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Preface

Society is increasingly aware that food can help prevent the development of certain diseases.
This, together with the increase in life expectancy, is changing the trend of food consumption.
For this reason, it is important to know which bioactive compounds possess a functional activi-
ty; that is to say, they produce a beneficial effect in the organism and can improve the health of
the people, and they can be used for the development of functional foods.

This book comprehensively reviews and compiles information on bioactive ingredients and
functional foods in 14 chapters, which cover the impact of bioactive ingredients (vitamins, anti-
oxidants, compounds of the pulses, etc.) on nutrition through food, how functional foods can
prevent disease, and tools used to evaluate the effects of bioactive ingredients, functional foods,
and diet.

Section 1—The Impact of Bioactive Ingredients on Nutrition through Food, which includes
Chapters 1-8 —showed that bioactive compounds can help prevent the development of certain
diseases.

Section 2—Functional Foods to Help Prevent Diseases of a Society Increasingly Aware of Its
Feeding, which includes Chapters 9 and 10—showed that functional foods based on meat and
drinkable foods may be a suitable route for use in the development of functional foods.

Section 3—Tools Used to Evaluate the Effects of Bioactive Ingredients, Functional Foods, and
Diet, which includes Chapters 11-14—showed the use of metabolomics in fermented foods,
evaluation of prebiotics in the microbiota, and diet quality indices for nutrition assessment.

This book is written by authors from America, Europe, Asia, and Africa; in addition, between
the editor and the authors, it has been sought to delve into each chapter to provide information
on the benefits of functional foods for both food companies and consumers.

The scientists involved in the writing of this book were selected and invited because of their
recognized expertise and important contribution on the field in which they are acting. Thanks
to the involvement of these scientists in this work, the publication of this book was made possi-
ble.

This book will hopefully be of help to many scientists, doctor, pharmacists, and chemical and
other experts in a variety of disciplines, both academic and industrial. This book in addition to
supporting research and development also wants to be a support material to be used in teach-
ing.

Finally, I would like to thank my daughters Paula and Lucia and my husband Alex for their
patience and love. I extend my apologies for many hours spent on the editing of this book,
which kept me away from them.

Dr. Maria Chavarri Hueda

Health and Food Area

Health Division

TECNALIA Research & Innovation
Mifano (Alava), Spain
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Chapter 1

Antioxidant Compounds Recovered from Food Wastes

Sonia Ancuta Socaci, Dumitrita Olivia Ruging,
Zorita Maria Diaconeasa, Oana Lelia Pop,
Anca Corina Fdrcas, Adriana Paucean,

Maria Tofana and Adela Pintea

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69124

Abstract

The increase awareness of nowadays consumers regarding the food they purchase and
consume and the health has led to an increase demand of foods containing biologically
active compounds, namely antioxidants, which can help the body to fight against oxida-
tive stress. As a consequence finding, new or nonconventional sources of antioxidants are
a priority for food and also pharmaceutical industries. Wastes from fruits and vegetable
processing are shown to contained valuable molecules (antioxidants, dietary fibers, pro-
teins, natural colorants, aroma compounds, etc.) which can be extracted, purified and
valorized in value-added products. The present chapter is underlying the great potential
of food wastes to be exploited as sources of antioxidants based on the scientific evidences
regarding the possibilities of extraction and purification, health benefits and envisaged
applications of antioxidants recovered from these wastes.

Keywords: bioactive compounds, antioxidants, food waste exploitation, functional
ingredients, health benefits

1. Introduction

Statistics announced by the Food and Agriculture Organization (FAO) of United Nation
showed that approximately one-third of food produced for human consumption is wasted
globally. These statistics indicated that even though the quantity of wastes differs between
regions, all regions have major losses at production level. Fruits and vegetables, plus roots
and tubers, have the highest wastage rates of any food. The same organization reported

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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that a global quantitative loss and waste of root crops, fruits and vegetables per year is
40-50% [1]. The disposal of such amounts of wastes not only represents a challenge for the
food processors, but it is a matter of crucial importance at international level due to both envi-
ronmental pollution and economical aspects [2, 3]. Studies showed that plant-derived wastes
should be reconsidered and regarded as renewable sources of valuable molecules which can
be extracted, purified and valorized in different fields, including food industry, cosmetics,
pharmaceutical and chemical industry and so on [4, 5]. For example, the search for efficient
and nontoxic natural compounds with antioxidant activity has gained increased attention,
especially due to the consumers’ awareness regarding the direct relation between food (diet)
and health [6]. The introduction into the diet of the antioxidant compounds, like polyphenols,
is an efficient way to combat the negative effects caused by the excess of reactive oxygen spe-
cies (ROS) in the body. The oxidative stress, caused by the ROS, is considered to be one of the
main triggers of chronic diseases, such as cancer, diabetes, cardiovascular or neurodegenera-
tive disorders [7]. In the case of fruits and vegetables, usually a high amount of antioxidant
compounds is found in peels, kernels or seeds, namely in parts that are removed during pro-
cessing and become wastes [8-13]. Thus, these compounds could be extracted from fruit and
vegetable wastes and reused in other food products, as functional ingredients able to confer
some characteristic quality criteria and at the same time to exert human health benefits due to
their antioxidant properties.

The aim of this chapter is to emphasize existing studies on fruit and vegetable wastes regard-
ing their potential as sources of bioactive compounds (antioxidants) with health-promoting
benefits that can be exploited as functional ingredients.

2. Extraction and identification of antioxidants from food wastes

Nowadays, the growing interest of consumers toward the relation between the ingested
food and the effects on health has led to an increase demand of foods without what they
perceive harmful chemicals (e.g., synthetic preservatives, antioxidants, colorants) and with
high nutritional and functional properties. This demand, in the scientific field, was trans-
lated by intensifying the research focused on finding new sources of bioactive molecules
(antioxidants), optimizing the extraction and purification methods as well as developing
innovative functional foods that promote health. In this conjuncture, the exploitation of
food wastes (by-products) for the recovery and reuse of valuable bioactive compounds is
one of the most sustainable approaches. Thus, efficient extraction techniques can be imple-
mented for the separation and isolation of naturally occurring compounds with antioxidant
characteristics from food wastes, such as polyphenols, carotenoids, glucosinolates, dietary
fibers and so on.

There is no universal method for the extraction of bioactive compounds, but in order for
a method to be suitable it has to fulfil several requirements, including selectivity toward
the analyte, high extraction yields, possibility of solvent recovery (e.g., environmental
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friendly) or using “green solvents,” maintaining the functionality of the recovered mol-
ecules, low-cost reagents, possibility to be implemented from laboratory scale to industrial
scale and so on [14-17]. Among the classical methods used for the isolation of bioactive
compounds, the most common ones are solid-liquid extraction (maceration), Soxhlet extrac-
tion and liquid-liquid extraction [18]. Depending on the type of matrix (fruit and vegetable
waste) and on the type of compounds that are to be recovered, solvents with different
polarities may be used (e.g., methanol, ethanol, methanol-water mixtures, water, acetone,
ethyl-acetate and so on) [16, 19-21]. In the case of phenolic compounds such as flavonoids
or proanthocyanidins (condensed tannins), improved extraction yields were noticed when
the organic solvent was used in combination with water, while for the methoxylated com-
pounds recovered from mango peels, a higher yield was achieved when less polar solvents
such as acetone were used [16, 22]. Choosing the appropriate extraction solvent is of utmost
importance, because it significantly influences the yield and the composition of the extract.
Nevertheless, the enhancement of the extraction procedure may be also achieved by opti-
mizing the sample-to-solvent ratio, extraction temperature and time, agitation degree and
particle size [18, 23, 24]. Although conventional methods were optimized, there are still
some limitations in their use mainly due to the high amount of solvent, time-consuming,
difficulty to scaled-up. Thus, to overcome these limitations and in accordance with the
“zero waste” desiderate, the current researches are focused on developing greener, sus-
tainable and viable extraction processes. The modern extraction techniques comprise
microwave-assisted extraction, ultrasound-assisted extraction, pressurized liquid extrac-
tion (e.g., pressurized hot water extraction), enzyme-assisted extraction, supercritical CO,-
based extraction and other emerging techniques [18, 25-27]. For maximum valorization,
several integrated extraction systems were developed (e.g., biorefineries), in which the
wastes are subjected to sequential extraction steps for the recovery of different classes of
bioactive compounds which can be further used such as or as raw materials for value-
added chemicals production [17, 28, 29]. Recently, a new integrated extraction-adsorption
process has been developed for production of large quantities of extracts rich in antioxi-
dants. This process was proposed for a selective recovery of antioxidants from black choke-
berry wastes at pilot scale, by applying a scale-up factor of 50, but the results were similar
to those obtained at laboratory scale [30].

The identification and quantification of the recovered antioxidant compounds are generally
achieved using high-pressure liquid chromatography (HPLC) and hyphenated techniques
(e.g., LC-MS), in particular spectrophotometric methods (e.g., UV-VIS). The bioactivities of
the antioxidant compounds are evaluated using methods for the assessment of their anti-
oxidant activity (2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power
(FRAP), 2,2’-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid (ABTS), cupric reducing anti-
oxidant capacity (CUPRAC), Oxygen radical absorbance capacity (ORAC)), inhibition of lipid
oxidation (peroxide value, Thiobarbituric acid reactive substances (TBARs)), antimicrobial
activity, antiproliferative activity and so on. Table 1 summarizes some of the techniques gen-
erally used for the separation and isolation of antioxidant compounds as well as the analytical
methods applied for their bioactivity evaluation.
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Waste source Antioxidant Extraction Evaluation methods References

compounds techniques

Onion waste Phenolics Solid-liquid Total phenolic content (UV-VIS) [31]

Flavonoids extraction Total flavonoids (UV-VIS)
Total flavonols (HPLC)
Antioxidant activity (FRAP)
Apple pomace Phenolics Solvent extraction ~ Phenolics (UV-VIS, HPLC) [32]
Total flavonoids (UV-VIS)
Antioxidant activity (DPPH, FRAP)
Macadamia skin ~ Phenolics Ultrasound- Total phenolics (UV-VIS) [16]
Flavonoids assisted extraction  Total flavonoids (UV-VIS)
Proanthocyanidins Proanthocynidins (UV-VIS)
Antioxidant activity (ABTS, DPPH,
CUPRAC, FRAP)
Potato peels Phenolics Hydroalcoholic Phenolics (UV-VIS, HPLC) [20]
Flavonoids solution extraction Total flavonoids (UV-VIS)
Ferulic acid Antioxidant activity (DPPH, (3-carotene
Chlorogenic acid bleaching assay)
Lipid oxidation inhibiting potential
(peroxide value, p-anisidine value,
TOTOX, TBARSs, conjugated dienes,
volatile compounds)
Phenolics Green ultrasound-  Phenolics (UV-VIS, LC-DAD-MS) [24]
assisted extraction  Antioxidant activity (DPPH, reducing
power)
Phenolics Solvent extraction ~ Total phenolics (UV-VIS) [21]
Total flavonoids (UV-VIS)
Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial
and antifungal activity)
Pomegranate Phenolics Solvent extraction ~ Total phenolics (UV-VIS) [33]
peels Flavonoids Total flavonoids (UV-VIS)
Antioxidant activity (DPPH)
Carotenoids Ultrasound Carotenoid content (UV-VIS, HPLC) [25]
assisted extraction ~Antioxidant activity (DPPH)

Passion fruit rinds Phenolics Ethanolic-water Total phenolics (UV-VIS) [34]
pressurized liquid ~ Phenolic composition (UPLC-MS/MS)
extraction Antioxidant activity

(DPPH, FRAP, ORAC)
Acerola peels and  Phenolics Sequential solvent  Total phenolics (UV-VIS) [35]
seeds extraction Antioxidant activity (DPPH, ABTS)
Lipid oxidation inhibiting
potential (thiocyanate method, Schaal
oven test)
Mango seeds Phenolics Microwave Lipid oxidation inhibiting potential [22]
(tannins and assisted extraction  (f3-carotene bleaching assay)
proanthocyanidins) Antioxidant activity (DPPH, ABTS)

Total phenolic content, tannins content
and proanthocyanidine content

(UV-VIS)
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Waste source Antioxidant Extraction Evaluation methods References
compounds techniques

Guava seeds and  Phenolics Solvent extraction ~ Total phenolics (UV-VIS) [21]

pomace Total flavonoids (UV-VIS)

Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial
and antifungal activity)

Grape pomace Phenolics Solvent extraction ~ Phenolics (UV-VIS, HPLC) [36]
Antioxidant activity (DPPH, peroxide
value, rancimat method)

Phenolics Superecritical fluids Total phenolics (UV-VIS) [37]
extraction (CO,)
Soxhlet extraction
Chestnut and Phenolics Solvent extraction  Phenolics (UV-VIS, HPLC) [19]
hazelnut shells Antioxidant activity (FRAP)
Hazelnut waste Phenolics Supercritical fluids  Total phenolics (UV-VIS) [37]

extraction (CO,)
Soxhlet extraction

Spent filter coffee  Phenolics Glycerol-based Phenolics (HPLC) [17]
chlorogenates extraction Antioxidant activity (DPPH, ferric
Flavonoids reducing power)
Spent ground Phenolics Superecritical Total phenolics (UV-VIS) [37]
coffee fluids extraction
(CO,)
Soxhlet extraction
Olive leaves and ~ Phenolics Solvent extraction ~ Total phenolics (UV-VIS) [21]
pomace Total flavonoids (UV-VIS)

Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial
and antifungal activity)

Broccoli leaves Glucosinolates Microwaved Glucosinolate composition [38]
assisted extraction (LC-DAD-ESI-MS)

Tomato waste Carotenoids Enzyme and high  Total carotenoid content (UV-VIS) [39]
(skin and seeds) (lycopene) pressure assisted ~ Lycopene content (HPLC)
extraction
Carotenoids Ultrasound and Total carotenoid content (UV-VIS) [40]
manosonication Carotenoid composition (HPLC)

assisted extraction

Artichoke waste ~ Phenolics Ultrasound- Total phenolics (UV-VIS) [41]
(internal and assisted extraction  Antioxidant activity (DPPH, FRAP)
external bracts) and nanofiltration ~ Chlorogenic acid content (HPLC)
Immature fruits Phenolics Reflux extraction ~ Total phenolics (UV-VIS) [27]
(water) Antioxidant activity (ORAC)
Pressurized hot Cell viability (3-(4,5-dimethylthiazol-
water extraction 2-yl)-2,5-diphenyltetrazolium bromide
MTT assay)

Table 1. Some techniques used for the separation and isolation of antioxidant compounds and the analytical methods
applied for their bioactivity evaluation.
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3. Potential health benefits of recovered antioxidants

3.1. Berries

Blueberries, ribes, chokeberries, raspberries, and blackberries are used to obtain food prod-
ucts such as juices, jams, and jellies. A high amount of wastes are released during industry
manufacturing of these fruits. Hence, valuable compounds from wastes, such as anthocya-
nins, phenolic acids, and flavonoids, could be successfully recovered and used for different
industries.

Seed pomace, wastes of blackberry (Rubusfruticosus L.) and raspberry (Rubusidaeus L.),
is generated in large quantities, being a good raw material for oil extraction. Besides lin-
oleic (omega-6) and a-linolenic (omega-3) (2—4:1 ratio) content, these oils are also rich in
bioactive compounds, such as tocopherols, phenols, sterols, and carotenoids, which are
known to exert antioxidant properties. Therefore, the composition of the oil resulted from
blackberry and raspberry seed pomace proved to be stable despite a long-term frozen,
due to the presence of natural antioxidants [42]. Consequently, these seed oils can be
considered value-added products and could be used as functional or nutraceutical food
products.

Leaves could also be a potential source of health-promoting compounds. Leaves and pom-
ace of cranberry (Vacciniummacrocarpon L.) contained more polyphenols and exhibited higher
antioxidant activity than fruit and juices. Therefore, leaves and pomace could be another
excellent source for the production of foods with high health-promoting value [43].

Among polyphenols, anthocyanins and ellagitannins from berries are known for their antitu-
mor potential [44, 45]. A waste of black raspberry seeds applied on colon cancer HT-29 cells
inhibited cellular proliferation and induced apoptosis, both through the extrinsic apoptotic
pathway (activation of caspase 3, 8) and through intrinsic apoptotic pathway (activation of
caspase 9 and poly(ADP-ribose) polymerase (PARP)) [46].

3.2. Apples

The apple waste generally refers to a heterogeneous mixture of peels, pomace, and seeds.
Apple waste resulted after juice processing was tested on tumor colon HT29, HT115, and
CaCo-2 cell lines. Results showed that waste compounds are able to confer protection against
DNA damage, to improve barrier function and to inhibit cell invasion [47]. Comparing the
inhibitory effects of nonextractable antioxidants with extractable antioxidants from a freeze-
dried apple waste on HeLa, HepG2, and HT-29 human cancer cells, the nonextractable anti-
oxidants were more efficient [48].

Apple peel waste could also be an excellent source of natural antioxidants and bioactive
compounds that may improve the human health [49]. Apple peel extract showed a signifi-
cant dose response reduction in cell proliferation in the HT-29 colon cancer cells but not on
MCEF-7 breast cancer cells, from ten different extracts of fruits and berries which have been
tested [50].
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3.3. Citrus

The production of citrus fruits, the most widely cultivated fruits, is increasing every year due
to a high market demand. Orange is the main citrus fruit that dominates the global customer
requests. Unfortunately, 50-60% of the fruits including seed, peel and segment membrane
resulted from juice production ends up as waste [51]. Among these wastes, citrus peel is the
major constituent accounting 50% of the wet fruit mass. It contains flavonoids, carotenoids,
polyphenols, ascorbic acids, pectin, dietary fibers and essential oils [52]. Orange (Citrus
auranthium) flesh waste has a higher antioxidant activity than the peel. Although both of the
extracts used in a study on human leukocytes showed protection against H,O,-induced DNA
damage [53].

3.4. Exotic fruits

Pomegranate fruit gained a lot of interest due to multiple beneficial effects on human health.
A recent study demonstrated that the antioxidant potential of pomegranate extract is directly
related to the phenolic content, whereas its antiproliferative activity is mainly attributed to
ellagic acid [54]. The ability of ellagitanins from Punicagranatum L. to reduce breast MCF-7
and prostate LNCaP cancer cell proliferation was proved [55].

Juice industry underuses large amounts of passion fruit residues. The seeds of passion fruit
are used for oil production, but the residue remained after the seed cold pressing (cake seed)
still contains compounds of interest, like fatty acids and/or others polyphenols. Certainly, the
antioxidant and the antimicrobial activities of passion fruit residue contribute to its adding
value [56]. Similarly, the wastes of mango, peel and kernel contain a noteworthy amount of
bioactive components such as xanthones (mangiferin), flavonoids, flavanols, and phenolic
acids with therapeutic effects [57]. The Antidesma thwaitesianum Miill. Arg. fruit waste was
tested on six human normal and cancer (COR-L23, A549, LS174T, PC-3, MCF7 and HeLa) cell
lines. Interesting is that extracts of fresh fruits exhibited moderate cytotoxicity against human
breast MCEF?7 cells, while the extract obtained by decocting the residue left after maceration of
dried fruits showed the highest cytotoxicity on COR-L23 carcinoma lung cells [58]. The waste
resulted from Myracrodruon urundeuva seeds, containing steroids, alkaloids and phenols, was
twofold more cytotoxic on leukemia HL-60 line than on glioblastoma SF-295 and Sarcoma
180 cells [59]. All these data are strong evidence that exotic fruits wastes are a valuable source
of antioxidants with potential health benefits.

3.5. Potatoes and tomatoes

Industrialization of potatoes and tomatoes generates by-products rich in antioxidants. There
are scientific evidences that wastes of potatoes and tomatoes could be used as natural anti-
oxidant additives in the protection of vegetable oils, effectively limiting the oxidation of oils
[60, 61]. The main antioxidant compounds that have been identified in potato waste were caf-
feic acid, chlorogenic acid, protocatechuic acid, para-hydroxybenzoic acid and gallic acid [62].

The antioxidant and antiproliferative activity of tomato waste were strongly correlated with
its concentration in (3-carotene and lycopene [63]. The waste obtained during the production

9
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of tomato juice scavenged hydroxyl and superoxide anion radicals and exerted anticancer
properties, by inhibiting HeLa, MCF7 and MRC-5 tumor cell growth [64].

4. Applications of recovered antioxidants

Fruits, vegetables, and plant-derived wastes are commonly composed of peels, stems, seeds,
kernels, shells, bran, and trimmings residues being a promising source of functional com-
pounds due to their favorable nutritional and rheological properties. The most important bio-
active compounds found in these types of wastes are fibers, phenolic compounds, vitamin E, C,
carotenoids, and other antioxidants, which are found to have beneficial effects for human
health. Trying to comply with the consumers’ demand for healthier products, the modern
food industry is presently focused on one hand on designing and producing food products
with bioactive ingredients—the so-called “functional foods” and “super foods” —for which
health claims are made and on the other hand on finding suitable natural compounds that
can replace the synthetic food additives (preservatives, antioxidants, colorants, aromas) [65].
Although a lot of investigations studied the antioxidant potentials of plant-derived wastes and
by-products, the studies regarding their incorporation in food products are in early stages.
Some examples of applications of recovered antioxidant compounds in foods are presented in
the next paragraphs.

Carotenoids are a group of natural pigments beneficial for the health of humans due to
their antioxidant properties but they are also used as food colorants. Most utilized in the
food industry, for their antioxidant and coloring effect, are lycopene and B-carotene. These
compounds, together with phytoene, phytofluene, lutein, &-carotene, y-carotene and neuro-
sporene, are found in tomato peel in considerable quantities. Besides the fact that the tomato
peels contain up to five times more lycopene than the pulp, some studies also showed that
the bioavailability of lycopene from processed tomato (submitted to heating and trituration)
is greater than that from raw tomatoes [65-67]. Other fruit wastes (peels and seeds), sources
of carotenoids, are avocado peel, banana peel, and mango peel. Carotenoids may be incorpo-
rated in different food products due to their antioxidant properties (improving the product
shelf life), and colorant properties but also as nutritional constituents acting as precursor of
vitamin A. Thus, some examples of products in which recovered carotenoids from wastes
were incorporated include macaroni (nutritional, improving sensorial attributes before and
after processing) [68], refined vegetable oils (antioxidant, increasing thermal stability) [69],
and antioxidant edible films (improving shelf life) [9].

Another big class of natural pigments is represented by the polyphenols. They have a high
capacity of scavenging reactive oxygen species (e.g., free radicals), thus being suitable to be
used in food products as antioxidants. There are many fruits and vegetable wastes from which
polyphenols can be recovered (see Table 1). A recent study evaluated the use of a polyphenol-
rich extract from olive oil waste to act as a natural antioxidant in lamb meat patties [70]. The
results were promising, showing that the polyphenolic extract could improve the product
shelf life by preventing the discoloration and oxidative processes. Adding antioxidants from
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potato peel extracts at concentrations ranging from 2.4 to 4.8 g/kg in minced horse mackerel
had also positive impact on the product preservation. In the mackerel treated with polypheno-
lic extracts, the oxidation of proteins and lipids was prevented, considerably reducing perox-
ide value, tocopherol degradation, and generation of volatile secondary oxidation substances
[71]. Similar results were obtained when polyphenolic extract from carob seeds peel was used
as antioxidant in minced horse mackerel [72]. The polyphenolic extracts from potato peels
were proved to have similar antioxidant capacity as the synthetic ones (butylated hydroxyani-
sole (BHA), butylated hydroxytoluene (BHT)) when incorporated in sunflower and soybean.
The inhibition of thermal degradation of the oils may be attributed to the main polyphenolic
compounds identified in potato peel extract: chlorogenic and gallic acids [73]. Brewers' spent
grain—a by-product from brewing process—is a potentially valuable source of natural anti-
oxidant compounds derived from the barley husk [74]. Ferulic acid, p-coumaric acids, and
caffeic acid are in the highest concentrations, and they have been found with an excellent anti-
oxidant potential, anti-inflammatory, and anticancer activities [75]. Brewers’ spent grain flour
or extracts can be added in bakery products, like enhancing their nutritional value [76]. Grape
pomace, the winery waste, is particularly rich in polyphenols. The polyphenolic extract from
muscadine grape pomace was tested in vitro to evaluate its capability to reduce the acrylamide
formation. Acrylamide, a human carcinogen is a by-product of Maillard reaction, formed dur-
ing the thermal treatment in different starchy food products (e.g., bread, potato chips). The
results showed that the grape polyphenols (especially fractions recovered from skin and seed)
significantly reduced the acrylamide level (by 60.3%) in potato chip model, even though there
was no significant correlation between polyphenol antioxidant capacity and their potential for
acrylamide inhibition [77].

Grape pomace is also an important source of fibers. Dietary fibers are generally known as
being a health-promoting component of a diet. The consumption of this kind of fibers is con-
nected with prevention, amelioration, and reductions in risks associated with cardiovascu-
lar disease, cancer, and diabetes [78]. Additionally, in the grape pomace, besides the dietary
fiber, flavonoids are also present. The investigation of the antioxidant activity of flavonoids
extracted from grape pomace has led to the elaboration of a new idea of antioxidant dietary
fiber [79]. The presence of antioxidant compounds in the dietary fibers enhances their health
benefits and their applications in pharmacological, cosmetic and food industries [80, 81]. Thus,
for example, incorporating antioxidant dietary fibers into meat products could improve both
their nutritional value and stability to oxidation. Grape pomace-added beef sausages (1% w/w)
had a decreased rate of lipid oxidation and better sensorial attribute (taste and color) [82],
while yogurt and salad dressings fortified with grape pomace likewise showed increased lipid
oxidation stability without negatively influencing the consumers’ acceptance of the products
[83]. Another source of antioxidant dietary fiber is the apple pomace. Obtained as a by-product
after fruit processing, it is composed mainly of skin and pulp tissues which consist of pectin,
cellulose, hemicellulose, lignin, gums, and phenolic compounds [32]. Among phenolic com-
pounds found in apple pomace, phlorizin is used as a basic structure for a new class of oral
antidiabetic drugs [84]. Other health benefits of apple polyphenols are antioxidant, antihyper-
tensive, anticancer, antidiabetic, and hypolipidemic activities, thus making them appropriate
to be used as nutraceutical [29, 85]. Many dietary polyphenolic components derived from
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plants have more efficient antioxidant activity in vitro than vitamins E or C and thus have the
ability to lead significantly to the protective results in vivo. Several studies consider that fruit
and vegetable dietary fiber could have better nutritional properties due to the synergistic effect
of associated bioactive compounds such as flavonoids and carotenoids [86, 87].

Some of the antioxidant compounds recovered from vegetable wastes are already valo-
rized in food products that can be found on the market. Thus, for example, some of the
patented applications of recovered antioxidants include: the “sugar syrup” extracted with
solvent from citrus peels which is used as food natural sweetener (AU1983/0011308D); lyco-
pene from tomato waste used as food antioxidant and supplement (PCT/EP2007/061923);
proanthocyanidines from grape and cranberry seeds used as coloring additive in soy sauce
(JP1998/0075070); polyphenols from grape pomace or seeds used in food supplements
(WO/1999/030724); ellagic acid (40%) and punicalagin (40%) from pomegranate rind and
seedcase residues used as food antioxidants (CN2010/1531940); hydroxytyrosol from olive
leaves extract as natural antioxidant in food stuff (EP 1582512 A1l); and bioactive silverskin
extract from coffee silverskin with potential applications in cosmetic, nutrition and health
(W02013/004873) [88].

5. Re-evaluation of food wastes as a source of valuable molecules

The interest of the research community in finding new or nonconventional sources of anti-
oxidants is triggered by the numerous scientific evidences regarding the health effects of
the dietary intake of antioxidants. Thus, by fortifying food products with antioxidant com-
pounds, a supplementation of the daily diet with bioactive compounds may be achieved,
therefore helping the human body to fight against damaging factors.

The key point for the recovery of natural compounds from fruits and vegetable wastes is to
develop flexible strategies for each stage in which wastes are produced. Implementation of
a modern technology by using green solvents and safer materials is strongly recommended.
Obtaining purified active compounds is rather demanding for food industry and consumers,
although this procedure involves an accurate safety assessment and long and sophisticated
tests. From the laboratory scale and testing, the procedures used for the recovery of bioac-
tive compounds are now facing the challenges for the scaled-up and further commercializa-
tion. The industrial recovery of antioxidants from food wastes, on one hand, is sustained
by the numerous studies which have demonstrated their health benefits and, on the other
hand, by the food companies which have foreseen the manifold applications of these bioactive
compounds. Even though the scaled-up recovery processes may encounter some limitations
(e.g., the variability in the composition of vegetable waste, waste collection and preservation
method, purity of the isolated antioxidants, functionality of recovered antioxidants), with
a proper management, a company could economically benefit by exploiting the recovered
compounds to develop new functional food that meet the consumers not only organoleptic
criteria but also their demand for healthier food products and at the same time addressing
their concern for the environment [2, 6, 46, 48, 88].
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Taking in consideration the health and food issues in the actual economical and environ-
mental context, food wastes should no longer be regarded as a waste to be disposed but as a
renewable source of valuable molecules that should be fully exploited. Still nowadays, despite
their potential, food wastes remain often underexploited. So instead of the classical “waste to
waste” perspective, new “waste to health” or “waste to food” perspectives should be consid-
ered especially because functional foods or nutraceuticals can be obtained by utilizing low-
cost sources of bioactive compounds, ranging from antioxidants to dietary fibers, proteins,
dietary lipids, natural colorants, or aroma compounds (e.g., essential oils). Health benefits of
bioactive compounds from wastes will open up new research directions not only in functional
food innovation but also in the medicine, pharmacy, or chemistry research fields.
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Abstract

The current scientific knowledge on the relationship between diet and human health is
greatly focused on the effects of phytochemicals, especially polyphenols, on chronic dis-
eases, due to their preventive effect as shown by many epidemiological studies. Herbs,
cocoa products, and darkly colored berries, such as black elderberries, chokeberries, and
black currants, are the richest dietary sources that contribute to the average intake of poly-
phenols of about 1 g/day. Polyphenols that are the most common in the human diet are
not necessarily the most active in the body because their beneficial effects depend on the
plant matrix in which they are incorporated and on processing methods and endogenous
factors such as microbiota and digestive enzymes. Polyphenol-rich foods are considered
as being potential functional foods due to antioxidant, anti-inflammatory, antimicrobial,
immunomodulatory, anticancer, vasodilating, and prebiotic-like properties. This review
will outline findings on the preventive effects of polyphenols on chronic diseases, the fac-
tors affecting polyphenol bioavailability and bioaccessibility, and new trends in functional
food production.

Keywords: polyphenols, dietary intake, chronic diseases, bioavailability, functional
food

1. Introduction

Polyphenols are the most common phytochemicals in human diet and comprise a variety of
compounds with a great diversity of structures, ranging from simple molecules to polymers
with high molecular weight. Polyphenols are plant secondary metabolites present in all plant
tissues, and their primary role is to protect plants from insects, ultraviolet radiation, and micro-
bial infections and to attract pollinators [1]. According to the chemical structures of aglycones,
polyphenols are classified as flavonoids, phenolic acids, lignans, and stilbenes [2]. Fruits, veg-
etables, whole grains, chocolate, and drinks like tea and wine are good sources of polyphenols,
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but due to diverse chemical structures, it is difficult to estimate the total polyphenol content
in foods. Beneficial health effects of these phytochemicals are directly linked to regular daily
intake and bioavailability. The aim of this review is to present current knowledge regarding
evidence on chronic disease prevention, factors affecting polyphenol bioavailability and bioac-
cessibility, and new trends in the production of polyphenol-enriched functional foods.

2. Classification and food sources of polyphenols

Dietary polyphenols comprise a variety of compounds among which flavonoids and several
classes of non-flavonoids are usually distinguished. In nature, polyphenols are bound to sugars
in the form of glycosides. However, classification of polyphenols in this review will be pre-
sented according to the chemical structures of aglycones. These compounds contain at least one
aromatic ring and are classified into different groups according to the number of aromatic rings
and the structural elements that bind these rings together. Therefore, polyphenols are classified
as flavonoids, phenolic acids, lignans, and stilbenes [2].

Flavonoids are the largest group of phenolic compounds and are widely distributed in plants,
especially in fruits. Their structures consist of two aromatic rings that are bound together
with a three-carbon bridge that form an oxygenated heterocycle (Figure 1). Their biological
activities, including antioxidant activity, depend considerably on both structural difference

Flavonols Ri Flavonols Ri
Rz R:
HO O. B HO O R:
OH
HO  HO HO HO
Ko = OH: B, = Ry = H : Kaempferol Ry = H; B = OH : Apigenin
Ri = R: = OH; Ry = H : Quercetin Ri= Ry = OH : Luteolin
Isoflavones Flavanones R
HO R
HO R
R o]
OH
HO O
R =H: Diadzein R = H; Ra = OH : Naringenin
R = OH : Genistein Ry =OH; R: = OCH: : Hesperetin
Anthocyanidins R Flavanols R
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HO Ba HO R:
OH OH
OH OH
R = B2 = H : Pelargonidin Ri= Pz = OH; Rs = H: Catechins
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Figure 1. Chemical structures of flavonoids [2].
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and glycosylation patterns [3]. According to the degree of oxidation of the central ring and the
number and position of -OH groups, flavonoids can be divided in six subclasses: flavonols,
flavones, isoflavones, flavanones, anthocyanidins, and flavanols.

Flavonols are one of the most ubiquitous flavonoids in food, and their main representatives
are quercetin and kaempferol, typically found as glycosides [2]. Data on the content of flavo-
nols in commonly consumed fruits, vegetables, and drinks can vary significantly due to local
growing conditions (microclimate and agrotechnical requirements), seasonal changes, and
varietal differences. The most significant dietary sources of this group of flavonoids are yel-
low and red onion and spinach, but the richest sources are capers, saffron, and dried Mexican
oregano (Table 1).

The most common flavones, such as apigenin and luteolin, are not widely distributed in the plant
kingdom although significant amounts are found in celery, parsley, and some herbs (Table 1).
Tangeretin and nobiletin are polymethoxylated flavones, occurring only in tissues and peels of
citrus fruits such as tangerine, grapefruit, and orange. These flavones have methylated hydroxyl
groups, which increase their metabolic stability and improve oral bioavailability [4].

The best sources of isoflavones are legumes, especially soybeans, and their processed products
containing significant amounts of daidzein and genistein (Table 1). Although the fermenta-
tion of soybeans during the manufacturing of certain foods, such as miso and tempeh, does
not cause the loss of isoflavones, they are, however, in the form of aglycones due to bacterial
hydrolysis of glycosides [2]. Unlike fermentation, the use of high temperature (the produc-
tion of soy milk or tofu) can significantly reduce the concentration of isoflavones. Isoflavones
possess pseudohormonal properties because of their structural similarity to estrogen, and
they are consequently classified as phytoestrogens. Due to their ability to bind to estrogen
receptors, soy foods and isoflavone supplements can be potential alternatives to conventional
hormone therapy [5].

The most important flavanones in food are naringenin and hesperetin. The highest concentra-
tions are found in dried herbs and citrus fruits (Table 1), and their glycosides are responsible
for the bitter taste of grapefruit and some varieties of oranges.

Anthocyanidins are a subgroup of flavonoids that provide color to plant tissues (flowers,
leaves, fruits, and roots), ranging from blue, purple, and red, depending on the pH and their
structural composition. Anthocyanidins are considered the most important group of flavo-
noids in plants, having more than 600 compounds identified in nature [6]. They are widely
distributed in colored fruits like berries, plums, and cherries as well as in many dark colored
vegetables such as red cabbage, eggplant, red onion, and red radish, while the food content
is generally proportional to color intensity. The most common anthocyanidin aglycones are
pelargonidin, delphinidin, peonidin, petunidin, malvidin, and cyanidin, which is the most
widespread in fruits and vegetables. Being highly unstable in the aglycone form, they are in
the form of glycosides (anthocyanins) in plants, enabling them to be resistant to light, pH, and
oxidation process [2].

Flavanols are the most complex subclass of flavonoids, ranging from simple monomers (cat-
echin and its isomer epicatechin) to oligomers and polymers (proanthocyanidins) and other
derived compounds (e.g., theaflavins and thearubigins) [7]. Catechins and epicatechin are
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Flavonoid subgroup Food source Content (mg/100 g)
Flavonols Capers 654.71
Saffron 509.99
Mexican oregano (dried) 272.07
Red onion (raw) 128.51
Spinach (raw) 119.27
Flavones Celery seed 2094.00
Peppermint (dried) 1486.29
Common verbena (fresh) 790.00
Mexican oregano (dried) 733.77
Celery leaves (fresh) 133.38
Isoflavones Soy (flour) 466.99
Soy paste (cheonggukang) 264.40
Soybean (roasted) 246.95
Soy (tempeh) 147.72
Soy paste (nato) 103.90
Flavanones Peppermint (dried) 8739.98
Mexican oregano (dried) 1049.67
Grapefruit/pummelo hybrid (pure juice) 67.08
Orange (juice from concentrate) 61.29
Rosemary (fresh) 55.05
Anthocyanidins Black elderberry 1316.65
Black chokeberry 878.12
Black currant (raw) 592.23
Lowbush blueberry (raw) 187.23
Blackberry (raw) 172.59
Flavanols Cocoa (powder) 511.62
Chocolate (dark) 212.36
Broad bean pod (raw) 154.45
Black tea (infusion) 73.30
Green tea (infusion) 7117

Table 1. The richest food sources of flavonoid groups determined by liquid chromatography [8].

found in many types of fruits such as strawberry, apple, and peach, but cocoa products and
black and green tea are the richest sources (Table 1). In contrast to other classes of flavonoids,
flavanols are stable and are not glycosylated in foods. The production of black tea decreases
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the concentration of catechins, mainly due to the action of polyphenol oxidase during fermen-
tation, but at the same time, theaflavins and thearubigins are accumulating agents [1]. The
oligomers and polymers of flavanols are also referred to as condensed tannins or proantho-
cyanidins that mainly consist of (epi)catechin units called procyanidins. They are responsible
for the astringent character of some fruits and beverages and for the bitterness of chocolate [2].

Phenolic acids can be divided into two main groups—benzoic and cinnamic acids and their
derivatives (Figure 2). The most important derivatives of benzoic acids are gallic and ellagic
acid, which are found in various types of fruit such as raspberries, cranberries, and pome-
granates and in nuts (e.g., chestnut contains 1215.22 mg of hydroxybenzoic acids per 100 g).
Hydroxybenzoic acids are also components of complex structures like hydrolyzable tannins
(gallotannins in mangoes and ellagitannins in red fruit such as strawberries and raspberries) [2].

The most important derivatives of cinnamic acids are coumaric, caffeic, ferulic, and sinapic
acids. In food, they are often in the bound form and can only be released upon acid or alkaline
hydrolysis or by enzymes. Caffeic acid is the most abundant phenolic acid and represents
about 87% of the total hydroxycinnamic acid content of most fruits [2]. Caffeic and quinic acid
together form chlorogenic acid, which makes up about 10% of green Robusta coffee beans.
Regular consumption of coffee may provide more than 1 g of chlorogenic acid, which means
that for many people it is the main source of dietary polyphenol [1].

Lignans are formed with two phenylpropane units and a four-carbon bridge, leading to many
different chemical structures in nature (Figure 3). The highest amount of these compounds is
found in flaxseeds, and other valuable sources are grains and certain vegetables. Lignans are
one of the major classes of phytoestrogens, together with isoflavones mentioned earlier. In
plants, they are typically found as glycosides and are converted by intestinal bacteria to give
metabolites with estrogen activity like equol, enterodiol, and enterolactone [9].

Stilbenes are phytoalexins produced by plants in response to injury and infections. They
are present in human diet in low quantities, and only resveratrol is considered important to
human health (Figure 4). The most important dietary source of resveratrol is grapes and red
wine. Resveratrol is directly linked to the French paradox, in which it was observed that the
French consume significant amounts of saturated fatty acids while rarely suffering from car-
diovascular disease and having a lower mortality rate compared with populations from other
European countries. It is believed that their regular consumption of red wine plays a key role
in preventing heart disease [10].

Hydroxybenzoic acids Hydroxycinnamic acids
R: o]
R2 HO == R:
R OH R:
0

Figure 2. Chemical structure of phenolic acids [2].
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Figure 3. Chemical structure of lignans [2].
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Figure 4. Chemical structure of stilbenes [2].

3. Health benefits

Polyphenols are the most common phytochemicals in human diet and are in the focus of sci-
entific research due to their biological properties, bioavailability, and bioaccessibility, as well
as their effects on the prevention of chronic diseases. Epidemiological studies confirm that
moderate and prolonged intake of foods rich in polyphenols could prevent the formation of
cancer and chronic diseases such as cardiovascular disease, neurodegenerative disease, type
2 diabetes, and obesity, which are the most common in Western populations [1].

A large primary prevention trial tested the long-term effects of the Mediterranean diet, contain-
ing polyphenol-rich foods, on the incidence of cardiovascular disease in participants with high
risk but free of cardiovascular disease at baseline (the PREDIMED study). Data on their dietary
habits were collected with a validated food frequency questionnaire, and the polyphenol content
in foods was obtained from the Phenol-Explorer database. Results showed a significant reduction
of cardiovascular events and cardiovascular mortality with a higher intake of total polyphenols,
especially flavanols, lignans, and hydroxybenzoic acids [11]. The aim of this study was also to
investigate the effect of polyphenol intake on all-cause mortality. Among high-risk subjects, those
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with higher polyphenol intake showed a 37% lower mortality risk, compared with those with
lower intake. Subgroups of polyphenols with the strongest inverse association were stilbenes and
lignans, while flavonoids and phenolic acids had no significant effect on mortality reduction [12].
However, the European Prospective Investigation into Cancer and Nutrition (EPIC) reported
that higher flavonoid intake in the diet was associated with a 29% reduction in all-cause mortal-
ity, in particular for the subclasses of flavanones and flavonols, which decreased the incidence
of cardiovascular disease by 40 and 41%, respectively [13]. Although a beneficial effect has been
proven, more controlled trials are needed to definitively clarify the benefits of different polyphe-
nol subgroups and to define minimum levels of dietary intake. Beneficial effects of polyphenols
on cardiovascular disease have been attributed to their antioxidant activities, but recent evidence
suggests that vasodilatory, anti-inflammatory, and anti-atherogenic properties may also contrib-
ute to cardiovascular risk reduction, indicate their ability to improve lipid profile, and modulate
apoptotic processes in the vascular endothelium [14].

Growing evidence also indicates that polyphenols may prevent neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s disease by decreasing inflammatory stress sig-
naling, leading to the expression of genes that encode antioxidant enzymes and cytoprotec-
tive proteins [15]. A study conducted by Schmidt et al. [16] showed that green tea extracts
can increase the number of connections between neurons of frontal and parietal brain regions
which positively correlated with the improvement in the task performance. A double-blind
study included 12 healthy volunteers who received either a milk solution with 27.5 g of green
tea extract or a milk solution without the extract. The effect of green tea extract on working
memory was visualized with functional magnetic resonance imaging (MRI) while perform-
ing memory test. Another intervention study confirmed the beneficial effect of blueberries.
During 12 weeks of blueberry juice consumption, cognitive function (paired associate learn-
ing and word list recall) was significantly improved in older patients with early symptoms of
dementia. In addition, symptoms of depression and blood glucose levels were reduced [17].

Many studies investigated the impact of polyphenols on carbohydrate metabolism and pos-
sible prevention of diabetes type 2. Polyphenols have the potential to inhibit key enzymes that
are responsible for the digestion of dietary carbohydrates (a-amylase and a-glucosidase) and
thus modify the postprandial glycemic response [18]. In vitro studies have shown that poly-
phenol-rich extracts from berries are effective in the inhibition of a-amylase and a-glucosidase
at low levels. Tannin-like components (ellagitannins and proanthocyanidins) from raspberry
and rowanberry were the most effective for amylase inhibition. A rowanberry fraction rich
in proanthocyanidins was as equally strong an inhibitor as the whole rowanberry extract for
a-amylase inhibition but was considerably less effective for a-glucosidase inhibition which
suggests that tannins are poor inhibitors of a-glucosidase. Among the tested berry extracts,
black currants rich in anthocyanins and flavonols had the strongest inhibitory effect on
a-glucosidase [19]. The aim of an interesting study conducted by Yang and Kong [20, 21] was
to investigate the effect of green tea polyphenols and green, black, and oolong tea extracts on
a-amylase and a-glucosidase activity. All tested samples showed a strong inhibitory effect on
a-glucosidase, and their inhibitory potency is mainly attributed to tea polyphenols. In con-
trast, all three types of tea extract significantly enhanced a-amylase activity, whereas green tea
showed the highest activation effect. Green tea polyphenols significantly increased a-amylase
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activity in low concentrations. A high concentration, however, resulted in a mild inhibitory
effect, suggesting that other constituents in the tea counteract the inhibitory effect of polyphe-
nols. A large prospective EPIC-InterAct study examined the association between dietary flavo-
noid and lignan intake and the risk of developing diabetes type 2 in eight European countries.
High intake of flavonoids was associated with a significant risk reduction, while the intake of
lignans had no effect. Among flavonoid subclasses, flavonols and flavanols were associated
with a significantly reduced risk of diabetes [22]. A comprehensive review by Kim et al. [18]
summarizes epidemiological and clinical studies that investigated the relationship between
food rich in polyphenols and risk of diabetes type 2. Despite promising data from in vitro and
animal studies, the number of intervention surveys conducted on human beings is small. Most
studies showed that polyphenols were associated with a lower risk of diabetes type 2, but this
association was not entirely consistent. Potential mechanisms of the action of polyphenols in
preventing diabetes type 2 include the stimulation of insulin secretion and protection of pan-
creatic (3-cells against glucose toxicity, in addition to the inhibition of salivary and pancreatic
a-amylase and a-glucosidase.

Obesity is considered one of the most serious health problems that have assumed the character
of a global epidemic. According to the data published by Eurostat in 2014, 51.6% of adults in the
European Union are overweight (35.7% pre-obese and 15.9% obese). The in vitro and some in
vivo studies suggested that consumption of particular polyphenols (such as catechin in green
tea, anthocyanins in blueberries, resveratrol in wine, and curcumin in turmeric) may facilitate
weight loss and prevent weight gain due to changes in lipid and energy metabolism [23]. A sur-
vey conducted by Basu et al. [24] showed that using a freeze-dried blueberry beverage in obese
people with metabolic syndrome for 8 weeks decreased blood pressure and the concentrations
of oxidized LDL cholesterol and products of lipid peroxidation. Some researchers suggested
that polyphenols may inhibit lipase activity and consequently reduce lipid absorption [25, 26].
Uchiyama et al. [27] have shown that black tea polyphenols in rats with diet-induced obesity
can inhibit intestinal lipase activity and suppress the increase of triglyceride levels.

The cause of the aforementioned chronic disease can be associated with oxidative stress result-
ing from reactive oxygen and nitrogen species. Many in vitro studies have demonstrated that
polyphenols can decrease inflammatory markers, reduce oxidative stress, and improve can-
cer biomarkers, but intervention studies have not always confirmed these positive effects.
The reasons which could explain these differences include different doses of administered
compounds, polyphenol instability in food and in the gastrointestinal system, a synergistic
effect with other antioxidants from the whole food, differences in bioavailability as a result of
release from the food matrix, and the presence of food components in the matrix which may
enhance or reduce polyphenol bioavailability [28].

4. Dietary intake

The beneficial effects of polyphenols on human health depend considerably on dietary
intake. Due to the great diversity of their chemical structures, it is difficult to estimate the
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total polyphenol content in foods. Hence, a comprehensive database was developed to help
estimate the polyphenol content in certain foods and has been available online since 2009 [8].
Data summarized there were derived from more than 1300 scientific publications. According
to this database, Pérez-Jiménez et al. [29] established a list of the 100 richest dietary sources
of polyphenols per 100 g of food and in a food serving, using common serving sizes. Data
on the total content of polyphenols were calculated based on the sum of all individual poly-
phenol contents determined by chromatography. In addition, the results were compared
with data obtained by the Folin-Ciocalteu method, one of the most commonly used method
for estimating total phenolic content. The results showed that the richest sources per 100
g of foods are various herbs and cocoa products (as shown in Table 1), while at the top of
the list, expressed per serving size, are various darkly colored berries such as black elder-
berry, chokeberry, black currant, and blueberry. Comparison of the data obtained by differ-
ent methods showed that the values obtained by the Folin-Ciocalteu method systematically
exceed the total amount of polyphenols because this method is not specific and interference
with other antioxidants present in the food is possible.

With the aim of estimating polyphenol intake, a large European cohort study was recently
conducted in ten countries on more than 36,000 subjects. The results showed that the larg-
est intake of phenolic compounds is in Denmark (1706 mg/day), while the lowest is in
Greece (664 mg/day). Similar findings were observed after comparison of intake accord-
ing to regions; the total polyphenol intake in the non-Mediterranean countries was higher
compared with the Mediterranean countries. The most significant sources of phenolic com-
pounds are coffee, tea, and fruit, with phenolic acids contributing to the total intake with
more than 50% [30]. This was the first study that applied retention factors from the Phenol-
Explorer database to assess the effects of cooking and processing on polyphenol contents
in foods. Although the usual cooking of common plant foods causes substantial losses of
polyphenols, in this study it did not have a high impact on the estimated total polyphe-
nol intake because vegetables and legumes were not major contributors to polyphenol
intake [31].

Research on the dietary intake of phenolic compounds has been conducted also in certain
European countries, and the results show that the average intake in France is 1193 mg/day
[32], in Poland 1756.5 mg/day [33], and in Spain 820 mg/day [34]. The main dietary sources of
the total polyphenols in Spain and France are fruits and nonalcoholic beverages (principally
coffee and tea). In Spain, fruits accounted for 44% of the total polyphenol intake and nonal-
coholic beverages for 23%, whereas in France fruit accounted for only 17% and nonalcoholic
beverages for 55% of the total polyphenol intake. Considering individual foods, the main
source of total dietary polyphenols is coffee with 18 and 44% of contribution in Spain and
France, respectively. In Spain, in contrast to other countries, olives and olive oils are impor-
tant sources of polyphenols, accounting for 11% of the total polyphenol intake. Nonalcoholic
beverages were the main food contributors to polyphenol intake in Poland and accounted for
fully 67% of the total polyphenol intake due to high consumption of coffee and tea. The third
main contributor to total polyphenol intake is chocolate, whereas fruits accounted for a lower
percentage of intake.
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5. Bioavailability and bioaccessibility

The beneficial effects of phenolic compounds on health depend not only on food sources but
also on their stability, which can vary depending on the method of raw material processing,
the matrix in which they are incorporated, and endogenous factors such as microbiota and
digestive enzymes. The fraction of the phenolic compounds that can be released from the
food matrix by digestive enzymes or intestinal bacterial flora in the colon is bioaccessible and,
therefore, potentially bioavailable for absorption [28]. The FDA has defined bioavailability as
the rate and extent to which the active substances or therapeutic moieties contained in a drug
are absorbed and become available at the site of the action [35].

Understanding the effects of food processing on polyphenol content and bioavailability is
important since most of the food consumed on a daily basis is in a processed form. Conventional
methods of thermal processing, such as pasteurization that is still most commonly used, pro-
vide microbiological stability and extend shelf life but also cause some undesirable changes
such as degradation of polyphenols and other bioactive compounds. The possibility of ensur-
ing food safety and at the same time preserving biologically active compounds has resulted
in increased interest in the minimal processing of foods using nonthermal methods, such as
high-pressure processing and ultrasound. Studies have demonstrated that in comparison with
high-pressure processing, pasteurization causes more degradation of polyphenol, anthocya-
nins, vitamin C, and the color of strawberry puree [36]. Treatment with high-intensity ultra-
sound, due to the cavitation effect, can break down cell walls and facilitate the extraction of
bioactive compounds, thus increasing their bioavailability. Additionally, increased antioxi-
dant capacity and monomeric anthocyanin content in red raspberry puree treated with high-
intensity ultrasound were achieved by Golmohamadi et al. [37].

Food matrix composition and other food components significantly influence bioaccessibility,
uptake, and further metabolism of polyphenols. Before becoming bioavailable, polyphenols
must be released from the food matrix and hydrolyzed by intestinal enzymes or microflora to
aglycones. In vitro gastrointestinal digestion models are a useful tool for assessing the impact
of the food matrix and other endogenous factors on the stability and biological activity of
phenolic compounds and can be well correlated with results from human studies and animal
models [38]. Simulation of the physiological parameters, such as variation in the enzymes,
acid and bile salt excretion, availability of the substrate, and the transit time of food through
the stomach and duodenum, is challenging in all in vitro digestion models. Gastric diges-
tion is simulated by pepsin-HCI at pH 2 and small intestinal digestion with pancreatin-bile
mixture at pH 7, while the absorption step can be simulated with polarized human colon
carcinoma cell line (Caco-2 cells) [39]. Commercial digestive enzymes, collected or extracted
from omnivorous animals, are most commonly used, but their role in the simulation of the
human digestion process is still questionable. On the other hand, human digestive juices con-
tain a complex mixture of different enzymes, enzyme inhibitors, and bile salts, which together
contribute to the digestion process of food; therefore, the use of human digestive juices may
represent a great advantage over commercial digestive enzymes [40]. Phenolic acids and fla-
vonoids with small molecular weight such as gallic acid, catechins, and quercetin glucosides
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are easily absorbed through the tract, whereas large polyphenols such as proanthocyanidins
are poorly absorbed [41]. In most of conducted studies, gastric digestion did not have a signif-
icant effect on polyphenol stability. In fact, the majority of polyphenols appear to be released
in the stomach. Bouayed et al. [38] observed that approximately 65% of apple total phenolics
and flavonoids were released in the stomach and only an additional 10% in the small intestine.
Results of the study conducted by Correa-Betanzo et al. [42] showed a high stability of total
polyphenols and anthocyanins (7 and 1% of reduction, respectively) during simulated gastric
digestion, while intestinal digestion caused a significant decrease of 51 and 83%, respectively,
in comparison with the non-digested wild blueberry samples. Similar results were obtained
by Bermuidez-Soto et al. [43] who reported a significant reduction of anthocyanins (43%) and
flavonols (26%) after intestinal digestion of chokeberry. Mild alkaline intestinal environment
was shown to influence all phenolic compounds, especially anthocyanins, and it is generally
accepted that their bioavailability is low (<1%). An interesting study was conducted by Czank
et al. [44] who proved that bioavailability of anthocyanins has been underestimated. The par-
ticipants consumed an isotopically labeled anthocyanin tracer (cyanidin-3-glucoside), and the
concentration was determined in blood, urine, breath, and feces samples. Results showed a
high combined recovery from urine and breathe, which was approximately 12%. To date, a
little research has been conducted in investigating polyphenol stability by using human gas-
trointestinal enzymes. Zoric et al. [45] conducted a study on the stability of rosmarinic acid in
an aqueous extract of thyme, lemon balm, and winter savory using human digestive juices of
the stomach and small intestine. The results showed lower gastrointestinal stability of rosma-
rinic acid in comparison with similar studies with commercial digestive enzymes.

In the food matrix, polyphenols are usually mixed with different macromolecules such as
proteins, lipids, and carbohydrates. Large polyphenols and those with a high number of
hydroxyl groups have a high affinity for proteins, which can result in a complex formation
that reduces polyphenol absorption [28]. Food rich in polyphenols, such as coffee or tea, is
usually consumed with milk. Studies have shown that interactions between polyphenols and
milk proteins, especially casein, can decrease the antioxidant activity of coffee and tea [46].
The effect of milk was confirmed in an intervention study by Serafini et al. [47] whose aim was
to determine the total antioxidant capacity and (-)epicatechin content in blood plasma after
consumption of plain dark chocolate, dark chocolate with full-fat milk, and milk chocolate.
Results have shown that the addition of milk, either during ingestion or in the manufactur-
ing process, caused a significant reduction in total antioxidant activity and absorption of (-)
epicatechin in the bloodstream. The explanation was in the formation of a complex between
chocolate flavonoids and milk proteins. However, not all studies showed the negative impact
of milk addition to food on polyphenol absorption. Keogh et al. [48] monitored the concentra-
tion of catechin and epicatechin in the blood after consumption of chocolate polyphenols with
and without milk proteins. Results showed that milk protein did not influence the average
plasma polyphenol concentration after ingestion. Contradictory results of these and many
other studies were explained by the influence of polyphenol concentration. Milk could inhibit
absorption in the case of lower polyphenol concentration, while it could have only minimal
impact if the concentration is high [35]. In addition to food proteins, polyphenols can also
bind to digestive enzymes and act as effective inhibitors as previously described in Chapter 3.
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Only a few studies have investigated the interactions between polyphenols and dietary lip-
ids. Since most polyphenols are water soluble, dietary lipids are considered to have a limited
influence. Some studies, however, have observed a positive relationship. Ortega et al. [49]
found that higher fat content has a positive effect on the stability of cocoa polyphenols in an
in vitro digestion model.

Interactions between polyphenols and dietary fibers are important since these interactions have
a significant role in the human body. Most non-extractable polyphenols with higher molecular
weight (such as tannins and proanthocyanidins) are usually attached with covalent bounds to
dietary fibers [28]. The bioavailability of polyphenols depends on the release of polyphenols
from such a complex, which, in turn, depends on the polyphenols’ structure, the complexity
of the polyphenol-carbohydrate structure, and the possibility of enzymes to reach the carbohy-
drates [35]. According to Ortega et al. [50], soluble dietary fibers, in the in vitro digestion model,
enhanced the stability of phenolic compounds during duodenal digestion. Since dietary fibers
act as an entrapping matrix and restrict the diffusion of the enzymes to their substrates in the
stomach and small intestine, many polyphenols reach the large intestine [51]. Regardless of
their bioavailability, polyphenols, as strong antioxidants, may contribute to a healthy antioxi-
dant environment, thus protecting the colonic lumen from oxidative stress, and, furthermore,
polyphenols and carbohydrates that have reached the large intestine can have a beneficial effect
on colon microflora growth.

6. Polyphenols as functional food components

Today’s consumers’ expectations of food, besides appropriate taste, appearance, and price,
are more focused on positive health effects. Since consumers’ awareness of health benefits
associated with the consumption of food rich in polyphenols and preferences of herbal over
synthetic products are increasing, meeting the consumers’ expectations is a key to success.

The global polyphenol market was valued USD 757 million in 2015, and it is estimated to exceed
USD 1 billion by 2022 [52]. The most successful applications of plant extracts containing polyphe-
nols are fortification of beverages, while the most popular plant extracts used in beverages and
other types of functional food are grape seed, green tea, and apple extract. The market for func-
tional food and the number of studies focused on functional food with a positive effect on health
beyond basic nutrition are constantly growing. The bioavailability of functional food compo-
nents and the levels required in humans are critical factors necessary to optimize health benefits
[53]. Polyphenols are the most numerous and widely distributed group of functional molecules.
Studies have shown that products enriched with polyphenols could be useful for the dietary
management of diabetes and cardiovascular disease prevention. Blueberry polyphenol-enriched
defatted soybean flour was incorporated into a very high-fat diet of obese and hyperglycemic
mice for 13 weeks. Compared with the control group (very high-fat diet containing defatted soy-
bean flour), the diet supplemented with blueberry polyphenols reduced weight gain, improved
glucose tolerance, and lowered fasting blood glucose levels and serum cholesterol [54]. The aim
of an intervention study conducted by Sarria et al. [55] was to evaluate the effect of two cocoa
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functional products (one rich in dietary fibers and the other rich in polyphenols) on the markers
of cardiovascular health. The most significant finding observed after consumption of both prod-
ucts was an increase in HDL cholesterol which was attributed to flavanols, the most common
flavonoids in cocoa, while the fiber-rich product was associated with the hypoglycemic and anti-
inflammatory effect. As recently reviewed by Tomé-Carneiro and Visioli [56], polyphenol-based
nutraceuticals and functional food might be used as adjunct therapy for cardiovascular disease.

Since it is generally accepted that the bioavailability of polyphenols is rather low, recent
scientific studies are focused on the enhancement of polyphenol bioaccessibility and the
bioavailability rate in the body using encapsulation techniques such as spray-drying, freeze-
drying, emulsions, and liposomes. Encapsulated polyphenols are more stable and are pro-
tected from light, oxygen, temperature, and moisture. Spray-drying is the most commonly
applied encapsulation method in the food industry, transforming liquids into stable and eas-
ily applied powders, and can help in the controlled release of phenolic functional ingredients
in the human body for more efficient nutraceutical usage [57]. Idham et al. [58] studied the
degradation kinetics and color stability of spray-dried encapsulated anthocyanins with four
different encapsulation agents (maltodextrin, gum Arabic, a combination of maltodextrin and
gum Arabic, and soluble starch). Results have shown that the combination of maltodextrin
and gum Arabic resulted in the highest encapsulation efficiencies as well as the longest shelf
life and the smallest change in pigment color.

Emulsions are considered one of the most promising techniques for the protection and deliv-
ery of polyphenols, due to high-efficiency encapsulation, maintenance of chemical stability,
and controlled release [59]. An emulsion is a mixture of two immiscible liquids, usually oil
and water, with one of the liquids (the dispersed phase) being dispersed as small droplets
in the other liquid (the continuous phase). Ru et al. [60] have shown that epigallocatechin-
3-gallate (EGCG), the most abundant polyphenol in green tea, encapsulated in oil-in-water
(O/W) emulsions demonstrated an improved anticancer effect, compared with free EGCG,
on human hepatocellular carcinoma cell lines. The unpleasant bitter taste of flavanol monomers
(catechin and epicatechin) could be successfully masked by using encapsulation, thus increasing
flavanol delivery in the gut [61].

7. Conclusion

Polyphenols comprise a large group of phytochemicals with very diverse chemical structures
and are considered as being the most common antioxidants in the diet. Since many foods
and beverages contain a diversity of polyphenols, it is difficult to determine which specific
compounds are directly responsible for beneficial health effects in vivo. The health effects of
polyphenols depend on both dietary intake and bioavailability, which can vary greatly. The
strongest evidence for the beneficial effects of polyphenols with regard to chronic disease,
cardiovascular diseases in particular, exists for flavanol-rich foods. Most dietary polyphenols
have relatively short half-lives once ingested, due to rapid metabolism, so it is important that
their consumption is maintained throughout the life span. More detailed knowledge on the
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relationship between the food matrix, processing, and bioavailability of polyphenols should
lead to a better understanding of their role in human health and to the development of novel
functional foods.
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Abstract

Folate is a water-soluble B vitamin, also known as vitamin B9 or folacin. It is found naturally
in a wide variety of foods, including vegetables, fruits, nuts, beans, dairy products, meats,
eggs, seafood, and grains. However, only about 50% of the folate naturally present in food
is bioavailable. Folate is critical in the metabolism of nucleic acid precursors and several
amino acids, as well as in methylation reactions. Folic acid helps our bodies produce and
maintain new cells, and it helps prevent DNA changes that may lead to cancer. Folate defi-
ciency can cause anemia, insomnia, irritability, depression, Alzheimer’s disease, cardiovas-
cular disease, and more serious health problems. An inadequate folate status during early
pregnancy increases the risk of congenital anomalies, such as neural tube defects (NTDs),
which are life-threatening and cause life-long disabilities. Therefore, it has been recom-
mended by the U.S. Public Health Service that even before becoming pregnant, women
should consume 400 pg of synthetic folic acid daily, whether in the form of foods or supple-
ments, as well as maintain a healthy diet of folate-rich foods to reduce NTD risk.

Keywords: folate, folic acid, homocysteine, health and outcomes, nutritional education

1. Introduction

Folate is a group of small water-soluble molecules that form one of the so-called B complex
vitamins, also known as vitamin B9 or folacin. It is found naturally in a wide variety of foods,
including vegetables, fruits, nuts, beans, dairy products, meats, eggs, seafood, and grains.
However, only approximately 50% of the folate naturally present in food is bioavailable [1].
Folate is critical for the metabolism of nucleic acid precursors and several amino acids, as well
as to methylation reactions. Folic acid helps our bodies produce and maintain new cells, and
it helps prevent DNA changes that may lead to cancer. DNA methylation is an epigenetic
mechanism that evidently plays a role in Alzheimer’s disease [2]. An increase in the risks of
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depression and cardiovascular disease was observed independent of folic acid and vitamin
B12 status [3, 4]. In this review, we will discuss recent issues related to the impact of folate and
folic acid on cognitive and reproductive functions.

2. Folate metabolism in humans

Folate metabolism is closely linked to homocysteine (Hcy) metabolism, where Hcy is as an
important factor in arteriosclerosis and aging. After the discovery of Hcy in 1932, it was demon-
strated to be an important intermediate in the metabolism of amino acids. The folate metabolite
5-methyltetrahydrofolate (5-MTHEF) is a substrate of methionine synthase, which remethylates
Hcy to form methionine and links the folate cycle with Hcy metabolism (Figure 1) [5].

The substrate 5-methultetrahydrofolate requires vitamin B12 as a cofactor of methionine syn-
thase. The effect of vitamin B12 is diminished by the larger role of folate status in determining
total Hey. Pyridoxal phosphate, the active form of vitamin B, is a cofactor for enzymes involved
in amino acid metabolism. These enzymes include cystathionine 3-synthase, the first enzyme
in the transsulfuration pathway that breaks down Hcy to sulfate.

2.1. Folate metabolism and neurodegenerative and neuropsychiatric diseases

Insufficient amounts of folate and vitamin B12 limit the conversion of Hcy into methionine,
which is a direct precursor of S-adenosylmethionin (SAM). SAM plays an important role in
the methylation of neurotransmitters involved in depression [6]. Lower concentrations of
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Figure 1. Pathways for the folate cycles and homocysteine metabolism. Source: Ref. [5].
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SAM and monoamine neurotransmitter metabolites were observed in the cerebrospinal fluid
of severely depressed patients with high Hcy levels, compared to similar patients with nor-
mal Hcy levels [7].

MTHEF is able to cross the blood-brain barrier into the cerebrospinal fluid [8]. One important
function of folate is its role in the one-carbon cycle. In this pathway, folate is converted by
methylenetetrahydrofolate reductase into MTHF, which combines with the amino acid Hey
to produce eventually, with the help of vitamin B12, S-adenosylmethionine (SAMe). SAMe
is important, because it functions as a methyl donor in a variety of biochemical reactions
and has been suggested to be somehow involved in the synthesis of the three neurotransmit-
ters in the brain: serotonin, epinephrine, and dopamine [9]. Figure 1 illustrates the actions of
5-MTHF and SAMe in methylation and neurotransmitter synthesis [10]. Thus, a folate defi-
ciency could result in a deficiency of these neurotransmitters.

According to epidemiological and biological evidence, depressive disorders among individu-
als with epilepsy or neurological and psychiatric problems and the elderly could be caused
by low folate [11, 12]. Folic acid affects the rate of the synthesis of the neurotransmitters dopa-
mine, norepinephrine, and serotonin and it acts as a cofactor in the hydroxylation of phenyl-
alanine and tryptophan [13]. Biogenic amine metabolism disturbances may lead to various
psychiatric disorders, and a deficiency in folic acid may exacerbate neuropsychiatric disorders
such as mental confusion, memory changes, cognitive slowing, and mood disorders.

Measurements of folate levels in plasma, serum, and erythrocytes are the most widely used
biochemical indices of folate status, in addition to measurements of dietary folate intake. In a
previous study of 883 elderly Latina women aged 60-93, the adjusted odds ratio for increased
depressive symptoms in women in the lowest tertile of plasma folate was 2.04, which was
significantly different from that in women in the highest tertile of folate [3]. Gilbody et al.
reported that subjects with low serum levels, red blood cell (RBC) folate levels, and low folate
intake had 1.4 times increased risk of depressive symptoms, compared with those with a high
folate status [14]. On the other hand, in the Women’s Health and Aging Study, serum homo-
cysteine and folic acid levels were not associated with depression status among physically
disabled women with a mean age of 77.3 years [15].

The elderly are of particular concern because of age-related declines in vitamin absorption
and the extraction of vitamin B12 from protein [16] and age-related increases in autoimmu-
nity against intrinsic factor or the gastric parietal cells that produce it [17]. Elevated plasma
Hcy concentrations are common in older age [18]. With advanced age, the prevalence of a
low vitamin B12 status increases from 5% at age 65 to 20% at age 80 years [19]. The reviews
of population-based studies found that a low folate status is associated with mild cognitive
impairment, Alzheimer’s disease, and depression in healthy and neuropsychiatric diseased
older people [20].

2.2. Folic metabolism and cancer

Several epidemiological studies have suggested an inverse association between folate status
and the risk of cancer, including colorectal, lung, pancreatic, esophageal, stomach, cervical,
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ovarian, and breast cancers [21]. Folic acid helps our bodies produce and maintain new cells,
and it helps prevent DNA changes. Folate plays an essential role in one-carbon transfer involv-
ing the remethylation of Hcy to methionine, thereby ensuring the provision of SAMe, the
primary methyl group donor for most biological methylation reactions. Folic acid linked with
conjugating agents only enters cells through the folate receptor (FR) [22], a cell surface gly-
cosylphosphatidylinositol-anchored glycoprotein in humans [23]. Folate might influence the
development of cancer through its role in one-carbon metabolism and its subsequent effects
on DNA replication and cell division [24]. However, research has not established the precise
nature of folate’s effect on carcinogenesis.

2.3. Folate metabolism and reproductive function

Maternal nutrition, especially folate, is critical for optimizing pregnancy outcomes. The increase
in folate required during pregnancy is due to the growth of the fetus and uteroplacental organs.
The demand for folate is increased to support both the normal physiological changes of moth-
ers and the optimal growth and development of the fetus and offspring [25]. Impaired placental
perfusion due to hyperhomocysteinemia is implicated in having a negative effect on pregnancy
outcomes. Inadequate folate intake before conception and early pregnancy increases the risk of
congenital malformations of the brain and spinal cord, such as anencephaly, spina bifida, and
neural tube defects (NTDs). NTDs are the most common and severe congenital malformations
of the central nervous system, occurring secondary to lack of closure of the neural tube and
leading to long-term morbidity. Neurulation, the process of neural tube formation, is com-
pleted 28 days after conception, as many women do not realize that they are pregnant at this
stage [26]. Das et al. found in the systematic review that folate fortification had a significant
impact on reducing neural tube defects (risk ratio; RR: 0.57 (95% CI: 0.45, 0.73)), spina bifida
(RR: 0.64 (95% CI: 0.57, 0.71)), and anencephaly (RR: 0.80 (95% CI: 0.73, 0.87)). Folate fortifica-
tion significantly reduced the incidence of congenital abnormalities [27].

3. Recommended dietary intake of folate in humans

Folate deficiency can cause anemia, insomnia, irritability, and far more serious health prob-
lems. In 2000, the D-A-CH societies (Germany [D], Austria [A], and Switzerland [CH]) initi-
ated a recommendation of 400 ug of folate daily among adults [28], a value agreed to by the
USA, Canada [29], Australia, and New Zealand [30]. The World Health Organization (WHO)
and the Food and Agriculture Organization (FAO) of the United Nations [30] also agreed, set-
ting an estimated average requirement (EAR) of 320 pg of dietary folate equivalents (DFE)/
day and a recommended dietary allowance (RDA) of 400 pug DFE/day for adults. Table 1
indicates the various recommendations. By combining RBC folate, plasma total Hcy, and
plasma or serum folate, the Institute of Medicine concluded an EAR for adults with a focus on
adequate quantities of folate, via food or food plus folic acid and consumed under controlled
conditions, to maintain normal blood concentrations of these indicators [31].

Each country issues an RDA as the mean of estimated requirements for pregnant women that
must be increased to meet the demands of increasing maternal tissues, fetal growth, fat store
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Adults Pregnant women
EAR (ug/day) RDA (ug/day) EAR (ug/day) RDA (ug/day)
WHO/FAO! 320 400 370-470 600
USA, Canada® 320 400 600
Australia and New 320 400 520 600
Zealand?®
Japan* 200 240 400 440

Notes: EAR, estimated average requirement (average daily level of intake estimated to meet the requirements of 50% of
healthy individuals); RDA, recommended dietary allowance (average daily level of intake sufficient to meet the nutrient
requirements of nearly all (97-98%) healthy individuals).

! Source: The WHO/Food and Agriculture Organization of the United Nations at the Institute of Medicine (IOM) of the
National Academies [31].

2 Source: IOM [29].
3 Source: Australian National Health and Medical Research Council and New Zealand Ministry of Health [30].
* Source: Overview of Dietary Reference Intakes for Japanese by the Minister of Health, Labour and Welfare [59].

Table 1. Reference values for folate/folate equivalents for adults from different international societies and organizations.

growth, and the increase in basal metabolic rate. In 1992, the U.S. Public Health Service recom-
mended that all women of reproductive age in the USA capable of becoming pregnant should
consume 400 ug of synthetic folic acid daily from fortified foods or supplements. In addition,
they should consume a balanced, healthy diet of folate-rich food to prevent two common and
serious birth defects: spina bifida and anencephaly [32, 33]. All women between 15 and 45
years of age should consume folic acid daily because half of U.S. pregnancies are unplanned
and because these birth defects occur early in pregnancy (3-4 weeks after conception), before
most women know they are pregnant. The Food and Drug Administration mandated the
addition of folic acid to all enriched cereal grain products by January 1998 [34]. Experimental
and epidemiological evidence has shown that periconceptional dietary supplementation with
folic acid can result in an estimated 50-70% decrease in the prevalence of NTDs [35].

4. Global strategies of folic acid fortification for reproductive-age women

In 2009, the U.S. Preventive Services Task Force published updated guidelines reinforcing
these recommendations [36]. Recently, the National Institute for Health and Clinical Excellence
[37] reinforced this focus on the periconceptional period. The best-known recommendation
for women who are planning a pregnancy is to take 400 pg of folic acid a day in supplements
to prevent NTDs. As of July 2015, almost 80 countries had fortified their wheat flour with
folic acid, and health agencies in many countries have officially recommended the pericon-
ceptional consumption of folic acid in the range of 400-500 g by young women capable of
conceiving or planning to conceive [37].

Fortification leads to a decrease in the prevalence of serum deficiency from 30% to less than
1% and a decrease in the prevalence of an RBC folate deficiency from 6% to no measureable
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deficiency [38]. The number of cases of spina bifida and anencephaly among deliveries occur-
ring during 1995-2011 in 19 population-based birth defect surveillance programs in the US
was reported by the Centers for Disease Control and Prevention (Figure 2) [39]. Overall, a
28% reduction in prevalence was observed for anencephaly and spinal bifida. The manda-
tory fortification of standardized enriched cereal grain products in the US has resulted in a
substantial increase in blood folate concentrations. In a study based on data from a National
Health and Nutrition Examination Survey, the mean serum folate concentration for women
aged 1544 years who did not use supplements increased from 10.7 to 28.6 nmol/L shortly
after initiating fortification in the USA, an almost threefold increase [40].

The incidence rate of NTDs was reported to be 0.97 per 1000 births in some European coun-
tries [41]. The reported NTD prevalence ranges and medians for each region were: Africa
(5.2-75.4; 11.7 per 10,000 births), Eastern Mediterranean (2.1-124.1; 21.9 per 10,000 births),
Europe (1.3-35.9; 9.0 per 10,000 births), Americas (3.3-27.9; 11.5 per 10,000 births), South-East
Asia (1.9-66.2; 15.8 per 10,000 births), and Western Pacific (0.3-199.4; 6.9 per 10,000 births)
[42]. According to the Morbidity and Mortality Weekly Report, if 50-70% of NTDs can be pre-
vented by consuming 400 pg of folic acid per day, assuming a prevalence of 300,000 NTDs per
year, worldwide folic acid fortification could prevent 150,000-210,000 NTDs annually [35].

12 -
m?f ~8—NTDs —#—Spinabifida —a—Anencephaly
10 i
g 8
(=]
[=]
S
=] 6
@
(=%
8 4
2
g
@
a 2
0 —
1995—1996i 1999-2000  2001-2002  2003-2004  2005-2006  2007-2008  2009-20011
Pre-Fortification { | Mandatory Fortification >
Optional
Fortification

Figure 2. Prevalence of spina bifida and anencephaly in the USA, 1995-2011. *NTDs: Spina bifida + anencephaly. Source:
Neural tube defect ascertainment project of the National Birth Defects Prevention Network at Centers for Disease
Control and Prevention [39].

5. Current trends of worldwide folic acid food fortification

Figure 3 shows the world’s industrially milled flour and rice fortification legislation with
at least iron and folic acid, from March 2017. According to the food fortification initiative,
globally, 86 countries have initiated legislation to mandate the fortification of wheat flour
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. Wheat flour and rice — 3 countries
(Nicaragua, Panama, Philippines)

. Wheat flour — 67 countries

Rice — 1 country (Papua New Guinea) . Wheat flour, maize flour, and rice — 2 countries
~ {Costa Rica and the United States)
. Wheat flour and maize flour —14 countries u No grain fortification legislation

Figure 3. World’s map of industrially milled flour and rice fortification with at least iron or folic acid. Source: Food
fortification initiative in March 2017 [43].

alone or in combination with other grains, while over 100 countries have not introduced
mandatory folic acid fortification, including the EU, China, and Japan [43].

The U.S. program adds 140 pg of folic acid per 100 g of enriched cereal grain product and it has
been estimated to provide 100-200 ug of folic acid per day to women of childbearing age [44].
In Canada, it is mandatory to fortify white-wheat flour and enriched cornmeal with 150 ug of
folic acid/100 g and enriched pasta with 200-270 pg of folic acid/100 g [45]. Berry et al. estimated
that in the USA and Canada, the additional intake of about 100-150 pg/day of folic acid through
food fortification has been effective in reducing the prevalence of NTDs at birth and in increas-
ing blood folate concentrations in both countries [46].

In Ireland, all bread, including white, wholemeal, and brown, manufactured or marketed in
Ireland, with the exception of minor bread products, should be fortified on a mandatory basis
with folic acid at a level that provides 120 pg per 100 g of bread consumed. The voluntary folic
acid fortification of foods, for example, cereal bars, yogurt, or juice, is permitted [47].

In Australia, all plain, fancy and sweet breads, rolls, and buns, including bagels, focaccia,
English muffins made with yeast and flour mixes or flour for domestic bread making must
contain folic acid. Organic bread is not required to contain folic acid. Some manufacturers
also voluntarily choose to fortify other foods with folic acid, for example, breakfast cereal.
Manufacturers must list folic acid in the ingredients list on the labels of foods fortified with
folic acid. Currently, some cereals and cereal products, bread, and fruit juice have folic acid
voluntarily added by food manufacturers [48].
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5.1. Benefits of folic acid supplementation

Folate requirements can be affected by bioavailability, nutrient interactions, and smoking.
The bioavailability of folates in food is about 50-60%, whereas that of the folic acid used to
fortify foods or as a supplement is about 85% [1]. Folic acid as a supplement is almost 100%
bioavailable on an empty stomach. Among 2919 older adults with elevated Hcy concentra-
tions of 212 umol/L, participants received either 500 pg of vitamin B12 and 400 pg of folic
acid daily or a placebo for 2 years. Depressive symptoms were measured with the Geriatric
Depression Scale-15. However, 2-year supplementation with vitamin B12 and folic acid in
older adults with hyperhomocysteinemia showed that lowering Hcy concentrations does not
reduce depressive symptoms, but it may have a small positive effect on health-related quality
of life [49]. A study by Lachner et al. suggested a supplementation dose of at least 1000 pg/
day might be more effective in reducing depressive symptoms [50]. Okereke et al. reported
that long-term, high-dose, daily supplementation with folic acid and vitamins B6 and B12 did
not reduce overall depression risk in 4331 older women (mean age 63.6 years), without prior
depression [51].

Nguyen et al. [52] conducted a randomized controlled trial designed to assess the impact
of supplementation in Guatemala. In total, 459 women aged 15-49 years were assigned to
four groups at random to receive weekly (5000 or 2800 pg) or daily (400 or 200 pg) folic acid
plus iron, zinc, and vitamin B12 for 12 weeks. Depression was measured using the Center for
Epidemiologic Studies Depression Scale. Women in the lowest tertile of RBC folate were 1.7
times more likely to be depressed than those were in the highest tertile (OR = 1.71; 95%Cl:
0.91, 3.18) at baseline. However, this relationship disappeared after adjustments for poten-
tial confounding factors. Mean depression scores and the prevalence of depression decreased
postintervention, with no differences in the degree of improvement by group. It is difficult to
evaluate the effect of supplementation on depressive symptoms, because this study had no
placebo control group. This is because a number of reports have suggested that folate supple-
mentation may enhance the effectiveness of certain antidepressant regimens [53, 54].

6. Education and technical consultation on folate deficiency

The nutritional intake of reproductive-age women appears inadequate during the preconcep-
tional period. Among almost all women, folate intake is less than the RDA. Promoting women’s
health during preconception is a key public health strategy. Thiele et al. [55] observed in Germany
that better educated women had higher indices of qualitatively beneficial diets than did lesser
educated women. Adolescents at universities and colleges are potentially important targets for
the promotion of healthy lifestyles, including physical, psychological, and eating habits. However,
little is known about nutritional and health-related behaviors.

Questions arise as to how pregnant women show concern for their consumed diets and
whether pregnant women get appropriate nutrient information during their routine antenatal
checkups. Bookari et al. [56] reported that 65% of pregnant women were not familiar with the
healthy eating recommendations. Nearly 80% of pregnant women would have liked educa-
tion about nutrition and dietary advice [57], but Anya et al. [58] reported that women spend
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3 min or less with their antenatal care providers and less than 40% had been informed or
educated about diet and nutrition. These results suggest pregnant women lack opportunities
to receive adequate and appropriate nutrition education during antenatal care. Most women
expect advice on general dietary improvements, with the remainder seeking advice on how
to promote the quality and quantity of nutritional intake. A critical goal for women should
be to make behavior changes to ensure a good nutritional status before, during, and beyond
pregnancy, which may lead to improved birth outcomes. More effective education campaigns
should be set up by health care providers to improve women’s awareness. Health care pro-
viders should educate reproductive-age women about careful food selection and meal plan-
ning and preparation at clinics, schools, or offices through mass media.

7. Conclusion

Folate deficiency impairs DNA replication and cell division, which adversely affects rapidly pro-
liferating tissues, such as bone marrow, and results in the production of unusually large macro-
cytic cells with poorly differentiated nuclei. An increase in the risks of anemia, depression, and
cancer was observed independent of folic acid. As the world is aging rapidly, attention on aging-
related mental disorders has increased. Malnutrition is common among people aged 65 years and
older. In addition, despite the abundance of information concerning folic acid, many women of
reproductive age either are still unaware of its importance or do not value this information. The
RDA guidelines have not worked effectively to appeal to the public. More effective education
campaigns should be set up by health care providers to improve women’s awareness.
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Abstract

The early twentieth century was a crucial period for the identification and biological-
chemical-physical characterisation of vitamins. From then until now, many studies have
attempted to clarify into detail the biological role of the vitamins in humans and their
direct connection with certain diseases, either in a negative way (appearance of deficiency
diseases due to vitamin deficiency) or a positive way (use of vitamins to treat diseases
and/or to improve human health). The aim of this work is to analyse, from an integrative
point of view, the information about vitamins and their effects on human health, and to
identify direct correlations between these compounds and health. The effects of vitamins
supplements on diet are also explored. The analysis of the results shows that it is impos-
sible to establish robust and universal conclusions about the benefit of vitamin supple-
mentation on human health beyond the prevention and/or treatment of deficiency states.

Keywords: nutrition, vitamins, human health, antioxidants, dietary supplements,

multivitamins

1. Introduction

Human nutrition, as a field of knowledge, had a great impact at the beginning of the twentieth
century. From 1912, experiments such as those developed by English biochemist Frederick
Hopkins (1861-1947) demonstrated the existence of certain organic substances in food that
are essential for health. Hopkins called them “accessory food factors’ [1-3]. Shortly after that
discoveries, the Polish biochemist Casimir Funk (1884-1967) proposed the term ‘vitamins’ to
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identify the substances previously termed ‘accessory food factors’ [2, 3]. The etymology of
the term vitamin derives from the Latin ‘vita’ (life) and ‘amina’; Funk concluded that these
substances were necessary for life and most of them contained an amino group [1, 4]. Thus, in
the early sixties, the identification of essential nutrients necessary to support human life and
health (macronutrients, micronutrients and trace elements) was almost concluded [4].

In the last half of last century, all vitamins were identified, their chemical structures were
determined and natural sources from which vitamins can be obtained were described
in detail. The biological role of each vitamin, their connections with several metabolic
pathways and human pathologies and their importance in human nutritional processes
were also quickly established [2, 4]. Besides, advances in chemical analysis/technologies
during the last three decades have provided the tools to produce vitamins in vitro (even at
large scale). Consequently, vitamins can be currently obtained by chemical synthesis, by
isolation of natural sources (fat-soluble vitamins) or by microbial biotechnology (mainly
water-soluble vitamins).

Thus, several human pathologies based on vitamins deficiency can be fully eradicated or
their prevalence decreases substantially thanks to (i) promotion of good nutrition practices
and (ii) use of dietary supplements containing mainly vitamins and trace elements. Even so,
malnutrition is still a massive problem, particularly in some geographic regions characterised
by poverty, poor nutrition understanding and practices and deficient sanitation and food
security.

During the last five decades, several scientific-technical reports have confirmed and/or sug-
gested new biological roles and properties for vitamins in human beings. Despite a large
amount of existing information, there are very few integrative studies carried out on the effect
of the vitamins on human health. In this sense, the work here presented summarises the main
recent evidences that provide an integrated and updated analysis about the effect of vita-
mins in human health. The main aim is to understand how the use of vitamins (from food or
from dietary supplements containing vitamins) can improve human health or the evolution
of some specific disease.

2. General aspects of vitamins

2.1. Definition and classification

Vitamins are organic micronutrients mainly synthesised by plants and microorganisms,
which do not provide energy. Animals are not able to synthesise them, consequently, these
essential micronutrients must be supplied by the diet in small amounts or even trace amounts
(micrograms or milligrammes per day) for the maintenance of the metabolic functions of most
animal cells [5, 6]. However, some vitamins can be synthesised in varying concentrations by
humans. Thus, vitamin D and niacin are endogenously synthesised (in the skin by exposure
to the sun or from the amino acid tryptophan, respectively) [7, 8]. On the other hand, vita-
mins such as K2, B1, B2 and biotin are synthesised by intestinal bacteria [9]. Generally, this
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endogenous synthesis is not enough to cover daily needs, so dietary intake is required [8, 10].
Most of the vitamins were identified related to the diagnosis of the diseases associated with
their deficiency [2, 11]. Thus, these diseases are termed ‘deficiency diseases’.

Two groups of vitamins are distinguished based on their solubility (fat-soluble and water-sol-
uble vitamins) [6] (Table 1). Each of these two groups exhibit significantly different physical-
chemical-biological characteristics. The alphabetic nomenclature indicates the chronology of
its discovery; however, the subsequent observation that vitamin B consisted of multiple com-
pounds, gave rise to numerical nomenclature. The gaps in numbering are due to the removal
of several substances that were initially described as vitamins [8, 10].

Besides, vitamins are also classified by their biological role, which constitutes a more scientific
approach to the current reality (Section 2.3 display details about the biological roles).

2.2. Physical-chemical properties

Each vitamin is a family of chemically related compounds that share qualitatively biological
activities and may vary in aspects related to their bioactivity and bio assimilation. Therefore,
the common name of the vitamin (i.e. vitamin A) is, in fact, a generic descriptor for all active
analogues or relevant vitamin derivatives [12]. Table 2 summarises the main physical-chemical
properties.

2.3. Biological roles

Vitamins play an important role in several metabolic pathways, acting closely associated
with many of the enzymes that catalyse the reactions involved in these metabolic processes
[10, 13, 14].

Fat-soluble vitamins Water-soluble vitamins
Vitamin A or Retinol Vitamin B1 or Thiamine
Vitamin D or Calciferol Vitamin B2 or Riboflavin
Vitamin E or a-Tocopherol Vitamin B3 or Niacin

Vitamin K or Phylloquinone Vitamin B5 or Pantothenic acid

Vitamin B6 or Pyridoxine
Vitamin B7 or Biotin
Vitamin B9 or Folic acid
Vitamin B12 or Cobalamin
Vitamin C or Ascorbic acid

Soluble in fats Soluble in water

They do not contain nitrogen They contain nitrogen (except vitamin C)

Require bile salts and fats for absorption Easily absorbed

Normally not excreted in the urine They present urinary excretion threshold (Unlikely toxicity)
No daily or usual intake is required Almost daily intake is required

Hypervitaminosis can cause toxicity Not stored in the body (Exception: vitamin B12 in liver)

Liver and adipose tissue storage

Note. Underlined: Name mainly used in the scientific literature.

Table 1. Classification and differences of vitamins based on their solubility [6].
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Using the ‘biological role’ as criteria, vitamins are classified into five groups:

* Vitamins acting as coenzymes: Bl (thiamine), B2 (riboflavin), B3 (niacin), B5 (pantothenic
acid), B6 (pyridoxine) and B7 (biotin).

¢ Antioxidant vitamins: E (a-tocopherol) and C (ascorbic acid).

¢ Vitamins showing hormonal functions: A (retinol) and D (calciferol)

* Vitamins that act in the cellular proliferation: B9 (Folic acid), B12 (cobalamin).
* The vitamins involved in coagulation: K or phylloquinone.

Thus, vitamins belonging to the group B work together at the cellular level and they are
essential for neurological functioning and central metabolism [15]. A deficient intake of
one or more than one of them may hinder the use of the other vitamins of group B. On the
other hand, antioxidant vitamins protect against cell damage caused by the oxidative attack
of free radicals reactive nitrogen species (ROS), Reactive nitrogen species (RNS), avoiding
the destruction of the body’s tissues. This group of vitamins prevent the development of a
large number of degenerative diseases, associated with ageing and oxidative stress, such as
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, cancer and myocardial infarction
(heart attack), among others [16, 17]. In addition, some vitamins assume additional endocrine
functions [18]. Consequently, the deficiency of a vitamin causes metabolic processes imbal-
ances. This fact results in clinical signs or diseases of different health impact based on the level
of deficiency. Table 3 summarises the main biological roles played by vitamins and anomalies
in human health due to vitamin excess (toxic effects in the case of liposoluble vitamins) or
vitamin deficiency.

Vitamin Biological roles Clinical signs of deficiency Toxic effects
Vitamin A Cellular repair and maintenance. ~ Xerophthalmia, night blindness, ~ Anorexia, weight loss,
(retinol) Immune response. Development  keratinization of the corneal extreme irritability,
of NS. Normal vision. Foetal epithelium, dry mucous diplopia, alopecia,
development. Reproduction. membranes headache, bone
Bone growth. Antioxidant activity. abnormalities, liver

damages, birth defects

Vitamin D Bone and dental mineralisation. Rickets (in children), osteomalacia Hypercalciuria and
(cholecalciferol) Absorption and metabolism of (in adults) and osteoporosis hypercalcemia with soft
calcium and phosphorus. tissue calcifications,
renal and cardiovascular
damage
Vitamin E Powerful antioxidant. Synthesis of Peripheral neuropathy, Haemorrhagic toxicity,
(a-tocopherol)  heme group. Antitoxic function. spinocerebellar ataxia and headache, fatigue, nausea,
pigmentary retinopathy. double vision, muscular

pains, creatinurea,
gastrointestinal distress

Vitamin K Blood clotting. Protein synthesis. =~ Haemorrhages. Menadione (synthetic

(phylloquinone) Bone metabolism form) causes liver
damage, jaundice and
haemolytic anaemia in
newborns
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Vitamin Biological roles Clinical signs of deficiency Toxic effects
VitaminB1 Macronutrient metabolism. Beriberi'. Wernicke-Korsakoff Not observed
(thiamine) Neuronal function. syndrome. Polyneuritis. Heart
failure. Anorexia and gastric atony
VitaminB2 Energy metabolism. Oral-ocular-genital syndrome?. Not observed
(riboflavin) Ocular function.
Antibody and red blood cells
formation. Mucosal maintenance.
VitaminB3 Macronutrient metabolism. Pellagra® (dermatitis, dementia Hepatotoxicity, flushing?,
(niacin) Sex hormone production. and diarrhoea). nausea, blurred vision
Glycogen synthesis. and IGT
VitaminB5 Energy metabolism. Hypertension, gastrointestinal Not observed
(pantothenic Antibody synthesis. disturbances, muscular cramps,
acid) Corticosteroid synthesis hypersensitivity, neurological
Cholesterol synthesis disorders
VitaminB6 Fat and protein metabolism Neuropathy (paraesthesia). Sensory neuropathy and
(pyridoxine) DNA and RNA synthesis Epileptiform convulsions in skin disorders.
Haemoglobin synthesis. Antibody infants. Hypochromic anaemia,
production. Electrolyte balance. seborrheic dermatitis and
Neuronal function. Conversion of  glossitis
tryptophan to niacin
VitaminB7 Energy metabolism. Cell growth ~ Dermatitis, conjunctivitis, Not observed
(biotin) Fatty acids amino acids and alopecia and abnormalities of the
glycogen synthesis CNS (depression, hallucinations
and paraesthesia)
Vitamin B9 DNA and RNA synthesis Macrocytic anaemia Neurological
(folic acid) Growth and cell division complications in people
Leukocytes and erythrocytes with vitamin B12
formation and maturation. Folic deficiency
acid metabolism
VitaminB12 Lipid and protein metabolism Hematologic (macrocytic Not observed
(cobalamin) Red blood cells maturation. anaemia), paraesthesia
Iron absorption. DNA and RNA
synthesis. Neuronal function
Vitamin C Multiple functions as coenzyme Scurvy®. Sjégren syndrome, gum  Diarrhoea and other

(ascorbic acid)

Iron absorption. Wound healing
Antioxidant. Corticosteroid
synthesis

inflammation, dyspnoea, oedema
y fatigue. Bone abnormalities,
haemorrhagic symptoms and
anaemia

gastrointestinal
disturbances

NS: Nervous system; CNS: central nervous system; IGT: impaired glucose tolerance.

'First nutritional deficiency described, typical of populations subsisting on diets in which polished (‘white’) rice is the
major food. The pathology leads to weight loss, heart disorders and neurological dysfunction.

2Affectation of the mucous membranes, tongue (glossitis), lips (cheilitis) and hypervascularization of the cornea.

*In populations subsisting on diets in which maize is the major food.

“Head and neck redness.

°Signs and symptoms include: follicular hyperkeratosis, petechial, ecchymosis, coiled broken hairs, swollen and bleeding
gums, perifollicular bleeding, joint spasm, arthralgia and altered wound healing (IOM, [18]; Combs, [10]).

Table 3. Main biological functions, clinical signs of deficiency and toxic effects (caused by excessive intake, hypervita-
minosis) of vitamins [8, 10, 14, 18-20].
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3. Recommended dietary intakes

Most foods (exceptions: sucrose, refined grains and alcoholic beverages), provide vitamins in
number and variable quantity [6]. However, there is not a single food containing all of them.
Therefore, the diets must be mixed and balanced thus supplying the vitamins at the levels
required by the body. When a food (or a diet) provides some or all the macronutrients but
does not contain the necessary vitamins, it hinders the correct metabolism. Consequently,
several official institutions around the world provide guides to recommend the optimum
values of daily vitamins intake to promote health and to eradicate deficiency diseases.

The reference values of vitamin intake, allow preventing deficiency states and hypervitamin-
osis. Table 4 shows the recommended dietary allowance (RDA) related to vitamins, which
are focused on metabolic needs in the general population, and the maximum tolerable daily
intake (UL) without risk of adverse health effects for the general population. These may vary
between countries.

Vitamin RDA UL Food sources

Vitamin A’ (retinol) 2900 IU/d* (800 pg/d) 10,000 IU/d (3000 ug/d) Liver, fish, dairy products, meat, egg
yolk, butter, darkly coloured fruits
and leafy vegetables

Vitamin D? (cholecalciferol) 600 IU/d* (15 ug/d) 2000 IU/d (50 pg) Fish liver oils, fatty fish, egg yolk,
fortified dairy products and fortified
cereals

Vitamin E (a-tocopherol) 15 mg/d 1000 mg/d Vegetable oils, unprocessed cereal

grains, nuts, fruits, vegetables, meats

Vitamin K (phylloquinone)  90-120 pg/d - Green vegetables, Brussel sprouts,
cabbage, plant oils and margarine

Vitamin B1 (thiamine) 1.2mg/d - Enriched, fortified or whole-grain
products, bread and bread products,
mixed foods whose main ingredient
is grain, cereals, potatoes, liver, pork
and eggs

Vitamin B2 (riboflavin) 1.2 mg/d - Organ meats, milk, bread products
and fortified cereals

Vitamin B3 (niacin) 15 mg/d 35 mg/d Meat, fish, poultry, enriched and
whole grain breads and bread
products, fortified cereals and

mushrooms
Vitamin B5 (pantothenic 5mg/d - Chicken, beef, potatoes, oats, cereals,
acid) tomato products, liver, kidney, yeast,

egg yolk, broccoli and whole grains

Vitamin B6 (pyridoxine) 1.3 mg/d 100 mg/d Fortified cereals, organ meats,
fortified soy-based meat substitutes
and bananas

Vitamin B7 (biotin) 30 pg/d - Liver, egg yolk, pork and vegetables
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Vitamin RDA UL Food sources

Vitamin B9 (folic acid) 400 pg/d 1000 pg/d (1 mg/d) Enriched cereal grains, dark leafy
vegetables, enriched and whole
grain breads, fortified cereals, liver

and nuts

Vitamin B12 (cobalamin) 2.4 ug/d - Fortified cereals, meat, fish and
poultry

Vitamin C (ascorbic acid) 80 mg/d 2000 mg/d Citrus fruits, tomatoes, potatoes,

Brussel sprouts, cauliflower,
broccoli, strawberries, cabbage and
spinach

*RDAs for vitamins A and D are listed in both International Units (IUs) and micrograms (mg/day) or micrograms
(ug/day). The hyphen (-) indicates that the UL is not determined due to lack of data on the adverse effects associated
with the excessive intake of these vitamins.

! The vitamin A activity in foods is thus currently expressed as retinol equivalents (RE): 1 RE is defined as 1 ug of
all-trans retinol, 6 ug of all-trans [3-carotene, or 12 ug of another provitamin A carotenoids. Or it is expressed in IU
(international units): 1 IU of vitamin A activity has been defined as equal either to 0.30 pg of all-trans retinol or to 0.60
ug of all-trans (3-carotene.

2 In the case of vitamin D, 1 pg calciferol = 40 IU of vitamin D, a value based on a minimum of sun exposure.

Table 4. Recommended dietary allowances (RDAs), tolerable upper intake level (UL) for healthy adults and main food
sources containing the vitamins described [18], https://fnic.nal.usda.gov/sites/fnic.nal.usda.gov/files/uploads/DRI_
Vitamins.pdf].

Some vitamins can be supplied as provitamins, substances without vitamin activity that when
metabolised, give rise to the formation of the corresponding vitamin [8, 12]. In some cases, it is
possible to synthesise the vitamin from dietary compounds that apparently have no relation
to it. For instance, nicotinic acid (vitamin B3) can be caused by the metabolic transformation
of the amino acid tryptophan [8] or retinol (vitamin A), which can be obtained from beta-
carotene (a pigment produced by some vegetables and microorganisms) [21].

4. Bibliographic and bibliometric analysis of the selected information.

To identify the main recent scientific-technical works about vitamins and their effect in human
beings, a bibliographic/bibliometric review has been made following PRISMA guide [22]. The
classical scheme proposed by Vilanova [23] has been used to analyse and to assess the quality
of the information obtained. The main aim of this analysis is to understand how the use of
vitamins (from food or from dietary supplements containing vitamins) can improve human
health or the evolution of some specific diseases.

To do the information search (manuscripts published during the last 27 years in English
and Spanish), general and more specific databases were selected (https://scholar.google.
es/; PubMed, http://www.ncbi.nlm.nih.gov/pubmed; Scopus, https://www.scopus.com/;
Web of Science (WOS), https://apps.webofknowledge.com/). The keywords used to do the
search were: all the names of the vitamins, ‘vitamins & human health’, ‘vitamins & biolog-
ical roles” and ‘deficiency diseases’. These terms were previously identified through the
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database ‘MeSH’ (medical subject heading) as suitable descriptors for the realisation of
this work. Combinations of these keywords with the terms ‘diet” and ‘nutrition” were also
used to identify as many sources as possible. All the following options were selected in
the databases previously mentioned: ‘Title/Abstract’, ‘article’, “clinical trial” and ‘review’.
Search finished in December 2016, the 15th. The research questions used to do the search
and to select the information were: What is new about the knowledge of the effect of
vitamins on human health? Is human health improving when multivitamin complexes
are used?

Figure 1 displays the results of the search just using the combination ‘vitamins & human
health’. Thanks to this keywords combination, 99,990 publications were identified (32,363
Pubmed; 35,127 WOS; 32,500 Scopus). About 60-77% of these publications are research arti-
cles (most of them clinical trials), 13-24% reviews and 5-11% are proceedings. Most of the
items consulted (85%) belong to the field of medicine, followed by the fields of biochemistry,
genetics and molecular biology (15%). To carry out this work, all the items were analysed by
the three authors paying special attention to reviews and clinical trials. As it can be concluded
from this figure, the last decade was particularly productive in terms of a number of publica-
tions analysing the effect of vitamins in human health or the use of vitamins as part of a treat-
ment against certain pathologies.

To address the detailed analysis of the direct effects of vitamins in human health, described by
each item identified (Figure 1), four categories or manuscripts were established: 1: experimen-
tal studies, clinical trials; 2: analytical observational studies (cohort studies; case-control stud-
ies); 3: Descriptive observational studies (series of cases; studies of incidence and prevalence);
4: Reviews, systematic reviews and/or meta-analysis. The main conclusions from this analysis
are summarised in the following section.
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Figure 1. Identification of publications of interest. Number of items reported in the last 27 years. Keywords: Vitamins
& Human health.
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5. New advances of the effect of the use of vitamins through the diet in
human health as well as the treatment of several human diseases

From the database containing the publications of interest previously mentioned, 75% of them
were analysed into detail to highlight what is new about the use of vitamins through the diet
in human health as well as their use as part of the treatment of several human diseases. Most
the publications analysed in this work suggest a possible effect of a vitamin (its derivatives,
analogues or precursors), or combinations of vitamins in human health. However, the results
presented in the majority these publications are not conclusive. Thus, most of them assume
that it is not possible to attribute with certainty the effect observed due to inconsistencies in
the design or implementation of the studies. In this sense, there are many aspects to discuss,
which are following summarised:

a) The standard method of medical science to establish and to compare the effectiveness of
a substance in human beings is the clinical trial [24]. However, despite having strict inclu-
sion criteria, these studies present some features that can affect the results. Some of the
main features that may influence the results are: genetic background and style of life of
the patient; non-specific effects and bioavailability of the vitamin/molecule tested; selec-
tion of the mechanism of action of the molecule tested; validity of the biomarkers used
to determine the effect of a compound; the sample size (population) and the duration of
the study (especially critical when the pathological condition under study takes decades
to develop). All these aspects should be taken into account when interpreting the clinical
results; otherwise, the associations observed are inadequately estimated of causality, and
consequently, a direct relationship between the administration of a vitamin and effect on
human health cannot be properly established.

b) Observational studies are easier to perform in terms of methodology, but they lack the
capacity to establish causality of phenomena.

c) The meta-analysis presents a high level of scientific evidence, especially the meta-analysis
of randomised controlled trials [24]. Meta-analysis is characterised by the high size of the
study population, and therefore, they show better clinical significance. However, as a dis-
advantage, they usually are not feasible due to the difficulties of finding trials with the
homogeneous design.

Therefore, despite a large number of publications on the vitamins and the potential uses
of multi/vitamin supplements, there is no scientific evidence of beneficial effects in human
health, beyond the prevention and/or treatment of deficiency states.

In this sense, the supplementation of food, as well as strategies to improve nutritional prac-
tises, have contributed to the eradication of deficiency diseases [25-28]. The main biological
functions, clinical signs of deficiency and toxic effects of vitamins described until the end of
the last century were previously discussed in Section 2.3 (Table 3). Recently, new correlations
between vitamins and human health have been proposed. Details about the best described
correlations between the use of vitamins on human health are following summarised:
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Vitamin A: Diet supplementation has a positive effect on the blindness and the morbid-mortal-
ity in preschool-age children living in developing countries (http://data.unicef.org/nutrition/
vitamin-a.html). Since 1960, clinical trials have shown that the disorders caused by vitamin A
deficiency in developing countries can be prevented with regular dose and this supplementa-
tion significantly reduces infant mortality [29-31]. In relation to the other observed associa-
tions between vitamin A and certain diseases (Table 5), the evidence obtained do not allow
definitive conclusions on the potential benefits of supplementation.

Vitamin D: The role of vitamin D in bone health is probably one of the better-supported rela-
tionships (Tables 3 and 5). The ‘new’ properties related to vitamin D are closely linked to the
biological function already described. Thus, several meta-analyses of randomised controlled
clinical studies conclude that vitamin D supplementation reduces the risk of falls (derived
from the bone fragility) in a 19%, the risk of hip fracture in an 18% and the risk of non-vertebral

Name of the vitamin

Diseases or health states

Name of the vitamin

Diseases or health states

Vitamin A (retinol)

Vitamin E (a-tocopherol)

Vitamin B1 (thiamine)

Vitamin B3 (niacin)

Vitamin B6 (pyridoxine)

Vitamin B9 (folic acid)

Eye diseases
Mortality
Cancer
Anaemia

CVD, cancer, mortality
Alzheimer disease,
immunity

Microalbuminuria in DM
Cardiac function

Atherosclerosis,
Dyslipidaemias, Mortality,
Diabetes, Cancer

TD, Cancer, PMS, CTS
Side effects of OCPs, CVA

Birth defects, Vascular
disease

Renal disease, Cognitive
Function, Cancer, DM,
Childhood asthma,
Childhood leukaemia

Vitamin K
(phylloquinone)

Vitamin D
(cholecalciferol)

Vitamin B2 (riboflavin)

Vitamin B5 (pantothenic
acid)

Vitamin B7 (biotin)

Vitamin B12 (cobalamin)

Vitamin C (ascorbic acid)

Bone health
CVD
Cancer
Mortality

Bone health, cancer, CVD
Hypertension
Autoimmune diseases
Pregnancy

Quality life

Pulmonary infections
Mortality

Homocysteine levels in
plasma

Cancer

Migraine

Healing
Acne
Rheumatoid arthritis

DM
Multiple sclerosis

Cognitive function
Congenital diseases

Cancer, CVD, Pulmonary
function, Cold, Stress,
AMD

AMD: Age-related macular degeneration; CTS: Carpal tunnel syndrome; CVA: stroke (cerebrovascular accident); CVD:
cardiovascular disease; DM: diabetes mellitus; OCPs: oral contraceptives; PMS: premenstrual syndrome; TD: tardive

dyskinesia.

Table 5. New associations found between vitamins (deficiency or toxicity) and diseases or health states.
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fractures in a 20% in older adults. The effect on the prevention of falls or fractures is reached
using high doses of at least 700-1000 IU/day or at least 400 IU/day, respectively [32-35]. In
addition, supplementation has been shown to have a beneficial effect on the balance and mus-
cle strength [36]. The evidence-based clinical trials suggest that supplementation with vitamin
D (1000 IU/day) helps to prevent falls and fractures in the elderly population. However, the
studies are not exempt from limitations; in general, these studies were done using supple-
ments of vitamin D combined with calcium, so the effect attributable specifically to the vitamin
D is difficult to determine. In addition, in many cases the basal levels of vitamin D and/or
calcium uptake is unknown (diet, exposure to the sun, supplements, etc.).

Vitamin B9: intervention trials with folic acid in pregnant women stated that the supplemen-
tation reduces the occurrence of neural tube defects (NTD) [37-39]. In USA for instance, the
use of folic acid supplements was legally established by the end of 1990, which reduced sig-
nificantly (20-27%) the prevalence of neural tube defects at birth [19]. Since then, the con-
sumption of 400 pg/day of folic is recommended to women who want to conceive to prevent
birth defects in the foetus [40, 41]. In relation to the other observed associations between folic
acid and certain diseases (Table 5), the evidences obtained do not make possible to attribute
potential benefits to supplementation. Besides, for all the statements about the supplementa-
tion with vitamins, there are studies that found negative evidence, including the two cases
mentioned above (vitamin D and folic acid).

In relation to the other observed associations between individual vitamins and certain dis-
eases (Table 5), the evidences do not clearly show direct effects of supplementation, either
in a positive way (prevention of chronic diseases and/or improvement of human health) or
negative (adverse effects linked to the excessive intake), due to the inadequate methodology
of the existing studies [42]. There is a need for new designs of scientific studies to reach valid
conclusions. These new designs should consider several aspects such as (i) the initial nutri-
tional status of patients, (ii) the use of homogeneous groups, (iii) the use of control groups
and (iv) control of the composition of the ingested food (as it often overestimates the amount
of vitamin because it does not consider the bioavailability).

On the other hand, population differences based on genetics could have significant
implications in terms of vitamins bio assimilation [43]. The biochemical individuality and the
lack of margins for the safety of vitamins sustain the basic premise of the toxicology ‘the dose
makes the poison’. To evaluate the therapeutic efficacy of a vitamin is essential to analyse the
dose to be administered, the form of the vitamin used (solution, microencapsulated or crys-
tallised), the source of the vitamin (synthetic or purified from natural sources), the bioavail-
ability and the interaction of a specific vitamin with other nutrients.

Summarising, the analysis set out in this work shows that ‘new’ potential benefits have been
attributable to several vitamins. However, most of them are not robustly supported by evi-
dences. In addition, the analysis suggests that the information related to individual vitamins
for the prevention and/or treatment of diseases is more consistent than that of a multivitamin
complex. In this sense, a systematic review carried out in the USA concludes that the evidence
is insufficient to support the use of multivitamin supplements to prevent chronic degenera-
tive diseases [42].
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Finally, it is not surprising that numerous studies published in more than a decade have
related some supplements (including vitamins E, C, D, A, and B) with adverse effects on
human health. A meta-analysis of 67 trials showed that supplements of vitamin E, vitamin
A and beta-carotene might be associated with a higher incidence of mortality [44]. Another
study found a higher incidence (18%) of lung cancer and mortality from all causes (8%) in
men who received beta-carotene [45]. In 2008, a large randomised controlled trial was stopped
after reporting that supplementation of vitamin E and selenium resulted in an increase in the
incidence of prostate cancer [46].

6. Use of multivitamin complexes and potential risk of hypervitaminosis

The rate of use of vitamins, minerals and other bioactive compounds available in food or
dietary supplements is increasing significantly in advanced societies, especially in USA popu-
lation, where the multivitamin complexes are the most commonly used supplements [47-49].
Several works state that currently, more than 47% of men and 59% of the women in the USA
use supplements for health benefits, and the number of users is growing significantly [50].
In Europe, the greatest consumption was observed in the countries of the north, especially in
Denmark (51.0% among men, 65.8% among women) [51].

Due to this high market demand, the number of companies producing this kind of dietary
supplements is increasing around the work (http://biomarket.cat/es/69-vitaminas; http://
salud.bayer.es/vitaminas-y-complementos-alimenticios/otras-vitaminas/; http://lifestylemar-
kets.com/vitamins-and-supplements/multivitamins/).

There are reports indicating that there could be adverse effects on human health attributable
to high consumption of multivitamin complexes. Almost 60,000 cases of toxicity by use of
vitamins are reported annually USA poison control centres [http://www. aapcc.org/annual-
reports/; [52]]. The most common adverse effects associated with excessive intake of vitamins
(hypervitaminosis) are shown in Table 3, Section 2.3. Fat-soluble vitamins, for instance, due
to its ability to accumulate in the body, have a greater potential for toxicity than water-soluble
vitamins. However, the overdose of water-soluble vitamins can also cause toxicity affecting
several body systems including the nervous system [20, 53]. Between the fat-soluble vita-
mins, the more toxic are vitamin A and vitamin D. The toxicity of vitamin A can be acute or
chronic (IOM, 2006) and high doses cause many toxic manifestations (Table 3, Section 2.3).
However, there has been no toxic effects of carotenoids (provitamin A), even when eaten in
large amounts for weeks or years [41, 54], except for an orange/yellow colouring of the skin
[55]. Vitamin D is potentially toxic, especially to small children [56]. In comparison to vita-
mins A and D, vitamin E is the least toxic when ingested orally [57]. In the case of vitamin
K, toxic effects have not been observed even intaking large amounts over a long period [41];
however, a synthetic form of Vitamin K (menadione) has been associated with liver damage,
and therefore no longer used therapeutically [18, 41].

The evidence on the safety profile of multivitamin complexes in humans has been estab-
lished through case reports. However, the data reported from these case reports do not
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allow the accurate identification of maximum tolerable intake level (U). Besides, the toxico-
logical data show that the margins of safety for multivitamin complexes intake are not yet
defined, noting toxic doses significantly different in the scientific literature. This suggests
that high doses of vitamins, especially of fat-soluble vitamins, should not be given to any
group of the population until the safety of such doses is well established and based on sci-
entific evidence.

7. Conclusion

Despite a large number of research works carried out to study the effects of vitamins in
human health during the last decades, evidences to attribute potential benefits of vitamins
supplementation on either human health or prevention and/or treatment of chronic degen-
erative diseases are still scarce. The analysis of the research works published during the last
27 years shows that it is impossible to establish robust and universal conclusions about the
benefit of vitamin supplementation on human health beyond the prevention and/or treatment
of deficiency states (stated during the second half of the twentieth century).

On the other hand, it is important to highlight the high heterogeneity in the clinical and
methodological experiments as well as in the tools used to perform these studies, which
contributes to making difficult a comparative analysis at large scale. Clinical trials of high
methodological quality and a significant number of patients are yet to come. Due to these
reasons, the widespread use of multivitamin complexes as diet supplements is still not fully
justified.

The most prudent recommendation and scientifically supported for disease prevention is to
eat a balanced diet with an emphasis on fruits and vegetables rich in antioxidants [58], since
it is through the diet it is impossible to eat excessive quantities of vitamins. This approach
minimises the risk of micronutrient deficiency or excess. However, not all individuals main-
tain a balanced diet for long periods of time. For this reason, certain circumstances (pregnant
women, infants without breastfeeding, vegetarian individuals, elderly, etc.) may require the
use of vitamin supplements under control to prevent deficiencies.

Although the potential of the vitamins in the promotion of human health is enormous, it
is necessary to assess the risk/benefit ratio in each case. There is much more research to be
done to understand the benefits of supplementation in the prevention of diseases and the
improvement of human health. Accurate studies about consumption of vitamins by country
(including aspects as sex, age, etc.) as well as about food fortification and vitamins protec-
tion and stabilisation are yet to come [28]. A greater knowledge in this area of the science of
nutrition will have an impact on clinical practice dietetics and nutrition guidelines for public
health.
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Abstract

Pulses play a significant and diverse role in the agricultural systems and diets of underpriv-
ileged populations worldwide. They are ideal produce for reducing poverty, improving
human health and nutrition, and enhancing resilience of the ecosystem. Fermentation is
a processing technique that has been used for decades to transform food produce with
improved health, functional, and nutraceutical benefits. In tandem with the United Nations’
(UN’s) sustainable development goal Number 3, fermented food products from pulses with
health benefits align with this initiative to end hunger, achieve food security, and improve
nutrition. In solidarity with the celebration of International Year of Pulses 2016 (IYP2016)
and considering the relative neglect of pulses as compared with other food groups, this
chapter would be vital in positioning pulses and fermented products from them as readily
available functional foods. With increased interest in fermentation, fermented pulse-based
foods have been identified as excellent sources of bioactive and functional foods. Thus, fer-
mented pulse-based products present a viable alternative, relatively available, affordable,
and cheap source of foods with properties beyond that of basic nutrition.

Keywords: pulses, fermented foods, functional foods, bioactive compounds

1. Introduction

Following the resolution of the UN on 20 December, 2013, the 68th general assembly declared
the year 2016 as the International Year of Pulses (IYP2016) [1], which was celebrated and
sponsored by the Department of Science and Technology (DST), South Africa, during the
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2016 Autumn International Food Safety and Security Conference hosted by the University of
Johannesburg, South Africa. This was designated as such to promote public awareness on the
usage of pulses and their potential as critical sources of plant-based proteins. The IYP2016 is
rather timely and appropriate considering the relative neglect of pulses when compared to
other crops despite its significant role pulses toward ensuring food security and nutrition.

While other processing techniques have been used for the transformation of pulses for food,
fermentation is significant because it is known to improve sensory qualities and shelf life,
reduce pathogenic microorganisms, and exert functional and health beneficial effects to food
[2-5]. Due to its benefits and subsequent findings, developments of novel pulse-based foods
through fermentation have been promoted [6]. Fermented pulse-based food contains a num-
ber of functional compounds including phytochemicals (phenolic compounds), lectins, poly-
saccharides, and phytates that confer and play significant role in health [7, 8]. In this regard,
this chapter is thus focused on fermented pulse-based foods and the substantiated health-
promoting components in them. This is vital considering the fact that these fermented foods
form basic sources of diet and primary sources of bioactive compounds in many develop-
ing and underdeveloped nations. Furthermore, considerable emerging evidence showing the
potential benefits of these fermented pulse-based foods is described.

2. Description of pulses and an overview of their composition

The name “pulses” is generally reserved for crops harvested solely for the dry seed (Table 1)
and used interchangeably with grain legumes. While all pulses are considered legumes, not
all legumes are pulses [9]. The Codex Alimentarius Commission as well as the Food and
Agricultural Organization (FAO) of the United Nations defines pulses as dry seeds of legu-
minous plants, which are usually distinguished from leguminous oilseeds with their low fat
content [1-3]. Although different pulse varieties are grown in 173 countries around the world,
11 of them are primarily recognized by FAO [9]. These are presented in Table 1 along with
their documented world production as at 2015.

Pulses are important crops that have a balanced nutritional composition and are among the
most important sources of cheap and readily available starch, carbohydrate, protein, dietary
fiber, minerals, and vitamins in food [9, 11-15]. Pulses also contain a number of bioactive com-
pounds including phytates, oligosaccharides, enzyme inhibitors, and phenolic compounds
that have been reported to positively impact health [7, 8, 16]. For human consumption, pulses
are not eaten in its raw state, but typically after subsequent food processing, including boil-
ing, cooking, puffing, grinding, germination (sprouting), and fermentation to increase their
sensorial quality, appeal, esthetic value, and use.

Plant proteins are now being regarded as excellent, versatile, and available sources of func-
tional and biologically active food components [9]. The evolution and drive toward the con-
sumption of plant proteins have been influenced by the continued need and drive of health
professionals agitating for partial replacement of animal proteins with plants that possess
better and cheaper nutritional components. Aside from other components, pulses have been
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Common name  Native name Botanical name World production®
Dry beans Kidney bean, navy bean, pinto bean Phaseolus vulgaris 27591.35

Lima bean Phaseolus lunatus

Scarlet runner bean Phaseolus coccineus

Tepary bean Phaseolus acutifolius

Adzuki (azuki) bean Vigna angularis

Mung bean, golden gram, green gram Vigna radiate

Black gram, urad Vigna mungo

Ricebean Vigna umbellate

Moth bean Vigna aconitifolia
Dry broad beans Horse bean Vicia faba equina 5568.67

Broad bean Vicia faba

Field bean Vicia faba
Dry peas Garden pea Pisum sativum var. 12536.12

Protein pea satioum

Pisum sativum var. arvense

Chickpea Bengal gram, garbanzo Cicer arietinum 13741
Dry cowpea Black-eyed pea, black eye bean Vigna unguiculata 5602.72
Pigeon pea Arhar/toor, cajan pea, Congo bean, Cajanus cajan 4890.10

gandules
Lentil Lens culinaris 4952.12
Bambara Earth pea Vigna subterranea 160.38
groundnut
Vetch Common vetch Vicia sativa 905
Lupins Lupinus sp. 1014.02
Minor pulses Lablab, hyacinth bean Lablab purpureus NA’

Jack bean Canavalia ensiformis

Sword bean Canavalia gladiate

Winged bean Psophocarpus

Velvet bean, cowitch tetragonolobus

Yam bean Mucuna pruriens var. utilis

Pachyrhizus erosus

®Production in KT obtained from Ref. [10].

*NA, not available.

Table 1. Commonly consumed pulses and world production (KT).

identified as excellent sources of plant proteins, which are accumulated during their develop-
ment [9, 17]. Pulses have been incorporated in various forms of traditional and staple diets to
supplement basic protein and energy requirements and provide functional properties benefi-
cial to human health [9, 16, 18, 19].

The most important pulses intended for human consumption include adzuki bean, black
gram, chickpea, dry broad bean, dry cowpea, field pea, mung bean, green gram kidney bean,
lentil, lupin, pigeon pea, lima bean, moth bean, and rice bean [20] with their comparative %
protein provided in Table 2. Pulses provide between 20 and 30 g of protein per 100 g, twice as
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Scientific names Common names Protein (per 100g)
Cajanus cajan Pigeon pea 21.70
Cicer arietinum Chickpea 21.70
Lens culinaris Lentils 24.63
Phaseolus lunatus Lima beans 21.46
Phaseolus vulgaris Black beans 23.58
Kidney beans 24.37
Pinto beans 21.42
Vigna angularis Adzuki beans 19.87
Vicia faba Faba beans 26.12
Vigna mungo Black gram 25.21
Vigna radiata Mung beans 23.86
Vigna mungo Vigna mungo 25.21

Table 2. Comparison of protein content of major pulse crops [21].

much as is found in grains and similar to that in meat [20]. Additionally, pulses do not contain
residues of hormones and antibiotics like it is the case with animal protein sources such as
beef and milk [1]. Nevertheless, while antibiotic and hormones might be absent, they could
possibly be contaminated with pesticide and herbicides, used during cultivation. Pulses also
possess a considerable amount of vitamins A and B along with iron, phosphorus, and calcium
and thus serve as a food of high calorie and nutritive value [1, 7, 9].

3. Fermentation and fermented pulse foods in developing nations

Pulses have been processed in developing nations for centuries using traditional processing
techniques of grinding, fermentation, steeping, germination, dehulling, etc. and prior to con-
sumption for further use. Other novel food processing including micronization, microwave
processing, high pressure processing (HPP), pulse electric field (PEF), irradiation, and extru-
sion techniques have found potential use and application for pulse processing. Nevertheless,
fermentation remains largely important for pulse processing and gaining increased attention
because of its improved functionalities, increase nutritional composition, and production of
bioactive compounds [16, 22].

Fermentation can be generally defined as a processing technique used to convert substrates into
new products through the action of microorganisms [5]. Fermentation is also used in a broader
sense for the intentional use of microorganisms to obtain useful products for humans on an
industrial scale. Such industrial products may include biomass, enzymes, primary and second-
ary metabolites, recombinant, and biotransformation products. The biochemical changes that
occur throughout the food fermentation process lead to the modification of the substrate (starch
or sugar) and production of other compounds (such as acids and alcohols) [5]. Fermentation
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improves the texture, appearance, color, flavor, shelf life, and also protein digestibility of pulses
[5, 16]. It further decreases the presence of “antinutritional factors” including phytate, lectins,
oligosaccharides, and protease inhibitors [5, 16, 23]. Especially in rural and traditional com-
munities, spontaneous fermentation is mostly used for pulse processing. However, better and
improved fermentation techniques in terms of specific strain development have been encour-
aged and introduced to improve product and nutritional quality, microbial safety, and product
yield. In addition to fermentation, other processing operations could involve baking, cooking,
and compositing, among others.

3.1. Microbiology and biochemistry of pulse fermentation

The microbiota of fermented pulse-based foods is largely dependent on temperature, pH,
water activity, type of substrate, and salt levels. The three major types of microorganisms
used during fermentation of pulses are bacteria of the genus Bacillus, lactic acid bacteria
(LABs); some fungal species (Table 3); and possibly yeasts. In majority of these pulse-based
fermented foods, the fermentation process is spontaneous (natural), and thus a mixture of
microorganisms may act parallel or sequentially. This may thus cause changing and non-
consistent products and possible production of pathogenic microorganisms and toxins [4, 5].
Nevertheless, LABs are dominant (Table 3), normally fastidious and grow willingly in most
food substrates reducing the pH rapidly to a point where other competing organisms are
no longer able to grow [24]. Several industrial fermentations have also applied LABs for the
production of functional foods and the production of enzymes/metabolites. For ages, indig-
enous or traditional fermented foods have formed an essential part of the diet and can be
prepared in the cottage industry using simple techniques and household equipment [25-27].
Fermented pulse-based foods are more abundant and available in developing nations, espe-
cially in India where it is passed on as trade secrets in the communities of certain families,
a practice protected by custom [25]. The several available fermented pulse-based foods are
summarized in Table 3.

Fermentation of pulses as with other food crops is associated with reduction of pH; changes in
carbohydrates (starch, fibers, saccharides, sugars), proteins (amino acids), and lipids; “antinu-
tritional” factors; and enzymatic degradation of different compounds [4, 5]. It also leads to
the improvement of texture, taste, and aroma of the final product. As further described in
the later section of this chapter, effect of fermentation on the composition of pulses varies;
substantial evidence suggests improvement in nutritional and beneficial composition. Aside
from various modifications, fermentation of pulses is also associated with the formation of
compounds as a result of microbial actions on endogenous compounds. Such compounds
include alcohols, ketones, organic acids, and aldehydes that further contribute to the distinct
aroma associated with fermented pulse-based foods.

3.2. Evolvement and market for fermented pulse-based foods

As earlier presented in Table 3, fermented pulse-based food products are ubiquitous in devel-
oping nations, with some being used as snacks, meal, or spices. From traditional methods of
fermentation and preparation of these foods (which are still largely common), there has been
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Product

Produce

Country of origin Microbial group responsible Mode of References

for fermentation consumption/form

Amriti

Bedvin roti

Bhallae

Condiment

Dalbari (Urad
dalbari)

Dawadawa

Dhokla

Dosa

Idli

Khaman

Maseura

Mashbari

Black gram

Black gram,
opium seeds,
or walnut

Black gram

Pigeon pea

Lentil

Local pulses

Bengal gram

Black gram

Black gram

Bengal gram
dhal or
Chickpeas

Black gram

Black gram,
spices

India

India

India

Nigeria

India

West and Central
Africa

India

India

India, Sri Lanka

India

Nepal, India

India

NR Snack [28]

NR Breakfast or [29]
snack food

Bacillus subtilis, Candida Side dish [30]
curvata, C. famata, C.
membranifaciens, C.
variovaarai, Cryptococcus
humicola, Debaryomyces
hansenii, Enterococcus faecalis,
Geotrichum candidum,
Hansenula anomala, H.
polymorpha, Kluyveromyces
marxianus, Lactobacillus
fcrmentum, Leuconostoc
mesenteroides, Pediococcus
membranaefaciens, Rhizopus
marina, Saccharomyces
cerevisiae, Trichosporon
beigelii, T. pullulans, Wingea
robertsii

NR Condiment [31]

NR Snack [32]

B. licheniformis, B. subtilis Condiment, meat [16]
substitute

B. cereus, Ent. faecalis, Leuc. ~ Snack [33-35]
mesenteroides, L. fermenti,
Tor. candida, Tor. pullulans

Bacillus sp., L. fermentum, Breakfast or [16]
Leuc. mesenteroides, snack food
Streptococcus faecalis, yeast

L. delbrueckii, L. fermentum,  Breakfast food [16]
Lactococcus lactis, Leuc.

mesenteroides, Strep. lactic,

Ped. cerevisiae, yeast

Bacillus sp., L. fermentum, Snack [33, 36, 37]
Leuc. mesenteroides, Lact.
lactis, Ped. acidilactici

B. laterosporus, B. mycoides, ~ Dry, ball like, [38]
B. pumilus, B. subtilis, C. brittle, condiment
castellii, Ent. durans, Ped.

acidilactici, Ped. pentosaceus,

L. fermentum, L. salivarius, S.

cerevisiae, Pichia burtonii

Bacillus sp. A, Lactobacillus ~ Staple food [39]

sp., S. cerevisiae
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Product Produce Country of origin Microbial group responsible Mode of References
for fermentation consumption/form
Masyaura Black gram or  Nepal, India Aspergillus niger, C. Side dish [40, 41]
green gram versatilis, Cladosporium
sp., Lactobacillus sp., Ped.
acidilactici, Ped. pentosaceus,
S. cerevisiae, Penicillium sp.
Papad Bengal gram,  India C. krusei, S. cerevisiae. Condiment or [27,37]
black gram, savory food
lentil, red or
green gram
Probiotic food Mung bean China L. plantarum B1-6 Beverage [6]
Sepubari Black gram, India Bacillus sp. A, Lactobacillus ~ Special dish in [39]
dangal, spices sp., S. cerevisiae marriage feast
Teliye mah Black gram India NR Semi solid [29]
Tempeh Chickpeas, Indonesia, New  Asp. oryzae, Rhiz. oligosporus Breakfast food or [16]
local pulses Guinea, Surinam snack
Tempe Velvet bean Indonesia Rhiz. arrhizus, Rhiz. Alkaline, solid, [42]
Benguk seeds oligosporus fried cake/
breakfast food
Tempe Kecipir  Winged bean  Indonesia Rhiz. achlamydosporus, Rhiz.  Alkaline, solid, [43]
seed arrhizus, Rhiz. oligosporus, fried cake/
Rhiz. oryzae breakfast food
Tempe Koro Jack bean seed Indonesia Rhiz. achlamydosporus, Rhiz. ~ Alkaline, solid, [43]
Pedang arrhizus, Rhiz. oryzae fried cake/
breakfast food
Vadai Black gram India Leuconostoc sp., Pediococcus ~ Paste, side dish [34]
sp., Streptococcus sp.
Wadi Black gram India L. fermentum, Spicy condiment  [27, 44]
and oil L. mesenteroides or an adjunct
for cooking
vegetables or rice
Wari Bengal gram India, Pakistan B. subtilis, Candida. sp., Snack, fried balls, [16, 45, 46]
or Black gram Cryptococcus humicolus, brittle, side dish
Debaryomyces sp., Ent.
faecalis, G. candidum, H.
anomala, KI. marxianus, L.
bulgaricus, S. cerevisiae,
Strep. thermophiles, Trich
beigelii, Win. robetsii
NR, not reported.

Table 3. Pulse-based fermented foods in developing countries.

some improvement toward the commercialization of few of these fermented pulse-based food
products. Through industrialization and the advent of new technologies, significant devel-
oped and commercially available fermented pulse-based foods are tempeh, which has evolved
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to being available as salads and burgers; dawadawa (dried and ground form); and dhokla flour.
Challenges, however, hampering the development and subsequent commercialization have
been affordability of starter cultures and inadequate access to appropriate technology. The
use of starter cultures in fermentation processes would largely assist in standardizing the
fermentation process to ensure consistency, hygiene, and improved sensory quality. The chal-
lenge of accessing commercially available starter cultures for use in traditional, rural, and
urban homes and small-scale industry is quite significant in developing nations. Related to
this is also limited access to necessary technology, equipment, and expertise for production of
fermented pulse-based foods, which is needed for development and provision of shelf-stable
products.

Considering the ever-growing increasing market for functional foods in the world, with an
increase of 25% from 2013, the global functional food market is expected to reach US$54
billion in 2017 [47]. This demand is expected to be largely driven by the need for products
with substantiated health benefits, which can address chronic diseases including obesity,
diabetes, cardiovascular diseases, and cancer. With such increase in demand coupled with
the advent of new and novel processing technologies and the wealth of ongoing research,
there is huge potential for the development of new functional products from fermented
pulses which could be subsequently commercialized. Although few of these are already
available in the market, there is still need for concerted efforts to scale up their production
and make them more readily available.

4. Major functional components in fermented pulse-based foods and
effects of fermentation on them

As indicated in the earlier sections of this chapter, aside basic nutrition, fermented pulses
are sources of important functional components that have been proven critical for human
health. These benefits can be attributed to various bioactive and health-promoting compo-
nents embedded in them [20, 48]. It should also be noted that while fermentation has been
used for ages to transform and modify pulses to products with improved benefits, studies
have only recently sought a better understanding of the modification and its effects during
pulse processing. As one would envisage, fermentation can have an effect on the bioactive
components present and subsequent health-promoting benefits derived from fermented
pulse-based foods. Examples of such major bioactive components and documented changes
are subsequently discussed in the proceeding sections of this chapter.

4.1. Phenolic compounds

Over the years, there has been an increasing interest and desire in phenolic compounds due to
their beneficial activity in relation to health. According to Duenias et al. [49], pulses are excel-
lent sources of phenolic compounds, which are largely accumulated in their hulls. The most
essential phase of phenolic metabolism is the accumulation of phenols in plant tissues, as this
is responsible for biological activity [50]. Several factors affect the concentration of phenols in
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pulses, including the degree of maturity at time of harvest, climatic and edaphic conditions,
processing (e.g., fermentation), and storage conditions [50, 51].

Phenolic compounds consist of the ~-OH bonded directly to an aromatic hydrocarbon group
and the major ones in pulses include flavonoids, tannins, saponins, and phenolic acids [16, 20].
These compounds impact pigmentation, flavor and taste in foods, and antioxidant activities
and interact with proteins as a result of their radical-scavenging capacity [52]. Studies have
shown that antioxidants contained in fermented pulses may mitigate the prevalence of some
forms of cancer [53-58]. Ademiluyi et al. [57] reported the hypoglycemic and antiacetylcholin-
esterase activities of fermented bambara in rats and attributed this to the presence of phenolic
compounds and other phytochemicals. Phenols in pulses and their fermented products have
also been reported to exhibit strong antimutagenic, anti-inflammatory, and anticarcinogenic
properties and have the capacity to modulate some important cellular enzyme functions [55,
59, 60]. Reduced levels of oxidative damage to lymphocytic DNA have also been linked to
consumption of fermented pulse-based foods rich in antioxidants [50]. Phenolic compounds
in fermented pulses have been documented to exhibit antioxidant properties. As reported by
Moktan et al. [61], idli and dhokla exhibited metal chelating, lipid peroxidation, and high free
radical-scavenging activities. Likewise, common bean and tempeh products exhibited radical-
scavenging and antioxidant activities. In an in vivo study using hypercholesterolemic mice,
the antioxidants in fermented mung bean were found to reduce the level of serum lipid and
liver enzyme profiles [62]. Epidemiological studies have repeatedly shown a positive indica-
tion regarding the increased consumption of polyphenolic-rich diets and associated reduction
of chronic human diseases [63, 64]. Clinical studies on pulses have also attested that phenolic
compounds confer some health benefits in humans, including the reduction of cardiovascular
diseases, weight management, cancer prevention, and diabetes control [65-68].

Available literature on the fermentation of pulses has documented both an increase and
decrease in the phenolic compounds. An increase in hydroxybenzoic acid and (+)-catechin
content was reported in spontaneously fermented lentils [69], while similar increase in
free soluble phenols observed during the fermentation of some underutilized pulses [55].
Conversely, a reduction of conjugated forms of ferulic acid, p-cumaric, hydroxycinnamic
derivatives, and bound phenols was observed during the fermentation of pulses [49, 55].
Surprisingly, same authors reported the synthesis of tyrosol and an increase in free quercetin
due to the hydrolysis of quercetin glucosides [49]. Nevertheless, such documented changes
have been attributed to the action of glycosidases and esterases from LABs releasing free agly-
cones, phenolic acids, hydroxyl-cinnamic acids, and less esterified proanthocyanidins and the
transformation of bound to free phenolics during fermentation [49, 55, 70-73].

4.2. Protease inhibitors, lectins, and phytates

Proteases, lectins, and phytates are group of compounds normally regarded to as minor com-
ponents of pulses. As documented by Vasconcelos and Oliveria [74] and Boye et al. [75], they
were regarded as antinutrients in the past, because they negatively affect nutrient digestibility
and alter glucose transportation. Referring to these minor components as “antinutrient” could
however be a misnomer, considering their involvement in health-promoting processes [7, 16].
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Protease inhibitors found in pulses act on either or both of the serine proteases chymotrypsin
and trypsin and are important from the nutritional point of view [7, 76]. They are found in
relatively high quantities in pulses compared to other plant foods and can be broadly clas-
sified as either Bowman-Birk or Kunitz type, based on their molecular masses and cystine
contents [75]. Inhibitors of the Kunitz type have two disulfide bridges with a molecular mass
of approximately 20 kDa and act specifically against trypsin, while the Bowman-Birk type
contains seven disulfide bridges, with a molecular mass between 8 and 10 kDa, and inhib-
its chymotrypsin and trypsin simultaneously at independent binding sites [7, 76]. Although
protease inhibitors can block chymotrypsin and trypsin activities, thus reducing protein
digestibility, the Boman-Brik family of protease inhibitors has been reported to show anti-
inflammatory and anticarcinogenic effects in human colon cancer cells [77-81].

Pulses are the main sources of lectins in everyday human diet, although fermentation is
reported to reduce the lectin content of pulses [7, 82]. Lectins are glycoproteins, which have the
ability to agglutinate red blood cell in vitro and are thus referred to as phytohaemagglutinins
[83]. Like other presumed pulse antinutrients, lectins are now being considered as important
inimmunological and cell biology, with potentials for clinical applications [7]. They can inhibit
tumor growth and exert antimicrobial, immunomodulatory, and HIV-1 reverse transcriptase
inhibitory activities [84]. In other studies, lectins are being adopted for the discovery of cancer
markers that are proteinaceous in nature via a natural glycoprotein microarray approach [7].

Phytic acid also known as inositol polyphosphate, inositol hexakisphosphate (IP6), or phytate
(when in salt form) is found within the hulls of pulses. It is known to be the main storage form
of phosphorus in plants [85]. Phytate and some of its secondary products are regarded as
antinutrients because of their active role in chelating important minerals such as magnesium,
calcium, zinc, and iron, thus contributing to mineral deficiencies [85, 86]. However, the health
benefits of phytate have been “rediscovered,” thus propelling a gradual change and perspec-
tive in its classification as an antinutrient. For example, phytic acid could play a role in regu-
lating DNA repair via nonhomologous end joining [87] and other cellular functions such as
nuclear messenger RNA export [7]. In vitro and in vivo studies of fermented pulses have also
shown that inositol hexaphosphate (InsP6, phytic acid) exhibits potent anticancer properties
(both therapeutic and preventive), tumor abrogation, host defense mechanism, and reduction
of cell proliferation [88]. Phytic acids also diminish the bioavailability of toxic heavy metals
and demonstrate antioxidant activity [89]. Phytic acid is used as a food additive (preservative)
E391 [90], though its exact intracellular physiological roles are still unclear [91].

Fermentation was reported to have reduced trypsin inhibitor activity of mucuna and faba
bean [23, 92] and was hypothesized as a consequence of bacterial proteases during the fer-
mentation [92]. In studies conducted by Akpapunam and Achinewhu [93] and Khattab and
Arntfield [94], fermentation was observed to reduce the phytic acid and trypsin inhibitor
activity in fermented pulses. Such reduction of phytate and phytic acid has been ascribed to
the endogenous phytase seeds and that of other microorganisms, which causes hydrolysis
of the phytic acid into orthophosphate and inositol and microbial degradation of the phy-
tates [93, 95, 96]. Likewise, a reduction in the lectin content of lentils fermented for 72 h was
reported by Cuadrado et al. [82]. This was ascribed by the authors to proteolytic degradation
of lectin protein and changes in lectin-protein structure [82].
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4.3. Fiber and saccharides

A thorough review of dietary fiber in pulses has been presented in the literature [97] and,
accordingly, identified as good sources of both soluble and insoluble dietary fibers. When
unprocessed, pulses could contain approximately 15-32% total dietary fiber, of which about
one-third to three-quarters is made up of insoluble fiber, while the rest is soluble fiber [66].
Soluble fibers found in pulses comprise of oligosaccharides such as pectin, stachyose, verbas-
cose, and raffinose, whereas, the insoluble ones include lignin, hemicellulose, and cellulose
[16, 98, 99]. Major health benefits linked to dietary fiber include laxation and reduced risk
of being overweight, cardiovascular diseases, and diabetes [100]. Particularly in fermented
pulses, the fiber contents can lower the risk of many diseases such as diabetes, coronary heart
diseases, obesity, and some forms of cancer [101]. Fibers (in particular insoluble fibers) pro-
vide physicochemical functionality to foods such as fecal bulking via its ability to hold and
bind liquids such as water and fat. While soluble fiber ferments in the stomach, thus enhanc-
ing colon health via lowered pH, production of short-chain fatty acids (SCFAs), and potential
microbiota changes in the colon [66, 99]. Soluble fiber has also been linked with reduction in
cholesterol levels, total and low-density lipoprotein, and insulin resistance [102].

Essentially, pulse starches contain higher amylose content with high capacity for retrograda-
tion, thus reducing starch digestion rate [103]. Slowly digestible starches and resistant starches
from pulses have been linked to management of diabetes and promotion of satiation [103, 104].
Fermented pulse-based foods such as tempeh and idli are products that have been recognized
as good sources of resistant starches, making them suitable for dietary strategies to manage
blood glucose levels [16, 105-107]. Oligosaccharides in pulses and its fermented substrates
may also be considered as prebiotics, which could be beneficial to human health [66, 108].
Pulses with their abundance of non-starch polysaccharides, oligosaccharides, and resistant
starch are low glycemic index (GI) foods with GI values within 28-52 [109-113]. According
to Yeap et al. [114], fermented mung bean products have been recommended for the manage-
ment of diabetes due to their low GI and have assisted in reducing the prevalence of diabetes
in Asia. The cardioprotective effect conferred by fermented pulse-based foods could be due
to the synergistic action of the pulse oligosaccharides, resistant starch, protein, minerals, vita-
mins, and phytochemicals [80, 115, 116]. All these beneficial properties of dietary fiber and sac-
charides have led to increased interests in its use in food formulations in the food industry [99].

Studies in literature have largely suggested that fermentation increases the digestibility of
fiber, starches, and saccharides [117-119]. Reduction or total elimination of raffinose oligosac-
charides, verbascose, and stachyose during lactic acid and fungal fermentation of pulses has
been reported in in vitro and in vivo studies [16, 120]. Yeast fermentation of peas and kidney
beans, however, resulted in increase of oligosaccharides [16]. Adewunmi and Odunfa [121]
investigated the effect of fermentation on the oligosaccharide content of two common Vigna
unguiculata beans (drum and oloyin) in West Africa and observed that the stachyose content
of drum bean slurry decreased by over 50% when fermented for 72 h using Ped. acidilactici,
Lactobacillus plantarum, and L. fermentum. Likewise, a decrease of about 67% of stachyose con-
tent of oloyin was observed when fermented under similar conditions. However, the sucrose
content of both beans was observed to increase significantly for all tested organisms under the
same fermentation conditions [121]. They attributed these observations to the a-galactosidase
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enzyme producing ability of the studied organisms which breaks down the a-1,6-glycosidic
bonds. In an earlier study by Odunfa [122], a similar observation was made when stachyose
content of locust beans fermented for 24 h decreased. The decrease was attributed to the hydro-
lyzation of the oligosaccharides to simple reducing sugars by a- and $-galactosidase [122]. In
a similar study, Tewari and Muller [45] reported a reduction from 4.4 to 0.6% of total raffinose
and stachyose concentration after fermentation of black beans and soybean with L. bulgaricus
and Streptococcus thermophiles [45]. Both increase and decrease in the fiber composition of fer-
mented pulses have been reported in the literature. A decrease in soluble and neutral dietary
fiber, cellulose, and hemicellulose in some fermented pulses was reported by Veena et al. [105]
and Granito and Alvarez [107], while an increase in total dietary fiber and lignin has equally
been reported by Veena et al. [105], Granito and Alvarez [107], and Vidal-Valverde [117].

4.4. Proteins and peptides

Pulses constitute an excellent source of dietary protein, which is accumulated during the
growth phase of the plant; hence, pulse seeds that are mature are usually high in protein
content and other nutritional components [123]. On dry weight basis, lentil, chickpea, and dry
pea contain approximately 28.6, 22, and 23.3% protein, respectively, which may vary slightly
depending on growing conditions, maturity, and variety [123, 124]. A greater part of pulse
proteins is in the form of storage proteins which fall which are categorized into glutelins,
albumins, and globulins depending on their solubility properties. Glutelins are soluble in
dilute acid and base and account for between 10 and 20% pulse proteins, albumins (water
soluble) also account for 10-20% protein in pulses, and globulins which are soluble in salt
water constitute up to 70% of the total proteins found in pulses [123-125].

Peptides on the other had are protein molecules that are smaller than 10 kDa and may occur nat-
urally or are derivatives of cryptic sequences of inherent natural proteins [126, 127]. Essentially,
they mainly are derived via hydrolysis by microbial, digestive, and plant proteolytic enzymes
[128]. Hydrolysis of pulse proteins occurs during fermentation, which alters protein function-
ality through the modification of physical size as well as its surface chemical properties [129].
Bioactive peptides formed during this process can show multifunctional characteristics and con-
fer positive effects on human health through various influences on the gastrointestinal, cardio-
vascular, nervous, and immunological [130]. Peptides and hydrolysates from mug bean, pea,
and chickpea have been investigated for various therapeutic activities such as antioxidant capac-
ity, copper-chelating activity, and enhancement of mineral absorption/bioavailability, antiprolif-
erative and antimicrobial properties, and angiotensin-converting enzyme (ACE) activity [131].

Protein and their adhering/conjugated peptides are significant minor components in fermented
pulse-based foods. The hydrolysis of these compounds during fermentation can affect pro-
tein functionality through a modification of the protein chemical properties and physical size,
increase in the number of ionisable amino and carboxylic groups leading to increased protein sol-
ubility, water holding capacity, and the formation smaller peptide fragments [66, 129, 132, 133].

In a study conducted by Xiao et al. [133] on solid-state fermentation of chickpea flour with
Cordyceps militaris, the authors observed increased amounts of true protein, crude protein, and
essential amino acids, and further analysis showed that proteins contained in fermented chick-
peas were predominantly composed of lower molecular mass than that of the unfermented
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chickpeas. Results from the same study revealed that protein digestibility, water absorption
index, fat absorption capacity, and emulsification capacity were also enhanced by fermenta-
tion. Lee et al. [134] observed the formation of bioactive peptides as a result of proteolysis
during fermentation. Likewise, the production of angiotensin I-converting enzyme (ACE) was
reported during fermentation of mung bean [6]. Jung et al. [135] availed that enhanced emul-
sification capacity observed in fermented pulses is due to the yield of low-molecular-mass
peptides which have the ability to easily migrate to the water-oil interface, hence resulting in
a more stable emulsion. These changes in functionalities, however, depend on the degree of
hydrolysis and on the nature of the proteins [130].

Other important nutritive and nonnutritive bioactive components of fermented pulses include
phytosterols, vitamins, minerals, squalene, saponins, defensins, phytoestrogens, and fatty acids.
Detailed description of these other components can be found in documented studies in the lit-
erature [7, 16, 136-138]. Nonetheless, other substantiated health benefits of fermented pulses
include anticancer activities, reduction of aging and stress, probiotic effects, reduces the risk of
chronic diseases, and the general improvement of human well-being [16, 20, 65, 116, 139-142].

5. Development of novel functional foods from fermented pulses

As indicated early on in this chapter, fermentation of pulses to obtain different products gen-
erates vital molecules including bioactive peptides, phytochemicals, fibers, saccharides, and
other compounds with substantiated health benefits. This thus opens doors for the devel-
opment of novel foods from these food crops. Although conventional functional fermented
foods are saturated with products from cereals and dairy, nondairy foods are gradually gain-
ing global prominence. Coupled with the strict religious/dietary requirements of certain pop-
ulations in the developing nations and the continued demand and drive for consumption of
vegetable proteins, fermented pulse-based foods offer an excellent substitute in this regard.
In addition, they should also be explored as technological ingredients for the development
of new and novel, healthy foods. As earlier indicated, few of these fermented pulse-based
foods commercially exist, but there is still a huge potential and opportunity for the develop-
ment of novel functional fermented pulse-based food products with improved functionality.
With the advent of different innovative technologies, fermented pulse-based foods have enor-
mous prospects and potential for the delivery of functional foods to the populace and intend-
ing consumers. With the provision of such, it is envisaged that consumers may be willing
to pay for such products with improved functionalities and quality. While these fermented
pulse-based functional foods offer considerable market potential, studies and detailed in vivo
experiments must be properly done prior to commercialization of such novel products.

6. Conclusion and future prospects

Owing to their relative availability, pulses are recognized as significant sources of food.
Nevertheless, they areregarded as “food forthe poor” inmostdeveloping nations. Fermentation
as a food processing technique can improve the quality and other health-promoting benefits
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of pulses. As evident from earlier studies reviewed herein, consumption of such fermented
pulse-based foods would thus be beneficial and largely contribute to nutrition and food secu-
rity. Although these fermented pulse-based foods are readily available, the daily per capita
consumption in traditional settings has been declining in recent years, and this is ironically
associated with an increase of chronic diseases plaguing both developing and developed
countries. While some of the inherent bioactive compounds in fermented pulse-based foods
could possibly inhibit nutrient availability, fermentation can effectively reduce their abil-
ity to do this, thus ensuring that the bioactive compounds present confer some functional
activities.

There is an existing potential market for functional foods, but the availability of shelf-stable
products can hinder their prospects. As such, mechanisms to ensure access to technology
and expertise among local and small-scale food processors should be enhanced. Although
cost might hinder the provision of commercially available starter cultures, delivery of such
starter cultures for improved and effective fermentation could be achieved using dried forms
of previous fermented products (with viable fermenting organisms), for subsequent use. Most
importantly increasing awareness of pulses and subsequent fermented products from such
crops as sources of functional and health-promoting foods would be the role of government,
nongovernmental organizations, and other relevant stakeholders within the health and other
related sectors. This will to a large extent ensure that developing nations achieve the much-
needed and envisaged food and nutrition security.
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Abstract

Legumes are valued worldwide as a sustainable and inexpensive meat alternative and
are considered the second most important food source after cereals. Legumes are nutri-
tionally valuable, providing proteins (20-45%) with essential amino acids, complex car-
bohydrates (+60%) and dietary fibre (5-37%). Legumes also have no cholesterol and are
generally low in fat, with £5% energy from fat, with the exception of peanuts (+45%),
chickpeas (+15%) and soybeans (+47%) and provide essential minerals and vitamins. In
addition to their nutritional superiority, legumes have also been ascribed economical,
cultural, physiological and medicinal roles owing to their possession of beneficial bioac-
tive compounds. Research has shown that most of the bioactive compounds in legumes
possess antioxidant properties, which play a role in the prevention of some cancers,
heart diseases, osteoporosis and other degenerative diseases. Because of their composi-
tion, legumes are attractive to health conscious consumers, celiac and diabetic patients as
well as consumers concerned with weight management. The incorporation of legumes in
diets, especially in developing countries, could play a major role in eradicating protein-
energy malnutrition especially in developing Afro-Asian countries. Legumes could be a
base for the development of many functional foods to promote human health.

Keywords: legumes, nutrition, bioactive compounds, food security, proteins,
micronutrients, malnutrition

1. Introduction

Legumes are plants belonging to the family Leguminosae also called as Fabaceae that produce
seeds within a pod [1, 2]. Leguminosae is a large family with over 18,000 species of climbers,
herbs, shrubs and trees of which only a limited number is used as human food. Common
legumes used for human consumption include peas, broad beans, lentils, soybeans, lupins,
lotus, sprouts, mung bean, green beans and peanuts and are referred to as grain legumes or
food legumes [3, 4]. A variety of legumes are shown in Figure 1.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1. A variety of legumes [5].

Food legumes are divided into two groups, namely oil seeds and pulses. The former being
legumes with high oil content such as soybean and peanuts and the latter being all dry seeds of
cultivated legumes used as traditional food [4]. The Food and Agriculture Organisation of the
United Nations [5] recognises 11 primary leguminous classes (Table 1). Legumes are believed
to be one of the first crops cultivated by mankind and have remained a staple food for many
cultures all over the world [2]. These seeds are valued worldwide as an inexpensive meat alter-
native and are considered the second most important food source after cereals [2]. Legumes are
nutritionally valuable, providing proteins with essential amino acids, complex carbohydrates,
dietary fibre, unsaturated fats, vitamins and essential minerals for the human diet [6-8]. In addi-
tion to their nutritional superiority, legumes have also been ascribed economical, cultural, phys-
iological and medicinal roles owing to their possession of beneficial bioactive compounds [9].

The consumption of legumes has also been reported to be associated with numerous benefi-
cial health attributes [10] such as hypocholesterolemic, antiatherogenic, anticarcinogenic and
hypoglycemic properties [11].

Legumes have proven to be a cheap source of nutrients as well as a potential source of income
for subsistence farmers who cultivate legumes at household level. They are excellent crops for
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Class

Examples of legumes

Dry beans (mainly species of Phaseolus
and some beans classified as Vigna)

Kidney, haricot bean (Ph. vulgaris), lima, butter bean (Ph.
lunatus), adzuki bean (Ph. angularis), mungo bean, golden,
green gram (Ph. aureus), black gram, urd (Ph. mungo), scarlet
runner bean (Ph. coccineus), rice bean (Ph. calcaratus), moth
bean (Ph. aconitifolius), tepary bean (Ph. acutifolius)

2 Dry broad beans (Vicia faba) Horse-bean (Vicia faba equina), broad bean (Vicia faba major), field
bean (Vicia faba minor)

3 Dry peas (Pisum spp.) Garden pea (Pisum sativum), field pea (P. arvense)

4 Chickpeas Chickpea, Bengal gram, garbanzos (Cicer arietinum)

5 Dry cow peas Cowpea, blackeye pea/bean (Vigna sinensis; Dolichos sinensis)

6 Pigeon peas Pigeon pea, cajan pea, Congo bean (Cajanus cajan)

7 Lentils Lentils (Lens culinaris)

8 Bambara beans Bambara groundnut (Vigna subterranean (L.) Verdc), earth pea
(Voandzeia subterranea)

9 Vetches (Vicia sativa) Spring/common vetch

10 Lupins (Lupinus spp.) Bitter lupin, sweet lupin

11 Minor pulses (Legumes not identified lablab or hyacinth bean (Dolichos spp.), jack/sword bean

separately due to their minor relevance at
international level)

(Canavalia spp.), winged bean (Psophocarpus tetragonolobus),
guar bean (Cyamopsis tetragonoloba), velvet bean (Stizolobium
spp.), yam bean (Pachyrrhizus erosus)

Table 1. Classification of legumes.

local farmers that do not afford expensive irrigation systems and fertilisers. This is because
legumes thrive in poor soils and adverse weather conditions, are highly disease and pest
resistant, are cover crops; therefore, reduce soil erosion and have a symbiotic relationship
with the nitrogen-fixing rhizopus resident in their root nodules, thus making them excellent
rotation crops [12, 13].

It is of utmost importance to increase the utilisation of legumes and to introduce new legume-
based products that will be affordable to low-income groups as a way to reduce poverty and
alleviate malnutrition. Protein-energy malnutrition (PEM) is a major nutritional syndrome
affecting over 170 million preschool children and lactating women in developing African and
Asian countries [1, 12, 14]. The prevalence of PEM can be attributed to many factors such
as the high price of animal protein (eggs, meat and milk), the staple cereal-based diet and
the ever increasing price of food commodities becoming unaffordable to the lower income
groups. Although, high protein legumes such as soybean and cowpea are available to con-
sumers, their consumption rate surpasses their production rate; thus, an ever increasing
demand has been observed [12]

The nutritional demand of legumes is increasing worldwide because of increased consumer
awareness of their nutritional and health benefits. Furthermore, recent years have seen
more people substituting animal protein with vegetable protein; thus, further increasing
the demand for legumes as they are the chief source of plant proteins. To meet this demand,
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there is a need to direct attention to the nutritional profiling of various legumes, increase the
utilisation of underutilised legumes, produce cheap, innovative value-added products from
legumes, educate consumers on the nutritional value of legumes as well as find new ways
of encouraging the use of existing legumes. Figure 2 shows a comparison of the proximate
composition of five common cereal grains and five common legumes. From the graph, it is
evident that legumes have higher amounts of protein and dietary fibre than cereals.
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Figure 2. A comparison of the proximate composition of some common cereal grains and legumes [15, 16].
2. Protein content of legumes

Legumes are an excellent source of good quality protein with 20-45% protein that is generally
rich in the essential amino acid lysine [9]. Peas and beans are on the lower side of the range with
17-20% proteins while lupins and soybeans are on the higher end of the range with 38-45% protein
[2, 15]. Legumes have higher protein content than most plant foods with about twice the protein
content of cereals (Figure 2) [2, 17, 18]. The high protein content of legumes can be attributed to
their association with the activity of the nitrogen-fixing bacteria in their roots, which converts the
unusable nitrogen gas into ammonium which the plant then incorporates into protein synthesis.

Leguminous proteins, except soy protein (Table 2), are however low in the essential sulphur-
containing amino acids (SCAA), methionine, cystine and cysteine as well as in tryptophan
(Table 2) and are therefore considered to be an incomplete source of protein [2]. The main
fractions of leguminous protein are albumins and globulins which can be divided into two
groups, namely vialin and legumin. Vialin is the major protein group in most legumes and is
characterised by a low content of SCAA, thus explaining the low levels of SCAA in legumes
[18]. The low level of SCAA in legumes is not completely a negative factor as it results in
increased calcium retention. Hydrogen ions produced from the breakdown of SCAA cause the
demineralisation of the bone and thus excretion of calcium in the urine. Therefore, leguminous
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protein may improve calcium retention in comparison with high SCAA proteins of animal or
cereal origin. Legume protein has also been reported to contribute to the reduction of low den-
sity lipoproteins, a known factor in the development of coronary heart diseases [9].

Legumes and cereals complement each other in terms of protein as cereals are high in SCAA
(low in legumes) and have low in lysine (high in legumes) [1]. As such, protein quality is
significantly improved when legumes are eaten in combination with cereals [18]. For nutri-
tional balance, legumes and cereals are to be consumed in the ratio 35:65 [4]. Legumes are
particularly important in vegetarian diets as they are the chief source protein and also provide
vitamins and minerals [18]. For vegetarians to get a good balance of amino acids, their diets
need to combine legumes with cereals. Common examples of such combinations are dhal with
rice in India, beans with corn tortillas in Mexico, tofu with rice in Asia, peanut butter with
bread in the USA and Australia [17], samp and beans (South Africa), Bambara groundnut and
maize kernels (Zimbabwe), maize meal pap with beans (Southern Africa) and rice and beans
(Southern Africa, Latin America). Table 2 shows the amino acid profiles of several legumes.

3. Classification of carbohydrates in relation to legumes

Legumes are a source of complex, energy giving carbohydrates [17] with up to 60% carbohy-
drates (dry weight). Leguminous starch is digested slower than starch from cereals and tubers.
As such, legumes have a low glycemic index (GI) rating for blood glucose control [9, 14] making
them suitable for consumption by diabetic patients and those with an elevated risk of develop-
ing diabetes. Furthermore, legumes are gluten free, making them suitable for consumption by
celiac disease patients or individuals sensitive to the proteins gliadin and glutenin [18]. Generally,
legumes are important for individuals seeking a healthy, disease free lifestyle [8]. Legume starch
isolates have been employed as thickeners in soups and gravies in the food industry [9].

Legumes are also a valuable source of dietary fibre (5-37%), containing significant amounts
of both soluble and insoluble dietary fibre [2, 9, 17]. The monomers in legume dietary fibres
include glucose, galactose, fucose, arabinose, rhamnose, xylose and mannose. Legumes also
contain significant amounts of resistant starch and oligosaccharides, mainly raffinose, which
have been reported to possess prebiotic properties [2]. These are fermented by probiotics to
short chain fatty acids improving colonic health and reducing the risk of colon cancer. High
dietary fibre diets are associated with many health benefits. These include the prevention and
possible treatment of diseases and conditions like constipation, obesity, diabetes, heart compli-
cations, piles and some cancers [21-23]. In addition, dietary fibre, particularly soluble dietary
fibre, has the ability to lower blood cholesterol, improve glucose tolerance and reduce glycae-
mic response by forming a protective gel lining along the intestinal walls thus reducing glu-
cose and cholesterol assimilation into the bloodstream [22, 24, 25]. Insoluble dietary fibres are
porous, have low densities, increase faecal bulk and promote normal laxation [26-28]. As such,
legumes are an invaluable component of the human diet. Dietary fibre fractions from legumes
have found use in the bakery, meat, extruded products and beverage industries as stabilisers,
texturing agents, fortifiers, bulking agents, fat replacers and emulsion stabilisers [9, 10, 15, 17].
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4. Fat and fatty acid composition of legumes

Legumes have no cholesterol and are generally low in fat, with +5% energy from fat [10] with
the exception of peanuts (+45%), chickpeas (+15%) and soybeans (+47%). The fat in legumes
constitutes of significant amounts of mono- and polyunsaturated fatty acids (PUFA) and vir-
tually no saturated fatty acids [2]. The highest amount of PUFA (71.1%) and monounsaturated
fatty acids (34%) are reported in kidney beans and chickpeas, respectively [2]. The PUFAs
present in some legumes include the essential omega-6 linoleic acid (C18:2, w 6) and omega-3
alpha-linolenic acid (C18:3, w-3). These PUFAs are essential for human health and since the
human body cannot synthesise them, they must be included in the diet [18].

5. Clustering of legumes depending on their proximate composition

Using K-means cluster, 22 legumes were grouped into 3 cluster centres as shown in Table 3.
Cluster 1 represented legumes that are high in carbohydrates (+63.8%), average in protein
(£25.4%), low in fat (+2.6%) and low in dietary fibre (+9.3%). Cluster 2 represented legumes
that are average in carbohydrates (+37.1%), high in protein (+36.1%), average in fat (+14.1%)
and high in dietary fibre (+17.7%). Cluster 3 represented legumes that are low in carbohy-
drates (£19.3%), low in protein (+18.7%), high in fat (+55.0%) and average in dietary fibre
(¥13.3%).

Of the 22 legumes, 6% of the legumes fell into cluster 1, 18% into cluster 2 and 5% into cluster
3. Sword bean fell into clusters 1 and 2, hyacinth fell into clusters 1 and 3 and groundnut fell
into clusters 2 and 3. It can be concluded that the majority of legumes are high in carbohy-
drates hence are high in energy, are a source of protein because even the cluster that is “low”
in protein provides up to 19% protein which is significantly high and are low in fat with the
exception of groundnut, hyacinth, lupins, soybean and sword bean.

Cluster
1 2 3
Carbohydrate (%) 63.78 37.10 19.33
Protein (%) 25.44 36.09 18.73
Fat (%) 2.58 14.11 55.03
Dietary fibre (%) 9.32 17.72 13.28
Legumes Adzuki bean, Green gram, Black gram, Pigeon Sweet lupin, Bitter Groundnut,
pea, Cowpea, Lima bean, Broad bean, Kidney lupin, Soybean, Sword Hyacinth
bean, Mung bean, African yam bean, Bambara bean, Groundnut

groundnut, Lentil, Sword bean, Black velvet bean,
White velvet bean, Pinto, Chickpea, Hyacinth

Table 3. Cluster centres for 22 legumes.
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6. Micronutrients in legumes

Legumes are a good source of B-group vitamins such as folate, thiamin and riboflavin but
are a poor source of fat soluble vitamins and vitamin C [2]. Folate is an essential nutrient
and has also been reported to reduce the risk of neural tube defects like spina bifida in
newly born babies [10, 18]. Legumes are also sources of the essential minerals zinc, iron, cal-
cium, selenium, phosphorus, copper, potassium, magnesium and chromium [2, 29]. These
micronutrients play important physiological roles such as bone health (calcium), enzyme
activity and iron metabolism (copper), carbohydrate and lipid metabolism (chromium,
zinc), haemoglobin synthesis (iron) as well as antioxidative activity, protein synthesis and
plasma membrane stabilisation (zinc) [30]. Generally, legumes are low in sodium and this
is desirable considering the recent trends encouraging sodium reduction [17, 31]. Although,
legumes have high iron contents, the bioavailability of the iron is poor hence diminishing
the value of legumes as a source of iron [10]. However, if legumes are consumed in combina-
tion with vitamin C rich foods, the absorption of iron is increased. In this manner, the high
iron content would play a major role in the prevention of anaemia especially in women of
reproductive age.

7. Bioactive compounds and non-nutrients in legumes

Legumes contain non-nutrient bioactive compounds such as phytochemicals and antioxi-
dants [18]. These include isoflavones, lignans, protease inhibitors, trypsin and chymotryp-
sin inhibitors, saponins, alkaloids, phytoestrogens and phytates. Most of these chemicals are
termed ‘anti-nutrients’ and although they are non-toxic, they generate adverse physiological
effects and interfere with protein digestibility and the bioavailability of some minerals [32].
Most of these anti-nutrients are heat labile and since legumes are consumed after cooking,
they do not pose a health hazard [32]. Legumes can also be detoxified by dehulling, soaking,
boiling, steaming, sprouting, roasting and fermentation prior to processing [11].

Research has shown that most of these non-nutrients are phytochemicals with antioxidant
properties which play a role in the prevention of some cancers, heart diseases, osteoporosis
and other chronic degenerative diseases [8, 10]. The quantities of some non-nutrients present
in legumes are given in Table 4. The antioxidant capacity of legumes allows them to inhibit
or slow down oxidative processes which are largely responsible for degenerative diseases by
interacting and scavenging free radicals and reactive oxygen species, chelating metal cata-
lysts, activating antioxidant enzymes as well as inhibiting oxidases [22]. As such, the incorpo-
ration of legumes into human diets all over the world could offer protection against chronic
diseases [33]. Therefore, legumes, especially underutilised legumes, should be explored for
the development of innovative, value-added products (Figure 3).

Saponins and glycosides are another group of bioactive compounds present in legumes such
as lentils, chickpeas, soy bean and peas. These compounds form insoluble complexes with
3-B-hydroxysteroids and form micelles with bile acid and cholesterol; thus, facilitating their
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Legume Polyphenols (%) Phytic acid (%) Tannins (%) a-Galactosides (%)
Common bean 0.3 1.0 0 3.1
(white)

Common bean 1.0 11 0.5 3.0
(Brown)

Pea 0.2 0.9 0.1 5.9
Lentils 0.8 0.6 0.1 35
Faba bean 0.8 1.0 0.5 29
Chickpea 0.5 0.5 0 3.8
Soybean 0.4 1.0 0.1 4.0
Pigeon pea 0.2 0.1 0 0

Table 4. Some non-nutrients present in common legumes (% dry matter) [34, 35].

excretion from the human body. These compounds have also been reported to possess hypo-
cholesterolemic and anticarcinogenic activity [2].

Other important bioactive compounds found in legumes include polyphenols and their deriv-
atives such as flavanols, flavan-3-ols, anthocyanins/anthocyanidins, condensed tannins/pro-
anthocyanidins and tocopherols [32]. The concentration of polyphenols such as glutathione
and tocopherols in legumes ranges from 321 to 2404 pg/100 g. Although, tannins are generally
considered undesirable because they render protein indigestible, recent studies have shown

Figure 3. Potential of legumes in the production of value-added products.
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their consumption to have an inverse correlation to the incidence of biological molecule
(DNA, lipids and proteins) damage due to their reducing nature [11]. Legumes with coloured
seed coats such as Bambara groundnut, black bean, red kidney bean and black gram, have
long been associated with antioxidant and anticarcinogenic activity [2]. It is believed that the
denser the colour of the seed coat, the higher the antioxidant activity.

7.1. Oligosaccharides

Most legumes contain up to 50 mg/g total oligosaccharides. Oligosaccharides are respon-
sible for flatulence widely associated with the consumption of legumes. The absence of an
a-galactosidase enzyme in the human gastrointestinal tract to cleave the a-1,6 galactose linkage
in galactoside-containing oligosaccharides such as raffinose and stachyose means these oligo-
saccharides pass undigested to the colon where they are metabolised by bacteria forming large
amounts of carbon dioxide, hydrogen and methane. These gases may cause bloating and gas-
tric discomfort and are expelled from the body as flatulence. However, although the oligosac-
charides in legumes are viewed negatively, their beneficial attributes outweigh their negative
properties [10]. Oligosaccharides are prebiotic in nature and therefore, promote the growth of
the probiotics, Bifidobacteria spp, which play a major role in the maintenance of a healthy colon.
In Japan, soybean oligosaccharides have been suggested as a substitute for table sugar [10].

8. Legume consumption around the world

Legumes play an important role in many diets all over the world and are especially important
in developing/third world countries in Africa, Latin America and Asia. Legumes have been
labelled the ‘poor man's meat’ and this statement seems to hold some truth as observed in the
consumption distribution in different regions, with an inverse relation between legume con-
sumption and income being observed [10]. Emerging research is however changing the label of
legumes to “health food”, encouraging their inclusion in the diets of even affluent people [2].
Legumes have been used in the production of various commercial products such as textured
vegetable protein (TVP), tofu, soy sauce, soy paste and curry. Some by-products of legumes
include dietary fibre, single cell proteins, citric acid and enzymes. Legumes can be incorporated
in various ways to increase their acceptance in balanced nutritious diets [8] as shown in Table 5.

Common name Food uses

Soybean (Glycine max) Asian dishes (tofu, natto miso), roasted snacks, milk, yoghurt, sprouted
beans, curd, yuba, soy sauce, soy paste, TVP

Black gram (Vigna mungo) Dhal, fermented products (idli, dosa, papad)
Lentils (Lens culinaris) Dhal, papadums
Peas (Pisum sativum) Soup, dhal

Peanut/Groundnut (Arachis hypogaea) Peanut butter, peanut bar, flour, roasted/boiled snacks
Adzuki beans (Vigna angularis) Japanese desserts and confections, soup ingredients for therapeutic purposes

Anasazi beans (Phaseolus vulgaris) Boiled meal, snack, soup
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Common name

Food uses

Black-eyed peas (Vigna unguiculata)

Chickpea (Cicer arietinum)

Kidney beans (Phaseolus vulgaris)
Lentils (Lens culinaris)
Lima beans (Phaseolus lunatus)

Mung beans/Green gram (Vigna
radiate)

Navy beans (Phaseolus vulgaris)
Black turtle beans (Phaseolus vulgaris)
Pinto beans (Phaseolus vulgaris)

Bambara groundnut (Vigna
subterranean (L). Verdc)

Yam bean (Pachyrhizus spp)
Lupins (Lupinus spp)
Rice bean (Vigna umbellate)

Winged bean (Psophocarpus
tetragonalobus)

Faba bean (Vicia faba)

Sword bean (Canavalia gladiate)
Hyacinth bean (Lablab purpureus)
Velvet bean (Mucuna monosperma)

African Yam bean (Sphenostylis.
stenocarpa)

Tamarind (Tamarindus indica)

Marama bean (Tylosema esculentumnt)

Boiled snack/part of meal, fried cake akara, steamed pudding moi moi in West
Africa

Middle Eastern and Mediterranean foods such as falafel and hummus,
Boiled/fried/cooked/crushed snacks, dhal, curry, flour used in bread making,
fermented food (dhokla)

Ingredient in Mexican chili; most-consumed legume in America
Soups and stews; most important legume in India
Cooked whole

Bean sprouts, cooked whole or with sugar into a dessert, soup, flour used for
baking, transparent noodles, patties, sweets

Baked beans
Bean soup popular in latin American cuisine
Fried beans

Boiled whole or split, soups, milk, yoghurt, boiled/fried/cooked/crushed
snacks, commercially canned in gravy, flour used in bread making

Tubers used as vegetables
High protein seeds
Boiled seeds, fodder

Boiled seeds

Whole food

Mature beans and dried seeds used as food and for medicinal purposes
Popular in south Asian dishes

Seeds used as food and for pharmaceutical application

Bean seeds usually eaten alone or in combination with other foods

Pulp used for food and beverage preparation, flour used as soup thickener,
remedy in diarrhoea and dysentery

High nutritional value food

Table 5. Various ways in which legumes are eaten around the world [2, 19, 36-39].

9. Role of legumes in human health and food security

Many diseases of lifestyle are a result of a poor diet, high in animal products and low in plant mat-
ter. Legumes are high in dietary fibre, high in complex, low glycemic carbohydrates, high in bio-
active compounds, low in saturated fat and no cholesterol (Figure 4). These dietary components
promote health and longevity by decreasing insulin production and preventing chronic diseases
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such as diabetes, cancer, cardiovascular disease and obesity. As such, a legume-based diet can
result in a longer, healthier life.

Although, legumes are the second most important crops after cereals, the inadequacy of the
knowledge of their nutritional and functional benefits has resulted in them not being given
enough attention. Therefore, future studies should look into harnessing the many desirable
properties (Figure 4) of legumes in the development of inexpensive legume products that
are available to all income groups [39]. Most legumes are cultivated by low-income groups
at household level. The increased use of legumes would increase their demand and in turn
would encourage local farmers to increase legume production, hence resulting in increased
financial stability and food security. The functional properties (Figure 4) of legumes such as
water binding, oil binding, emulsion stabilisation and gelling could be harnessed in the devel-
opment of various food products. There is urgent need to educate communities worldwide
about the nutritional value of legumes, methods of detoxifying legumes of anti-nutrients and
various methods of making legumes more attractive to consumers. In addition, genetic modi-
fication could be explored in developing transgenic leguminous species that cook faster and
have low levels of anti-nutrients.

Taking their nutritional superiority into consideration, it is expected that dieticians and nutri-
tionists encourage the public through mass media such as television, press and radio, to
increase their consumption of legumes.

—

Antidiabetic and
anticancer

A\ propertes

High protein

High dietary .

fibre

Source of Low glyceamic
'\\Tinmnulriinh index _//f
—
High in energy

Figure 4. Desirable attributes of legumes.
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10. Why underutilised legumes should be given more attention

Underutilised legumes also known as orphan crops, neglected crops or lesser crops such as
Bambara groundnut, African locust bean, African yam bean, pigeon pea, kidney bean, lima bean
and marama bean deserve to be given more attention [40]. Most of these underutilised legumes
thrive in adverse conditions, are nutritionally superior and yield more than common legumes [40].

There is a pressing need in developing/poor countries such as those in sub Saharan Africa,
for readily available, affordable, nutritional rich food supplements to cater for the ever
increasing population. Underutilised legumes could be the answer to this demand. Most
are cultivated only at household level as secondary crops. As such effort should be directed
towards conducting extensive research to extend both technical and practical knowledge
about these legumes so that their full potential may be achieved. These legumes’ high nutri-
tional could largely contribute to combating malnutrition [13]. It is envisaged that under-
utilised legumes could have an abundant amount of undiscovered bioactive compounds
that could be employed in the production of therapeutic, affordable, functional foods. The
increased use of underutilised legumes could reduce the overutilisation of common legumes
such as soybean.

11. Constraints associated with the utilisation of legumes and possible
solutions

Several factors contribute to the limited use of legumes. These include the presence of anti-
nutrients, myths about legume consumption, their association with bloating and flatulence as
well as their hard-to-cook phenomenon. There is a need to educate consumers about meth-
ods in which these negative properties of legumes can be reduced or removed completely.
Processing methods such as soaking, germination, fermentation and cooking have been
reported to detoxify the legume seed. Soaking prior to cooking also softens the seeds, signifi-
cantly reducing cooking time.

Low yields, poor seed availability, lack of market, significant labour requirement at maturity,
lack of awareness of indigenous legumes and the lack of convenient food applications also
contribute to the low utilisation of some legumes [9]. The development of new legume prod-
ucts could lead to a higher demand of legumes hence prompting local farmers to increase
the production of these legumes for commercial purposes [37]. To overcome the discomfort
and embarrassment associated with bloating and flatulence caused by oligosaccharides, com-
mercial digestive aids such as Beano (AkPharma Inc, Pleasantville, NJ) have been developed.
These digestive aids contain the enzyme a-galactosidase, which breaks down the oligosaccha-
rides, therefore avoiding gas production in the large intestines. Rinsing legumes and chang-
ing the boiling water several times also significantly reduces the amount of oligosaccharides
in legumes. Several methods of overcoming constraints that limit the use of legumes are given
in Table 6.
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Constraint

Negative effect

Solution

Trypsin inhibitors and amylase
inhibitors

Phytate

Lectins, saponins

Oligosaccharides

Hard-to-cook phenomenon

Lack of convenient food
applications

Low levels of sulphur-
containing amino acids

Lack of awareness,
understanding and knowledge
of nutritional value of legumes

Beliefs and taboos—for
example, eating groundnuts
can cause stomach upset

Reluctance to try a new kind of

Decreases protein digestibility and
starch digestibility

Chelates with minerals resulting in
poor mineral bioavailability
Reduced bioavailability of nutrients
Flatulence and bloating

Energy and time consumption
Boredom of eating the same food
repeatedly

Incomplete protein source

Low intake of legumes

Low intake of legumes

Low intake of legumes

Boiling dry beans generally reduces the
content by 80-90% Fermentation

Dehulling, soaking, boiling, steaming,
sprouting, roasting and fermentation,
autoclaving, gamma irradiation

Most destroyed by cooking, soaking,
boiling, sprouting, fermenting

Digestive aids such as Beano, changing
boiling water, soaking, cooking,
germination

Soak legumes before cooking them

New product development of innovative
legume products as well as increased
utilisation of lesser legumes

Consumed in combination with cereals
(high in sulphur-containing amino acids)

Increasing consumer awareness of the
nutritional profile of legumes

Increasing consumer awareness of the
nutritional profile of legumes and of
methods to get rid of anti-nutrients and
oligosaccharides

Development of innovative, attractive

food or to change eating habits legume-based products to entice consumers

Consumed in combination with vitamin C
rich foods, the absorption of iron would be
increased

Low iron bioavailability Poor source of iron

Table 6. Utilisation problem of legumes and possible solutions.

12. Role of legumes in weight management and satiety

Several studies have suggested that the consumption of legumes could aid in weight loss.
This could be attributed to the low fat and high dietary fibre nature of legumes. The low GI
nature of legume carbohydrates also aids in stabilising blood sugar and insulin levels result-
ing in the consumer feeling satiated for increased periods of time [18]. This in turn results in
less and infrequent eating which is ideal for weight management. In a US National Health and
Nutrition Examination Survey [41], it was concluded that eating legumes was associated with
decreased body mass index (BMI), reduced waist circumference and reduced risk of obesity.
More studies in Iran concluded that the risk of suffering from obesity was reduced in men
who consumed at least 30 g of legumes a day [41]. More studies have reached the conclusion
that the consumption of 3-5 cups of legumes as part of an energy-controlled diet results in the
loss of 3.6-8.1 kg of body mass over 6-8 weeks [41].
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13. Novel, healthy legume-based products

There are various products developed from legumes both at household level (Table 5) and
commercially. Legumes provide high protein meat-substitutes for vegetarians, low fat sub-
stitutes for health conscious individuals and low cost products for low-income groups. One
of the most utilised legumes is soybean [3]. Its high oil content makes it a suitable raw mate-
rial for oil extraction [42]. From soybean, products such as milk, tofu, temper, soy sauce,
yoghurt and cheese have been commercially produced (Table 5). Soymilk, cheese and
yoghurt are excellent dairy substitutes for vegans and lactose intolerant individuals. Soy-
corn milk, a product produced from a mixture of soymilk and sweet corn is also available
[42]. Blending sweet corn with soymilk helps in masking the beany flavour associated with
legume milk as well as enhances its nutritional value [42]. Dairy substitutes have also been
produced from Bambara groundnut. Bambara groundnut milk was patented by Ref. [38],
these researchers also reported the production of yoghurt from Bambara groundnut milk.

Other leguminous products include texturised vegetable protein (TVP), canned beans, ground-
nuts/peanuts and flour. The term ‘TVP’ loosely refers to extruded defatted soy flour or con-
centrate with a meat-like chewy texture when cooked or hydrated [42]. This product is very
popular amongst vegetarians. Canned legumes are a common sight in many supermarkets and
small stores. Most legumes are canned in brine, sugar solution or tomato purees. Although,
this technology preserves legumes allowing for their availability all year round, it increases
their cost [42]. Groundnuts are another popular group of legumes. Commercially, they are
used in the extraction of oil as well as in the manufacture of peanut butter or are sold as salted,
boiled, roasted, shelled or unshelled (Table 5). Legumes are sometimes ground into flour for
use as thickeners in soups, emulsion stabilisers or for baking [37]. Legume flour available in
the food market includes that from cowpea, soybean, pigeon pea and African yam bean [42].

Research has begun exploring the technological function of leguminous ingredients in the
formation of novel, healthier foods. Dietary fibres from legumes have high water binding,
oil binding, swelling capabilities making them suitable for use as thickeners in soups, fat
replacers in meat products, stabilisers in emulsions, texturisers in bread as well as in improv-
ing body and mouthfeel in products such a yoghurt [37]. In addition, dietary fibres extracted
from legumes such as Bambara groundnut possess prebiotic properties and could be used in
the production of prebiotic supplements [22]. Starch from legumes was reported to positively
improve the stability and rheological properties of oil-in-water emulsions [43]. Soy protein
finds use in protein shakes common amongst physically fit individuals [42].

14. Conclusions

Legumes are a sustainable and inexpensive source of protein, unsaturated fat, dietary fibre,
complex carbohydrates, micronutrients and important bioactive phytochemicals, therefore their
consumption could contribute to a healthier lifestyle. Their composition makes them attractive
to health conscious consumers, celiac and diabetic patients as well as consumers concerned with
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weight management. To harness the nutritional benefits of legumes, they should be incorpo-
rated into children and infants’ diets at home and through school feeding programs, especially
in developing countries to reduce poverty and malnutrition. Furthermore, legumes could be a
base for the development of many functional foods as well as a range of feed and raw material
for industrial products.
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Abstract

Recently, a list of clinical, physiopathological, and epidemiological studies has under-
lined the detrimental or beneficial role of nutritional factors in some chronic diseases
such as obesity, type 2 diabetes, cardiovascular disease, and cancer. It has been described
that lifestyle, environmental conditions, and nutritional compounds influence gene
expression. In the last instance, it has been demonstrated that bioactive nutrimental com-
ponents are important signal molecules that carry information from the external environ-
ment and could affect in biological terms, processes related to gene expression. Bioactive
nutriments can work in different ways: regulating the chromatin structure or factors that
directly regulate the activity of nuclear receptors. The relevance of the changes in the
chromatin structure has been demonstrated by the fact that many chronic diseases and
metabolic disorders are related with changes in DNA methylation patterns. For this rea-
son, recently, the bioactive food nutriments have been investigated to characterize the
molecular mechanism involved in changes of the chromatin structure, such as acetylation
and methylation, and their potential benefit on chronic diseases. The dietary compounds
intake involved in the regulation of epigenetic modifications can provide significant
health effects and may prevent various pathological processes involved in the develop-
ment of cancer and other serious diseases.

Keywords: bioactive nutriments, epigenomic changes, obesity, diabetes mellitus,
carcinogenesis
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1. Introduction

Bioactive food nutriments are constituents provided in food or dietary supplements; those
have been characterized as biomolecules and have the capacity to regulate a myriad of meta-
bolic processes in the body resulting in health benefits. In contrast, overload intake of bioac-
tive nutriments can either be involved in the development of various stages of disease or may
change the natural history of a disease. For this reason, the knowledge of these biological
functional features can be applied in the treatment and prevention of human diseases.

Currently, advancements in biological and medical science have allowed a better understand-
ing of physiopathological bases of disease, as well as identify the role of several bioactive
components in food under metabolic processes. The development of new technologies have
provided analytical and molecular tools for discerning the intricate relationship between a
myriad of signaling pathways linked to pathological processes. The results have been use-
ful to evaluate a vast numbers of food components and their role in disease prevention and
health promotion.

Bioactive food nutriments can be provided in daily diet in many forms. Some of them can be
found in conventional foods and others can be added to fortified foods, these kinds of supple-
ments have been designed to reduce disease risk in special human groups with nutrimental
deficiencies [1].

During decades, physicians and nutritionists have adopted nutritional guides, where they
can find punctual information about nutritional recommendation for a large list of nutri-
ments. However, the availability of nutritional guides for bioactive nutriments compounds is
restricted because; these need more elements to evaluate dietary recommendation. One of the
most important requirements to recommend a bioactive nutriment compound is based on the
result obtained in clinical and experimental studies; this data must contain scientific evidence
that shows a relationship between the bioactive nutriment compound and a beneficial health
impact. In the same sense, other element that must be considered to choose a bioactive nutri-
ment compound is whether the bioactive product exhibit side effects upon exposition.

For this purpose, researches must develop accurate biochemical markers to validate either the
safety or hazardous effects of food intake for human, and finally physicians and nutritionist
will decide the correct doses for each bioactive nutriment component, depending on many
factors, such as sex, age, pregnancy, health, or pathological condition [2].

2. Bioactive nutriments in health: the role of epigenetic modifications

Human homeostasis is influenced by molecular signal pathways, exogenous factors, and diet
habits. It has been demonstrated that bioactive nutriments have substantive impact on health
and disease. A biological area that describes the molecular effect of certain nutriments on
DNA expression is “Epigenomics,” which can be defined as the study of the complete set
of epigenetic modifications in a cell or in a tissue at a given time. The epigenome consists of
chemical compounds that modify or mark the genome in such a way that can indicate how
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and when a specific set of genes are expressed in a cell or in a tissue, enhancing or inhibiting
the production of a specific protein in a cell. These chemical modifications on DNA or his-
tones have been characterized as “epigenetic marks” [3].

The epigenetic modifications are targeted to DNA or histones (DNA associated proteins),
which induce modifications in chromatin without affecting the nucleotide sequence; these
structural changes could modify the expression patterns of gene expression; however, these
molecular modifications can be slow but progressive and potentially reversible. When epig-
enomic compounds attach to DNA and modify its structure and its transcriptional activity,
they “marked” the genome. The biological transcendence of these marks is not to change the
sequence of the DNA, conversely they change the way cells use the DNA’s instructions. The
marks are sometimes passed on from cell to cell as cells divide. They also can be passed down
from one generation to the next.

The first type of mark, called DNA methylation, directly affects the DNA in a genome. In this
process, a set of proteins chemically tag with methyl groups the DNA bases in specific places.
The methyl groups can make DNA either more or less accessible to transcriptional apparatus,
thus changing the expression patterns of specific genes.

The second kind of mark, characterized as histone modification, affects DNA indirectly
because in this case DNA remains intact but the chemical modifications in histones affect the
way in which DNA is wrapped around histone proteins, thus affecting the DNA structures
and in consequence, the transcriptional activity of many proteins (Figure 1) [4].

CpG Island

CpG Island

DNA Unmethylated “ON”

@4&::&1»;1
groups

Histones

Condensed Chromatin Relaxed Chromatin

Figure 1. Activation/repression of DNA induced by epigenomic changes.
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In the following paragraphs, we describe an increasing number of evidences that show
how bioactive nutriments compounds can modify methylation patterns by interacting with
enzymes that are able to place epigenetic marks on DNA or enhance the expression of specific
proteins implicated in the formation of the epigenetic machinery.

2.1. Folates

Folate and folic acid are the forms of a water-soluble vitamin B; this can be obtained naturally
in daily diet or in fortified foods and supplements. Sources include cereals, baked goods,
spinach, broccoli, lettuce, asparagus, bananas, melons, lemons, legumes, yeast, mushroom:s,
beef liver, kidney, orange juice, and tomato juice. Folic acid supplements are effective for
increasing folate levels in blood and decreasing symptoms associated with low folate levels.
These kinds of supplements are prescribed for use in pregnancy women in order to prevent
neural tube defects.

Folate is involved in DNA synthesis, repair, and methylation. After dietary ingestion, this
compound undergoes many chemical reactions and is primary converted to tetrahydrofolate
which is involved in the remethylation of homocysteine to methionine [5]. The relevance of
this chemical reaction is that methionine is a precursor of SAM (S-adenosyl-L-methionine),
the primary methyl donor group for most methylation reactions [6]. After transferring a
methyl group, SAM is converted to S-adenosyl-L-homocysteine (SAH), an inhibitor of the
methylation reactions.

This chemical event seems to be of particular relevance, because in the development of diges-
tive neoplastic lesions related to folate deficiency may be involved in changes of the DNA
methylation pattern in specific proto-oncogenes, such as c-myc, c-fos, and c-Ha-ras [7]. In all
cases the malignant transformation was related to a significant decrease of SAM and global
DNA hypomethylation, especially in DNA sequences where oncogenes are codified. In con-
trast, folic acid supplementation improved folate-related DNA biomarkers of cancer risk in
colonic tissues adjacent to the former polyp site (Figure 2) [8].

Methionine

5-CH3-THF

Homocysteine

Figure 2. Association between folate deficiency and DNA methylation process. THF, tetrahydrofolate; MS, methionine
synthase; 5-CH,-THF, 5-methyltetrahydrofolate; SAM, S-adenosyl-L.
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Paradoxically, hypermethylation was induced in DNA sequences coding for tumor suppres-
sor genes. The changes in the methylation processes exerted by an increase in DNMTs (DNA
methyltransferases) activity may explain the hypermethylation observed in these experimental
models, whereas the stimulation of MBD2 and MBD4 (methyl-CpG-binding domain proteins)
may explain the decrease on DNA methylation favoring the expression of oncogenes and pro-
metastatic genes [9, 10].

The above mentioned data indicates that current nutritional recommendations of folate in daily
diet must be considered more than a simple nutriment; it must be also considered an indispens-
able bioactive compound to avoid at least in some degree the aberrant expression of proto-
oncogenes in many cellular contexts, thus decreasing the incidence of neoplastic process.

2.2. Vitamin A

Vitamin A is the name of a group of fat-soluble retinoids, including retinol, retinal, and reti-
nyl esters. It is involved in many physiological functions, including: immune function, vision,
reproduction, and cellular communication processes. Vitamin A also supports cell growth and
differentiation, playing a critical role in the normal organogenesis and maintenance of heart,
lungs, and kidneys functions. Preformed vitamin A is found in dark green and yellow vegeta-
bles, and yellow fruits, such as broccoli spinach, turnip greens, carrots, squash, sweet potatoes,
pumpkin, cantaloupe, apricots, and food animal sources, including fish and meat. It must be
metabolized intracellularly into retinal and retinoic acid, the active forms of vitamin A, to sup-
port the vitamin's physiological functions [11].

Once absorbed, these bioactive compounds are translocated to the nucleus where they bind to
specific nuclear Retinoic Acid Receptors (RARs), which have been characterized as RARa, {3,
and vy that heterodimerize with Retinoid X Receptors (RXRs). The molecular complex binds to
specific response elements and downregulates transcriptional activity of many genes, which
includes AP-1 gene. This gene is involved in mediating transcriptional responses to many bio-
logical, pharmacological, or stress stimuli. Even more, AP-1 regulates the expression of sev-
eral molecular mediators involved in oncogenic transformation and cellular proliferation and
plays a regulatory role in S phase DNA replication and DNA damage repair [12].

Once p21 and AP-1 are activated by retinoids, the proteins encoded by these genes can interact
with many proteins involved in DNA methylation changes, for example, p21 is able to com-
pete with DNMTT1 substrates for the same binding site on Proliferating Cell nuclear Antigen
(PCNA), then affecting DNMT1 activity and its DNA methylation efficiency (see Figure 4) [13,
14]. Meanwhile, the mechanism for AP-1 involved its binding to the promoter of the DNMT1
regulatory region inducing the expression of DNMT1, favoring DNA methylation [15].

The biological transcendence exhibited by p21 and AP-1 expression induced by retinoids is
the downregulation of enzymes that enhance DNA methylation events, which may contribute
to increase the expression patterns of genes involved in antiproliferative, differentiating, and
proapoptotic actions reducing the incidence of many types of cancers [16, 17].

Indeed, recently it has been demonstrated the antitumoral effect exerted by derivative of all
trans retinoic acid in cellular cultures of human gastric cancer, which is related to the ability of
these compounds to induce cycle cell arrest and cellular differentiation [18].
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2.3. Vitamin D3

Vitamin D is found in many foods, including fish, eggs, fortified milk, and cod liver oil.
However, Vitamin D can be also obtained by few minutes of sun exposition. There are several
different forms of vitamin D. Two forms are important in humans: vitamin D2, which is made
by plants, and vitamin D3, which is made by human skin when exposed to sunlight [19].

Although for VitD3, one of the most known physiological effects is the preservation of the
calcium homeostasis. Currently, it has been explored other mechanisms not linked to calcium
metabolism. In this sense, once VitD3 is converted into its active form (calcitriol), the biologi-
cal actions of this vitamin share similar mechanisms to RA, because it must bind to specific
vitamin D receptors (VDR), establishing homodimers, or heterodimers with RXR or RAR, and
affect gene transcription through VDR responsive elements (VDRE) in target genes, such as
p21 and PTE; this protein specifically catalyzes the dephosphorylation of the 3’ phosphate.
This dephosphorylation is important because it results in inhibition of the AKT signaling
pathway. Meanwhile, its weak protein phosphatase activity is also crucial for its role as a
tumor suppressor, preventing cells from growing and dividing [20].

Sun exposure, fish, Anti-cancer, Regulation of DNMTs expression and eazyme activity; regulation
Vitamin D3 fash liver oils differentiafing, pro- of bistowe acetylation; regulation of oecogenic mBNAs

Table 1. Epigenomic roles of bioactive nutriments.
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In a similar way as for retinoid, the biological effect of VitD3 in cancer is linked to the ability
of p21 to downregulate the activity of DNMT1 enzymes, which can modify the DNA methyla-
tion patterns of certain protective genes conferring an antitumoral role as was demonstrated
for colon cancer [21] and more recently for metastatic castration-resistant prostate cancer
patients (Table 1) [22].

One important fact is that in industrialized countries VitD3 intake is generally linked to cal-
cium homeostasis but its role in the prevention of cancer development by epigenetic mecha-
nisms is commonly unknown.

The date mentioned above can represent a new challenge for physicians and nutritionists to
develop new strategies to raise awareness about the biological properties provided by many
bioactive nutriments in the daily diet of the general population. This may contribute to reduce
the incidence of most common types of cancer.

3. Nutrimentsv linked to disease: the role of epigenetic mechanism

3.1. High fat diet and induction of obesity

As mentioned before, we showed the beneficial effects of bioactive nutriments in health. In
contrast, it has been demonstrated that the overfeeding of many of these nutriments can also
participate in the evolution of several diseases. In this sense, there are lines of evidence that
had proved the existence of obesity-genes. These genes are critical for energy balance and can
be regulated by epigenetic mechanisms depending on nutritional environment conditions
[23, 24]. For example, it has been proved that a long-term exposition to high fat diet in mice,
MCH4R promoter gene undergoes a reduced methylation in the brain of mice, promoting the
fat storage and obesity [25].

In addition, it has been demonstrated that other genes may potentiate the effect of MC4R.
For example, it has been shown that under a high-fat diet the methylation state of the
Proopiomelanocortin (POMC) promoter can be modified, thus changing the correct balance
between energy taken from the food and energy spent by the body, favoring obesity. It has
been shown that proopiomelanocortin (POMC) deficiency causes severe obesity that begins
at an early age. Affected infants usually have a normal weight at birth, but they are constantly
hungry. Affected individuals experience excessive hunger and remain obese for life. It is
unclear if these individuals are prone to weight-related conditions like cardiovascular disease
or type 2 diabetes. Thus, changing the correct balance between energy taken from the food
and energy spent by the body, favoring obesity [26].

The methylation changes observed in gene promoters involved in energy balance induced by
long-term exposition to a fat diet in western countries, may explain the high incidence of obe-
sity and metabolic diseases, which may be potentially prevented by healthy diet habits and
exercise. Thereby, the current treatment of obesity must also consider the epigenetic effects on
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obesity genes exerted by overfeeding, more than considering surgery as first-line treatment,
which only avoids the absorption of overcharged nutriments, but do not have any effect on
the intrinsic mechanism of obesity.

4. Epigenetic changes associated with diabetic complications

Diabetes is a group of metabolic diseases characterized by hyperglycemia resulting from
defects in insulin secretion, insulin action, or both. The chronic hyperglycemia of diabetes is
associated with long-term damage, dysfunction, and failure of different organs, especially the
eyes, kidneys, nerves, heart, and blood v