, DPPH,
Antioxidant activity ABTS
Finger millet | Polyphenols content uv Increased | Sudha and
spectrophotometer Usha (2014)
HPLC
Barley, Oat, | Polyphenol content uv Increased | Panfil et al.
Wheat Antioxidant activity spectrophotometer (2014)
FRAP
Soybean Total phenolics uv Increased | Huang et al.
Antioxidant activity spectrophotometer (2014)
Isoflavone content (daidzein, | DPPH
glycitein, genistein, total HPLC

aglycones, daidzin, glycitin,
genistin)

(continued)
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Table 16.1 (continued)
Remarks/
Grain type Phenolic compound Analytical method | results References
Rye, Total polyphenol content uv Increased | Donkor et al.
Sorghum, Individual polyphenol content | spectrophotometer (2012)
Brown rice, (gallic acid, epigallocatechin, | HPL.C
Wheat, Oat, catechin, epicatechin, DPPH
Barley, epigallocatechin gallate,
Buckwheat p-coumaric acid, ferulic acid,
luteolin)
Antioxidant activity
Rice Total polyphenol content uv Increased | Imam et al.
Antioxidant activity spectrophotometer (2012)
DPPH, ABTS
Soybean Total phenolic content uv Decreased | Shohag et al.
Antioxidant activity spectrophotometer | (fresh (2012)
FRAP weight
basis)
Waxy wheat | Total phenolic compounds uv Increased | Hung et al.
Antioxidant activity spectrophotometer (2012)
DPPH
Wheat Total polyphenol content uv Increased | Van Hung
Phenolic compounds profile | spectrophotometer etal. (2011)
(hydroxybezoic, vanillic, UPLC
caffeic, syringic, p-coumaric, DPPH
ferulic, sinapic)
Antioxidant activity
Rice Total polyphenol content uv Non- Moongngarm
spectrophotometer | significant | and Saetung
change (2010)
Amaranth, Total polyphenol content uv Increased | Alvarez-
Buckwheat, Individual polyphenol content | spectrophotometer Jubete et al.
Quinoa, (protocatechuic acid, HPLC (2010)
Wheat protocatechuic acid, vanillic DPPH, FRAP
acid derivative, vanillic acid,
caffeic acid derivative,
syringic acid derivative,
caffeic acid, caffeic acid
derivative, 3-coumaric acid
derivative, ethyl gallate)
Antioxidant activity
Rice Ferulic acid HPLC Increased | Banchuen

et al. (2009)
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Table 16.2 Phenolic compounds in different germinated legume sprouts

S. Hassan et al.

Remarks/
Grain type Phenolic compound Analytical method | results References
Adzuki bean Total phenolic content uv Increased | Ztotek et al.
Total flavonoid content Spectrophotometer (2015)
Phenolic acids content DPPH, ABTS
Antioxidant activity
Mung bean Total phenolic content uv Increased | Tiwari et al.
Antioxidant activity Spectrophotometer | Decreased | (2017)
FRAP
Faba bean, Total phenols uv Increased | Salem et al.
White bean, Total flavonoids Spectrophotometer (2014)
Chickpea, Individual phenolic HPLC
Lentil, compounds DPPH
Fenugreek (ferulic, pyrogallol,
seeds protocatechuic, catechin,
syringic, epicatechin,
vanillic, gallic, caffeic,
chlorogenic, ellagic and
coumarin)
Total antioxidant
Pigeon pea Total phenolic content uv Increased | Uchegbu and
Antioxidant activity Spectrophotometer Ishiwu (2016)
DPPH
Mung bean Total Phenolics uv Increased | Kim et al.
Antioxidant activity Spectrophotometer (2012)
DPPH
Mung bean Total Phenolics uv Increased | Guo et al.
Total flavonoid Spectrophotometer (2012)
Individual phenolic HPLC-UV
compounds (quercetin, Hydro-PSC
myricetin,
quercetin-3-O-glucoside)
Antioxidant activity
Green mung, Total phenolic content Colorimetric Decreased | Singh et al.
Arhar, Masur, | Antioxidant activity method Increased |(2014)
Chickpea DPPH
Lentil Total phenolic compounds | UV Increased | Gharachorloo
Antioxidant activity Spectrophotometer et al. (2012)
Oven test method
White bean, Total phenolic contents uv Increased | Gharachorloo
Common vetch, | Antioxidant activity Spectrophotometer etal. (2013)
Lentil, Oven test method
Chickpea
Black gram, Total antioxidant DPPH Increased | Khyade and
Desi chickpea, | Total phenol content uv Jagtap (2016)
Cowpea, Total flavonoid content Spectrophotometer

Yellow mustard

(continued)
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Table 16.2 (continued)

Remarks/
Grain type Phenolic compound Analytical method | results References
Green mung Total phenol content uv Increased | Gan et al.
bean, Black Individual phenolic Spectrophotometer (2017)

mung bean compounds HPLC

(gallic acid, p-coumaric ABTS, FRAP
acid, catechin, rutin, vitexin
and isovitexin)

Antioxidant activity

reduced which could be credited to the increased activity of endogenous enzyme
phytase, which hydrolyzes phytic acid (Pawar et al. 2006). The level of the phytate
breakdown depends upon several factors like grain variety, germination stage, pH,
moisture level, temperature, solubility of phytate and the presence of certain inhibi-
tors (Egli et al. 2002). In a study conducted by Liukkonen et al. (2003) rye grains
were germinated for 6 days at different temperatures like 5, 10 and 25 °C all treat-
ments exhibited an increment in methanol-extractable phenolic compounds but
highest increase was observed in samples germinated at 25 °C. The reason suggested
for this increase was that synthesis or activation of a variety of hydrolytic enzymes
started in grains through germination which caused different alterations in structure
or synthesis of new compounds having high bioactivity and nutritional value (Wang
etal. 2014).

In other study Tian et al. (2004) found that during germination for 24 h in brown
rice main soluble phenolic compounds including 6-O-feruloylsucrose and
6-0O-sinapoylsucrose were decreased, while the free compounds including ferulic
acid and sinapinic acid increased significantly. In soybean and mung bean after
germination total phenolics content in seeds and sprouts expressed on a fresh weight
basis (Shohag et al. 2012) decreased compared with other seed contents due to dilu-
tion effect of phenolics after imbibition and growth, and due to increased water
absorption. While in case of dry weight basis the total phenolics content increased
with germination time, because moisture content is eliminated (Cevallos-Casals and
Cisneros-Zevallos 2010).

Total antioxidant activity has been generally associated with increased antioxi-
dant activity in a variety of grains (Imam et al. 2012). Avenanthramides are phenolic
compounds exclusively found in oats. They have been reported to contribute to the
fresh taste of oat products. An increase in these compounds by about 20% upon
germination was reported (Skoglund et al. 2008). Tannins, phenolic compounds
with high molecular weight, have traditionally been nutritionally negative, as they
can form insoluble complexes with proteins and can complex minerals. On a posi-
tive note, they contribute to the antioxidant activity and the breakdown products
also have antioxidant properties. During germination, tannins are partially broken
down, as reported for millet (Hemalatha et al. 2007), and sorghum (Dicko et al. 2005).
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Table 16.3 Commonly present phenolic acids in cereal grains

S. Hassan et al.

Phenolic acids

Predominant

Major

Low amount

References

Cinnamic acid

Millet

Wheat,
sorghum, oat

Dykes and Rooney
(2006, 2007) and
Shahidi and Naczk
(2004)

Caffeic acid - Oat, sorghum, | Maize, rye, Beta et al. (2012), Cai
rice, rye, barley, | millet et al. (2011),
wheat Laokuldilok et al.
(2010), and Zhang and
Hamaker (2012)
p-Coumaric - Maize, wheat, | — Beta et al. (2012), Cai
acid barley, rye, etal. (2011),
sorghum, Laokuldilok et al.
millet, rice, oat (2010), and Zhang and
Hamaker (2012)
Ferulic acid Maize, wheat, Oat - Beta et al. (2012), Cai
barley, rye, et al. (2011),
millet, sorghum, Laokuldilok et al.
rice (2010), and Zhang and
Hamaker (2012)
Gallic acid - Rice Sorghum, Cai et al. (2011),
millet, oat, Laokuldilok et al.
wheat (2010), and Zhang and
Hamaker (2012)

p-Hydroxy
benzoic acid

Barley

Oat, rice, millet

Wheat, maize,
rye, sorghum

Beta et al. (2012), Cai
etal. (2011), Dykes and
Rooney (2007), and

Laokuldilok et al.
(2010)
Protocatechuic | — Rice, sorghum | Millet, rye, Beta et al. (2012), Cai
acid barley, oat, et al. (2011),
maize Laokuldilok et al.
(2010), and Zhang and
Hamaker (2012)
Sinapic acid - Rye, rice Wheat, maize, | Beta et al. (2012), Cai
barley, etal. (2011), and
sorghum, Laokuldilok et al.
millet, oat (2010)
Salicylic acid | - - Wheat, barley, | Dykes and Rooney
sorghum (2007) and Kim et al.
(2006)
Syringic acid - Sorghum, Oat, millet, Dykes and Rooney
wheat, maize barley (2007), Kim et al.

(2006), and Zhang and
Hamaker (2012)

Vanillic acid

Barley, oat,
millet, wheat

Sorghum, rye,
maize

Beta et al. (2012), Cai
etal. (2011), and Zhang
and Hamaker (2012)
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Among whole seeds plant, legumes have very wide range of antioxidant activity,
as it relies upon variety and origin of plant. While if we review the impact of seed
germination and technological processing also effect the inherent ant-oxidant activ-
ity of the seeds of legumes for example phenolics, tocopherols, vitamin C etc.
Currently researchers greatly interested in function and efficiency of anti-oxidants
present in food components which increase the attentions to test the anti-oxidant
activity of foods. Therefore, some researched had worked on the germination effect
upon nutritional profile of legumes (Gharachorloo et al. 2012). Lentil sprout flour
could be the extremely good source of natural anti-oxidants as germination modify
phenolic compounds therefore, their anti-oxidant activity also improved. Research
data showed that germination process improves the quantity and quality of poly-
phenolic compounds in legumes (Lépez-Amor6s et al. 2006).

Sprouting is a natural process improving the nutritional value of legumes due to
increasing phenolic contents. According to one study (Tiwari et al. 2017) of mung
beans it may be possible that germination caused enzymatic degradation of carbo-
hydrates which in results increased polyphenols production (Perron and Brumaghim
2009). Results of this study showed decreases the antioxidant activity because boil-
ing of sprouted mung bean may cause denaturation of proteins and enzymes having
antioxidative properties. According to several other studies researchers shown that
during germination high temperature causes decrease in many vitamins, protein
contents and secondary metabolites in food grains (Soris et al. 2010). In another
study conducted by Salem et al. (2014) showed an increase in total flavonoids, total
phenolics and total antioxidant activity. Increase in phenols may be due to solubili-
zation of condensed tannin during soaking process and relocation of phenols to the
outer layer during germination as appeared through browning of the germinated
seeds (Sokrab et al. 2012).

But further study requires describing the composition of the seed extract for
identification and determination the level of biologically active compounds. Further
data required to shows the effect of food processing technologies and various physi-
ological process (digestion) on the availability and stability of these functional and
bio-active compounds for using lentils for food supplement (Malik and Kapoor
2015). A large no of research had been conducted in past which shows a direct rela-
tion with consumption of foods and reduction in risk of many diseases like cardio-
vascular and cancer (Fernandez-Orozco et al. 2009). As many health benefits are
related with anti-oxidants compounds of the foods, therefore pulses are intensively
studied for their anti-oxidant activity. Furthermore, data also present on modifica-
tion of their anti-oxidant components while processing which also create interest in
carrying research. Many compounds are present on pulses which shows anti-oxidant
activity, major compounds are ascorbic acid and tocopherol, phenolic compounds
and reduced glutathione. From many years sprouted seeds had been used in healthy
diet as they provide phytochemicals which have ability to reduce the incidence of
various diseases (Fernandez-Orozco et al. 2006).
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16.9 Future Perspective

All over the world cereal grains and legumes remain an important staple diet mak-
ing considerable involvement to intake of different nutrients including carbohy-
drates, proteins, vitamins, minerals, and fiber as well as different bioactive
compounds (Gani et al. 2012). Different health benefits provided by cereals grains
and legumes are due to these bioactive compounds present in them. These com-
pounds having covalent bounding with indigestible polysaccharides are key source
of antioxidants in legumes and cereal grains. Due to interference created by these
covalent bonds, most of phenolic compounds are not properly bioavailable to body
because they are not available for enzymatic digestion in human gastrointestinal
tract. However, their bioavailability could be improved by increasing their avail-
ability to enzymes in gastrointestinal tract mainly through decreasing particle size,
interruption of structural matrices, and their release from matrices by using appro-
priate processing techniques (Wang et al. 2014).

Different processing techniques their parameters and grain types affect the bio-
availability of phenolic compounds from cereals and legumes. The nutritional pro-
file of grains can be improved through germination leading to products with better
nutritional and sensory properties having improved bioavailability in body as com-
pared to raw form grains. Major objective of germination is to activate hydrolytic
enzymes from their inactive form in raw seeds (Ayernor and Ocloo 2007). Moreover,
as germination has been claimed of improving the nutritional quality of grains
through softening their structure and reducing antinutritional factors so have poten-
tial for the industrial applications in development of new ingredients, reengineer
processes, and products (Tian et al. 2010).

More research work is required for isolation and characterization of these bioac-
tive compounds after germination from sprouts contributing to beneficial health
effect. Research is also desired in determination of metabolism, bioavailability and
health influence of these compounds in humans because grains contain varied range
of compounds having antioxidant potential.

16.10 Conclusion

Seed germination an important economical processing technique which improves
nutritive value and profile of bioactive compounds in grains by removing antinutri-
tional factors and enhancing their digestibility. In addition to changing the nutri-
tional level and biochemical activities, germination process through enzymatic
actions also produces bioactive compounds and increases antioxidant activity hav-
ing health-promoting activities. Germinated biologically stimulated grains should
be widely recognized and used as functional foods due to their nutritional and health
related benefits. The biological stimulation in grains through germination can
enhance their functional properties which could be further used to formulate new
healthy functional food products.
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Chapter 17 )
Mushroom: Nutraceutical, Mineral,
Proximate Constituents and Bioactive
Component

Check for
updates

Sakshi Painuli, Prabhakar Semwal, and Chukwuebuka Egbuna

17.1 Introduction

The kingdom Fungi is a diverse group of decomposers which majorly includes
moulds, yeasts and mushrooms. Mushrooms are found worldwide and are also
known to be the earliest form of fungi to mankind (Okhuoya et al. 2010). Generally,
they are the fruiting bodies of macroscopic filamentous fungi which are usually
known for high nutritional as well as medicinal properties. There are several evi-
dences in history which shows that mushrooms have been consumed by mankind
since a long back in the form of food or medicine. The ancient civilizations of
Greek, Romans, Egyptians, Japanese, Chinese and Mexicans prized mushrooms for
their medicinal properties and consumed them as dietary supplement or medicinal
food (Agrawal and Dhanasekaran 2019; Chang and Zhao 2002; Guzman 2015;
Hobbs 2002). According to Greeks, mushrooms are the source of strength for
soldiers in battle, whereas Romans believed them as “God’s food” and Chinese
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consider them as a health food or a medicine of life. Many researchers have studied
and documented that mushrooms are the reservoir of variety of nutraceuticals, nutri-
ceuticals and bioactive compounds. During the last few decades, consumption and
cultivation of mushrooms increased continuously as nutritional resource.
Internationally, China is the biggest producer of mushrooms, whereas Agaricus
bisporus is highly cultivated mushroom species followed by Pleurotus spp., and
Flammulina velutipes (Valverde et al. 2015). Mushrooms are important inclusions
for human diet as they contain significant amount of proximate constituents, promi-
nent amount of minerals, proteins, vitamins and low fat contents along with several
medicinally important active components (Kala¢ 2013; Isabel CFR Ferreira and
Heleno 2017; Beelman et al. 2019). Different species of mushrooms are recognized
to possess different medicinal properties like anti-tumor, neuroprotective, anti-oxi-
dant, anti-hypoglycemic, anti-cancer, anti-bacterial, immunomodulatory, anti-
inflammatory, anti-viral, anti-atherosclerotic properties, etc. (Wani et al. 2010;
Thatoi and Singdevsachan 2014; Kim et al. 2008; Khatun et al. 2012; Gaglarirmak
2011; Elkhateeb et al. 2019; Cohen et al. 2014). The chapter presents an overview
of the research on the nutraceutical, mineral, proximate constituents and bioactive
component from beneficial mushrooms.

17.2 Proximate Analysis and Mineral Composition

The proximate composition including moisture content, crude fat content, ash con-
tent, carbohydrate content, total sugar content and energy value are given in
Table 17.1. Many reports have been documented the proximate composition of
edible and wild mushrooms. The water content of mushroom varies greatly, as their
fruiting body get influenced by the type of species, growth and climatic condition,
collection strategy and storage measures. The moisture content of mushrooms have
been recorded from a range of 2.71 to 93.25 g/100 g dry weight. The lowest and
highest moisture content has been recorded in Astraeus hygrometricus and Pholita
microsporeo, respectively (Meng et al. 2019; Pavithra et al. 2018). Few species such
as Agaricus albertii, Termitomyces clypeatus, Russula delica, Hygrophorus chryso-
don and Suillus variegates have also showed high moisture content. The ash content
generally estimates the mineral content and the value usually varies between 2.80
and 33.10 g/100 g dry weight for different mushrooms. The lowest and highest ash
content has been assessed in Ganoderma lucidum and Lycoperdon umbrinum
(Pereira et al. 2012; Stajic et al. 2013). While, the content of crude fat ranges
between 0.18 and 17.52 g/100 g dry weight in Bovista aestivalis and Amanita prin-
ceps (Pereira et al. 2012; Srikram and Supapvanich 2017).

Carbohydrates are the major composition of mushrooms; they are basically
present in the form of glycoproteins or polysaccharides. The highest and lowest
carbohydrate content has been detected in Boletus edulis (81.00 g/100 g dry
weight) and Lepista inversa (10.35 g/100 g dry weight), while some heterogeneity
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has also observed between species (Leal et al. 2013). The energy value for mush-
rooms ranges between 269 and 413.46 kcal/100 g dry weight in Lycoperdon
umbrinum and Craterellus cornucopioides (Beluhan and Ranogajec 2011; Pereira
et al. 2012). The two major forms of sugar detected in mushrooms are mannitol
and trehalose. Basically, mannitol contributes in growth and firmness of fruiting
body and can vary from species to species, it is abundantly present in wild mush-
rooms (Kala¢ 2009). In wild mushrooms, mannitol ranges between 11.03 and
43.34 /100 g dry weight, the lowest and highest values has been observed in
Lyophyllum decastes and Clavariadelphus truncates, whereas in cultivated spe-
cies the highest amount of mannitol has detected in Agaricus bisporus
(64.15 g/100 g dry weight) and the lowest amount has detected in Lentinula edodes
(49.51 g/100 g dry weight), respectively (Pereira et al. 2012; Reis et al. 2012).
Trehalose, found profusely from a range of 14.21 to 25.57 g/100 g dry weight in
Pleurotus eryngii and Chlorophyllum rhacodes, respectively, however in culti-
vated mushrooms the value of trehalose has detected to be 72.82, 42.82 and
60.51 g/100 g dry weight, the lowest and highest has been recorded in Pleurotus
eryngii, Coprinus comatus and Cortinarius praestans, respectively (Pereira et al.
2012; Reis et al. 2012; Vaz et al. 2011). Other than mannitol and trehalose, low
content of other sugars like sucrose, fructose, mannose, and arabinose has also
been detected in mushrooms.

Mushrooms (wild or cultivated), are capable of accumulating micro and
macro minerals in their fruiting bodies to perform several functions. The trace
mineral contents for different species of mushrooms are given in Table 17.2. Few
minerals like, Iron (Fe), Phosphorus (P) and Potassium (K) are abundantly pres-
ent in mushroom fruiting bodies (Wang et al. 2014). The other minerals detected
in mushrooms includes Calcium (Ca), Magnesium (Mg), Sodium (Na),
Manganese (Mn) and Copper (Cu). The mineral content in the fruiting body
depends on the type of species or on the substrate on which they are cultivated.
The highest and lowest potassium content has been detected in Macrocybe
gigantea and Volvopluteus gloiocephalus from a range of 1300 to 46,926 pg/g
dry weight (Heleno et al. 2015a). While, the highest and lowest phosphorus con-
tent has been estimated in Lentinus cladopus and Stropharia rugosoannulata
from 1005 to 7290 pg/g dry weight, respectively (Liu et al. 2012b; Mallikarjuna
et al. 2012). For other elements like Mg, Cu, Mn, Fe and Zn, a huge variation in
values have been reported, ranging from 88 to 2289, 1.53 to 88.8, 0.03 to 103.9,
0.02 to 6762 and 0.94 to118.84 pg/g dry weight, respectively. Along with benefi-
cial minerals some toxic minerals like, Chromium (Cr), Lead (Pb), Cadmium
(Cd) and Arsenic (As) have also been detected in fruiting bodies. These toxic
elements are absent or very less in the cultivated species of mushrooms
(Mallikarjuna et al. 2012).



<
.m (eZ107) T8 10 NI BurgD Sv'0 00°I - 00°0¢ 00°8L 00720 00°8¢ 00l sns010ads sniajog
E 8€e
.Dn..a (L107) 'Te 10 Suep BUlyD - €V 6'¢ — S80I-LI¥| VIL9IS L¥e—86C —S91 - smpnona.t snajog
2] re
(L107) "Te 10 Suep BUmyD —| £€8-¢¢ — SPYOI8IT| [1L£788C | S8I-CLI —9'9¢ - snpLnj snjajog
Lel
(L107) Te 10 Suepmy BUyD - %Y — | I'8L=L8E| 1€81-CLY| S 1¥—C9l| T9I-86 - snpjoduul sniajog
£6¢e
(L107) "Te 10 Suepy BUlyD —| 81-C1 — | SITI=6°SL| €S8y | 991-C9l —1'6¢ - SnasiL3 sniajog
(ez100) ‘T8 10 NI BUgD ¥8°0 OL'L - 0076 00°'Ly 00°€9 00°¢s 0°00¢ SNasLLE sniajog
(8107) 'Te 19 BIO[R] erpuf - - - £96 CI8 V'S e - sinpa snjajog
(6002)
‘[e30 UNOZNQ | 939315 98°0 81°0 600 Sv'68 08°CI1 1€°81 Ly 1y 1°SSL sna.nv snpjog
010 960
(8107) 'Te 10 owrery Arear - - —| 6I'l-16'0 —€00°0| 2¢0°'0-10°0 —SL0| 8T'0—¥I'0 snatan snpajogq
(6002)
‘[e39 UNOZNQ | 99931 LEY 10 6L0 SY'v9 01709 8111 Ly'L1 L'OST1 SU2252qv] DLD]JIULLY
(6002)
‘[0 UNOZNQ | 99931H) 0cy 91'0 670 cLvs 00°66v 65°SS 8E°LI 1°€901 Da]jout DLD|IULLY
(8107) 'Te 19 BIO[R] erpuf - - - £'Cs 0 9'¢ce coe - SU20s2gNL DIUDULY
(6002)
‘[e30 UNOZNQ | 99921 €] SLO 600 $9°¢9 069S¢ 66°LY ceol 1'€€8 DaUDSIDI DIUDULY
(6102) I'ie
‘219 DIS[MIS | pueod 50T - - - - - - 158-0€9 DaIDAPUIILD 29L2043Y
(9102)
‘[e 10 JeMeIgY erpup - - - 79°6L 98°¢8 L6°L - - sniodsiq snoLpsy
(8100) 'Te 10 o1qny uredg L00 - L00 cee 1459 - 2! - sniodsiq snoLpsy
SQ0UQIRJY | Anuno) hie) [Ve) qd uy o ujn nn SN sa10ads Jo owreN

314

SUOISAT JUAIQJJIP WOIJ SWOOIYSNW PAJI[OS MIJ UT SJUIWA[A eI, 7°L] J[qEL



315

17 Mushroom: Nutraceutical, Mineral, Proximate Constituents and Bioactive...

(penurnuod)

(8107) Te100Iqny | ureds 91°0 - 80°0 €T 601 - vo'l - SHSO1O12p SNUDIODT
(Qz107) eIy euly) - - L0 006s|  00T1T 00S€|  009€| 08Pl va1syou pLDIVT
€€0 8'ch
(6107) ‘T2 10 KeAry | eryeaols - - —L00 00VI-LT9 - - e - vippq DLIU]
(as102)
‘210 OUSRH | [eSmiod - - - 1120 LL'90 600 2T00 LS'S8 SHOIDULLD UIMIDLIIE]
(as102)
‘210 OUSRH | [eSmuiod - - - 9L'Y0 96°LL 1€0  TL00  00VED $2P10]]DL09 WNIOLIDE]
(8107) 10 enO[eT | wIpuf - - - $'9¢ L9t $0S 8'88 - vjootUaD n10d02D)
(6100) vLI
R DSIAIS | puvod | —6F] - - - - - - Te9-Ley wnpton] PULIPOUDD
(6100) 612 pIT
R DSIAIS | puvod | —8'0T - - - - - - 8501 sadymjaa putnunup] g
sap101doonu109
(Qz107) eI NIy euly) - - - 0019 00°€TH 00LT  00€h 0'8L6 SHj4IDL)
(6107) nSuag | Koy, - - - 0v'88T|  09°€8I11 0Ty9|  TI'LS - smuvpowaw snuido)
(8107) Te 10 owrey | Ao - - - ra 200 €00 050 8€°0 snnun.d snjidon]
(6102) I've 68¢C
R DSIAIS | puelod | —0'0€ - - - - - - -opsI iUt 2G040
(Qz107) eIy euly) - - al 00LT1 | 0080€ 00€E|  00TS 00Ts vuixvut 2G04
(¥5102)
‘219 OUSRH | [eSuod - - - LE'90 €590 010,  TTSO  98'8pI DX2UUOIGNS 2G<I011])
(Qz107) eI euly) - - - 0088  00°€L9 0060  008E|  0'SEST | wnsodLyuaa puisvlyvIv)
68°0 1'95
(6107) T2 10 KeAry | eryeaols - - -I1T0 0H6€'69 - - -Lo1 - SHLIDQLD SH]j2ADYIUDD)
979
(L107) 10 Suepy | eurg) - SL6Y - 6TLI-T'IL| 918-16S | +96-T6T  —€9¢ - snioduuriquin snjajog
L8] 0L
(L107) 10 Suepy | eurg) - L€8T - ~TSIT|  186-89¢ | €€1-6TI| ST - snso10ads sniajog




S. Painuli et al.

316

(8107) 'T& 10 10207 | Aueuiion - - - IVI-LvE - - —| olcl-Icy snany Snjpmg

DIDINUUDOSOSN.L

(QZ107) e 9 Iy BurgD - - L00 00701 00°S61 00°6S 00°6¢ 0°GETT vrvydog

(8102) 'Te 19 BIO[R] erpup - - - LET 999 01y Y4 - dsi.d s155040dg

(ez100) Te 10 NI BUlyD 09°¢ $9°0 - 00'v¢ 00°0LE 00°8S 00°8¢ 0°0ICT| Houaavt snpajoqoLaajnd

(8100) 'Te 10 o1qny ureds L1°0 - 010 16C 011 - 66°1 - SMID2.4180 SNOMa]d
(6102) 0'1¢

‘[B 19 ByS[nAILS | puRjod —06l - - - - - —| 8CCI-669 n8ulia smonald

(9100

‘[e 19 leME[qY eIpuL - - - 8191 LO€81 LY'9 - - $102 $snjomajd

(8100) T8 10 o1qny uredg 010 - 800 €61 601 - €L’ 1 - oyaunU DIoIOYd

(ez100) T8I0 NI BumD 0S'1 £€9°0 - 00'vS 00°081 00't¢ 00°¢C 00LC sndopputany DU

(8107) ‘[& 10 BNO[R] eIpur - - - L1 €I £'eS Pee - DSO12119p D]]2YIUON

(eT100) T8 10 NI BurgD 06°¢ 1$°0 - 00°8¢ 00y 00°0L 00°SS 0°0¢l DSO121]2p D]]2YIUON

(ez102) T8I0 NI BUIyD 0sC 091 - 00'8¢ 00°CC (! 00°CC 0°0¢C 2JDNIUD DIN2]OUD]I N

(ez100) T80 NI BUlyD $9°0 6C0 - 00091 00°6L 06°S 00°¢l 0°0SS UDIUDSIS 2GLO01IV N

(ez107) T8 10 0177 BUurgD 0€9 Lo - 00°¢8 00°01S 0009 000 0%8 | snopupsis snjjixvdoonay

(9100

‘[e 19 leME[yY eIpur - - - £9°68 SSLE 8Y'L1 - - $2popa DIMUUI]
(6102) 781

‘[e 19 ByS[nALS | puBjod —9°¢l - - - - - —| 6958 $2popa DINUNUI]

(8100) 'T& 10 o1qny uredg SI'o - 600 €CC S0l - €61 - $opopa DMUUIT

L'se

(L10T) 'Te 12 Suepmy BurgD - 1I'¢L0 —| 916-1'C9 | 6vy—tit| L'6l-¢6l —1°Sl - sdaoisoSNL U227

(6107) nsuag | Aoy, - - - 9¢'8¢ 691 9t'6l 00°¢ - snaanydpns sniodyavy

(eZ107) T8 10 NI BugD 0s°1 01°¢ - 0091 00°8¢ 0L¢ 00°8¢ 0°0Y1 | soprosoydot3sy sniiong

SQOUAIRJOY | Anuno) h'e) 0D qd uz o ujn nn SN sa10ads Jo oweN

(ponunuod) LY dqEL



317

17 Mushroom: Nutraceutical, Mineral, Proximate Constituents and Bioactive...

6T 79L9 6°€01 08T

(L107) 10 Suepy | eulyd - L - SLLSLy|  —SIEl -067| 861 - snao1puds snui0s012

(¥5102) snjpydas010]8

‘210 OUSOH | [eSmuod - - - 68°01 16'69 €10 100 61002 snamjdoajop
(9100)

e jeMEYY | wIpUl - - - 86 1S2L - - - D2IDA]0A D][21DA]OA

(ez107) R NIT|  eug) 09°C €T - 0029 00%€ 00€  000C 00LE|  aypmmsivut puwojoyoL],

(6107) nSuag | Koy, - - - PS'SIT | YTEST v8Tc|  9g€l - snamy snjjng

vE0 T9€¢
(6107) ¢ 10 KeAry | ereaols - - 910 88676 - - 8L - snamny snjjng




318 S. Painuli et al.
17.3 Nutritional and Nutraceutical Potential of Mushrooms

Nutraceuticals and nutriceuticals are considered as food or a part of diet that have
therapeutic and health benefits, which helps in fighting against several diseases.
They may vary from herbal products to dietary supplements, isolated nutrients,
genetically engineered/designer food and processed food products like beverages,
cereals and soups. There are several examples of nutritive nutraceuticals/functional
food ingredients like proteins, peptides, keto acids, amino acids, polyunsaturated
fatty acids (PUFA), vitamins, minerals and antioxidants (Barros et al. 2008).
Mushrooms are extremely nutritious with low fat content and high protein, essential
amino acid, mineral and vitamin content (Agrahar-Murugkar and Subbulakshmi
2005). Studies showed that around 35 different species of edible mushrooms are
cultivated commercially, however almost 200 species of wild mushrooms are used
for their medicinal properties (Beulah et al. 2013). Recently, researchers gain inter-
ests in exploring mushrooms as a functional food, as a reservoir for development of
potent therapeutic products and as a rich nutraceuticals, responsible for their anti-
oxidant, anti-microbial and anti-tumor properties (Barros et al. 2007; Caglarirmak
2007; Elmastas et al. 2007; Gupta et al. 2018; Ribeiro et al. 2007; Salihovi¢ et al.
2019). Several researchers, have documented the therapeutic potential of nutraceuti-
cal compounds isolated from mushrooms in cure and prevention of fatal diseases
like cancer, hypertension, diabetes, heart diseases and cerebral stroke (Pardeshi and
Pardeshi 2009; Wasser and Weis 1999). The investigation of therapeutic and nutra-
ceutical potential of mushrooms gives an idea that they can be future food, which
provides high quality protein and minerals (Barreira et al. 2014; Cheung 2013; El
Enshasy and Hatti-Kaul 2013; Heleno et al. 2015a; Khatua et al. 2013; Kumar 2015;
Ruthes et al. 2016; Singh et al. 2016; Tel-Cayan et al. 2017).

17.3.1 Proteins and Peptides

Proteins are one of the major macronutrients found in a quality food. In the last few
decades, researchers have studied the importance of protein, essential amino acids,
peptides and their significance for nutrition and health. Particularly, the biological
functions of several dietary or bioactive proteins & peptides have been studied in
more detail (Walther and Sieber 2011). Proteins and peptides are substantial bioac-
tive nutraceuticals in mushrooms which possess numerous health benefits, like
improving the digestion and absorption of nutrients, enhancing immune activity and
regulating enzymatic activity (Valverde et al. 2015). The protein and peptides com-
monly found in mushrooms are ribosome inactivating proteins (RIPs), lectins, lac-
cases, fungal immunomodulatory proteins (FIPs), and ribonucleases (Ko et al. 1995;
Munoz et al. 1997; Xu et al. 2011). Among these proteins, lectins are glycoproteins
or non-immune proteins have the property of cell agglutination and binds with the
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carbohydrates of cell surface. It was reported that the lectins isolated from Clitocybe
nebularis, Pholiota adiposa, Narcissus tazetta, Xylaria hypoxylon, Russula lepida,
Russula delica and Hericium erinaceum possess anti-proliferative, immunomodula-
tory, anti-viral, anti-microbial and anti-tumor activities (Li et al. 2010; Liu et al.
2006; Ooi et al. 2010; Singh et al. 2015; Zhang et al. 2010).

Mushrooms FIPs has been extracted from Ganoderma lucidium, Ganoderma
microsporum, Flammulina velutipes, Volvariella volvacea, Antrodia camphorate,
etc., and reported with immunomodulatory activity (Xu et al. 2011). They also pre-
vent the invasion and metastasis of tumour cells and therefore can be used as adju-
vants for treating tumour (Lin et al. 2010). Bioactive protein “RIPs” belongs to
enzyme class and has been extracted from several mushroom species including
Pleurotus tuberregium, Flammulina velutipes, Lyophyllum shimeiji, Calvatia cae-
lata, and Hypsizigus marmoreus (Lam and Ng 2001; Lin et al. 2010; Ng et al. 2003;
Wang and Ng 2001a, b, 2006). They are capable to inactivate the ribosomes by
removing one or more adenosine from rRNA and also they help in inhibiting the
HIV-1 reverse transcriptase activity and fungal proliferation (Puri et al. 2012). Like
RIPs, laccases also belong to the enzyme category, and are considered as a promis-
ing candidate in the field of industry and biotechnology. They are majorly isolated
from Pleurotus eryngii, Pleurotus ostreatus, Tricholoma mongolicum and Clitocybe
maxima, and reported for anti-viral and anti-proliferative activity (M EL-Fakharany
et al. 2010; Wang and Ng 2006; Zhang et al. 2010). They are known as Green tool/
green catalyst in the field of biotechnology and have immense applications in the
field of medicine, food, cosmetics, etc. (Agrawal et al. 2018). Ribonucleases,
another bioactive protein isolated from mushroom has been documented for their
antimicrobial activity against Staphylococcus aureus, Pseudomonas aeruginosa
and Pseudomonas fluorescens (Alves et al. 2013).

According to Rathore and co-workers (Rathore et al. 2017), the highest content
of crude protein has observed in Auricularia auricular (360 g/kg dry weight), fol-
lowed by Pleurotus ostreatus (284 g/kg dry weight) and Lentinus edodes (228 g/kg
dry weight). The protein content from beneficial mushrooms in the past few years
are shown in Table 17.1. The higher content of protein have been determined in
Agaricus subrufescens (50.40 g/100 g dry weight), followed by Russula cyanoxan-
tha (49.20 g/100 g dry weight), Craterellus cornucopioides (47.21 g/100 g dry
weight), Pleurotus geesteranu (39.80 g/100 g dry weight), Pleurotus ostreatus
(28.40 g/100 g dry weight), and Laccaria amethystea (29.84 g/100 g dry weight)
(Beluhan and Ranogajec 2011; Ikon et al. 2019; Liu et al. 2019, 2012b; Srikram and
Supapvanich 2017), whereas the lowest protein content have been reported in
Pleurotus eryngii (2.09 g/100 g dry weight), followed by Helvella lacunose
(4.40 g/100 g dry weight), Boletus regius (5.22 g/100 g dry weight), Amanita cur-
tipes (6.40 g/100 g dry weight) and Clitocybe subconnexa (7.42 g/100 g dry weight),
respectively (Fernandes et al. 2015; Heleno et al. 2015b; Leal et al. 2013; Reis et al.
2014). The research findings could confirm the anti-tumor, anti-viral and anti-
inflammatory activities of proteins isolated from mushrooms (Chatterjee et al. 2017;
Lin et al. 2010).
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17.3.2 Amino Acids and Vitamins

The essential amino acids are vital for humans as they are not synthesized by the
body, therefore they are obtained from the food. Mushrooms are ideal source of
essential amino acids (Kivrak et al. 2014). They contain all essential amino acid
along with few non-essential amino acid (Manzi et al. 1999). Free amino acid are
leading components of functionally active compounds, contributing for the unique
flavors of mushroom (Kala¢ 2009; Kivrak et al. 2014). Research findings showed
the presence of 18 free amino acids in mushrooms which includes lysine, leucine,
isoleucine, tryptophan, threonine, valine, methionine, histidine and phenylalanine
from the class of essential amino acids and glycine, tyrosine, arginine, serine, aspar-
tate, alanine, cysteine, glutamate and proline from non-essential amino acid group.
The content of major amino acids detected in beneficial mushrooms are shown in
Table 17.3. Boletus edulis, Clavulina rugosa, Lepista nuda, Cantharellus tubaefor-
mis, Leucopaxillus giganteus, Hydnum repandum, Russula rosea and Tricholoma
saponaceum showed highest (18 known amino acids) diversity of amino acids,
whereas Inonotus obliquus showed the least (2 known amino acids) diversity of
amino acids (Ayaz et al. 2011). Usually, the number of amino acids in mushroom
varies between 14 and 18. Mushrooms, also known as a rich source of vitamins
especially riboflavin (B2), niacin (B3), folates (B9) and traces of vitamin A, B1, BS5,
B12, C, D, and E in mushrooms (Anderson and Fellers 1942; Bernas et al. 2006;
Cardwell et al. 2018; Jaworska et al. 2014).

17.4 Bioactive Components

Polysaccharides are one of the most common but potent compounds extracted from
mushrooms. All the polysaccharides present in mushrooms possess b-linked glu-
cose backbone but vary from species to species on the basis of pattern and degree of
branching. Most common monosaccharides found in mushrooms are glucose, fruc-
tose, xylose, galactose, mannose, trehalose, arabinose, mannitol and rhamnose
(Valverde et al. 2015). The few types of polysaccharides detected in mushrooms are
homopolysaccharides, heteropolysaccharides (heteroploysaccharides grifloan and
lentinan), b-glucans type polysaccharides and Glucan-protein complex, respectively
(Lakhanpal 2014). Polysaccharides isolated from mushrooms are well studied for
their health benefits and also utilized to develop functional foods.

Lentinan, erothionine, ganoderan, pleuran, calocyban, schizophyllan and agari-
tine, proteoglycans are well studied polysaccharides, which are derived from
Lentinus edodes, Ganoderma lucidium, Pleurotus species, Calocybe indica,
Schizophyllum commune and Agaricus blazei, respectively (Badalyan 2014; Kim
et al. 2005; Villares et al. 2012). These polysaccharides has been reported with anti-
oxidant, anti-tumor, immunomodulatory, anti-viral, anti-inflammatory, anti-fatigue
and anti-carcinogenic activities (Jeong et al. 2012; Kim et al. 2005; Liu et al. 2015;
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Table 17.3 Amino acids in different species of mushrooms
Species name | Thr Val Met | Ile Leu Phe Lys His References
Agaricus 5.91 4.18 1.62 1946 |- 1.92 |- 8.26 Sudheep
abruptibulbus and Sridhar
(2014)
Agaricus - 4574 100.00 | — 7493 8220 (2444 |- Salihovi¢
bisporus et al.
(2019)
Agaricus - 30.95 23.80 - 70.30 | 77.10 [ 31.90 |- Salihovi¢
bisporus et al.
(2019)
Agaricus 11 119 335 (9.8 16.8 10.9 16.6 |55 Liu et al.
subrufescens (2019)
Amanita - 16.00 |00.00 | - 44.60 |48.92 [26.00 |- Salihovi¢
caesarea et al.
(2019)
Amanita 1999 |- 114.7 | 184.1 1 373.0 |392.5 |241.2 |234.8 |Sunetal.
hemibapha (2017)
Antrodia 1.2 - - 1.1 1.6 0.9 0.8 0.4 Liu et al.
camphorate (2019)
Astraeus 4.88 5.75 1.67 |4.61 [1.67 291 7.7 2.7 Pavithra
hygrometricus et al.
(2018)
Boletinus 1253 |- 28.2 |70.1 1450 |126.6 |13.2 |75.8 Sun et al.
pinetorus (2017)
Boletus - 16.60 | 00.00 | — 10.60 | 11.66 |85.20 |- Salihovi¢
aestivalis et al.
(2019)
Boletus bicolor | 119.1 |- 19.1 |45.8 254 408 61.8 102.3 |Sunetal.
(2017)
Boletus 28.0 |- - - - - 16.5 65.3 Sun et al.
craspedius (2017)
Boletus griseus |97.0 |- 6.2 |36.7 (473 172 |76.7 103.1 |Sunetal.
(2017)
Boletus 116.0 |- 18.2 444 |86.3 97.3 74.4 1259 |Sunetal.
ornatipes (2017)
Boletus sinicus | 140.5 |- - 25.0 |30.8 - 171.7 |81.6 Sun et al.
(2017)
Boletus 1323 |- 247 |58.3 |106.8 |[113.9 |27.0 100.6 | Sunetal.
speciosus (2017)
Cantharellus - 2530 |17.67 - 65.74 |72.10 165.80 |- Salihovi¢
cibarius et al.
(2019)
Catathelasma | 6.07 18.52 |10.82 /10.22 1.39 2.44 13.42 |11.49 |Liuetal.
ventricosum (2012b)
Clitocybe 724 1274 |- - 044 691 0.79 |27.34 |Liuetal.
maxima (2012b)

(continued)
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Species name | Thr Val Met | Ile Leu Phe Lys His References
Craterellus 6.37 0.41 12.74 10.08 | 17.51 |- 8.09 22.07 |Liuetal.
cornucopioides (2012b)
Dictyophora 0.9 2.7 0.7 0.7 1.2 0.9 1 0.4 Liu et al.
indusiata (2019)
Ganoderma 3.6- 35— |332-|27- (42— |27- |3.5- 1.3— | Liuetal.
amboinense 4.8 4.7 363 34 5.3 3.8 3.9 1.7 (2019)
Hericium 32 2.9 0.8 2 3.8 2.3 4.1 1.6 Liu et al.
erinaceus (2019)
Laccaria 12.82 |7.99 259 |- 16.83 |7.31 11.97 0.72 |Liuetal.
amethystea (2012b)
Laccaria 0.49 13.12 110.34 /220 (257 |- 1032 |- Liu et al.
amethystea (2012b)
Lactarius - 599 00.00 - 12.79 [ 14.04 |7.74 |- Salihovi¢
deliciosus et al.
(2019)
Lactarius 131.76 | 122.17 1 25.41 | 47.82 | 109.53 | 133.61 | 208.46 1 278.57 | Xu et al.
deliciosus (2019)
Lactarius - 1.80 00.00 |- 4.40 4.87 2.92 - Salihovi¢
piperatus et al.
(2019)
Lentinus edodes | 10.3 9.6 29.7 |7.1 11.7 8.5 10.2 3.8 Liu et al.
(2019)
Lycoperdon - 21.72 1 00.00 |- 65.00 |71.40 |50.60 |— Salihovi¢
pyriforme et al.
(2019)
Macrolepiota |- 8.42 |17.67 - 35.30 |38.70 |70.60 |- Salihovi¢
procera et al.
(2019)
Pholita 0.13— 1 0.7- 1.29- 10.53- | 1.17- |0.68- |0.78- |0.31- |Meng et al.
microsporeo 0.27 10.81 1.76 10.59 |1.25 0.83 0.85 0.37 (2019)
Pleurotus 1.7-  |24- 08— |1.5- |2.1- 13- |2.0- |0.8- |Liuetal.
geesteranu 1.9 2.7 0.8 1.6 2.6 1.3 2.5 0.9 (2019)
Pleurotus 0.8- 1.6- |05~ 0.6~ 1-19 |0.6- |09- |0.3- |Liuetal.
ostreatus 1.4 2.4 0.8 1.2 1.0 1.8 0.7 (2019)
Pleurotus - 281.20 | 00.00 |— 137.72 | 318.70 | 196.80 | — Salihovi¢
ostreatus etal.
(2019)
Pleurotus 0.8- |16~ |04 |0.7- |1.1-2 |0.7- |09- 04— |Liuetal
sajorcaju 1.5 2.3 0.9 1.3 1.0 1.9 0.7 (2019)
Pleurotus 0.4 1.8 0.2 0.8 1.4 0.8 0.3 0.4 Liu et al.
sapidus (2019)
Stropharia 744  0.35 31.94 |- - - 7.11 2.17 Liu et al.
rugosoannulata (2012b)
Stropharia - 2296 |6.69 10.63 |7.61 - - 0.97 Liu et al.
rugosoannulata (2012b)

(continued)
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Table 17.3 (continued)

Species name | Thr Val Met | Ile Leu Phe Lys His References
Stropharia 0.8 1.6 11.6 0.6 1.3 0.6 0.9 0.4 Liu et al.
rugosoannulata (2019)
Suillus placidus | 79.6 | — - 46.3 |834 655 60.5 89.3 Sun et al.
(2017)
Termitomyces | 6.25 5.31 0.68 | 10.87 |- 273 |- 5.21 Sudheep
globulus and Sridhar
(2014)
Termitomyces | 653.6 |— 180.4 1 689.6 | 1197.3 |785.8 |512.1 |357.5 |Sunetal.
microcarpus (2017)
Tricholoma 1253 |- 24.0 198.0 833 87.0 |58.8 44,6 | Sunetal
terreum (2017)
Tricholomopsis | 86.9 - 38.6 (743 1183 |79.1 99.4 34.1 Sun et al.
lividipileata (2017)
Xerocomus 187.2 |- 6.0 76.8 |160.5 |83.7 92.1 109.9 |Sunetal.
(2017)

Ma et al. 2014; Meng et al. 2016; Rathore et al. 2017). Few polysaccharides have
also been discussed in the proximate analysis and mineral content section.

During last few decades researchers are more concerned about oxidative damage
because the risk of oxidative species, including free radicals is increasing constantly,
resulting from unhealthy habits and pollution exposure. A free radical is known as
any unstable molecule which are very reactive and cause oxidative stress to body,
resulting in growth of several fatal diseases like cancer, neurodegenerative disease,
cardiovascular disease, etc., (Carocho and Ferreira 2013; Gutteridge and Halliwell
2000). An anti-oxidant can stabilize these free radicals and help in preventing the
diseases caused by oxidative stress (Carocho and Ferreira 2013; Ferreira et al. 2009,
2015; Painuli et al. 2018, Painuli and Kumar 2016, Semwal and Painuli 2019; Stajic
et al. 2013). Although, human body can prevent oxidative stress by endogenous
antioxidant defense mechanism, we can also obtain anti-oxidants by inclusion of
healthy food in our diet (Ferreira et al. 2009).

In this view, mushrooms are considered to be a rich source of anti-oxidants and
have been extensively studied for their antioxidant properties. The antioxidants
reported in mushrooms are phenolic acids, tocopherols, terpenes, carotenoids,
steroids and ascorbic acid (Ferreira et al. 2009, 2015; Stajic et al. 2013). Alkaloid
is one of the important class of phenolic compounds. They possess immense ther-
apeutic properties and have been used from a long back for curing diseases. In
past few years mushrooms are reported with significant content of alkaloids,
which are further studied for their bioactivity. Astraeus odoratus, Flammulina
velutipes, Ganoderma sinense, Hericium erinaceum, Macrolepiotaneo mastoi-
dea, Pseudobaeospora pyrifera are examples of such mushrooms which possess
alkaloids with anti-tubercular activity, cytotoxic activity, anti-cholinesterase and
anti-mycobacterial activity (Arpha et al. 2012; Kim et al. 2012; Liu et al. 2010;
Rhee et al. 2001; Song et al. 2009).
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Terpenoids are hydrocarbon formed by the combination of different isoprene
units. They are reported for various medicinal and therapeutic activities like anti-
malarial, anti-cancer, anti-viral, anti-microbial, anti-inflammatory and anti-
cholinesterase (Arpha et al. 2012; Kim et al. 2013; Lee et al. 2011; Liu 1995; Mann
et al. 1994; Mothana et al. 2003; Shibata et al. 1998; Wang et al. 2012, 2013a, b).
The major terpenoid isolated from mushroom is lanostane, a triterpenes well stud-
ied for its anti-cancer activities (Arpha et al. 2012; Kim et al. 2013; Wang et al.
2012, 2013a, b). Ganoderic, lucidenic, ganodermic, ganolucidic, ganoderols, appla-
noxidic acids and lucidones are terpenoids isolated from Ganoderma lucidium
which are reported for anticancer treatments (Li et al. 2005). Terpenoids isolated
from mushrooms have also been observed to their anti-mycobacterial and anti-
candidal activities (Oztiirk et al. 2015).

Steroid is an organic compound, resulting from the characteristic arrangement of
four cycloalkane rings that are linked with each other. They play an important role
in biological systems and are responsible for cell functioning. Steroids have been
isolated from different species of mushrooms including Tomophagus cattienensis,
Fomes fomentarius, Ganoderma lucidum, Hypsizigus marmoreus and Sarcodon
Jjoedes, respectively (Hien et al. 2013; Liu et al. 2013; Seo et al. 2009; Zang et al.
2013). Steroids isolated from the mushrooms have anti-microbial, cytotoxic, anti-
tubercular, anti-complement and anti-viral activities (Itoh et al. 2008; Liu et al.
2013; Niedermeyer et al. 2005; Seo et al. 2009).

Phenolic compounds are the largest group of phytochemicals which are well
known for their interesting pharmacological activities. Flavonoids, coumarins,
anthocyanin, catechins and phenolic acid, etc., are few examples of phenolic com-
pound. The rich source of these compounds are vegetables, fruits, herbs, seeds,
juices, etc. Several mushrooms including Albatrellus caeruleoporus, Boletus pseu-
docalopus, Cortinarius purpurascens, Ganoderma colossum, Ganoderma pfeifferi,
Ganoderma fornicatum, and Tricholoma oriruben have been reported with biologi-
cally active phenolic compounds (Awadh Ali et al. 2003; Bai et al. 2013; EI Dine
et al. 2009; Kawagishi et al. 2004; Mothana et al. 2000; Niu et al. 2006; Quang et al.
2006; Song et al. 2009; Venkateswarlu et al. 2002; Yousfi et al. 2009). Current report
on antioxidant activity of wild-growing (Agaricus campestris, Boletus edulis,
Cantharellus cibarius, Macrolepiota procera, Pleurotus ostreatus, Russula aluta-
cea, and Russula vesca) and cultivated (Agaricus bisporus, Pleurotus ostreatus)
mushrooms suggests them as a rich source of phenolics and flavonoids (Buruleanu
et al. 2018). The pharmacological activities reported in phenolic compound of
mushrooms are anti-cancer, anti-diabetic, anti-inflammatory, anti-microbial activi-
ties, etc., (Oztiirk et al. 2015). Different biological activities of different compounds
isolated from mushrooms are presented in Table 17.4.
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Table 17.4 Biological activities of few beneficial mushrooms from different regions

Species name

Bioactivities

References

Agaricus bisporus

Antioxidant, Antimicrobial

Ozcan and Ertan (2018)

Agaricus bisporus

Infectious diseases

Sokovi¢ et al. (2014)

Agaricus bisporus

Diabetic mellitus

Calvo et al. (2016)

Agaricus blazei

Anti-cancer

Taofiq et al. (2019)

Agaricus brasiliensis

Infectious diseases

de Sousa Cardozo et al.
(2014)

Agaricus brasiliensis

Cytoprotective

Fang et al. (2016)

Agaricus brasiliensis

Anti-HSV-1, HSV-2

de Sousa Cardozo et al.
(2014)

Agrocybe aegerita

Anti-influenza

Ma et al. (2017)

Agrocybe cylindracea Antioxidant Rathee et al. (2012)
Amanita rubescens Antioxidant Lalotra et al. (2018)
Auricularia Infectious diseases Cai et al. (2015)
auriculajudae

Auricularia Hypertension Ardigo (2017)
auriculajudae

Auriporia aurea

Anti-influenza (HIN1)

Krupodorova et al. (2014)

Boletus edulis

Antioxidant, Antimicrobial

Ozcan and Ertan (2018)

Boletus edulis Antioxidant Lalotra et al. (2018)
Boletus edulis Antimicrobial Salihovi¢ et al. (2019)
Boletus spp. Antioxidant Yuswan et al. (2015)
Cantharellus cibarius Antioxidant, Antimicrobial Ozcan and Ertan (2018)
Cantharellus cibarius Antimicrobial Salihovi¢ et al. (2019)
Cordyceps militaris Bladder, Leukemia Cancers Patel and Goyal (2012)

Cordyceps sinensis

Bladder, Colon, Leukemia, Liver
Cancer

Wang et al. (2016)

Cortinarius caperatus Antioxidant Zacchigna (2017)
Craterellus Antioxidant, Antimicrobial Ozcan and Ertan (2018)
cornucopioides

Craterellus Antioxidant Palacios et al. (2011)
cornucopioides

Craterellus Antioxidant, Antimicrobial, Kosani¢ et al. (2019)
cornucopioides Cytotoxicity

Entoloma lividoalbum

Cytoprotective

Lima et al. (2016)

Flammulina velutipes

Anti-influenza

Krupodorova et al. (2014)

Fomes fomentarius

Anti-influenza

Krupodorova et al. (2014)

Fomitopsis pinicola

Antifungal, antitumor

Scaglione (2017)

Ganoderma adspersum

Antimicrobial, Antioxidant

Shomali et al. (2019)

Ganoderma lucidum

Anti-influenza

Krupodorova et al. (2014)

Ganoderma lucidum

Antioxidant, improve hormone
production

Scaglione (2017)

Ganoderma lucidum

Virologic and clinical efficacy

Scaglione (2017)

Ganoderma pfeifferi

Anti-HSV-1

Lindequist et al. (2015)

(continued)
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Species name

Bioactivities

References

Ganoderma pfeifferi Anti-influenza Lindequist et al. (2015)
Geopora arenicola Antioxidant Lalotra et al. (2018)
Grifola frondosa Cytoprotective Berven et al. (2015)
Grifola frondosa Bladder, Prostate, Stomach Cancer Patel and Goyal (2012)
Grifola frondosa Anti-enterovirus Zhao et al. (2016)
Hericium erinaceus Cytoprotective Cheng et al. (2016)
Hohenbuehelia serotina | Anti-HIV-1 Zhang et al. (2014)

Hydnum repandum

Antioxidant, Antimicrobial

Ozcan and Ertan (2018)

Hypsizygus marmoreus

Antioxidant, Anti-inflammatory

Jang et al. (2013)

Inonotus hispidus

Antimicrobial, Antioxidant

Shomali et al. (2019)

Inonotus obliquus Antioxidant Rathee et al. (2012)
Inonotus obliquus Anti-HIV-1 Shibnev et al. (2015)
Inonotus obliquus Anti-HSV-1 Polkovnikova et al. (2014)

Inonotus obliquus

Anti-influenza (H3N2, HSN6)

Tian et al. (2017)

Lactarius deliciosus

Antioxidant

Xu et al. (2019)

Lentinula edodes Antioxidant Chowdhury et al. (2015)

Lentinula edodes Antioxidant Olawuyi and Lee (2019)

Lentinula polychrous Antioxidant Attarat and Phermthai
(2015)

Lentinula squarrosulus | Antioxidant Attarat and Phermthai

(2015)

Lentinus edodes

Anti-influenza

Krupodorova et al. (2014)

Lyophyllum shimeji Anti-influenza Krupodorova et al. (2014)
Macrolepiota dolichaula | Cytoprotective Samanta et al. (2015)
Morchella deliciosa Antioxidant Lalotra et al. (2018)

Phellinus baumii

Anti-influenza (HIN1, HSN1,H3N2)

Lietal. (2011)

Pleurotus abalonus

Anti-HIV-1

Lietal. (2011)

Pleurotus eryngii

Breast Cancer

Xue et al. (2015)

Pleurotus eryngii

Cervix, Colon Cancer

Milovanovi¢ et al. (2014)

Pleurotus eryngii

Anti-influenza

Krupodorova et al. (2014)

Pleurotus Florida Antioxidant Ganeshpurkar et al. (2015)
Pleurotus giganteus Antioxidant Phan et al. (2019)
Pleurotus nebrodensis Cytoprotective Hai-Yan et al. (2015)

Pleurotus ostreatus

Anti-microbial

Ikon et al. (2019)

Pleurotus tuber-regium

Diabetic mellitus

Wu et al. (2014)

Rozites caperata

Anti-HSV-1

Yan et al. (2015)

Russula chloroides

Antimicrobial, Antioxidant

Shomali et al. (2019)

Sarcodon imbricatus

Antimicrobial, Antioxidant

Shomali et al. (2019)

Schizophyllum commune

Anti-influenza

Krupodorova et al. (2014)

Sparassis crispa

Antioxidant

Lalotra et al. (2018)

Trametes versicolor

Anti-mutagenic, Antioxidant

Milovanovic et al. (2015)

Trametes versicolor

Anti-influenza

Krupodorova et al. (2014)

Tylopilus ballouii

Cytoprotective

Lima et al. (2016)




17 Mushroom: Nutraceutical, Mineral, Proximate Constituents and Bioactive... 327
17.5 Conclusion

Presently, the global production of cultivated mushrooms has exceeded ten million
tons and is continuously increasing, with China being the largest producer. More
than 2000 mushroom species are safe and eatable. Further, mushrooms can help in
boosting the economic growth in a society. Worldwide, both cultivated and wild
species of mushrooms are consumed as they possess distinctive and unique taste,
texture and smell along with low calorific values and high fibre content. They syn-
thesize active compounds with broad spectrum of biological activities. In vitro stud-
ies, clinical trials and animal studies validated the traditional knowledge and
indicated the immense potential of mushroom-derived compounds and products, for
the suppression and treatment of various diseases. The present chapter covers the
information on proximate content, proteins, vitamins, minerals, bioactive com-
pounds and potential benefits of medicinal mushrooms. Mushrooms can be con-
sumed as tonics, medicines, nutritional products, etc. and can be used as cosmetics
and natural bio-control agents. In view of promising outcomes, additional efforts
are required to explore the ability of mushrooms as functional food along with the
therapeutic potential. The major tasks comprise the understanding of clinical trials,
development of mushroom derived products with standardized protocols, and their
sustainable production under appropriate environment.
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