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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. María Chávarri Hueda
Health and Food Area

Health Division
TECNALIA Research & Innovation

Miñano (Alava), Spain
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Chapter 1

Antioxidant Compounds Recovered from Food Wastes

Sonia Ancuța Socaci, Dumitrița Olivia Rugină,
Zorița Maria Diaconeasa, Oana Lelia Pop,
Anca Corina Fărcaș, Adriana Păucean,
Maria Tofană 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 

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



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 CO2-
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.

Antioxidant Compounds Recovered from Food Wastes
http://dx.doi.org/10.5772/intechopen.69124
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Waste source Antioxidant 
compounds

Extraction 
techniques

Evaluation methods References

Onion waste Phenolics
Flavonoids

Solid-liquid 
extraction

Total phenolic content (UV-VIS)
Total flavonoids (UV-VIS)
Total flavonols (HPLC)
Antioxidant activity (FRAP)

[31]

Apple pomace Phenolics Solvent extraction Phenolics (UV-VIS, HPLC)
Total flavonoids (UV-VIS)
Antioxidant activity (DPPH, FRAP)

[32]

Macadamia skin Phenolics
Flavonoids
Proanthocyanidins

Ultrasound-
assisted extraction

Total phenolics (UV-VIS)
Total flavonoids (UV-VIS)
Proanthocynidins (UV-VIS)
Antioxidant activity (ABTS, DPPH, 
CUPRAC, FRAP)

[16]

Potato peels Phenolics
Flavonoids
Ferulic acid
Chlorogenic acid

Hydroalcoholic 
solution extraction

Phenolics (UV-VIS, HPLC)
Total flavonoids (UV-VIS)
Antioxidant activity (DPPH, β-carotene 
bleaching assay)
Lipid oxidation inhibiting potential 
(peroxide value, p-anisidine value, 
TOTOX, TBARs, conjugated dienes, 
volatile compounds)

[20]

Phenolics Green ultrasound-
assisted extraction

Phenolics (UV-VIS, LC-DAD-MS)
Antioxidant activity (DPPH, reducing 
power)

[24]

Phenolics Solvent extraction Total phenolics (UV-VIS)
Total flavonoids (UV-VIS)
Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial 
and antifungal activity)

[21]

Pomegranate 
peels

Phenolics
Flavonoids

Solvent extraction Total phenolics (UV-VIS)
Total flavonoids (UV-VIS)
Antioxidant activity (DPPH)

[33]

Carotenoids Ultrasound 
assisted extraction

Carotenoid content (UV-VIS, HPLC)
Antioxidant activity (DPPH)

[25]

Passion fruit rinds Phenolics Ethanolic-water 
pressurized liquid 
extraction

Total phenolics (UV-VIS)
Phenolic composition (UPLC-MS/MS)
Antioxidant activity 
(DPPH, FRAP, ORAC)

[34]

Acerola peels and 
seeds

Phenolics Sequential solvent 
extraction

Total phenolics (UV-VIS)
Antioxidant activity (DPPH, ABTS)
Lipid oxidation inhibiting 
potential (thiocyanate method, Schaal 
oven test)

[35]

Mango seeds Phenolics 
(tannins and 
proanthocyanidins)

Microwave 
assisted extraction

Lipid oxidation inhibiting potential 
(β-carotene bleaching assay)
Antioxidant activity (DPPH, ABTS)
Total phenolic content, tannins content 
and proanthocyanidine content 
(UV-VIS)

[22]
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Waste source Antioxidant 
compounds

Extraction 
techniques

Evaluation methods References

Guava seeds and 
pomace

Phenolics Solvent extraction Total phenolics (UV-VIS)
Total flavonoids (UV-VIS)
Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial 
and antifungal activity)

[21]

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

[36]

Phenolics Supercritical fluids 
extraction (CO2)
Soxhlet extraction

Total phenolics (UV-VIS) [37]

Chestnut and 
hazelnut shells

Phenolics Solvent extraction Phenolics (UV-VIS, HPLC)
Antioxidant activity (FRAP)

[19]

Hazelnut waste Phenolics Supercritical fluids 
extraction (CO2)
Soxhlet extraction

Total phenolics (UV-VIS) [37]

Spent filter coffee Phenolics 
chlorogenates
Flavonoids

Glycerol-based 
extraction

Phenolics (HPLC)
Antioxidant activity (DPPH, ferric 
reducing power)

[17]

Spent ground 
coffee

Phenolics Supercritical 
fluids extraction 
(CO2)
Soxhlet extraction

Total phenolics (UV-VIS) [37]

Olive leaves and 
pomace

Phenolics Solvent extraction Total phenolics (UV-VIS)
Total flavonoids (UV-VIS)
Antioxidant activity (ABTS, DPPH)
Antimicrobial activity (antibacterial 
and antifungal activity)

[21]

Broccoli leaves Glucosinolates Microwaved 
assisted extraction

Glucosinolate composition 
(LC-DAD-ESI-MS)

[38]

Tomato waste 
(skin and seeds)

Carotenoids 
(lycopene)

Enzyme and high 
pressure assisted 
extraction

Total carotenoid content (UV-VIS)
Lycopene content (HPLC)

[39]

Carotenoids Ultrasound and 
manosonication 
assisted extraction

Total carotenoid content (UV-VIS)
Carotenoid composition (HPLC)

[40]

Artichoke waste 
(internal and 
external bracts)

Phenolics Ultrasound-
assisted extraction 
and nanofiltration

Total phenolics (UV-VIS)
Antioxidant activity (DPPH, FRAP)
Chlorogenic acid content (HPLC)

[41]

Immature fruits Phenolics Reflux extraction 
(water)
Pressurized hot 
water extraction

Total phenolics (UV-VIS)
Antioxidant activity (ORAC)
Cell viability (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide 
MTT assay)

[27]

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 α-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 
MCF-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 H2O2-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 Müll. 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 MCF7 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 β-carotene and lycopene [63]. The waste obtained during the production 
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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 β-carotene. These 
compounds, together with phytoene, phytofluene, lutein, ξ-carotene, γ-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 A1); and bioactive silverskin 
extract from coffee silverskin with potential applications in cosmetic, nutrition and health 
(WO2013/004873) [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 

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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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 

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) 71.17

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

Figure 2. Chemical structure of phenolic acids [2].
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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 

Figure 4. Chemical structure of stilbenes [2].

Figure 3. Chemical structure of lignans [2].
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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-
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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 β-cells against glucose toxicity, in addition to the inhibition of salivary and pancreatic 
α-amylase and α-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-HCl 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 Bermúdez-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. Zorić 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 Sarriá 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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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 µg 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-MTHF) 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 Hcy. Pyridoxal phosphate, the active form of vitamin B, is a cofactor for enzymes involved 
in amino acid metabolism. These enzymes include cystathionine β-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 

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].

MTHF 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 Hcy 
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 µg 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 µg of dietary folate equivalents (DFE)/
day and a recommended dietary allowance (RDA) of 400 µg 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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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 μg 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 µg 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 µg 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 

Adults Pregnant women

EAR (µg/day) RDA (µg/day) EAR (µg/day) RDA (µg/day)

WHO/FAO1 320 400 370–470 600

USA, Canada2 320 400 600

Australia and New 
Zealand3

320 400 520 600

Japan4 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).
1 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].
4 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.
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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 15–44 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 µg 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].

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 

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].
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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 µg of folic acid per 100 g of enriched cereal grain product and it has 
been estimated to provide 100–200 µg 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 μg of 
folic acid/100 g and enriched pasta with 200–270 µg of folic acid/100 g [45]. Berry et al. estimated 
that in the USA and Canada, the additional intake of about 100–150 µg/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 µg 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].

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].
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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 ≥12 μmol/L, participants received either 500 μg of vitamin B12 and 400 μg 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 µg/
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 µg) or daily (400 or 200 µg) 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%CI: 
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 

Functional Food - Improve Health through Adequate Food50



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 ≥12 μmol/L, participants received either 500 μg of vitamin B12 and 400 μg 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 µg/
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 µg) or daily (400 or 200 µg) 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%CI: 
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 

Functional Food - Improve Health through Adequate Food58



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 

Functional Food - Improve Health through Adequate Food58

 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 D or Calciferol
Vitamin E or α-Tocopherol
Vitamin K or Phylloquinone

Vitamin B1 or Thiamine
Vitamin B2 or Riboflavin
Vitamin B3 or Niacin
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
They do not contain nitrogen
Require bile salts and fats for absorption
Normally not excreted in the urine
No daily or usual intake is required
Hypervitaminosis can cause toxicity
Liver and adipose tissue storage

Soluble in water
They contain nitrogen (except vitamin C)
Easily absorbed
They present urinary excretion threshold (Unlikely toxicity)
Almost daily intake is required
Not stored in the body (Exception: vitamin B12 in liver)

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: B1 (thiamine), B2 (riboflavin), B3 (niacin), B5 (pantothenic 
acid), B6 (pyridoxine) and B7 (biotin).

• Antioxidant vitamins: E (α-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 
(retinol)

Cellular repair and maintenance.
Immune response. Development 
of NS. Normal vision. Foetal 
development. Reproduction.
Bone growth. Antioxidant activity.

Xerophthalmia, night blindness, 
keratinization of the corneal 
epithelium, dry mucous 
membranes

Anorexia, weight loss, 
extreme irritability, 
diplopia, alopecia, 
headache, bone 
abnormalities, liver 
damages, birth defects

Vitamin D 
(cholecalciferol) 

Bone and dental mineralisation. 
Absorption and metabolism of 
calcium and phosphorus.

Rickets (in children), osteomalacia 
(in adults) and osteoporosis

Hypercalciuria and 
hypercalcemia with soft 
tissue calcifications, 
renal and cardiovascular 
damage

Vitamin E 
(α-tocopherol)

Powerful antioxidant. Synthesis of 
heme group. Antitoxic function.

Peripheral neuropathy, 
spinocerebellar ataxia and 
pigmentary retinopathy. 

Haemorrhagic toxicity, 
headache, fatigue, nausea, 
double vision, muscular 
pains, creatinurea, 
gastrointestinal distress

Vitamin K 
(phylloquinone)

Blood clotting. Protein synthesis.
Bone metabolism

Haemorrhages. Menadione (synthetic 
form) causes liver 
damage, jaundice and 
haemolytic anaemia in 
newborns

New Advances about the Effect of Vitamins on Human Health: Vitamins Supplements and Nutritional Aspects
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Vitamin Biological roles Clinical signs of deficiency Toxic effects

VitaminB1 
(thiamine)

Macronutrient metabolism.
Neuronal function.

Beriberi1. Wernicke-Korsakoff 
syndrome. Polyneuritis. Heart 
failure. Anorexia and gastric atony

Not observed

VitaminB2 
(riboflavin)

Energy metabolism.
Ocular function.
Antibody and red blood cells 
formation. Mucosal maintenance.

Oral-ocular-genital syndrome2. Not observed

VitaminB3 
(niacin)

Macronutrient metabolism.
Sex hormone production. 
Glycogen synthesis.

Pellagra3 (dermatitis, dementia 
and diarrhoea). 

Hepatotoxicity, flushing4, 
nausea, blurred vision 
and IGT

VitaminB5 
(pantothenic 
acid)

Energy metabolism.
Antibody synthesis.
Corticosteroid synthesis
Cholesterol synthesis

Hypertension, gastrointestinal 
disturbances, muscular cramps, 
hypersensitivity, neurological 
disorders

Not observed

VitaminB6 
(pyridoxine)

Fat and protein metabolism
DNA and RNA synthesis
Haemoglobin synthesis. Antibody 
production. Electrolyte balance. 
Neuronal function. Conversion of 
tryptophan to niacin

Neuropathy (paraesthesia). 
Epileptiform convulsions in 
infants. Hypochromic anaemia, 
seborrheic dermatitis and 
glossitis

Sensory neuropathy and 
skin disorders.

VitaminB7 
(biotin)

Energy metabolism. Cell growth
Fatty acids amino acids and 
glycogen synthesis

Dermatitis, conjunctivitis, 
alopecia and abnormalities of the 
CNS (depression, hallucinations 
and paraesthesia)

Not observed

Vitamin B9 
(folic acid) 

DNA and RNA synthesis
Growth and cell division
Leukocytes and erythrocytes 
formation and maturation. Folic 
acid metabolism 

Macrocytic anaemia Neurological 
complications in people 
with vitamin B12 
deficiency

VitaminB12 
(cobalamin) 

Lipid and protein metabolism
Red blood cells maturation. 
Iron absorption. DNA and RNA 
synthesis. Neuronal function

Hematologic (macrocytic 
anaemia), paraesthesia

Not observed

Vitamin C 
(ascorbic acid)

Multiple functions as coenzyme
Iron absorption. Wound healing
Antioxidant. Corticosteroid 
synthesis

Scurvy5. Sjögren syndrome, gum 
inflammation, dyspnoea, oedema 
y fatigue. Bone abnormalities, 
haemorrhagic symptoms and 
anaemia

Diarrhoea and other 
gastrointestinal 
disturbances

NS: Nervous system; CNS: central nervous system; IGT: impaired glucose tolerance.
1First 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.
3In populations subsisting on diets in which maize is the major food.
4Head and neck redness.
5Signs 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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Vitamin Biological roles Clinical signs of deficiency Toxic effects

VitaminB1 
(thiamine)

Macronutrient metabolism.
Neuronal function.

Beriberi1. Wernicke-Korsakoff 
syndrome. Polyneuritis. Heart 
failure. Anorexia and gastric atony

Not observed

VitaminB2 
(riboflavin)

Energy metabolism.
Ocular function.
Antibody and red blood cells 
formation. Mucosal maintenance.

Oral-ocular-genital syndrome2. Not observed

VitaminB3 
(niacin)

Macronutrient metabolism.
Sex hormone production. 
Glycogen synthesis.

Pellagra3 (dermatitis, dementia 
and diarrhoea). 

Hepatotoxicity, flushing4, 
nausea, blurred vision 
and IGT

VitaminB5 
(pantothenic 
acid)

Energy metabolism.
Antibody synthesis.
Corticosteroid synthesis
Cholesterol synthesis

Hypertension, gastrointestinal 
disturbances, muscular cramps, 
hypersensitivity, neurological 
disorders

Not observed

VitaminB6 
(pyridoxine)

Fat and protein metabolism
DNA and RNA synthesis
Haemoglobin synthesis. Antibody 
production. Electrolyte balance. 
Neuronal function. Conversion of 
tryptophan to niacin

Neuropathy (paraesthesia). 
Epileptiform convulsions in 
infants. Hypochromic anaemia, 
seborrheic dermatitis and 
glossitis

Sensory neuropathy and 
skin disorders.

VitaminB7 
(biotin)

Energy metabolism. Cell growth
Fatty acids amino acids and 
glycogen synthesis

Dermatitis, conjunctivitis, 
alopecia and abnormalities of the 
CNS (depression, hallucinations 
and paraesthesia)

Not observed

Vitamin B9 
(folic acid) 

DNA and RNA synthesis
Growth and cell division
Leukocytes and erythrocytes 
formation and maturation. Folic 
acid metabolism 

Macrocytic anaemia Neurological 
complications in people 
with vitamin B12 
deficiency

VitaminB12 
(cobalamin) 

Lipid and protein metabolism
Red blood cells maturation. 
Iron absorption. DNA and RNA 
synthesis. Neuronal function

Hematologic (macrocytic 
anaemia), paraesthesia

Not observed

Vitamin C 
(ascorbic acid)

Multiple functions as coenzyme
Iron absorption. Wound healing
Antioxidant. Corticosteroid 
synthesis

Scurvy5. Sjögren syndrome, gum 
inflammation, dyspnoea, oedema 
y fatigue. Bone abnormalities, 
haemorrhagic symptoms and 
anaemia

Diarrhoea and other 
gastrointestinal 
disturbances

NS: Nervous system; CNS: central nervous system; IGT: impaired glucose tolerance.
1First 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.
3In populations subsisting on diets in which maize is the major food.
4Head and neck redness.
5Signs 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 A1 (retinol) 2900 IU/d* (800 µg/d) 10,000 IU/d (3000 µg/d) Liver, fish, dairy products, meat, egg 
yolk, butter, darkly coloured fruits 
and leafy vegetables

Vitamin D2 (cholecalciferol) 600 IU/d* (15 µg/d) 2000 IU/d (50 µg) Fish liver oils, fatty fish, egg yolk, 
fortified dairy products and fortified 
cereals

Vitamin E (α-tocopherol) 15 mg/d 1000 mg/d Vegetable oils, unprocessed cereal 
grains, nuts, fruits, vegetables, meats

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

Vitamin B1 (thiamine) 1.2 mg/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 
acid)

5 mg/d - Chicken, beef, potatoes, oats, cereals, 
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 µg/d - Liver, egg yolk, pork and vegetables
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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 

Vitamin RDA UL Food sources

Vitamin B9 (folic acid) 400 µg/d 1000 µg/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 µg/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 
(µg/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.
1 The vitamin A activity in foods is thus currently expressed as retinol equivalents (RE): 1 RE is defined as 1 µg of 
all-trans retinol, 6 µg of all-trans β-carotene, or 12 µg 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 µg of all-trans retinol or to 0.60 
µg of all-trans β-carotene.
2 In the case of vitamin D, 1 µg 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].
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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.

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) Eye diseases
Mortality
Cancer
Anaemia

Vitamin K 
(phylloquinone)

Bone health
CVD
Cancer
Mortality

Vitamin E (α-tocopherol) CVD, cancer, mortality
Alzheimer disease, 
immunity

Vitamin D 
(cholecalciferol)

Bone health, cancer, CVD
Hypertension
Autoimmune diseases
Pregnancy
Quality life
Pulmonary infections
Mortality

Vitamin B1 (thiamine) Microalbuminuria in DM
Cardiac function

Vitamin B2 (riboflavin) Homocysteine levels in 
plasma
Cancer
Migraine

Vitamin B3 (niacin) Atherosclerosis, 
Dyslipidaemias, Mortality, 
Diabetes, Cancer

Vitamin B5 (pantothenic 
acid)

Healing
Acne
Rheumatoid arthritis

Vitamin B6 (pyridoxine) TD, Cancer, PMS, CTS
Side effects of OCPs, CVA

Vitamin B7 (biotin) DM
Multiple sclerosis

Vitamin B9 (folic acid) Birth defects, Vascular 
disease
Renal disease, Cognitive 
Function, Cancer, DM, 
Childhood asthma, 
Childhood leukaemia

Vitamin B12 (cobalamin) Cognitive function
Congenital diseases

Vitamin C (ascorbic acid) 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 µg/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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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 

Common name Native name Botanical name World productionδ

Dry beans Kidney bean, navy bean, pinto bean
Lima bean
Scarlet runner bean
Tepary bean
Adzuki (azuki) bean
Mung bean, golden gram, green gram
Black gram, urad
Ricebean
Moth bean

Phaseolus vulgaris
Phaseolus lunatus
Phaseolus coccineus
Phaseolus acutifolius
Vigna angularis
Vigna radiate
Vigna mungo
Vigna umbellate
Vigna aconitifolia

27591.35

Dry broad beans Horse bean
Broad bean
Field bean

Vicia faba equina
Vicia faba
Vicia faba

5568.67

Dry peas Garden pea
Protein pea

Pisum sativum var. 
sativum
Pisum sativum var. arvense

12536.12

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, 
gandules

Cajanus cajan 4890.10

Lentil Lens culinaris 4952.12

Bambara 
groundnut

Earth pea Vigna subterranea 160.38

Vetch Common vetch Vicia sativa 905

Lupins Lupinus sp. 1014.02

Minor pulses Lablab, hyacinth bean
Jack bean
Sword bean
Winged bean
Velvet bean, cowitch
Yam bean

Lablab purpureus
Canavalia ensiformis
Canavalia gladiate
Psophocarpus 
tetragonolobus
Mucuna pruriens var. utilis
Pachyrhizus erosus

NA*

δProduction in KT obtained from Ref. [10].
*NA, not available.

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

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
Kidney beans
Pinto beans

23.58
24.37
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].
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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 
for fermentation

Mode of 
consumption/form

References

Amriti Black gram India NR Snack [28]

Bedvin roti Black gram, 
opium seeds, 
or walnut

India NR Breakfast or 
snack food

[29]

Bhallae Black gram India Bacillus subtilis, Candida 
curvata, C. famata, C. 
membranifaciens, C. 
variovaarai, Cryptococcus 
humicola, Debaryomyces 
hansenii, Enterococcus faecalis, 
Geotrichum candidum, 
Hansenula anomala, H. 
polymorpha, Kluyveromyces 
marxianus, Lactobacillus 
fermentum, Leuconostoc 
mesenteroides, Pediococcus 
membranaefaciens, Rhizopus 
marina, Saccharomyces 
cerevisiae, Trichosporon 
beigelii, T. pullulans, Wingea 
robertsii

Side dish [30]

Condiment Pigeon pea Nigeria NR Condiment [31]

Dalbari (Urad 
dalbari)

Lentil India NR Snack [32]

Dawadawa Local pulses West and Central 
Africa

B. licheniformis, B. subtilis Condiment, meat 
substitute

[16]

Dhokla Bengal gram India B. cereus, Ent. faecalis, Leuc. 
mesenteroides, L. fermenti, 
Tor. candida, Tor. pullulans

Snack [33–35]

Dosa Black gram India Bacillus sp., L. fermentum, 
Leuc. mesenteroides, 
Streptococcus faecalis, yeast

Breakfast or 
snack food

[16]

Idli Black gram India, Sri Lanka L. delbrueckii, L. fermentum, 
Lactococcus lactis, Leuc. 
mesenteroides, Strep. lactic, 
Ped. cerevisiae, yeast

Breakfast food [16]

Khaman Bengal gram 
dhal or 
Chickpeas

India Bacillus sp., L. fermentum, 
Leuc. mesenteroides, Lact. 
lactis, Ped. acidilactici

Snack [33, 36, 37]

Maseura Black gram Nepal, India B. laterosporus, B. mycoides, 
B. pumilus, B. subtilis, C. 
castellii, Ent. durans, Ped. 
acidilactici, Ped. pentosaceus, 
L. fermentum, L. salivarius, S. 
cerevisiae, Pichia burtonii

Dry, ball like, 
brittle, condiment

[38]

Mashbari Black gram, 
spices

India Bacillus sp. A94, Lactobacillus 
sp., S. cerevisiae

Staple food [39]
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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 

Product Produce Country of origin Microbial group responsible 
for fermentation

Mode of 
consumption/form

References

Masyaura Black gram or 
green gram

Nepal, India Aspergillus niger, C. 
versatilis, Cladosporium 
sp., Lactobacillus sp., Ped. 
acidilactici, Ped. pentosaceus, 
S. cerevisiae, Penicillium sp.

Side dish [40, 41]

Papad Bengal gram, 
black gram, 
lentil, red or 
green gram

India C. krusei, S. cerevisiae. Condiment or 
savory food

[27, 37]

Probiotic food Mung bean China L. plantarum B1-6 Beverage [6]

Sepubari Black gram, 
dangal, spices

India Bacillus sp. A31., Lactobacillus 
sp., S. cerevisiae

Special dish in 
marriage feast

[39]

Teliye mah Black gram India NR Semi solid [29]

Tempeh Chickpeas, 
local pulses

Indonesia, New 
Guinea, Surinam

Asp. oryzae, Rhiz. oligosporus Breakfast food or 
snack

[16]

Tempe 
Benguk

Velvet bean 
seeds

Indonesia Rhiz. arrhizus, Rhiz. 
oligosporus

Alkaline, solid, 
fried cake/
breakfast food

[42]

Tempe Kecipir Winged bean 
seed

Indonesia Rhiz. achlamydosporus, Rhiz. 
arrhizus, Rhiz. oligosporus, 
Rhiz. oryzae

Alkaline, solid, 
fried cake/
breakfast food

[43]

Tempe Koro 
Pedang

Jack bean seed Indonesia Rhiz. achlamydosporus, Rhiz. 
arrhizus, Rhiz. oryzae

Alkaline, solid, 
fried cake/
breakfast food

[43]

Vadai Black gram India Leuconostoc sp., Pediococcus 
sp., Streptococcus sp.

Paste, side dish [34]

Wadi Black gram 
and oil

India L. fermentum, 
L. mesenteroides

Spicy condiment 
or an adjunct 
for cooking 
vegetables or rice

[27, 44]

Wari Bengal gram 
or Black gram

India, Pakistan B. subtilis, Candida. sp., 
Cryptococcus humicolus, 
Debaryomyces sp., Ent. 
faecalis, G. candidum, H. 
anomala, Kl. marxianus, L. 
bulgaricus, S. cerevisiae, 
Strep. thermophiles, Trich 
beigelii, Win. robetsii

Snack, fried balls, 
brittle, side dish

[16, 45, 46]

NR, not reported.

Table 3. Pulse-based fermented foods in developing countries.
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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 Dueñas 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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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 Dueñas 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 
in immunological 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 α-galactosidase 
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enzyme producing ability of the studied organisms which breaks down the α-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 α- and β-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 are regarded as “food for the poor” in most developing 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.

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



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 

Figure 1. A variety of legumes [5].
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The consumption of legumes has also been reported to be associated with numerous benefi-
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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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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, 

Class Examples of legumes

1 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 
separately due to their minor relevance at 
international level)

lablab or hyacinth bean (Dolichos spp.), jack/sword bean 
(Canavalia spp.), winged bean (Psophocarpus tetragonolobus), 
guar bean (Cyamopsis tetragonoloba), velvet bean (Stizolobium 
spp.), yam bean (Pachyrrhizus erosus)

Table 1. Classification of legumes.
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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.

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 

Figure 2. A comparison of the proximate composition of some common cereal grains and legumes [15, 16].

Functional Food - Improve Health through Adequate Food106



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.

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 

Figure 2. A comparison of the proximate composition of some common cereal grains and legumes [15, 16].

Functional Food - Improve Health through Adequate Food106

A
m

in
o 

ac
id

B
G

N
C

P
SB

A
B

LP
LB

LT
C

K
B

B
K

B

A
rg

in
in

e
4.

0
1.

6
7.

2
1.

3
3.

9
2.

2
2.

2
1.

8
0.

7
1.

5

A
sp

ar
tic

 a
ci

d
5.

0
2.

8
11

.7
2.

4
3.

9
2.

9
3.

1
2.

3
0.

8
2.

9

H
is

tid
in

e
2.

2
0.

7
2.

5
0.

5
1.

0
0.

6
0.

8
0.

5
0.

2
0.

7

Se
ri

ne
3.

2
1.

2
5.

1
1.

0
1.

9
1.

1
1.

3
1.

0
0.

3
1.

3

G
lu

ta
m

ic
 a

ci
d

16
.5

4.
5

18
.7

3.
1

8.
7

4.
2

4.
4

3.
4

1.
3

3.
6

Pr
ol

in
e

3.
2

1.
1

5.
5

0.
9

1.
5

1.
0

1.
2

0.
8

0.
3

1.
0

G
ly

ci
ne

3.
3

1.
0

4.
2

0.
8

1.
5

1.
1

1.
1

0.
8

0.
3

0.
9

A
la

ni
ne

3.
5

1.
1

4.
3

1.
2

1.
3

1.
1

1.
2

0.
8

0.
3

1.
0

Ly
si

ne
*

3.
0

1.
6

6.
4

1.
5

1.
9

1.
8

2.
0

1.
3

0.
5

1.
6

Th
re

on
in

e*
2.

5
0.

9
3.

9
0.

7
1.

3
0.

9
1.

0
0.

7
0.

3
1.

0

Va
lin

e*
3.

8
1.

1
4.

8
1.

0
1.

5
1.

2
1.

4
0.

8
0.

3
1.

2

Is
ol

eu
ci

ne
*

3.
8

1.
0

4.
5

0.
8

1.
6

1.
0

1.
2

0.
8

0.
3

1.
0

Le
uc

in
e*

6.
8

1.
8

7.
8

1.
7

2.
7

1.
8

2.
0

1.
4

0.
6

1.
9

Ty
ro

si
ne

*
3.

2
0.

8
3.

1
0.

6
1.

4
0.

7
0.

8
0.

5
0.

2
0.

7

Ph
en

yl
al

an
in

e*
4.

3
1.

4
4.

9
1.

1
1.

4
1.

1
1.

4
1.

0
0.

3
1.

3

Tr
yp

to
ph

an
*

0.
7

0.
3

1.
3

0.
9

0.
3

0.
3

0.
3

0.
2

0.
1

0.
3

C
ys

tin
e*

*
0.

5
0.

3
1.

3
0.

2
0.

4
0.

4
0.

4
0.

3
0.

1
0.

3

M
et

hi
on

in
e*

*
2.

0
0.

3
1.

3
0.

2
0.

3
0.

3
0.

2
0.

3
0.

1
0.

4

BG
N

: B
am

ba
ra

 g
ro

un
dn

ut
; C

P:
 C

ow
pe

a;
 S

B:
 s

oy
be

an
; A

B:
 A

dz
uk

i b
ea

n;
 L

P:
 L

up
in

s;
 L

B:
 L

im
a 

be
an

s;
 L

T:
 L

en
til

s;
 C

K
: C

hi
ck

pe
a;

 B
B:

 B
ro

ad
 b

ea
ns

; K
B:

 K
id

ne
y 

be
an

s.
Es

se
nt

ia
l a

m
in

o 
ac

id
.

Es
se

nt
ia

l, 
su

lp
hu

r-
co

nt
ai

ni
ng

 a
m

in
o 

ac
id

.

Ta
bl

e 
2.

 A
m

in
o 

ac
id

 p
ro

fil
es

 o
f 1

0 
le

gu
m

es
 e

xp
re

ss
ed

 a
s 

g/
10

0 
g 

pr
ot

ei
n 

[5
, 1

7,
 1

9,
 2

0]
.

The Role of Legumes in Human Nutrition
http://dx.doi.org/10.5772/intechopen.69127

107



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, ω 6) and omega-3 
alpha-linolenic acid (C18:3, ω-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 
pea, Cowpea, Lima bean, Broad bean, Kidney 
bean, Mung bean, African yam bean, Bambara 
groundnut, Lentil, Sword bean, Black velvet bean, 
White velvet bean, Pinto, Chickpea, Hyacinth

Sweet lupin, Bitter 
lupin, Soybean, Sword 
bean, Groundnut

Groundnut, 
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-β-hydroxysteroids and form micelles with bile acid and cholesterol; thus, facilitating their 
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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-β-hydroxysteroids and form micelles with bile acid and cholesterol; thus, facilitating their 
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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 μg/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.

Legume Polyphenols (%) Phytic acid (%) Tannins (%) α-Galactosides (%)

Common bean 
(white)

0.3 1.0 0 3.1

Common bean 
(Brown)

1.0 1.1 0.5 3.0

Pea 0.2 0.9 0.1 5.9

Lentils 0.8 0.6 0.1 3.5

Faba bean 0.8 1.0 0.5 2.9

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].
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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 
α-galactosidase enzyme in the human gastrointestinal tract to cleave the α-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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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 

Common name Food uses

Black-eyed peas (Vigna unguiculata) Boiled snack/part of meal, fried cake akara, steamed pudding moi moi in West 
Africa

Chickpea (Cicer arietinum) 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)

Kidney beans (Phaseolus vulgaris) Ingredient in Mexican chili; most-consumed legume in America

Lentils (Lens culinaris) Soups and stews; most important legume in India

Lima beans (Phaseolus lunatus) Cooked whole

Mung beans/Green gram (Vigna 
radiate)

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

Navy beans (Phaseolus vulgaris) Baked beans

Black turtle beans (Phaseolus vulgaris) Bean soup popular in latin American cuisine

Pinto beans (Phaseolus vulgaris) Fried beans

Bambara groundnut (Vigna 
subterranean (L). Verdc)

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

Yam bean (Pachyrhizus spp) Tubers used as vegetables

Lupins (Lupinus spp) High protein seeds

Rice bean (Vigna umbellate) Boiled seeds, fodder

Winged bean (Psophocarpus 
tetragonalobus)

Boiled seeds

Faba bean (Vicia faba) Whole food

Sword bean (Canavalia gladiate) Mature beans and dried seeds used as food and for medicinal purposes

Hyacinth bean (Lablab purpureus) Popular in south Asian dishes

Velvet bean (Mucuna monosperma) Seeds used as food and for pharmaceutical application

African Yam bean (Sphenostylis. 
stenocarpa)

Bean seeds usually eaten alone or in combination with other foods

Tamarind (Tamarindus indica) Pulp used for food and beverage preparation, flour used as soup thickener, 
remedy in diarrhoea and dysentery

Marama bean (Tylosema esculentum) High nutritional value food

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

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 α-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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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].

Constraint Negative effect Solution

Trypsin inhibitors and amylase 
inhibitors

Decreases protein digestibility and 
starch digestibility

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

Phytate Chelates with minerals resulting in 
poor mineral bioavailability

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

Lectins, saponins Reduced bioavailability of nutrients Most destroyed by cooking, soaking, 
boiling, sprouting, fermenting

Oligosaccharides Flatulence and bloating Digestive aids such as Beano, changing 
boiling water, soaking, cooking, 
germination

Hard-to-cook phenomenon Energy and time consumption Soak legumes before cooking them

Lack of convenient food 
applications

Boredom of eating the same food 
repeatedly

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

Low levels of sulphur-
containing amino acids

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

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

Low intake of legumes Increasing consumer awareness of the 
nutritional profile of legumes

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

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

Reluctance to try a new kind of 
food or to change eating habits

Low intake of legumes Development of innovative, attractive 
legume-based products to entice consumers

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

Table 6. Utilisation problem of legumes and possible solutions.
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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].

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, mushrooms, 
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].

Figure 2. Association between folate deficiency and DNA methylation process. THF, tetrahydrofolate; MS, methionine 
synthase; 5‐CH3‐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 RARα, β, 
and γ 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 DNMT1 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].

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, 
MC4R 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 vessels [27].

One of the most frequent diabetes complications is diabetic vasculopathy, which is character‐
ized by a vascular inflammation process. Recent studies have proposed that hyperglycemia 
may produce epigenetic modifications of specific genes involved in vascular inflammation. 
One of them is the transcription factor, Nuclear Factor‐kB (NF‐kB), which regulates the 
expression of a large list of genes who participate in inflammatory diseases, such as athero‐
sclerosis and diabetic complications.

It has been demonstrated in vitro experiments that hyperglycemia increases NF‐kB activity in 
monocytes thus enhancing gene expression of inflammatory cytokines. This step is the result 
of molecular interaction between the transcription factor (NF‐kB) and histone acetyltransfer‐
ases (HATs), resulting in hyperacetylation of target genes including the tumor necrosis factor 
(TNF)‐and cyclooxygenase‐2 promoters [28].

The data may suggest that the uncontrolled hyperglycemia in diabetic patients may produce 
epigenetic changes in specific genomic region which control the expression of proinflamma‐
tory genes, and subsequently the development of vascular inflammation. However, the con‐
trol of hyperglycemia in patient is not enough to reduce the risk of diabetic complication 
because in this patient the risk of diabetic vasculopathy was not modified. The mechanism 
involved is that persistent hyperglycemia may induce “epigenetic marks” in proinflamma‐
tory promoters, thus enhancing the persistent expression of proinflammatory genes despite 
diabetic control. This finding suggests that the epigenetic modifications induced by long‐term 
hyperglycemia may persist for a long time. These data must be considered in the future for 
the design of new strategies to decrease persistent hyperglycemia in diabetic patients and 
avoid the appearance of “epigenetic marks,” which are associated with the development of 
diabetic complication [29, 30, 31].

5. Epigenetic effects of bioactive compounds in evolution of cancer

Cancer is the result to prolonged exposure to many carcinogenic factors, such as radiations, 
chemical substances, and prolonged exposure to sun. In industrialized countries the higher 
prevalence of cancer diseases is major in elderly people [32].
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It has been shown that cancer cells do not belong to a unique cellular lineage because into a 
malignant tumor or among the circulating cancerous cells, there can be a diversity of types 
of cells. Recently, it has been described a stem cell theory of cancer that proposes that among 
all cancerous cells, a few act as stem cells that reproduce themselves and sustain the cancer, 
much like normal stem cells that normally renew and sustain our organs and tissues. The idea 
that cancer is primarily driven by a smaller population of stem cells has important biological 
and clinical implications. Currently, many new anticancer therapies are evaluated based on 
their ability to decrease or eliminate tumors, but if the therapies are not killing the cancer stem 
cells, the tumor will soon grow back as well as the clinical symptoms. Therefore, if the special 
subpopulations of tumor cells characterized as “cancer stem cells” are destroyed, a full recov‐
ery is possible. Consequently, the new cancer therapy will be target to abolish or decrease the 
self‐renewal capabilities of this subpopulation of cancer cells [33, 34].

The Wnt/β‐catenin signaling pathway is one of the most conserved intercellular signaling cas‐
cades. Its pathway begins when a Wnt protein binds to the N‐terminal extracellular cysteine‐rich 
domain of a frizzled (Fz) family receptor. However, to facilitate Wnt signaling, coreceptors such 
as lipoprotein receptor‐related protein‐5/6 (LRP)‐5/6) may be required alongside the interaction 
between the Wnt protein and Fz receptor. Upon activation of the receptor, a signal is conducted to 
the phosphoprotein disheveled (Dsh), which is located in the cytoplasm. Cytoplasmic β‐catenin 
levels are normally kept low through continuous proteasome complex‐mediated degradation 
(adenomatous polyposis coli (APC)/glycogen synthase kinase‐3β (GSK‐3β); however, when cells 
receive Wnt signals, the degradation of β‐catenin is inhibited and levels of β‐catenin build up 
in the cytoplasm and nucleus. Then, nuclear β‐catenin interacts with transcription factors, such 
as T‐cell factor/lymphoid enhancer‐binding factor (Tcf/Lef) which is a transcription regulator for 
several genes that, in part, regulates tumor progression [35].

However, Wnt signaling is not only restricted to control self‐renewal of stem cells in normal 
microenvironment, also this pathway is particularly active in a limited subpopulation of cells 
that display cancer stem properties.

The mechanism proposed for such effect is that once nuclear β‐catenins are activated they 
could interact with transcription factors, such as T‐cell factor/lymphoid enhancer‐binding fac‐
tor (Tcf/Lef) and increase the transcriptional activity of several genes involved in tumoral pro‐
gression [36]. The biological significance of Wnt/β‐catenin pathway in cancer was evidenced 
by the fact that in many neoplastic diseases (prostate, colon, and skin cancer) mutations have 
been detected in some Wnt‐downstream effectors [37–39].

Currently, it has been explored many bioactive nutriments in cancer treatment due to their 
less toxic effects, as well as their property to exhibit less adverse effects compared to con‐
ventional antineoplastic drugs. The biological transcendence of many bioactive nutriments 
such as flavonoids, curcumin, green tea polyphenols, resveratrol, and lupeol lies in the fact 
that these compounds are able to disrupt β‐catenin–mediated Wnt signaling (Figure 3). Their 
biological properties are mentioned below:

The flavonoids comprise a large class of low‐molecular weight natural products of plant ori‐
gin ubiquitously distributed in foods; many studies have demonstrated that these compounds 
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upregulate the expression and activity of GSK‐3β, an essential component of the Wnt/β‐
catenin pathway. GSK‐3β is a kinase that phosphorylates β‐catenin for its eventual degrada‐
tion in cytoplasm, thus inhibiting the signaling linked to Wnt receptor activation. Thereby, 
the use of flavonoids in cancer may potentially inactivate Wnt/β‐catenin signaling reducing 
the proliferation index in prostate cancer cells [40]. Unlike flavonois, curcumin (major compo‐
nent of turmeric and a member of the ginger curcuma longa) exhibits a different mechanism, 
which is based on constrain the transcriptional activity of Wnt target genes, such as c‐myc, 
c‐fos, c‐jun, and iNOS, inhibiting cell proliferation and inducing apoptosis in human breast 
cancer cells [41].

Other important effect linked to curcumin administration is a dose‐dependent decrease 
in expression of the nuclear p300 coactivator; p300 and CBP are thought to increase gene 
expression by relaxing the chromatin structure at the gene promoter through their intrin‐
sic histone acetyltransferase (HAT) activity, recruiting the basal transcriptional machinery 
including RNA polymerase II to the promoter acting as adaptor molecules [42]. This is espe‐
cially significant since nuclear beta‐catenin forms a complex between Tcf4 and an important 
histone acetyltransferase mediator (p300 coactivator). This molecular interaction may change 
the DNA methylation patterns in Wnt target genes decreasing its transcriptional activity and 
consequently decreasing the tumoral progression [43].

Green tea polyphenols intake is linked to beneficial effects in many cancer cells, the mecha‐
nism involved is the ability of the polyphenols to downregulate β‐catenin expression and 
consequently β‐catenin/Tcf target genes (c‐jun and cyclin D1). The clinical transcendence 
of these findings is that green tea intake may change the aberrant progression of many 
neoplastic during its early stages and consequently modify the clinical prognosis of the 

Figure 3. Effects of bioactive nutriments on Wnt/β‐catenin pathway.
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disease [44]. However, the beneficial effects of green tea are not restricted to bowel cancer; 
it has been shown that Wnt/β‐catenin signaling can be inhibited by polyphenols in a dose‐
dependent manner in breast cancer cells [45]. The beneficial role of green tea compounds 
make them excellent candidates to bioactive antineoplastic drugs in many tumor contexts 
without the adverse effects exhibited by conventional drugs (Figure 4).

Resveratrol, a dietary polyphenol can be provided by roots of hellebore, grapes, mulber‐
ries, apricots, pineapples, and peanuts. Its role as antineoplastic agent is associated with the 
reduced expression of a long noncoding metastasis associated lung adenocarcinoma tran‐
script 1 (RNA‐MALAT1), thus decreasing the amount and proportion of β‐catenin in the 
nucleus in colon cancer cells [46]. In addition, the role of resveratrol is not only restricted to 
solid tumor, but it can also inhibit proliferation and induce cell cycle arrest and apoptosis 
in Waldenstrom's macroglobulinemia cells. These effects of resveratrol were found to be 
mediated via the downregulation of Akt, mitogen‐activated protein kinase (MAPK), and 
Wnt signaling pathways [47]. Meanwhile, lupeol, a well‐studied dietary triterpene found 
in several fruits (olives, figs, mangoes, strawberries, and grapes) and vegetables (green 
peppers, white cabbage, and tomato) has shown a significant growth inhibition role on 
melanoma cells that exhibit constitutive Wnt/β‐catenin signaling decreasing its neoplastic 
potential [48].

Further, Fan et al. demonstrated that lupeol inhibits the localization of β‐catenin into the 
nucleus and decreases the phosphorylation status of β‐catenin at important serine sites (ser 
552 and ser 675), which are the signals for their translocation into the nucleus and induce 
transcription of various downstream targets linked to neoplastic processes [49].

Figure 4. Antineoplastic effects of bioactive nutriments.
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6. Novelty technologies for obtaining and delivering bioactive 
compounds for health and medical therapy

After identifying a potential new bioactive component, it is necessary to evaluate many fac‐
tors for its availability, such as the efficacy and safety of the product, select the appropriate 
food vehicle, ensure the bioavailability, and accuracy of health claims, and finally ensure that 
during the process of synthesis, stabilization, and processing the bioactive product does not 
lose its biological properties.

Recently, a great effort has been performed to develop novel procedures to synthetize new 
bioactive formulations that can overcome poor bioavailability, stability limitations, and rapid 
metabolism of bioactive compounds.

In this sense, novel technologies have been developed to improve the process to obtain bio‐
logical compounds at low cost, as well as new procedures to deliver these bioactive products 
in tissues to enhance their biological effects.

One of these novel procedures is the delivery of bioactive compounds by microorganisms; 
these procedures take the ability of microbiota to deliver bioactive compounds contained in 
dairy diet, which cannot be processed by digestive human enzymes. These microorganisms 
produce a set of digestive enzymes that overcome the human ability to entirely digest the 
biocomponents encrypted in diverse food matrixes. Lactic acid bacteria (LAB) have been cho‐
sen due to their property to release, almost completely, the bioactive compounds from food 
matrix.

LABs are ancient microorganisms adapted to anoxic conditions, but their functional capabili‐
ties to synthetize micronutriments are almost absent. Therefore, LAB evolved a very efficient 
proteolytic system, which allows them to release encrypted biomolecules present in differ‐
ent food matrices (alpha‐ and beta‐caseins, albumin, and globulin from milk, rubisco from 
spinach, beta‐conglycinin from soy, and gluten from cereals), which are linked to a myriad 
of physiological functions, such as mineral absorption, adaptive response to oxidative stress, 
hypoglycemic actions, cholesterol lowering, cardiovascular functions, and a highlight effect 
related to the control of food intake [50]. The bioenzymatic properties exhibited by LAB rise 
them as excellent candidates to be added to processed food to ensure the delivery of bioactive 
molecules encrypted in food matrix, which in normal conditions are not accessible to human 
proteolytic enzymes.

On the other hand, the potential benefits of nano‐technology have been recognized by food 
industry sectors by its potential application, which include the development of nano‐sensors, 
smart packaging, nano‐encapsulation, and delivery of food compounds. However, nano‐ 
technology can also be used to encapsulate in nano‐emulsions many bioactive compounds 
to increase their bioavailability, stability, and reduce their biodegradation. Examples of 
ingredients encapsulated in nano‐emulsion are: minerals, vitamins, enzymes, and bioactive 
ingredients. In this sense, currently it has been explored the use of an ROS‐responsive poly‐
meric nano‐particles for efficient Cur delivery into cancer cells. This nano‐system improves 
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Cur stability at physiological environment and enhances the Cur release in response to 
hydrogen peroxide. Both mechanisms displayed an antitumoral effect in a cellular culture of 
lung cancer. Thereby, the use of nano‐technology to deliver bioactive compounds may have 
a potential application in medicine to improve the cancer treatment without the adverse 
effect observed in conventional drugs currently available [51].

Quercetin is a major constituent of various dietary products and recently its anticancer poten‐
tial has been extensively explored, revealing its antiproliferative effect on different cancer cell 
lines. However, its medical applications are limited due to its low oral bioavailability, rapid 
clearance from body, high metabolic rate, and poor aqueous solubility.

Therefore, to overcome these biological disadvantages, novel quercetin‐based nano‐formula‐
tions are being developed due to their properties of bioavailability, gut absorption, and their 
capability to increase quercetin biological half‐time in serum. The pharmacological effect of 
quercetin loaded/conjugated nano‐particles majorly depends on the drug carriers used and 
the physicochemical properties of the nano‐particulate system. These characteristics can 
increase the stability of quercetin, its bioavailability, and target specificity [52, 53]. However, 
the medical application of quercetin nano‐particles is still under investigation likely due to 
the necessity of more stable and target‐specific nano‐particles.

Indeed, it has been explored other delivery system based on different matrix where bioac‐
tive compounds are encapsulated within PLGA (poly lactic‐co‐glycolic acid) and PLA (poly 
D,L‐lactic acid) nano‐particles. For example, it was observed a significant cytotoxic effect of 
quercetin encapsulated PLGA nano‐particles in combination with ectopside‐loaded PLGA 
nano‐particles in a human lung adenocarcinoma epithelial cell line. Similarly, a significant 
reduction of breast cancer cells upon treatment with PLA‐quercetin was shown, which sup‐
port the clinical use of these novel technologies for cancer treatment [54]. Thereby, the nano‐
technology can be used as a powerful tool to overcome the biochemical and physiological 
limitations of bioactive compounds, improve many pharmacodynamics parameters, and 
potentiate the pharmacological and functional effects exhibited by these compounds.

7. Conclusions

Although bioactive nutriments compounds have shown potential health benefits, currently, 
there are no nutritional guidelines to recommend intake levels as there are for other nutri‐
ments. The challenge for the future will be the establishment of nutritional recommendations 
for each bioactive food components. These kinds of products should not be only taken as vital 
nutriments, but also, they should be considered important molecules that depending on the 
nutritional conditions or cellular environments can modify the DNA methylation patterns 
and change the way that DNA is transcribed. The data provided show that the intake of bio‐
active products, provided in daily diet, may have a dual role depending on the load ingest, 
maintaining homeostasis at recommended levels, or induce the appearance of disease when 
are taken to overdoses. However, the most important role exhibited by bioactive nutriments is 
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their antineoplastic effect, which depends on their molecular interactions with enzymes that 
modify the DNA structure or as methyl or acetyl donors to DNA or histones.

The clinical transcendence of the molecular effects displayed by bioactive nutriments is that 
they are exempt of the adverse effects of conventional antineoplastic drugs, which make them 
excellent candidates for cancer treatment in the future. Thereby, food companies must direct 
their effort to the development of novel and low cost processes to ensure an adequate bio‐
active concentration in the diverse food presentations of industrialized food, or these food 
preparations may be added with a special set of microorganisms to enhance the delivery of 
bioactive compounds encrypted in food matrixes.

Currently, novel nano‐particles systems to carry bioactive compounds have been evalu‐
ated. These systems were designed to avoid the accelerated metabolism that bio compounds 
undergo along the gastrointestinal tract. Thereby, pharmaceutical industries must direct 
their efforts to design novel technologies to ensure the bioavailability of many bioactive com‐
pounds linked to antitumoral activity, preserving their biological activity in the affected tis‐
sue. Both strategies may have an enormous economic impact on pharmaceutical and food 
industries, lowering the production cost of antineoplastic drugs, and decrease the cytotoxic 
effect displayed by the actual antineoplastic conventional drugs. These novel technologies 
may also be useful to prevent the high incidence of cancer in general population providing an 
accurate concentration of bioactive compounds in industrialized food with the corresponding 
impact on social medical security, decreasing the economical inversion to cancer treatment in 
affected population.
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Abstract

Type 2 diabetes mellitus (T2DM), or noninsulin-dependent diabetes, is a complex dis-
ease characterized by the alteration of oxidoreductive and proinflammatory mechanisms, 
which leads to disorders in the insulin receptor and consequent chronic hyperglycemia. 
The hypoglycemic, insulinomimetic, and lipid-lowering potential of food is a reality 
given the advances in understanding of the role of food in nutrition. Besides its nutri-
tional content, food exerts a biological function in the organism, and this demonstrates 
the importance of redirecting therapeutic strategies as well as related prevention policies 
of T2DM. The present review evaluates the effect of food on T2DM treatment. Particular 
attention is paid to the consumption of nopal, soy, and oats for their hypoglycemic func-
tions, as well as the consumption of omega-3 fatty acids, which are associated with the 
control of metabolic alterations of this disease.

Keywords: antioxidant, anti-inflammatory, functional foods, bioactive compounds, 
diabetes

1. Introduction

Type 2 diabetes mellitus (T2DM), also called noninsulin-dependent diabetes, is a complex 
and multifactorial disease. This review describes T2DM in the framework of oxidative stress 
and the inflammatory process, since its main etiological factor is obesity. These mechanisms 
can lead to various metabolic alterations, which have been proposed to be part of their chro-
nicity and complexity [1].

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



According to the World Health Organization (WHO), there are 350 million people with dia-
betes worldwide, whereas the International Diabetes Federation (IDF) estimates that by 2013, 
382 million people worldwide were diagnosed with some type of diabetes. This figure is 
expected to increase to 592 million by 2035 [2].

As a response to the increase in diseases related to the modern lifestyle, functional foods, 
such as soybean, nopal, oats, and foods with high antioxidant and omega-3 content, were 
developed in Japan in the 1980s, and these have become important alternatives for improving 
nutrition and public health. Hence, research into the benefits or effects of functional foods on 
T2DM is crucial and can determine whether these can be a true alternative for the prevention 
and control of this pathology, as well as for associated metabolic effects.

2. Physiopathogenesis of T2DM: oxidative stress and the inflammatory 
process

The alteration of some cellular biochemical processes is mainly caused by factors such as 
over-nutrition and decreased physical activity in the individual, as for glucose metabolism, 
specifically hyperglycemia, which in turn triggers:

• Cell overload of free fatty acids

• Endothelial dysfunction

• Insulin resistance in muscle

• Impaired insulin secretion in the beta cells of the pancreas.

T2DM includes several alterations in metabolism, including hyperglycemia, insulin resis-
tance, dyslipidemia, and chronic low-grade inflammation, and these alterations arise from 
oxidative stress [3].

Oxidative stress is defined as the biochemical imbalance caused by the overproduction of 
reactive species (RS) and free radicals (FR) that cause oxidative damage to membrane lipids, 
carbohydrates, proteins, and DNA. In people with T2DM, free radicals are found in high 
concentrations, causing damage to various organs, such as the heart and blood vessels. This 
has been described as a risk factor for the development of complications in this disease [4].

As mentioned above, the excess of FR leads to the oxidation of macromolecules, which in turn 
leads to lesions at the cellular level; among them, the following effects are described:

• Lipids: During lipid peroxidation, unsaturated fatty acids react (in chains) with molecular 
oxygen and hydroperoxides are formed, which are degraded into various products, such as 
conjugated dienes, alkanes, aldehydes, and isoprostanes, among others. Damage from oxida-
tion can affect both the lipids in cell membranes and those contained in plasma lipoproteins. 
In the first case, this would cause inadequate cellular functioning, which is presumed to be 
one of the causes of premature aging experienced by some individuals with diabetes [5].
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In the case of plasma lipoproteins, damage to these in all known cases is derived from the 
oxidation of their lipids. Alterations of high density lipoproteins (HDL) and very low den-
sity lipoproteins (VLDL) can affect reverse cholesterol transport and clarification of plasma 
triglycerides, respectively [6].

On the other hand, the peroxidation of low-density lipoproteins (LDL) constitutes the major 
contribution of FR to the genesis and aggravation of atherosclerosis. Oxidative modifica-
tions of LDL confer greater atherogenic power on this macromolecule [6, 7].

It is also known that in diabetic patients with unacceptable metabolic control, there is 
greater susceptibility of LDL to oxidation and more oxidized LDL than in those with opti-
mal control [6, 7].

• Protein: The mechanisms of damage in each radical-generating system may be different 
and may also vary depending on the affected protein. Oxidative modification of proteins 
increases their degradability and susceptibility to proteolysis, probably due to their in-
creased hydrophobicity, which implies more rapid ubiquitination and degradation by the 
lysosomal pathway. Likewise, the alteration of free radical proteolysis is manifested both in 
intracellular protein catabolism and in extracellular protein systems, especially in proteins 
of the extracellular matrix [8].

One protein that can undergo oxidative damage in people with T2DM is insulin. Oxidative 
damage causes chemical and structural changes in this hormone and, as a consequence, a 
loss of its biological function. It has been shown that human adipose tissue in the presence 
of oxidized insulin does not use glucose with the same efficiency as with native insulin [9].

Also, carbonyl stress can also affect insulin receptors, and the molecules involved in the 
cellular response are appropriate to insulin stimulation [9].

• Deoxyribonucleic acid (DNA): There are many phenomena, associated with mutations and 
carcinogenesis, which are caused by damage to DNA. These include loss of expression 
or synthesis of a protein by damage to a specific gene, oxidative modifications of bases, 
fragmentations, stable interactions of DNA-proteins, chromosomal rearrangements, and 
demethylation of cytokines of the DNA that activates genes. The damage may be effected 
by such alterations; for example, via inactivation or loss of tumor suppressor genes, which 
may lead to the initiation, progression or both of carcinogenesis [10].

The above-described conditions are causes of metabolic alterations characteristic of T2DM. 
Also, oxidative stress present in people with T2DM is associated with the chronic hypergly-
cemia that characterizes this disease. Meanwhile, an excess of circulating glucose activates 
several metabolic pathways not very common in the organism, which leads to the generation 
of other metabolites, among which are oxygen FR [1, 4].

Regarding the sorbitol pathway, given the high circulating glucose levels in the blood, the 
metabolic pathway of the aldose reductase enzyme is followed: it is of low affinity to normal 
glucose concentrations, generates sorbitol from glucose and uses NADPH (nicotinamide ade-
nine dinucleotide phosphate) as a cofactor. Because the antioxidant potential of glutathione 
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depends on the NADPH supply (because glutathione requires it for regeneration), the flow of 
this cofactor by another route, such as that of sorbitol pathway, shifts the oxidant-antioxidant 
balance toward oxidative stress [11].

In turn, it has been shown that sorbitol affects the physiology of cells that do not use insulin-
mediated transporters to take glucose (and which contain the enzyme aldose reductase), such 
as neurons, red blood cells, and the nephrons that undergo osmotic changes. In addition, the 
permeability of these cells may be altered due to the increase of sorbitol, leading to complica-
tions typical of T2DM [11].

Likewise, sorbitol has been linked to oxidative stress with low insulin levels in diabetic 
patients, since it has been shown that the beta cells of the pancreas are not immune to dam-
age by FR. In this way, in patients who already have the disease, it is possible that symptoms 
worsen, since insulin secretion in the pancreas decreases because of interference of FR to the 
normal process of insulin production and secretion [1].

In addition to the increase in free radicals, there is also an increase in metabolic stress, which 
is the result of change in energy metabolism, in the level of mediators of inflammation and 
in the state of the antioxidant defense system. Therefore, the inflammatory process is also 
altered in patients with T2DM. Systemic inflammation is one of the most representative fea-
tures of this type of diabetes, characterized by high systemic levels of pro-inflammatory cyto-
kines damaging DNA and causing endothelial dysfunction, which causes microvascular and 
macrovascular complications in T2DM [1].

3. Mechanisms of antioxidant defense in T2DM

An antioxidant is a chemical entity that, at low concentrations and compared to the oxidant, 
retards or prevents the oxidation of a substrate, which includes lipids, proteins, carbohy-
drates, and DNA [12].

Antioxidants have been classified in different ways, of which the most used establish differ-
ences in chemical structure and biological function, dividing them into enzymatic and non-
enzymatic [13].

• Exogenous: These come from the diet and include vitamin E, vitamin C, and carotenoids 
(beta carotenes, lycopenes, and xanthines). Vitamin C is the most abundant water-soluble 
antioxidant in the blood, whereas vitamin E is the major lipophilic antioxidant. Selenium, the 
most toxic mineral included in our diet, acts together with vitamin E as an antioxidant [13].

• Endogens: Antioxidant defenses consist of avoiding the univalent reduction of oxygen 
by enzymatic or nonenzymatic systems. A group of enzymes specialized in inactivating 
the reactive oxygen species (ROS) by different mechanisms has been described, such as 
catalase (CAT), glutathione peroxidase (GPX), and superoxide dismutase (SOD). Nonen-
zymatic antioxidants recognize amino acids, such as glycine, taurine, and the tripeptide 
glutathione [13].
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In T2DM, a series of changes occur that indirectly indicate the existence of marked oxidative 
stress, due to the increase in formation of oxygen free radicals and the decrease of the plasma 
and intracellular levels of the antioxidants [4].

Carmeli et al. [14] confirmed that in people with T2DM, there is significantly decreased activ-
ity of the SOD enzyme as a consequence of high levels of hydrogen peroxide produced during 
the reaction, which inhibit the enzyme by negative feedback. Indeed, it was observed that an 
increase of SOD initially occurs in response to the high generation of the superoxide anion 
in the cell and its elimination by the enzyme. However, the intense production of this radical 
for a prolonged time exhausts the stimulation of enzymatic activity, since the product of the 
reaction can inhibit it.

With respect to the concentration of minerals (Cu2+ and Zn2+), Devi et al. [15] found that 
patients with T2DM had significantly higher serum and erythrocyte copper levels. In addi-
tion, plasma copper levels have been reported to be higher in patients with complications. In 
this sense, it has been hypothesized that alterations in copper metabolism contribute to the 
progression of pathologies related to diabetes, because glycosylated proteins have a higher 
affinity for transition metals such as copper.

Nsonwu et al. [16] found that serum zinc levels were significantly lower in people with T2DM. 
This apparent hypozincemia may be the result of urinary loss, decreased intestinal absorption 
of this mineral or both conditions.

4. Inflammatory process and insulin resistance

Inflammation is a response of the body to exposure to infectious agents, antigenic stimuli 
or physical injury involving the nervous, vascular, and immune systems. Initially, it has a 
homeostatic function of protection or defense that is characterized by flushing, pain, swell-
ing, edema, and lack of function in the affected area; however, if the process is inefficient and 
chronic, it becomes a pathophysiological process that favors the increase in FR and conse-
quently oxidative stress [17].

In T2DM, there is a pathophysiological relationship with the chronic inflammatory process 
(CIP) by two mechanisms: one linked to obesity and the endocrine activity of adipose tissue, 
and the other involving the development of the immune response stimulated by generated 
AGEs because of the nonenzymatic glycosylation reaction of proteins [11].

The chronic inflammatory process is an alteration linked to obesity and T2DM, considering 
that adipose tissue, besides being an energy reserve, acts as a high activity endocrine gland, 
producing a wide variety of substances with effects at different levels in the body, including 
proinflammatory cytokines. In addition to secreting hormones, such as leptin, adiponectin, 
resistin and ghrelin, adipocytes synthesize and secrete cytokines associated with inflamma-
tion, such as IL-6 and TNF-α [18].
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The mechanism by which the chronic process is linked to the development of diabetes mel-
litus occurs at the molecular level and implies insulin resistance. Briefly, the mechanism is 
as follows: when insulin binds to the extracellular alpha subunit of its receptor, it causes a 
conformational change that allows the binding of ATP to the intracellular beta subunit of the 
receptor. This promotes autophosphorylation of insulin and confers tyrosine kinase activ-
ity, which initiates tyrosine phosphorylation of intracellular proteins called insulin receptor 
substrate (IRS). IRS have a conserved region that, once activated, allows them to interact with 
other intracellular proteins, promoting the translocation of the glucose transporter (GLUT) to 
the cell membrane, with the subsequent entry of glucose [1, 19].

TNF-α causes an inhibition of the autophosphorylation of tyrosine residues of the insulin 
receptor and also causes the phosphorylation of a serine of the insulin receptor substrate 
(IRS). This in turn promotes the phosphorylation of a serine of the insulin receptor and inhib-
its the phosphorylation of tyrosine that is required to promote the cascade of signals for the 
capture of glucose; thus, this translates into insulin resistance. Also, it has been reported that 
IL-6 inhibits the signal of insulin transduction in the hepatocyte, which also causes insulin 
resistance [19].

Vozarova et al. [20] showed that markers of inflammation correlate with diabetes. The total 
leukocyte count is an indirect marker of inflammation and, specifically a higher neutrophil 
count than normal, is related to the insulin resistance characteristic of T2DM and cardiovas-
cular diseases.

Inflammation of beta cells of the pancreas as a result of an autoimmune phenomenon has been 
recognized in type 1 diabetes mellitus and is increased in the pathogenesis of T2DM. Such 
inflammation is one of the pathways of the pathogenesis of T2DM and its complications [21, 22].

The main cell involved in the inflammatory process and in the insulin resistance of T2DM 
is the adipocyte, since insulin regulates glucose uptake and storage of triglycerides through 
these. Adipokines in turn also affect secretion and insulin resistance [23].

In particular, leptin, adiponectin, and resistin contribute to the dysfunction of the beta cells 
of the pancreas increasing insulin resistance. The adipose tissue also secretes dipeptidyl pep-
tidase-4 (DPP-4) improving the degradation of glucagon in peptide 1 (GLP-1), which has an 
insulinotropic effect on beta cells [24].

On the other hand, the circulation of proinflammatory cytokines directly and indirectly affects 
the function of beta cells, increasing inflammation of the adipocyte. Cytokines such as TNF-α, 
beta-interleukin (IL-1β), and gamma interferon (IFN-γ) alter the regulation of intracellular 
calcium in beta cells and thus release insulin. In addition, TNF-α increases the expression 
of amyloid peptide (IAPP) in beta cells leading to accelerated death, which leads to insulin 
resistance [24].

Glucotoxicity, particularly lipotoxicity, increases fatty acids locally in the islets, and long chain 
fatty acids, especially palmitic acids, cause oxidative stress and the activation of N-terminal 
c-Jun kinases. These increase the secretion of adipokines, initiating a cycle that induces the 
dysfunction of the beta cells of the pancreas, which consequently increases inflammation [25].
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5. New trends in the treatment of T2DM: functional foods and bioactive 
compounds

The World Health Organization (WHO) estimates that 50% of patients with T2DM do not 
comply with experts’ recommendations regarding lifestyle and eating habits. In response to 
this problem, the science of nutrition faces a challenge: the search for new foods and/or food 
components that ensure health and reduce the risk of certain diseases. In addition, it could 
reduce future costs derived from the treatment of these diseases. At this point, the food indus-
try plays a significant role, since it is the main producer and distributor of food [26, 27].

The concept of “functional food” was born as a convenient and economical solution for 
chronic health problems, being influential in many branches of science. Since 1984, the mean-
ing of “functional food” has changed according to country and culture and has been defined 
and redefined over the past 30 years. A food may be considered “functional” if it has been 
satisfactorily demonstrated that, in addition to its nutritional effects, it beneficially affects one 
or more functions of the organism in a way that improves the state of health or well-being or 
reduces the risk of disease [27].

Therefore, in functional foods, two very important and different points are integrated. On the 
one hand, there is the science of nutrition, responsible for investigating and testing new com-
pounds and/or foods that are being developed, and also, there is the industry, responsible for 
production and distribution of food that will eventually reach consumers [28].

In 1984, the Japanese government allocated funds for the study of functional foods or specific 
foods with therapeutic uses. Japan was the first country to use the definition of functional 
food as “fortified foods with special components that have beneficial physiological effects.” 
To be considered as such, there was a legal category of food called FOSHU. In order of impor-
tance, the food had to meet three nutritional requirements:

1. It should be constituted by natural ingredients.

2. It should be consumed as part of a daily diet.

3. It should be a food that when consumed presents a particular function in the human 
body, such as:

• Improvement in biological defense mechanisms.

• Prevention or recovery of some specific diseases.

• Control of physical and mental conditions.

• Aging process delay [28, 29].

Subsequently, the term was adopted by Europe. In the United States, in 1994, the National 
Academy of Food Sciences and the Nutrition Board defined functional foods as “modified 
foods or ingredients that can improve health, beyond the nutrients they possess.” In 2004, 
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the American Dietetic Association (ADA) issued an institutional document on functional 
foods, where they were defined as foods that have potential beneficial effects on health when 
consumed as part of a varied diet, at effective levels. The definition covers whole, fortified, 
enriched, or improved (designed) foods [30].

In 2012, FFC (Functional Food Center) announced the new concept of functional food as: “nat-
ural or processed foods containing essential or nonessential biologically active compounds, 
which in specific amounts provide a clinically proven and documented health benefit for the 
prevention, management, or treatment of a chronic disease.” This means that a functional 
food can be:

• Natural food.

• Food to which a component has been added.

• Foods to which a component has been removed.

• Foods to which the nature of one or more components has been changed.

• Food in which the bioavailability of one or more of its components has been modified.

• Any combination of the above possibilities [31].

At present, these foods are being greatly developed with emphasis on the following functions 
[31]:

• Regulation of basic metabolic processes: Foods that improve metabolic efficiency are 
sought. Metabolic efficiency includes glycemia optimization and foods that improve this 
would produce moderate glucose peaks. This involves developing new ingredients such as 
hydrogenated carbohydrates or trehalose.

• Defense against oxidative aggressions: The paradoxical relationship (i.e., respiration) is 
known, and certain toxic or harmful reactions occur, such as those occurring in the pres-
ence of reactive oxygen species (ROS) that act as powerful antioxidants. These possibly 
contribute to the appearance of aging processes, heart disease, cancer, cataracts and de-
generative pathologies of the nervous system, such as those that occur in Parkinson’s and 
Alzheimer’s. The organic processes that defend against ROS can be complemented by sev-
eral substances widespread in numerous foods, such as vitamin E, C, and carotenoids, as 
well as polyphenols of plant origin, which could reinforce the panoply of functional foods 
against oxidative aggression.

• Circulatory system: Functional foods may play a role in the different predisposing factors 
of cardiovascular diseases: arterial hypertension, vessel integrity, dyslipidemias, oxidized 
lipoproteins, elevated levels of homocysteine, increased blood coagulation, and low cir-
culating vitamin K concentrations. Thus, blood lipids can be modified by the presence of 
certain fatty acids, fiber, and antioxidants, such as flavonoids in the diet. Vegetable com-
ponents, such as phytosterols, may be able to lower LDL-cholesterol (LDL-C). The overall 
vascular integrity could also benefit from an increased concentration of folates, vitamin B6 
and B12 in the diet, which will reduce plasma concentrations of homocysteine.
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• Digestive system: The balance and variety of the microbial flora in the intestine are impor-
tant factors in the maintenance of health. Prebiotics, probiotics, and symbiotics are consid-
ered as functional foods in this balance of the predominant flora in the intestine.

6. Potential functional foods and bioactive compounds with application 
in the treatment of T2DM

Currently, several foods with potential roles in the treatment of T2DM are associated. Mainly, 
the roles of nopal, soy, and oats are recognized because of their hypoglycemic, insulino-
mimetic and lipid-lowering effects and of bioactive compounds such as antioxidants and 
omega-3 fatty acids. Oxidative stress and chronic inflammation are present in fresh fruits 
and vegetables, teas, and blue fish, respectively. The latter, in clinical studies, are treated as 
compounds characterized as nutraceuticals, given the low bioavailability they possess as part 
of a food matrix.

6.1. Nopal

The nopal belongs to the family of cactuses, which are fleshy, thickened, and spiny plants, 
and to the genus Opuntia, which is characterized by extended petals with an articulated stem. 
Opuntia streptacantha is the best studied of this genus and is more cultivated in arid and semi-arid 
zones of the Mexican territory [32].

Scientific evidence on nopal has shown a correlation between ethnomedical uses and experi-
mental results, since people use this food as an alternative or combined treatment with T2DM 
drugs [32].

Pharmacological research of the nopal as a hypoglycemic agent began in 1964 and was 
continued in 1979 by the now-extinct Mexican Institute for the Study of Medicinal Plants 
(IMEPLAM). Researchers at this institute found that different preparations of liquefied raw 
nopal, administered by a nasogastric tube to rabbits with hyperglycemia induced by pancre-
atectomy or by administration of aloxane, produced a hypoglycemic effect. Four years later, 
Ibanez and Meckes (1983) showed that a semipurified fraction of fresh stem juice of O. strepta-
cantha given to normoglycemic rabbits or with induced hyperglycemia produced a significant 
decrease in blood glucose and triglyceride levels [33].

Trejo-González et al. [34] performed a study in rats with streptozotocin-induced diabetes, 
who were given a simultaneous administration of O. fuliginosa (1 mg/kg) and insulin for 7 
days. This induced decreased blood glucose and glycosylated hemoglobin to normal values. 
These values were maintained when insulin was withdrawn and only the cactus extract was 
administered.

Laurenz et al. [35] found that in pigs with chemically induced diabetes, oral administration of 
250–500 mg/kg of O. lindheimeri extract maintained blood glucose at normal levels but did not 
modify the glycemia of nondiabetic pigs.

Functional and Biological Potential of Bioactive Compounds in Foods for the Dietary Treatment of Type 2 Diabetes...
http://dx.doi.org/10.5772/intechopen.68788

151



Frati-Munari et al. [36] administered 100 g of roasted cactus to both healthy and obese subjects 
with or without T2DM, 20 min before meals three times a day for 10 days, produced a signifi-
cant decrease in total cholesterol, triglycerides, and total weight in nondiabetic obese subjects 
and type 2 diabetes obese subjects and in the glycemia of diabetic subjects. These results sug-
gest that the effects observed with nopal are due to their fiber content. The fiber content is a 
mixture of lignin, cellulose, hemicellulose, pectin, mucilage and gums, which are capable of 
decreasing the gastrointestinal absorption of various nutrients and, consequently, decreasing 
blood levels of cholesterol, triglycerides, and glucose due to lack of absorption.

The group of Frati-Munari et al. [37] performed another study in patients with induced hyper-
glycemia and showed that the same dose as in the previous study of 100 g of roasted cactus, 
given to healthy volunteers, 20 min before starting the oral glucose tolerance test, prevented 
blood glucose elevation at 120 and 180 min and decreased blood insulin concentration. To 
explain this latter effect, a possible inhibitory action of the fiber on the gastric peptide was 
mentioned. This substance normally increases the sensitivity of the insulin receptor and 
induces the release of this hormone in the islets of Langerhans. Unfortunately, neither of these 
hypotheses have been experimentally studied.

In a subsequent study, it was reported that fresh nopal blotch, whose species was not identi-
fied, administered orally to healthy individuals, did not modify the basal glucose or blood 
insulin concentration. In contrast, an antihyperglycemic action was described in healthy indi-
viduals with orally, but not intravenously, induced hyperglycemia. These results suggest that 
liquefied cactus would only have an antihyperglycemic effect if it is ingested prior to food 
intake; this effect would prevent the complications of T2DM [37].

The same research group also showed that the decrease in blood glucose in individuals with 
type 2 diabetes is in direct proportion to the administered doses of roasted cactus. This effect 
which the authors called “acute hypoglycemia” is believed to be independent of that pro-
duced by the fiber at the level of the gastrointestinal tract [38].

This group also found that extracts of fresh crude nopal had virtually no “hypoglycemic” 
effect when given to type 2 diabetic patients under fasting conditions, whereas roasted cactus 
produced a “hypoglycemic” effect in the same type of patients but not in normoglycemic 
healthy subjects. These results call into question whether fresh nopal smoothies, which are 
consumed by much of the Mexican population, have any beneficial effect, especially if con-
sumers are not diabetic [39].

In conclusion, nopal has different effects in the body. However, although it appears that this 
plant prevents glycemia elevation and has an insulinomimetic effect and lowers blood glu-
cose levels below normal values, these effects only occur under certain conditions, such as the 
use of large doses (100–500 g) of roasted cactus.

Porrata et al. [40] emphasized the importance of a fiber-rich diet for the control of T2DM. In 6 
months, 25 adults with T2DM treated with antihyperglycemic agents and a macrobiotic vegetar-
ian diet with a majority of whole grains, vegetables, legumes, and green tea showed beneficial 
effects. These were evident in improved blood glucose control, decreased insulin requirements, 
slowed glucose absorption, increased peripheral tissue sensitivity to insulin, lowered choles-
terol levels and triglycerides, controlled body weight and lowered blood pressure.
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It was also observed that insulin has been shown to have a marked lipid-lowering effect in 
individuals with obesity and dyslipidemia. It has been recommended that 9 g/day of insulin 
for 4 weeks is sufficient to achieve a favorable effect on the lipid profile [40].

6.2. Soy

Soybean (Glycine max) is a species of the leguminous family (Fabaceae) cultivated for its seeds, 
which have medium oil and high protein content. Its composition is based on 40% protein 
and 20% oil. It is considered as the legume with the highest contribution of protein and its 
consumption produces hypoglycemic and hypolipidemic benefits, among others [41].

Céspedes et al. [42] conducted a study with 40 patients with T2DM to evaluate the effect of 
soy protein in this pathology. All patients received three servings of soy protein weekly as 
a nutritional contribution and performed physical exercises. The effect of the soy protein-
enriched diet was highly significant for HDL cholesterol, suggesting that it could participate 
in the control of plasma concentrations of this lipoprotein by helping metabolic control of 
dyslipidemia, which is known to be a metabolic alteration characteristic of T2DM.

Garrido et al. [43] stated that soy consumption could confer benefits in the prevention of car-
diovascular diseases, risk factors of which are T2DM, obesity, and corresponding dyslipid-
emias. In 2000, the state agency for the US Food and Drug Administration (FDA) allowed the 
use of a “health claim” for soy protein, associating consumption of this protein with a low 
saturated fat diet, with a decreased risk of cardiovascular disease. This measure was based 
on studies included in a meta-analysis of 38 controlled clinical studies using soy protein from 
the above, and it was concluded that the substitution of animal protein for soy protein sig-
nificantly decreased total cholesterol, LDL-cholesterol and triglycerides without affecting 
 HDL-cholesterol (HDL-C), and the effects were higher in subjects with higher basal cholesterol.

Each subject received six randomly tested foods: a standard glucose drink or a commercial 
low-carbohydrate soy drink (Ades Natural Light and Ades Chocolate Light), peanuts, a high-
carbohydrate soy milk, or fiber drink. Before each session, the subjects were weighed and 
interviewed. Only water was allowed to be consumed during fasting, no caffeinated food 
was allowed. The subjects did not consume legumes and were not allowed to drink alcoholic 
beverages. The results showed that soy beverages should contain at least 6.25 g of protein per 
serving and that four servings per day should be consumed for a long time to see a possible 
beneficial effect on the blood lipid concentration. It is also recommended that soy products 
have a low concentration of maltodextrins and, if possible, contain soluble fiber to maintain 
low glycemic indexes and be usable in obese or diabetic patients. The consumption of soy 
protein (0.5 g/kg/day) in diabetic patients with renal impairment reduces the excretion of uri-
nary albumin and increases HDL cholesterol, as well as improving glomerular filtration [44].

6.3. Oats

Oat is an annual herbaceous plant, belonging to the grass family. The most cultivated species 
are Avena sativa and Avena byzantina. It is rich in proteins of high biological value, fats and a 
large number of vitamins and minerals. It is the cereal with the greatest proportion of vegetable 
fat; 54% unsaturated fats and 46% linoleic acid. It also contains readily absorbed carbohydrates 
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in addition to calcium, zinc, copper, phosphorus, iron, magnesium, potassium and sodium. In 
addition, it contains vitamins B1, B2, B3, B6 and E and contains a good amount of fiber, which 
is less important than nutrients, but contributes to good intestinal functioning [45].

Cabrera Llano and Cárdenas Ferrer [46] stated that in the past 30 years, multiple studies have 
shown that the administration of dietary fiber could reduce blood glucose levels in patients 
with both type 1 and type 2 diabetes.

The American Diabetes Association (ADA) continues to recommend a fiber intake between 
20 and 35 g/day, both soluble and insoluble, to maintain better glycemic and insulin control, 
with the soluble fraction being the most effective in glycemic control [47].

The mechanisms proposed are delayed gastric emptying; decrease in glucose uptake by being 
trapped by fiber viscosity and thus less accessible to the action of pancreatic amylase and 
short chain fatty acid production; and propionate influences gluconeogenesis by reducing 
the hepatic production of glucose. Butyrate acts by reducing peripheral resistance to insulin 
by reducing the production of TNFα. Insulin resistance is one of the most important factors 
involved in the metabolic syndrome [48].

It is also important to take into account that insulin has, in addition to its metabolic action, an 
effect on vascular endothelium that facilitates the progression of atherogenesis. Therefore, it is 
proposed that oat hypoglycemic function is important in patients with T2DM and can be an alter-
native for the treatment of this. However, the hypolipidemic effect of oats is also noteworthy [48].

Regarding the lipid-lowering effect of oats, Kerckhoffs et al. [49] stated that daily consump-
tion of approximately 3 g of soluble fiber can decrease total cholesterol by 0.13 mmol/L in 
normocholesterolemic and 0.41 mmol/L in hypercholesterolemic drugs, which would be a 
mechanism of prevention for one of the metabolic alterations of T2DM.

Ruiz et al. [50] carried out a study whose objective was to determine the effect of Avena sativa on 
the lipid profile of patients between 20 and 60 years old with diagnoses of dyslipidemias. Patients 
consumed 60 g of liquefied oats in water daily for 3 months, and total cholesterol, triglycerides, 
and LDL were measured at the beginning at 4 and 12 weeks. The results showed statistically 
significant decreases in total and LDL-C, without major changes in HDL-C and triglycerides.

Furthermore, a study performed by Raasmaja et al. [51] evaluated the effect of drink with 
symbiotic on the reduction of cholesterol, triglycerides, and glucose control by in vivo analy-
sis with a model of 24 rats with genetic obesity exhibiting similar effects to the metabolic syn-
drome. These rats were randomly divided into three groups: group 1 control (water), group 
2 (symbiotic), and group 3 (malted oats). Measurements of glucose, total cholesterol, and tri-
glycerides in blood plasma were taken for 3 months on six occasions. The results showed that 
rats that consumed symbiotic beverages had decreased glucose, triglycerides, and weight. 
However, groups 1 and 3 showed a greater reduction of cholesterol in comparison with group 
2. Therefore, it was concluded that the consumption of a symbiotic drink based on malted oats 
and Lactobacillus casei exerted a positive effect on the reduction of glucose and triglycerides in 
addition to showing a tendency for decreased weight. This type of drink may be a safe alter-
native for patients with T2DM since, in addition to glucose control, it exerts a lipid-lowering 
effect and a decrease in body weight.
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6.4. Antioxidants

Dietary antioxidants play an important role in the defense against aging and chronic diseases 
such as T2DM, as these substances inactivate free radicals involved in oxidative stress and 
prevent its propagation. As previously described, T2DM is characterized by a chronic oxida-
tive state. Therefore, the inclusion of antioxidants in the diet contributes to counteracting the 
effects of the oxidative state on the organism [52].

Supplementation of the diet with natural antioxidants may have a beneficial effect in improv-
ing the morbidity and mortality of diabetic patients, so that they could prevent and delay the 
development of chronic complications of T2DM [53].

Yusuf et al. [54] performed a study to evaluate the possible effects of antioxidants in the pre-
vention and treatment of T2DM complications. In most studies, vitamin E was isolated or in 
combination. The doses of vitamin E used were 300–1800 IU/day, generally in the form of 
alpha-tocopherol. However, there were no significant data demonstrating a beneficial effect 
of vitamin E in the prevention of T2DM, but a beneficial role of vitamin E in endothelium-
dependent vasodilation was observed in subjects with cardiovascular risk, such as diabetes. 
This directly associates improvement of function of endothelial activity with the reduction of 
oxidative stress, supporting that the benefit of vitamin E on endothelial function depends in 
part on its antioxidant effects.

Geohas et al. [55] evaluated metabolic effects of supplementation of chromium in different 
doses or chromium combined with biotin in a total of 216 type 2 diabetic patients. The study 
showed a reduction of glycosylated hemoglobin of up to 2%, postprandial glycemia, fructos-
amine, insulinemia, total cholesterol, HDL/LDL ratio, triglycerides, and atherogenicity index.

In addition, Lu et al. [56] found certain metabolic benefits for patients with T2DM by supple-
menting the diet with 3000 mg/day of vitamin C in a clinical trial. The metabolic benefits in 
the vitamin C group were manifested as a tendency to decrease glycosylated hemoglobin 
and total cholesterol, although there were no changes in the levels of interleukins, C-reactive 
protein, or in the oxidation of LDL-cholesterol particles.

Moreover, Porrata et al. [40] showed that the consumption of a large amount of green tea in 
the diet was related to the metabolic control of T2DM, due to the polyphenols it contains. 
These substances are considered as the main active ingredients in the protection against oxi-
dative damage and in the anti-inflammatory activities of T2DM. They can also increase the 
activity of insulin, demonstrating an increase of insulin in vitro of more than 15 times. This 
potentiating activity is attributed to the epigallocatechin gallate contained in green tea.

This study described the benefits of tea on hypercholesterolemia and hypertriglyceridemia, 
which are metabolic alterations related to T2DM. This antilipemic effect of tea is due to the 
action of polyphenols leading to a decrease in the absorption of fats, as well as reduced fat 
storage in the liver and heart [40].

Likewise, Montano et al. [57] conducted a study of 22 patients (nine with T2DM), giving 
them 100 mg orally of coenzyme Q10 twice a day for 12 weeks. This resulted in a significant 
decrease in cholesterol and LDL levels, as well as glycosylated hemoglobin levels.
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6.5. Omega-3 fatty acids

Long-chain polyunsaturated fatty acids (PUFAs) are dietary components that participate 
in multiple physiological processes, where they play a structural role in the phospholipids 
of cell membranes and are substrates for the synthesis of various physiological mediators. 
Within the PUFAs are two main groups: the omega-3 (ω-3) and omega-6 (ω-6) fatty acids. 
These are essential fatty acids (EFAs) for humans because the enzymatic machinery necessary 
to biosynthesize them is absent [58].

The first exponent of omega-3 fatty acids is α-linolenic acid which, via desaturases and elon-
gases, can be transformed into eicosapentaenoic acid (EPA) and subsequently into docosa-
hexaenoic acid (DHA) [59].

Food sources of α-linolenic acid are foods of plant origin, especially oils (soybean, flax, canola, 
among others) and nuts (almond, walnut, peanut, among others). The nutritional source of 
PUFAs derived from these is food of animal origin. Arachidonic acid (AA) is found in meats 
(beef, lamb, and pork). EPA and DHA are found in both marine animals and vegetables, partic-
ularly in fish with a high fat content, such as tuna, horse mackerel, and salmon, among others. 
AA, EPA, and DHA are important structural components of membrane phospholipids and are 
the substrates for the formation of a series of lipid derivatives called eicosanoids (derived from 
20 carbon atoms in the case of AA and EPA) and docosanoids (derived from 22 carbon atoms, 
in the case of DHA), which exert important actions in cellular metabolism [60, 61].

Clinical and epidemiological evidence from multiple studies allows us to establish that ω-3 PUFAs 
are ideal therapeutic candidates for the prevention and/or treatment of a number of pathologies, 
especially those where inflammation plays a major role in its development as T2DM [62, 63].

Dietary supplementation with EPA and DHA can reduce the production of pro-inflamma-
tory cytokines such as interleukin-1, interleukin-6, interleukin-8, and tumor necrosis factor-α 
(TNF-α), which are released when macrophages and monocytes are activated. Although these 
cytokines are potent activators of immune function, the excess activity of these substances 
contributes to pathological inflammation [64, 65].

Petrova et al. [66] obtained the first data that showed the cardioprotective effects of ω-3 PUFAs. 
This arose from studies performed in Eskimos (Inuits), who, despite having a high fat intake 
(more than 30% of energetic requirements), presented a very low incidence of cardiovascular 
diseases, identifying animals of marine origin (mammals and fish rich in these lipids) as the 
dietary source of these fats. These results were confirmed in studies carried out in populations 
with similar diets, which showed a low incidence of cardiovascular diseases.

Manerba et al. [67] conducted a study demonstrating that fish oils lowered plasma cholesterol 
and TG levels through the inhibition of very low-density lipoproteins (VLDL) and TG biosynthe-
sis in the liver and unchanged biosynthesis of high density lipoproteins (HDL). They also indi-
cated that ω-3 PUFAs have a number of potentially beneficial effects on smooth vascular muscles, 
by reducing intracellular calcium loss and decreasing smooth muscle cell proliferation (through 
the inhibition of growth) and increased production of nitric oxide. It is known that one of the 
main metabolic complications of a patient with T2DM is dyslipidemia, and ω-3 is considered as 
an alternative treatment for T2DM and, because of this, can be used to treat dyslipidemias.
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Manerba et al. [67] also stated that the beneficial effects on cardiovascular health attributed to 
ω-3 PUFAs are the result of the following mechanisms: decreased plasma TG and LDL cho-
lesterol, increased HDL cholesterol, decreased blood pressure, reduced platelet aggregation, 
and decreased incidence of arrhythmias.

Geleijnse et al. [68] noted that the type and form of fish preparation determine the cardiopro-
tective effects of ω-3 PUFAs. The consumption of fish rich in ω-3 PUFAs (tuna, horse mackerel 
and salmon, among others) produced a significant decrease in the risk of presenting cardiac 
ischemia. This effect is observed when the fish is consumed roasted or baked, but not when 
consumed fried.

Nasiff-Hadad and Meriño [69] performed a review of the beneficial and detrimental effects 
of omega-3 fatty acids in subjects with T2DM, arterial hypertension and dyslipidemias, and 
their effects on hemostasis and other organs and systems. It was concluded that the ingestion 
of blue meat fish two or three times a week should be a dietary recommendation for the whole 
population and that the consumption of fish oils in moderate doses (up to 3 g/day) is beneficial 
for subjects with T2DM, hypertension and/or dyslipidemias as an adjuvant treatment. In these 
cases, this diet would also decrease platelet aggregation and reduce the synthesis of chemical 
mediators of inflammation. However, high doses of fish oils may be harmful to glycemic con-
trol, high blood pressure in susceptible persons and serum levels of LDLs and HDLs.

Table 1 shows a summary of the doses of the main foods or bioactive compounds used for the 
treatment of T2DM and which have updated evidence for their effects.

Food/bioactive 
compound

Dose Effect Reference

Nopal 300 g/day (roasted) Significant decrease in total cholesterol, triglycerides, 
body weight, and glycemia

[39]

Insulin 9 g/day by 4 weeks Improvement of the lipid profile [40]

Soy protein 0.5 g/kg/day Reduction of urinary albumin excretion, increase in 
HDL cholesterol and improve glomerular filtration

[44]

Soluble fiber 3 g/day Total cholesterol reduction [49]

25–30 g/day Delayed gastric emptying, decreased glucose uptake 
and short-chain fatty acid production

[47]

Liquefied oats 
with water

60 g/day Significant decrease in total cholesterol and LDL [50]

Vitamin E 300–1800 UI/day 
(α-tocoferol)

Improvement of endothelial function directly with the 
reduction of oxidative stress

[54]

Vitamin C 3000 mg/day Decreased glycosylated hemoglobin and total 
cholesterol

[56]

Q10 coenzyme 100 mg/day (oral 
administration)

Significant decrease in the levels of cholesterol, LDL 
and glycosylated hemoglobin

[57]

Omega-3 3000 mg/day Decreased platelet aggregation and reduced synthesis 
of chemical mediators of inflammation

[69]

Table 1. Food and bioactive compounds used in the treatment of T2DM.
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7. Conclusion

T2DM is a complex disease with world prevalence, with important oxidative and proinflam-
matory components, in which lies its chronicity and complication. Nutrition based on the 
biological effects of food, beyond its nutritional component, is a dietary alternative that has 
repercussions on the health status and quality of life of patients with T2DM.

A diet based on the use of antioxidants, omega-3, or foods, such as soybean, nopal and oats, 
contributes to a better status of the metabolic imbalance produced in T2DM, as a product 
of carbohydrate metabolism, oxidative stress and inflammatory processes, with significant 
improvement in the biochemical and clinical markers that characterize this disease. In addi-
tion, the design of new policies and educational materials for this population should have a 
new direction, based on the functional potential of food, where studies have shown effective 
doses to counteract the chronicity and presence of complications.
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7. Conclusion

T2DM is a complex disease with world prevalence, with important oxidative and proinflam-
matory components, in which lies its chronicity and complication. Nutrition based on the 
biological effects of food, beyond its nutritional component, is a dietary alternative that has 
repercussions on the health status and quality of life of patients with T2DM.

A diet based on the use of antioxidants, omega-3, or foods, such as soybean, nopal and oats, 
contributes to a better status of the metabolic imbalance produced in T2DM, as a product 
of carbohydrate metabolism, oxidative stress and inflammatory processes, with significant 
improvement in the biochemical and clinical markers that characterize this disease. In addi-
tion, the design of new policies and educational materials for this population should have a 
new direction, based on the functional potential of food, where studies have shown effective 
doses to counteract the chronicity and presence of complications.
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Abstract

This chapter aims to present the current state of the art in the field of meat product refor-
mulation with respect to issues concerning the nutritional improvement and overall health 
benefits of such products. Our research team has recently finalised a national research 
project concerning this topic, and we feel that other food scientists could benefit from the 
theoretical and practical knowledge gathered during this time. The chapter will be divided 
into four subchapters. The first subsection will present the main targets of meat refor-
mulation, such as lipid or protein profile modification, the use of bioactive compounds 
as additives, etc. The second subsection will discuss the bioavailability and bioaccessibil-
ity of carotenoids, phenolic compounds and other bioactive compounds, presenting these 
parameters from a nutraceutical perspective. The last subsections will include reported 
consumer attitudes. In this work, we will present data that could aid scientists in the field 
of food science to better grasp notions concerning consumer benefit, such as bioavailabil-
ity, not only of a specific bioactive compound but also as part of a complex food matrix.

Keywords: reformulation, bioactive compounds, bioavailability, bioaccessibility, 
nutrition, human health

1. Introduction

Meat and meat products are a class of food products that are commonly included in human diet, 
due to the intake of good quality nutrients, diverse forms of presentation and highly appreciated 
sensorial characteristics. On the other hand, a number of studies have been published on the neg-
ative impact of meat consumption upon health. In 2007, a report of the World Cancer Research 

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



Fund described a connection between the intake of processed red meat and the risk of colorectal 
cancer. Although this connection has not been fully clarified yet, it is presumed that cancer pre-
cursors could be excess fat, protein and iron, heat-processing compounds (heterocyclic amines) 
and various substances added during the technological process (sodium chloride and nitrates). 
The same report recommended the intake of less than 500 g cooked red meat per week [1].

Similarly, the intake of processed red meat was associated to an increased occurrence of car-
diovascular disease and diabetes mellitus, but the triggering mechanisms of these conditions 
have yet to be fully understood. In order to meet the consumers’ demands, as consumers 
have become increasingly concerned with the ingredients of the food products purchased, the 
present research in the field approaches the topic of reformulating the meat products, impacting 
upon obtaining functional products. The technological strategies used to reformulate meat 
products and obtain functional products are based on improving the fat content, incorporat-
ing proteins of vegetable origin, prebiotics and vegetable fibres: increasing the mineral con-
tent, including vitamins, antioxidants and vegetable compounds with a functional role [2], 
and reducing the exogenous compounds harmful to health.

2. Meat product reformulation

Reformulated meat products have been created to help consumers, who are constantly requir-
ing nutritionally improved meat products, that is, with a lower content of fats, cholesterol, 
sodium chloride and nitrites, as well as a higher content of compounds beneficial to human 
health. The influence of the meat product composition on human health has long been well 
known, but the scientific foundation of the physiological role of bioactive compounds in mod-
ulating specific functions in the body is not yet fully understood.

Reformulating meat products may be achieved in the following manners [3]:

1. Increasing the concentration of a meat product (macronutrient or micronutrient) up to a 
desired level

2. Adding a component normally not existing in meat

3. Partial or total replacement of a macronutrient which may trigger nutritional deficiencies 
with a nutritionally beneficial component

4. Reducing the nutritionally harmful components

5. Improving component bioavailability or stability

6. Combinations of the above

2.1. Reduction of cholesterol, sodium, nitrite and phosphate contents

Depending on its concentration, circulation or accumulation in the human body, cholesterol 
may be desired or not in diet. Due to the association of cholesterol-rich diet with coronary 
heart disease, in the most situations, food containing the high level of cholesterol is avoided. 
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present research in the field approaches the topic of reformulating the meat products, impacting 
upon obtaining functional products. The technological strategies used to reformulate meat 
products and obtain functional products are based on improving the fat content, incorporat-
ing proteins of vegetable origin, prebiotics and vegetable fibres: increasing the mineral con-
tent, including vitamins, antioxidants and vegetable compounds with a functional role [2], 
and reducing the exogenous compounds harmful to health.

2. Meat product reformulation

Reformulated meat products have been created to help consumers, who are constantly requir-
ing nutritionally improved meat products, that is, with a lower content of fats, cholesterol, 
sodium chloride and nitrites, as well as a higher content of compounds beneficial to human 
health. The influence of the meat product composition on human health has long been well 
known, but the scientific foundation of the physiological role of bioactive compounds in mod-
ulating specific functions in the body is not yet fully understood.

Reformulating meat products may be achieved in the following manners [3]:

1. Increasing the concentration of a meat product (macronutrient or micronutrient) up to a 
desired level

2. Adding a component normally not existing in meat

3. Partial or total replacement of a macronutrient which may trigger nutritional deficiencies 
with a nutritionally beneficial component

4. Reducing the nutritionally harmful components

5. Improving component bioavailability or stability

6. Combinations of the above

2.1. Reduction of cholesterol, sodium, nitrite and phosphate contents

Depending on its concentration, circulation or accumulation in the human body, cholesterol 
may be desired or not in diet. Due to the association of cholesterol-rich diet with coronary 
heart disease, in the most situations, food containing the high level of cholesterol is avoided. 
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Meat (especially red meat) and meat products are among this food. On the other hand, meat 
and meat products provide beneficial compound for the human body: high-quality proteins, 
high bioavailable iron, vitamin B12, zinc and selenium. In this context, there have been devel-
oped some possibilities to reduce the level of cholesterol in meat and meat products: lecithin 
treatment; short-path and path molecular distillation; supercritical carbon dioxide extraction; 
extraction by saponin, using cholesterol oxidase; etc. Some of these methods are costly, non-
selective and not enough studied. The addition of cholesterol-lowering compounds, such as 
phytosterols and soy proteins, is more suitable for this purpose [4].

Sodium chloride (currently named salt) is widely used in meat products due to a series of 
technological benefits (increases the proteins’ water-binding capacity, improves texture and 
shelf life). Because of the negative health impact of sodium consumption (high blood pres-
sure) [5], several strategies for lowering salt content in meat products have been reported [6]: 
the use of salt substitutes (potassium chloride, magnesium chloride, calcium chloride, calcium 
ascorbate [7]), the use of flavour enhancers (monosodium glutamate or yeast extract) and the 
use of novel processing technologies (high-pressure processing and power ultrasound). These 
strategies have their limitations and may be combined.

Nitrite has numerous functions in meat products [8, 9]: prevents lipid oxidation, gives prod-
ucts the specific colour and provides antimicrobial activity. Their reduction implies the addi-
tion of other antioxidants (either natural or artificial), colourants or preservatives. In the 
manufacture of meat products, phosphates are used in order to increase the water-holding 
capacity, leading to a good texture and poor cooking loss. Due to their implication in setting 
of chronic diseases like diabetes, obesity or cardiovascular disease, phosphates are tending 
to be replaced by sodium citrate, carageenans or proteins of different origins (porcine blood, 
soybean and milk) [10, 11].

2.2. Enrichment of minerals and improvement of amino acid quality

Meat is known as an essential source of macro- and micro-nutrients indispensable to human 
diet as protein, fat, minerals and vitamins. While the minerals can be achieved only by exog-
enous sources in the body, the enrichment of meat products with minerals is important. 
Several studies demonstrated the beneficial cumulated effects of low fat or low salt and min-
erals (as potassium, calcium and magnesium) added in meat matrix on the plasma cholesterol 
in humans [12]. Triki et al. [13] had reformulated sausages by partially replacing the NaCl 
content by adding a mixture of KCl, CaCl2 and MgCl2. They have found that the product 
mineral profile was improved providing 10–15% of the recommended daily allowance (RDA) 
of potassium, 8–10% of the calcium RDA and 10–20% of the magnesium RDA. One of the 
most essential trace minerals is selenium being involved in regulating various physiological 
functions. In human metabolism, selenium deficiency is associated with decreased immune 
function resulting in increased susceptibility to some chronically diseases [14, 15]. The enrich-
ment of meat with selenium could be reached by two ways: adding selenium in different meat 
matrices or by feeding the animals with fortified food [16]. Essential amino acids are integral 
part of meat and meat products. The umami taste could be intensified by the presence of 
sweet amino acids, such as glycine, alanine and serine [17]. A large increase in free amino acid 
quality occurs during long maturation and the curing of meat products. Other researchers 
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have found that amounts of hydrophobic amino acids released during the fermentation or 
maturation process were significantly higher than other amino acids.

2.3. Incorporation of some healthy ingredients, reduction of fat content and improvement 
of fatty acid content

Within of the framework of the Nutritional Optimizing of Some Meat Products with 
Valorization of Plants Riched in Bioactive Compounds (OPTIMEAT) project, the P2 Partner 
(‘Dunarea de Jos’ University of Galati) has investigated two possibilities for reformulating 
meat products:

(a) Lipid reformulation by adding a vegetable ingredient made up of nuts and nut oil, sea 
buckthorn oil or sunflower seed oil

(b) Proteic reformulation by adding a vegetable ingredient made up of soy proteic isolate and 
juice of red beetroot or dry tomatoes

The main components used in the project are presented below.

2.3.1. Walnuts

Walnuts (Juglans regia L.) are common all over the world. Known under various names, such 
as Persian nut, white nut, English nut or common nut, it is used to be cultivated in the Eastern 
Balkans and the Western Himalayan range, but at present it can be found all over Europe. 
Worldwide, there are many types of nuts, such as almonds, peanuts, earth nuts, cashew nuts, 
macadamia nuts, pistachios and pecan nuts.

It may be said that adding walnuts has positive implications in the creamy consistency of 
frankfurters as compared to traditional products where pork fat has a tougher consistency. 
There are also alterations in the fat-protein-fibre interactions supporting the gel formation 
process, which is essential in frankfurter manufacture. Thus, adding walnuts increases prod-
uct consistency and at the same time the nutritional value of the product, becoming a viable 
alternative for this product [18–23]. The nutritional profile of products in which animal fat 
was replaced by walnuts is by far healthier and richer than that of the traditional products. By 
adding walnuts to products, an increase in the nutritional value and the quantity of biologi-
cally active compounds beneficial to human health can be observed. It may be observed that 
the number of studies in the field is relatively low, and the existing ones mention the need for 
further research, more detailed and on other products, and also in comparison to other prod-
ucts available on the market. Also, it is recommendable to study the stability and shelf life of 
these new products. The results of the academic studies are very valuable and recommend the 
use of walnuts in optimising the nutritional characteristics in meat products.

2.3.2. Tomatoes

Several studies using tomatoes and their derivatives were reported in improving meat prod-
ucts. Deda et al. [24] analysed the influence of adding tomato paste in pork frankfurters, 
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reaching the conclusion that it enhances the colour and attractiveness of the final product. 
Similar results were obtained by Eyiler and Oztan [25] for adding tomato powder. Calvo et al. 
[26] studied the implications of adding tomato skins to raw-dried sausages, while Savadkoohi 
et al. [27] added extracts from tomato skins and seeds to frankfurters and beef ham. All these 
studies evinced the improved colour of the meat products obtained, as well as the improved 
texture and water-bonding ability. These effects are due to the high content of lycopene and 
beta carotene, as well as soluble fibres contained in tomatoes.

The bioavailability of lycopene depends on the following factors: the components of the food 
matrix, the physical state of lycopene, the size of particles before and after chewing, the inten-
sity of digestive processes and the presence of fibres [28, 29]. Red tomatoes contain 95% lyco-
pene as a trans-isomer (the most stable form of lycopene) [30, 31].

In addition to the beneficial effects on human health, tomato-derived products may contrib-
ute to reducing the added synthetic colourings in meat products, such as hamburgers, fresh 
sausages, salami or frankfurters, at the same time improving the nutritional profile by the 
content of bioactive components [24, 25, 32–34]. Certain synthetic colourings are considered 
responsible for allergic reactions or harmful side effects, and that is why consumers associate 
the presence of natural colourings with healthy and qualitative food products.

2.3.3. Soy protein isolate

Proteins from plants are used in meat industry for technological reasons, such as cutting costs 
and nutritional reasons and lately their health-promoting properties [39]. Soy beans contain the 
average 40% of protein and 20% of fat. By removing fat at low temperatures, the soy protein 
isolate is obtained, which is highly used in food industry. The predominant proteins in soy pro-
tein isolate are β-conglycinin and glycine. Their structure was thoroughly investigated by vari-
ous methods, leading to the conclusion that glycine contains a multitude of disulphide groups, 
which is why its ability of foaming and emulsification is slow, as compared to β-conglicynin [35].

Proteic ingredients are the main vegetable component used in manufacturing meat products, 
for technological purposes—cutting costs—as well as for nutritional benefits, reducing the 
cholesterol level, increasing the proteic components and improving the amino acid profile. 
In meat industry, soy proteins are used in obtaining meat pasta to increase emulsion stability 
by forming a protein matrix that includes water and fat droplets [36]. Specialised literature 
in the field shows that adding soy proteins in products containing meat pasta has beneficial 
effects: Matulis et al. [37] reported a less rubbery texture of frankfurters with a low-fat content 
and Rahardjo et al. [38] reported lower cooking losses and improved texture of pork sausages. 
Das et al. [39] analysed the effects of adding soy (as pasta or textured granules) on the quality 
and storability of the nugget-type products made of goat meat. The findings of the study were 
that adding soy improves the appearance, texture and water-retaining capacity while slowing 
down fat oxidation during frozen storage. The data published by Youssef and Barbut [40] show 
that using soy proteins in obtaining meat paste improves the water-bonding ability, emulsion 
stability, appearance and texture while decreasing thermal treatment losses. The authors men-
tioned above analysed the microstructure of the samples obtained, concluding that adding soy 
proteins lowers the aggregation degree of meat proteins and reduces the size of fat droplets.
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Although the influence of the soy protein addition on meat products has been thoroughly 
studied, their use is limited by the negative influence on taste, smell and colour. Under these 
circumstances studies are needed regarding the percentage of soy protein isolate that may be 
added to meat products in order to improve their quality.

2.3.4. Red beetroot juice

Red beetroot juice contains important quantities of antioxidants [41] together with micronu-
trients such as potassium, magnesium, folic acid, iron, zinc, calcium, phosphorus, vitamin 
B6, soluble fibres and pigments (betalains—compounds of betacyanins and betaxanthins). 
Specialists have been increasingly interested in red beetroot juice due to the content of pheno-
lic compounds [42, 43]. Red beetroot juice mainly contains pigments called betalains, a class 
of compounds derived from betalamic acid, mainly composed of betacyanin and betaxanthin. 
In addition to these, red beetroot juice also contains small amounts of gallic, syringic and 
caffeic acid, as well as flavonoids [44]. Betalains are used in food industry as natural colour-
ings, but a series of health benefits were also found, antioxidant and anti-inflammatory [45, 
46], inhibiting lipid peroxidation [47] and increased resistance to lipoprotein oxidation in low 
density [48].

2.3.5. Vegetable oils

Vegetable oils play an important role in the human diet and are an important energy source. 
The main constituents of oils are fatty acids, classified as saturated fatty acids (SFA), mono-
unsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Polyunsaturated 
fatty acids determine the regulation at an optimum level of lipids, mainly low density lipid 
(LDL) cholesterol in the human body [49–51]. Table 1 shows the fatty acid percentage for oils 
expressed from sunflower seeds, soy, palm and walnuts.

The partial or total replacement of animal fat in meat products by vegetable oils may be 
seen as an efficient strategy of nutritional improvement and a means of increasing oxidative 
stability.

3. Bioavailability and bioaccessibility of bioactive compounds

In pharmacology, bioavailability is defined as the ratio between the amount of active sub-
stance and the speed at which it is yielded and absorbed into the body, then reaches its point 

Fatty acids (%) Sunflower seed oil Soy oil Palm oil Walnut oil

Saturated fatty acids 8.51 ± 1.91 18.26 ± 0.67 46.34 ± 0.40 9.18 ± 1.09

Monounsaturated fatty acids 45.5 ± 16.89 23.28 ± 1.99 41.46 ± 0.56 23.22 ± 2.87

Polyunsaturated fatty acids 46.10 ± 14.92 57.86 ± 1.20 11.84 ± 0.92 63.45 ± 4.66

Table 1. The content of fatty acids for certain types of vegetable oils.
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of action and manifests its biological effect. By definition, if the medicine is intravenuously 
administered, its bioavailability is 100%.

As far as food supplements are concerned, since their administration is most often than not 
oral, the bioavailability is the ratio between the amount of ingested substance and the amount 
of the absorbed substance [52]. The nutrients existing in food are not absorbed and used by 
the body in their entirety. Among the factors responsible for this phenomenon, there are a 
number of nutrient-related factors (chemical formula, the presence of inhibitors or enhancers, 
the possibility of interacting with other components) and a number of factors related to the 
organism using that nutrient (duration of intake, volume of enzymatic secretion, activity of 
intestinal microflora, state of health, eating style, etc.) [53].

Fat-soluble vitamins (e.g. A, D and E) as well as the ω-3 fatty acids, carotenoids, conjugated 
linoleic acid (CLA) or curcumin are micronutrients with a hydrophobic behaviour which 
may play a potential functional role when included in the diet or a food product. Many stud-
ies showed that due to the hydrophobic behaviour of these micronutrients, bioavailability is 
slow or variable [54]. The factors contributing to decreasing bioavailability are grouped into 
three categories – bioaccessibility, absorption and transformation. Bioavailability refers to the 
low release into the food matrix, low solubilisation in the gastrointestinal fluids as well as 
interaction with other insoluble components. Deficient absorption is due to the transportation 
through the stomach membrane or inhibiting active transporters. Transformation refers to the 
multiple chemical or metabolic processes in which micronutrients may participate.

Bioactive compounds have various characteristics such as structure and molecular weight, 
polarity and physical state. They may be introduced directly in a food matrix or indirectly 
by means of a transportation system. The transportation system focuses on maintaining or 
improving the bioavailability of the bioactive components and has to possess the following 
characteristics: protection against chemical or biological spoilage (especially for oxidation and 
hydrolysis), control of the release of the bioactive component (depending on pH, temperature 
and other factors) as well as the compatibility between the bioactive component and other 
parameters of the food matrix [55]. The bioavailability of bioactive compounds is generally 
low and depends on the components of food matrix. Some processes like ingestion, diffusion, 
solubilisation, movement across intern membrane and enters in the lymphatic system and 
circulation affect the bioavailability of bioactive compounds.

4. Effects on human health

The bioactive compounds from the selected sources (described in Subchapter 1.3) have some 
benefits to human health:

• ω-3 Fatty acids (from walnuts)—anti-inflammatory activity, reduces the risk of cardiovas-
cular disease [56].

• Sterols and stanols (from nuts and vegetable oils)—reduce the total cholesterol level, pro-
tection against certain types of cancer, anti-inflammatory activity and improve blood pres-
sure [41, 57, 58].
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• Lycopene (from tomatoes)—antioxidant, reduces the risk of cardiovascular disease and 
protection against certain types of cancer [59, 60].

• Isoflavones (from soy proteic concentrate)—reduce the risk of cardiovascular disease [61].

Nut consumption as a trend is on the increase, especially due to the major nutritional com-
ponents (proteins, unsaturated fatty acids and fibres), as well as micronutrients (sterols, 
vitamins, minerals, fatty acids and phenolic compounds) [61–63] and antioxidants [64]. As 
expected, the consumption of nuts is on the increase owing to their antioxidant properties, 
mainly responsible for the lowering of LDL cholesterol and associated triglycerides, leading to 
better results than traditional low-calorie diets, in which the consumption of oils or carbohy-
drates is replaced by nuts. As the consumption of nuts by Mediterranean population is higher 
as compared to other areas, the mortality rate caused by heart disease or cancer is low [65].

Walnuts are well known for their nutritional value and the high content of bioactive compounds, 
such as antioxidants, vitamins, essential amino acids and minerals [66, 67]. It is a common 
knowledge that free radicals are the main factors causing human illnesses, with implications in 
the pathology of cancer, atherosclerosis or inflammatory disease [68], and that is why regular 
intake of nuts and thus of antioxidants is essential. J. regia Linn may be used in traditional medi-
cine in preventing or treating helminths, diarrhoea, sinus ailments, gastritis, arthritis, asthma, 
eczema, dermatitis and the various endocrine diseases, such as diabetes, anorexia, thyroid 
problems, infectious diseases and cancer. Walnuts are also well known for their rich content 
of unsaturated fatty acids, vitamin E, fibres, magnesium and potassium [69]. As compared to 
other nut types (macadamia nuts, pistachios, almonds, cashew nuts, earth nuts, pecans, etc.), 
which mainly contain monounsaturated fatty acids (MUFA), walnuts are rich in omega-6 and 
omega-3 polyunsaturated fatty acids (PUFA), which play an essential role in daily diet [70].

These properties qualify walnuts as unique in each consumer’s diet. Many studies showed 
that walnut intake may protect the human body against cardiovascular disease [71] and work 
as blood pressure regulator by their content of magnesium and potassium, respectively. 
Replacing saturated fats in daily diet with other mono- or polyunsaturated fatty acids (MUFA 
or PUFA) decreases the concentration of LDL cholesterol in the plasmatic liquid. The chemical 
and mineral components may differ according to the variety of genotype conditions, ecologi-
cal, technical and cultural conditions, climate conditions.

Walnuts are tremendously beneficial to the human body because of their chemical composi-
tion; they are also a rich source of fatty acids (mainly the linoleic acid, followed by the oleic, 
linolenic, palmitic and stearic acids) [70, 72] and tocopherols [70, 73]. In addition, they contain 
other components beneficial to human health, such as proteins, vegetable fibres, sterols [70], 
melatonin [74], folates, tannins and polyphenols [75].

Walnuts were selected as potential functional component in reformulating meat products 
due to the composition of the lipid fractions, especially ω-3 and ω-6 acids and ϒ-tocopherol. 
Numerous studies [76–79] show that reformulating meat products by adding walnuts in vari-
ous ratios leads to reducing the risk of cardiovascular disease. Although the action  mechanism 
is not yet fully understood, this effect is due to the high content of lipids (62–68% of the dry 
substance) and the high ratio of monounsaturated (MUFA) and polyunsaturated fatty acids 
(PUFA).
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Selecting tomatoes as a source of bioactive compounds was based on lycopene, the main pig-
ment in the carotenoid class contained by tomatoes. This carotenoid was studied by many 
researchers, who found proof in favour of its antioxidant and cancer-preventing properties 
[80–84]. Together with lycopene, tomatoes are an important source of vitamins A and C, as 
well as a high content of carotenoids. The role of these antioxidants is to neutralise free radi-
cals and to prevent the decay of cells and membranes, swelling and the occurrence of diseases 
like atherosclerosis, asthma, diabetes and cancer [85]. Tomatoes also contain high amounts of 
potassium, niacin, vitamin B6, folates and riboflavin.

Soy protein isolate has a series of nutritional benefits due to the lower energy value and choles-
terol content (when used as fat replacements), the higher protein content, the balanced amino 
acid profile and the incorporated bioactive compounds [86, 87]. Certain vegetable proteins 
(sunflower, walnuts) were used in meat systems to balance the lysine/arginine ratio [88]. Soy 
proteins have been focused on by meat specialists for numerous reasons, such as they ensure 
a balance in amino acid composition, contain beneficial bioactive components decreasing the 
cholesterol level in the bloodstream and reduce the risk of cardiovascular disease, and have 
excellent technological properties like jellification, emulsification and the ability to retain water 
and fats [35, 89]. Soy proteins are well known for their preventative and therapeutic effect in 
heart disease, cancer and osteoporosis [90]. Clinical studies on the bioavailability of the soy 
isoflavone forms (such as food supplements, additives or soy food products) were performed 
in various geographical areas [91, 92]. However, it may be stated that data are inconclusive for 
a definite conclusion because of the different dietary habits of the individuals included in the 
studies, the composition of isoflavones and the amount and quality of the meals under study.

The studies carried out by Wootton-Beard and Ryan [93] showed that red beetroot juice is 
an important source of antioxidants and polyphenols, which were quantified by various bio-
chemical methods before and after in vitro digestion. McDougall and Stewart [94] proved that 
polyphenols inhibit α-glycosidase resulting in the stimulation of insulin secretion, thus reduc-
ing the absorption of glucose into the bloodstream. Polyphenols increase the glutathione level 
and the level of antioxidant enzymes (glutathione peroxidase, catalase and superoxide dis-
mutase), being capable of reducing the oxidative stress which is the cause of dysfunctions in 
the case of cardiovascular disease, diabetes and autoimmune diseases. Being natural prod-
ucts, polyphenols may act on various paths in order to prevent chronic inflammation and are 
more efficient than synthetically obtained anti-inflammatory medication [95].

Many types of vegetable oils are considered as food products with multiple benefits to human 
health. Especially, cold-expressed oils are a great source of bioactive lipids, phenolic com-
pounds with an antioxidant role, which may contribute to improving human health [96]. 
Antioxidants play an important role in maintaining the stability of vegetable oils and reduce 
oxidative stress in vivo.

5. Consumer attitudes to food reformulation

Meat and meat products many times are comprehended by the consumers like unhealthy. 
A chance for meat industry to change this perception may be represented by functional or 
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reformulated meat products [1]. To answer the consumers’ needs, the reformulated meat prod-
ucts have been developed. According to Jiménez-Colmenero et al. [88], the consumers may 
approve the reformulated products if they are promoted like ‘healthier’ products. To satisfy 
these needs, the meat industry is encouraged to make new meat products. However, it is a 
provocation to convince the consumers [97] (as well as the media, nutritionists and legislative 
authorities) that meat is a suitable carrier for functional ingredients [1, 98, 99]. It is significant to 
present to the consumer that reformulated meat products can be performed in a manner which 
will meet all the relevant qualities which consumers look for in traditional meat products [91].

6. Conclusions

Functional foods represent a good opportunity for the meat industry, in order to improve the 
quality of meat, and create meat products with health beneficial properties. Meat and meat 
products are excellent foods for delivering bioactive compounds without changing dietary 
habits. Some bioactive compounds from fruits and vegetables (walnuts, tomatoes, soy protein 
isolate, red beetroot juice and vegetable oils) appear to play an important role in the preven-
tion of specific diseases like cardiovascular diseases, cancers and diabetes mellitus. These 
compounds are able to reduce the oxidative stress, which has been associated to the occur-
rence of chronic diseases, and maintain the health. Nowadays, the consumers demand natu-
ral and healthy food products, including meat products, with better nutritional properties. 
Promoting health through nutrition is an important objective of nutrition and public health 
programmes in a large number of European countries.
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Abstract

The aim of this chapter is to describe the use of bioactive compounds with beneficial 
effects on human health beyond their basic nutritional value. Bioactive compounds 
like vitamin E, vitamin C, and fatty acids (omega-3 and omega-6) have an important 
nutritional contribution and are related to the prevention of certain diseases with global 
impact such as cancer. However, the addition of vitamins in a food product is not easy: E 
is destroyed by UV-light, and C is dramatically reduced during heat processes. The use of 
liposomes as matrices to hold bioactive compounds appears to be a promising solution. 
Liposomes were made of natural soybean lecithin, which has a great nutritional impor-
tance, and more so combined with stearic acid or calcium stearate (CaS). Thus, this sta-
bilize liposomes and contribute to the stability of bioactive compounds and to preserve 
their activity. The stability of bioactive compounds/liposomes incorporated into aqueous 
food must be demonstrated in properties such as oxidative tendency, morphology, size, 
and membrane packaging after heat treatment processes. But to make a product appli-
cable at the commercial level, its texture and mouthfeel arising from the ingestion of 
drinkable foods are all-important to consumer’s choice and sensory acceptability must 
not undergo any modification.

Keywords: bioactive compounds, liposomes, nutrition, healthy, food
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1. Introduction: nutritional properties of soybean lecithin

Phosphatidylcholines can be divided into two types, which differ in their origin: soy phos-
phatidylcholine (SPC) and egg phosphatidylcholine, both naturally occurring and containing 
certain polyunsaturated fatty acids (PUFAs) such as linolenic acid (omega-3) and linoleic acid 
(omega-6), represented by 18:2 and 18:1, respectively [1, 2].

Both linolenic and linoleic acids are essential fatty acids, since they cannot be synthesized by 
the body and therefore must be obtained by the diet [1–4].

It has been reported that essential fatty acids are highly beneficial in the prevention of diseases 
such as cardiovascular diseases [2, 5–7], schizophrenia [8], and cancer [9]. In addition, these 
fatty acids have vasodilator, antihypertensive, anti-inflammatory, and anti-atherothrombotic 
properties [10].

PUFAs have great human nutritional importance. This is related to the existence of two fami-
lies of PUFAs: the n-6 family and the n-3 family [4]. n-6 PUFAs are derived from linoleic acid, 
have two double bonds, and are characterized by having their first double bond at carbon 
number 6 [1], whereas n-3 PUFAs are derived from linolenic acid, have three double bonds, 
and are characterized by having their first double bond at carbon number 3. Linoleic acid is 
metabolized to arachidonic acid, whereas linolenic acid generates eicosapentaenoic acid and 
docosahexaenoic acid. All of them use the same metabolic pathways and compete for the 
same elongase and desaturase enzymes [1, 4].

In addition to being a source of energy, the n-6 and n-3 PUFA families are incorporated into 
cell membranes, where they are precursors of eicosanoids (prostaglandins, prostacyclins, 
thromboxanes, and leukotrienes), which are involved in numerous physiological processes 
such as blood clotting or inflammatory and immunological responses [1].

Among vegetable oils, flaxseed oil is considered to be the richest source of linolenic acid 
(57% of total fatty acids). Rapeseed, soybeans, wheat germ, and walnuts contain between 7 
and 13% of the said fatty acid. Some authors consider vegetables (e.g., spinach, lettuce) as a 
good source of linolenic acid, although their fat content is quite low. Meat, particularly that 
of ruminants, and dairy products also provide this fatty acid. However, modern farming 
techniques have led to a decrease in the n-3 fatty acid content in meat (especially in lamb and 
beef) due to the almost generalized use of n-6-rich grain concentrates to feed cattle [1, 2, 11].

Soybean lecithin is considered a bioavailable source of choline, which was officially recog-
nized as an essential nutrient by the Institute of Medicine in 1998 [12]. This nutrient is needed 
for the synthesis of neurotransmitters (acetylcholine), cell-membrane signaling (phospholip-
ids), lipid transport (lipoproteins), and methyl-group metabolism (homocysteine reduction) 
[13, 14]. It plays important roles in brain and memory development in the fetus, and some 
researchers indicate that choline and methionine intake may be important in reducing the 
risk of neural tube defects. Studies have also shown that choline supplementation during 
critical periods of neonatal development can have long-term beneficial effects on memory. 
Besides, intake of choline has been associated with lower homocysteine levels. This effect is 
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ids), lipid transport (lipoproteins), and methyl-group metabolism (homocysteine reduction) 
[13, 14]. It plays important roles in brain and memory development in the fetus, and some 
researchers indicate that choline and methionine intake may be important in reducing the 
risk of neural tube defects. Studies have also shown that choline supplementation during 
critical periods of neonatal development can have long-term beneficial effects on memory. 
Besides, intake of choline has been associated with lower homocysteine levels. This effect is 
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important because increased levels of homocysteine have been associated with greater risk for 
several chronic diseases and conditions, including cardiovascular disease, cancer, and cogni-
tive decline and bone fractures [12].

In 2001, the FDA made a statement regarding the Dietary Reference Intakes for thiamine, 
riboflavin, niacin, vitamin B6, folate, vitamin B12, pantothenic acid, biotin, and choline 
(Food and Nutrition Board, Institute of Medicine (IOM), NAS, 1998, page 390), which stated 
that choline functions as a precursor for acetylcholine, phospholipids, and the methyl donor 
betaine [15]. Choline is found in a wide variety of foods like chicken, liver, soy flour, salmon, 
sockeye, egg, uncooked quinoa, wheat germ, milk, cauliflower, and peas. Among the most 
concentrated sources of dietary choline are liver, eggs, and wheat germ. In foods, choline is 
found in free and esterified form (such as phosphocholine, glycerophosphocholine, phos-
phatidylcholine, and sphingomyelin) [12, 14].

Phosphatidylcholines are obtained by separating the egg yolk, which is generally separated 
from the whole egg, and then if not used immediately, it is dried or frozen. Soybean lecithin 
is obtained during the degumming step of oil refining [16], which consists in treating the oil 
with water at a temperature of 70°C or vapor, so that the phospholipids are hydrated and 
become insoluble in the fatty phase. Subsequently, the oil is transferred from the mixing tank 
to a centrifuge, in which the phospholipids, which are hydrated in the excess water, are sepa-
rated from the degummed oil. The lecithin obtained has commercial value and is especially 
used, due to its emulgence, in various food industries (chocolate, fine bakery, etc.) [17].

These “raw” lecithins are complex mixtures, which contain significant quantities of triacylg-
lycerols [16]. Also, they may be a mixture of lipids composed largely of phosphatidylcholine, 
phosphatidylethanolamine, and phosphatidylinositol, combined with other substances such 
as triglycerides and fatty acids and carbohydrates [18]. The refined degrees of lecithin may 
contain these components in varying proportions and in combinations depending on the type 
of fractionation used.

Egg and soybean lecithins may be purified and/or modified to improve their properties [16]. 
For example, in the case of soybean lecithin, a purification process is required to obtain the 
highest percentage of phosphatidylcholine to be called soy phosphatidylcholine.

It should be considered that the cost of phospholipids isolated from natural sources is always 
lower than that of those obtained by synthetic or semisynthetic methods. For natural phos-
pholipids, the more pure they are, the higher the price is [19, 20]. Egg lecithin may be further 
purified by extraction with ethanol. Solvents may be used to separate lecithin from these tria-
cylglycerols. Soybean lecithin may be precipitated (de-oiled) by acetone and may be enriched 
in phosphatidylcholine by extraction with ethanol [16, 21].

Lecithin quality is defined by the essays suggested by the “American Oil Chemistry Society”:

• Insoluble in acetone: estimates the content of phospholipids.

• Acidity index: measures the free fatty acid content.

• Peroxide index: measures the degree of oxidation.
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• Viscosity.

• Gardner color scale.

• Insolubles in hexane: measures the content of solid impurities.

2. Improvement of soybean lecithin by addition of calcium stearate (CaS) 
or stearic acid

When designing supporting additive matrices for the food industry, it is very important to 
study membrane stability [2, 22]. The structure of the additives must remain without signifi-
cant changes over time so activity of the encapsulated component can be assured.

Several authors have reported that cholesterol is a very useful membrane stabilizer, espe-
cially when oxidative stability is needed [23, 24]. The effects of cholesterol on the membrane 
have been very well documented. It is known, for example, that cholesterol modifies the lipid 
order in membranes: when the concentration of cholesterol in membranes is below 10%, the 
lipid order in the liquid phase increases, and the lipid order in the gel phase decreases [25]. 
Cholesterol can also establish hydrogen bonds, thus increasing mechanic resistance [23], and 
can decrease membrane permeability [26, 27].

All the above mentioned indicate that cholesterol is an interesting candidate to maintain 
membrane stability. However, cholesterol cannot be used in food industry, because it is very 
well documented that it is related to atherosclerosis and has a tendency to produce heart 
diseases [28–31].

Thus, to avoid the use of cholesterol, several other components have been studied as mem-
brane stabilizers. One particular candidate is stearic acid [23]. Hsieh and coworkers studied 
stearic acid as a membrane stabilizer, by comparing its effect with the one induced by cho-
lesterol [23].

SA is a fatty acid with an 18-carbon-long chain. Because of its hydrophobic character, it is 
located in between acyl chains of the phospholipids in the bilayer.

The authors reported that liposomes prepared with egg yolk phosphatidylcholine and stearic 
acid in a 1:0.25 molar ratio present the same encapsulation efficiency and oxidative stability as 
liposomes prepared with egg yolk phosphatidylcholine and cholesterol in the same molar ratio.

If stearic acid is replaced by calcium stearate, membrane packing requirements would be 
fulfilled, and also it will contribute with calcium to food-containing additive matrices, which 
is an additional benefit.

Liposome formulations based on soybean lecithin or soy phosphatidylcholine with stearic 
acid or calcium stearate have also been studied as food additives, to determine their effi-
ciency to enrich aqueous food with antioxidant vitamins. The molar ratio reported by Hsieh 
and coworkers was so efficient for the mixture of SPC with stearic acid that this was con-
sidered as the ratio to be used. Results from our laboratory have shown that formulations 
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of SPC with stearic acid or innovative addition of calcium stearate, in the same molar ratio, 
resulted in an improvement regarding oxidative stability and protection of thermolabile vita-
mins [32]. On the other hand, these formulations did not induce any unpleasant flavor when 
added to milk or orange juice, so they can be applied in food commercial products [32–35].

3. Processing issues in adding vitamins E and C protected with lecithin 
liposomes

This topic is of particular importance in relation to the nutritional value and quality aspects 
of processed foods as well as in relation to nutrition labeling. A number of general reviews 
have already been published because it is sought to determine the most suitable processing 
and time-temperature conditions, to achieve the desired objective, i.e., maximum retention of 
a specific vitamin or best retention of color or flavor consistent with microbiological stability 
and safety [36].

In the case of packaged liquid foods, different heat treatment processes can be applied. These 
include pasteurization, ultra-pasteurization, and ultrahigh temperature. Pasteurization is a 
heat treatment whose objective is to destroy non-sporulated pathogenic microorganisms and 
significantly reduce banal microbiota to offer the consumer a safe product with an acceptable 
shelf life to be consumed in a short term [37]. Ultra-pasteurization is a heat treatment in which 
the food is subjected for at least 2 s to a minimum temperature of 138°C by a thermal process 
of continuous flow and immediately cooled below 5°C and packed in a non-aseptic form in 
sterile and hermetically sealed packaging. Ultrahigh temperature is a process in which the 
food is subjected for 2–4 s to a temperature between 130 and 150°C, by a continuous flow 
thermal process, immediately cooled to less than 32°C, and packed under aseptic conditions 
in sterile packaging and hermetically sealed. This type of food has a shelf life of 5–6 months at 
room temperature and in closed packaging [18, 38]. The problem with these treatments is that 
they can generate losses of nutrients, especially of vitamins.

Processing with heat treatment like cooking conditions causes variable losses of vitamins. The 
losses of these nutrients are related with the cooking method and type of food and reckon 
on particular experimental arrangements during the culinary process, e.g., temperature, the 
presence of oxygen, light, moisture, pH, and, of course, duration of heat treatment. Vitamin C, 
retinol, folate, and thiamine are the most labile vitamins during culinary processes [39].

Concentrated juices are in high demand because they provide a significant amount of nutri-
ents; however, during their elaboration and pasteurization process, they lose flavor, aroma, 
and nutritional contribution, mainly of vitamins. For this reason, the juices that are marketed 
in supermarkets present a considerable variation in their vitamin content, mainly of vitamin C 
(ascorbic acid) [40].

Vitamin C is one of the vitamins most sensitive to heat treatment. With regard to processed foods, 
there is a loss of vitamin activity that is related to the intensity of the heat treatment. Other factors 
that influence the loss of this vitamin activity by cooking are the pH, oxygen, surface of exposure 
to water, conditions of the heat treatment, and the presence of metals such as copper [37, 39, 41].
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The losses of this vitamin vary between 40 and 60% in in-bottle sterilized milk, between 
20 and 40% after ultrahigh temperature treatment [42, 43], and between 15 and 25% after a 
pasteurization treatment [44, 45]. Other researchers [46] showed that vitamin C is reduced 
by different types of pasteurization around 10% for long-term and low-temperature (LTLT) 
process and 50% for process which included 90°C during 30 min. The authors showed that 
vitamin C in baobab drink decreased with increasing temperature. These results coincide 
with that found in orange juice, where a loss of vitamin C of 10 ± 2.5% was observed after 
slow pasteurization or LTLT process (60 min at 65°C) and of 13.7 ± 1.9% after pasteuriza-
tion for 45 min at 75°C. With a more extreme heat treatment for 30 min at 90°C, the vitamin 
loss increased, resulting in a final value of 23.3 ± 3.8% [47].

More current studies have demonstrated a high thermosensitivity of vitamin C against 
thermal processes that are related to the type of process and food in which this vitamin is 
found. For example, losses of this vitamin between 29 and 61.45% have been demonstrated 
in vegetable bleaching processes with temperatures between 94 and 98°C and cooking times 
between 90 s and 3 min. This shows that the presence of water further favors vitamin loss by 
leaching [39].

The loss of vitamin C is also related to the type of heat treatment [39, 41]. Other authors [48] 
demonstrated that the concentration of vitamin C was drastically reduced by various meth-
ods of steam cooking, conventional cooking, and high-pressure cooking.

With respect to vitamin E, which is a liposoluble vitamin, it is thermostable but readily oxi-
dizes in the air [49], especially in the presence of ferric ion and other metals. Therefore, the use 
of some chemical substances such as hydrogen peroxide should be avoided, as it may lead to 
oxidation and, therefore, loss of vitamin activity [37]. In addition, vitamin E is destroyed by 
exposure to UV light and is lost, to a large extent, during the refining of oils [17].

During the processing and storage of food, meat and meat products, milk and derivatives, 
and cereals show few changes in the content of vitamin E. However, during the storage of 
vegetable foods, vitamin E has a weak antioxidant character, and in the presence of animal 
fats, it is much more active, especially if there are synergistic substances like vitamin C [37].

Considering the abovementioned, the application of liposomes is a promising solution to 
avoid losses of vitamins and promote their shelf life and protection [49, 50]. The use of lipo-
somes to encapsulate and protect these vitamins and other bioactive compounds has a number 
of positive aspects [50]. For example, liposoluble vitamins such as vitamin E mix perfectly with 
the hydrophobic area of phosphatidylcholine. In addition, the absorption and bioavailability 
of this vitamin increase when it is encapsulated in liposomes. In particular, vitamin C encap-
sulated in liposomes retains 50% of its activity after 50 days in refrigerated storage, whereas 
non-encapsulated vitamin loses its activity after 19 days. Also, liposomes present an important 
protective effect over thermolabile vitamin C, shown by an antioxidant action after pasteuriza-
tion [32, 34, 35, 49].

In the case of liposoluble vitamins, the importance of these food systems is that they can be 
added in aqueous foods [50, 51], such as orange juice, maintaining the stability and preserv-
ing the activity of vitamins [34].
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4. Addition of improved liposomes containing bioactive compounds to 
food products: a case study

In order for a food to be considered functional, it must demonstrate (i) that it has a beneficial 
effect on one or more specific functions of the organism, beyond the usual nutritional effects; 
(ii) that it improves the state of health and well-being; and (iii) that it reduces the risk of an 
illness. This means that these foods must necessarily contain some of the so-called functional 
ingredients or bioactive compounds. It has been shown that, when implemented in aqueous 
foods, bioactive compounds generate a functional food which can promote health, physical 
ability, and mental state to benefit consumers of different ages [2, 52–54].

Bioactive compounds, including vitamins, antioxidants, minerals, dietary fibber, essential 
fatty acids, flavonoids, isothiocyanates, phenolic acids, plant stanols and sterols, polyols, pre-
biotics and probiotics, phytoestrogens, and soy protein, are the main components of func-
tional foods [52, 53, 55]. Some nutrients have an important nutritional contribution and have 
been shown to be related to the prevention of certain diseases of great global impact such as 
cancer. This is the case of essential fatty acids as omega-3 and omega-6 and certain vitamins 
like vitamins E and C.

Vitamin E or α-tocopherol is the main liposoluble antioxidant in the body. It protects lipids 
against oxidative damage [56].

Also, it has a desirable effect when blood cholesterol decreases the incidence on atherosclero-
sis, and the cardiocirculatory system has a positive effect. An additional antioxidant vitamin 
is ascorbic acid or vitamin C. One of the biological roles of ascorbic acid is to participate in 
oxidation-reduction processes, blood coagulation, tissue regeneration, and building steroid 
hormones, inducing free radical inactivation. This vitamin also takes part in the inhibition of 
nitrosamine formation and participates in the collagen synthesis [17].

The importance of antioxidant vitamins is that several clinical studies have described benefi-
cial effects in a variety of tumors, such as prostate, gastric, and lung tumors. This fact is based 
on experimental studies that highlight the role of free radicals as key factors associated with 
the development of cancer, and it is precisely the effectiveness of dietary antioxidants such as 
vitamin E or vitamin C that play an important role in the prevention of the development and 
progression of this disease [57–59].

However, most bioactive compounds such as fatty acids, carotenoids, tocopherols, flavonoids, 
polyphenols, phytosterols, and liposoluble vitamins have hydrophobic nature [52], which 
makes difficult their application in aqueous foods. Besides, it is not easy to maintain the sta-
bility of vitamins. In particular, in the case of functional foods with added vitamins, a number 
of factors must be taken into account to maintain their stability: their structure (whether they 
are hydrosoluble or liposoluble); their relation with diverse conditions as pH, the presence 
of oxygen and metals; the way in which vitamins are added to the food in question; and the 
heat treatment and storage conditions of the final product [34]. Vitamin E is liposoluble and 
destroyed by UV light [17], while Vitamin C is dramatically reduced by heat treatment pro-
cesses [46, 49]. Thus, liposomes, which are microscopic spherical vesicles, composed of polar 
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lipids that enclose liquid compartments within their structure and enable the encapsulation of 
both hydrophilic and lipophilic materials [20, 22, 27, 49, 58, 60], may be a promising solution 
for incorporating bioactive compounds [61] into foods regardless of their affinity for water 
and for generating a protection over them.

Liposomes are classified into small unilamellar vesicles (SUVs), large unilamellar vesicles 
(LUVs), and large multilamellar vesicles (MLVs), according to their size and lamellarity, the 
latter of which relates to the method of preparation [62, 63]. The process of forming MLVs 
consists in mixing the lipids in ethanol, which is then removed by evaporation. Subsequently, 
the dry lipid film is hydrated, maintaining the temperature above the phase transition tem-
perature of the lipid mixture [2, 22, 27, 60]. So, these liposomes form spontaneously when the 
dry lipid film is hydrated with water or buffer [27, 62]. Typically, their size distribution ranges 
from 0.1 μm to a maximum value which may be up to 500 μm in diameter, and they contain 
hundreds of concentric lamellae [22, 27, 62]. Figure 1 shows a MLV of soy phosphatidylcho-
line and calcium stearate with vitamins E and C.

Figure 2 shows the concentric lamellae from MLVs, where liposoluble compounds, such 
as vitamin E, are located within the lamellae and hydrosoluble ones, such as vitamin C, 
prefer the aqueous interface. The concentric lamellae are formed by phospholipids such as 
phosphatidylcholine, which has a phosphate with a choline head and a carbon chain or fatty 
acids as omega-3 and omega-6, formed by carbon chains with carboxylic acid heads.

Figure 1. Transmission electron microscopy of soy phosphatidylcholine and calcium stearate liposomes (50 mM, molar 
ratio of 1:0.25) and vitamin C (90 mM) and vitamin E (5 mM).
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Liposomes have been employed as potential carriers to deliver food components and have 
many applications in food industry including protecting sensitive ingredients, increasing the 
bioavailability of nutrients and confining undesirable flavors. These types of matrices have 
been applied as food additives and have the ability to encapsulate vitamins, antioxidants, 
proteins, peptides, antimicrobials, essential oils, flavors, enzymes, minerals, and fatty acids 
[58, 60].

Liposomes have been used in the food industry for improving the flavor of ripened cheese 
using accelerated methods, for promoting antioxidant activity with the synergistic delivery of 
ascorbic acid and tocopherols in foods of functional food ingredients, and the stabilization of 
minerals (such as iron) in milk [58]. In respect to the industry of cheese, liposomal entrapment 
of enzymes offers advantages for cheese applications such as being prepared from ingredients 
naturally present in this product, because these vesicles can protect casein from early hydro-
lysis during the production of cheese [49].

Another example of the application is the encapsulation of calcium lactate encapsulation in 
lecithin liposomes to fortify soymilk with levels of calcium equivalent to those found in cow’s 
milk [51]. Also, liposomes have been applied to encapsulation of lactase because they release 
lactase in the stomach and, therefore, remove the sweet taste of hydrolyzed milk [2].

Food grade phosphatidylcholine can be applied in food without the need for any clinical 
study. This aspect is particularly related to the regulation and regulation of food in each coun-
try. For example, in Argentina, soy lecithin is approved by local food regulations such as the 
Argentine Food Code and Resolutions of the Common Marked Group, being endorsed by 
control agencies such as ANMAT [18, 64].

The main objective of implementing a functional food is to generate a product with a high 
nutritional value that benefits the health of the population. People generally strive to consume 
a wide variety of foods and assure the ingestion of compounds such as antioxidants, vitamins, 
carotenoids, fiber, flavonoids, specific fatty acids, minerals, prebiotics and probiotics, phy-
toestrogens, soy protein, and vitamins, among others.

In the food industry, several matrices are being applied to encapsulate or associate bio-
active compounds. These include liposomes, nanoemulsions, microemulsions, solid lipid 
nanoparticles, and polymeric nanoparticles [65, 66]. All the matrices that may be applied 

Figure 2. Concentric lamellae from MLVs and the location of vitamins E and C.
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in the food industry should have a series of properties like stability, applicability, and sen-
sory evaluation of bioactive compounds in the product [2], which must be considered when 
incorporating bioactive compounds, especially vitamins, to generate new functional foods. 
No one would be willing to invest in the development and production on a larger scale of a 
food that is not acceptable for potential consumers.

In the food industry, considering that phospholipids can be oxidized and that this can limit their 
shelf life, membrane stability and structure are important factors when designing liposomes 
[2, 22]. Also, it is very important that liposomes remain stable after pasteurization because the 
higher the stability, the higher the protection of vitamins [32] and bioactive compounds.

Our research group focuses on the structural study, oxidative stability, and application in food 
of different liposomal formulations with bioactive compounds (omega-3, omega-6, vitamins 
E and C) to develop a functional food in commercial pasteurized orange juice. In our studies, 
the design and strategy of the implementation of these liposomes are based on the use of soy 
phosphatidylcholine a natural lipid that contains linolenic acid (omega-3) and linoleic acid 
(omega-6). These essential fatty acids are being added as part of soybean lecithin in the pro-
portion needed for 200 mL of orange juice (38.28 mg for linoleic acid and 3.46 mg for linolenic 
acid). Soybean lecithin is a commercial product available, described in the Argentine Food 
Code and approved by ANMAT and INAL (Argentinean Food Quality Organisms) [32–35].

Besides, the design of liposomes has been made for encapsulating bioactive compounds as vita-
mins E and C. For 200 mL of orange juice, 2 mL of liposome suspension (50 mM) with vitamins 
was added, which implies that the orange juice was fortified with 4.3 mg of vitamin E (5 mM), 
equivalent to 43% of the recommended daily intake and 31.70 mg of vitamin C, equivalent to 
70.44% of the recommended daily intake according the Argentine Food Code [33, 35].

Liposomes to protect hydrophilic or lipophilic vitamins must not only possess a long circula-
tion time but also maintain the encapsulated vitamins for longer times; this means that they 
should have low leakage rate. Also, part of our research involved stearic acid (SA) or calcium 
stearate (CaS) that have been added to stabilize membrane liposomes to contribute to main-
taining the stability of bioactive compounds and preserving their activity [32–35].

Food products must also undergo thermal treatment so the structural and oxidative stability 
of liposomes must be taken into consideration in all of the food-process conditions. Stable lipo-
somes should have conserved size, shape, and surface properties. Size is usually analyzed by 
light scattering, whereas shape and structure are usually studied by optical and transmission 
electron microscopy, respectively. Also, to assure that membrane surface is maintained during 
food manufacturing and processing, a fluorescent probe like merocyanine 540 can be used to 
monitor surface changes. To complement this, surface charge and oxidative stability can be 
analyzed by the zeta potential and ORAC method, respectively. Liposomes used in our work 
as vehicles showed significant stability in all of the parameters mentioned above and conserve 
an important protective effect over thermolabile vitamin C [32, 34, 35].

Results of our lab regarding the oxidative level in matrices holding liposomes-bioactive 
compounds obtained showed a high stability in this parameter. The liposomal formulations 
were resuspended in acetic acid 3% w/v, indicated as food model systems by Argentinean 
regulations as the Argentine Food Code. The three liposomal formulations without vitamins 
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in the food industry should have a series of properties like stability, applicability, and sen-
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(Table 1) had the same oxidative stability by the ORAC method without significant differ-
ences regarding SPC (Dunnett Test, statistics not shown in Table 1) probably because of the 
low peroxidation of SPC [34].

When the vitamin C was incorporated in the three liposomal systems, it showed a signifi-
cant higher value than the controls, related to the antioxidant activity after the pasteurization 
process [34]. In previous results, the percentage of encapsulation efficiency of vitamin C in 
these liposomes was determined and was c.a. 86% [32]. So, it is possible to infer that with 
the encapsulation efficiency data and the antioxidant activity these liposomes will protect 
efficiently most of the vitamin C and hence maintained its antioxidant activity after pasteuri-
zation against damage induced by the LTLT process [34, 35]. Noteworthy, liposomes will also 
exert the vitamin C protection.

Besides, to confirm their capability as commercial functional food, rheological behavior and 
sensory evaluation of liposomes/bioactive compounds should be performed. In our case, 
liposomes with bioactive compounds (omega-3, omega-6, vitamins E and C) were added to 
implement a functional orange juice with all of the above considerations. The sensory evalu-
ation of liposomes in orange juice was performed by the overall acceptability and triangular 
tests with 40 and 78 potential consumers, respectively.

The three liposomal formulations, soy phosphatidylcholine (SPC), soy phosphatidyl-
choline and stearic acid (SPC:SA), and soy phosphatidylcholine and calcium stearate 
(SPC:CaS), studied remained stable even after pasteurization, as demonstrated by mor-
phology, size, membrane packing, and high oxidative stability. Besides, all systems 
showed protection of the thermolabile vitamin C, which maintained its antioxidant activ-
ity after pasteurization. SPC and SPC:SA systems had a rheological behavior similar to 
a Newtonian fluid, whereas SPC:CaS had a pseudoplastic one; both stages considered 
excellent for larger-scale production. The incorporation of all liposomal formulation 
did not change the acceptability of orange juice. From all the aspects covered, it can be 
concluded that these liposomes with bioactive compounds, especially vitamin C, can be 
added to orange juice for commercial application with added commercial and nutritional 
value.

Liposomal formulation Without vitamins With vitamin C

SPC 100.30 ± 13.05 180.80 ± 22.95***

SPC:SA 95.75 ± 2.75 186.80 ± 26.55***

SPC:CaS 98.50 ± 4.04 206.80 ± 4.50***

Data correspond to ORAC assay in liposomal formulations (50 mM) in acetic acid 3% w/v after pasteurization. Data 
correspond to soy phosphatidylcholine (SPC), soy phosphatidylcholine and stearic acid (SPC:SA) 1:0.25 molar ratio, 
and soy phosphatidylcholine and calcium stearate (SPC:CaS) in 1:0.25 molar ratio without vitamins and with 90 mM of 
vitamin C. Each column represents the mean ± SD of four independent assays. Statistical comparison was made:
Between each system with vitamin/s with respect to the same system without vitamins (control) through the Dunnett 
test. Significant differences with respect to the control are shown as ***p < 0.001.
With respect to SPC in systems without vitamins with the Dunnett test, no significant differences were observed.

Table 1. Peroxidation assay of ORAC in matrix liposome-bioactive compounds.

Liposomes as Matrices to Hold Bioactive Compounds for Drinkable Foods: Their Ability...
http://dx.doi.org/10.5772/intechopen.69117

195



5. Importance of bioactive compounds impact in consumers of different 
ages and economical levels

Nowadays, foods are not intended to only satisfy hunger and provide the necessary nutrients 
to humans but also to prevent nutrition-related diseases and improve the physical and mental 
well-being of consumers [67].

Diet quality issues in aging populations are of great concern. Functional foods should be con-
sidered as foods with health benefits beyond what is interpreted as nutrients and the challenge 
of bioavailability [54, 68]. It is very important of combining science with consumer desires when 
considering how to formulate foods that older consumers will actually purchase and eat [68].

Years of research have demonstrated that diet quality has a huge effect on physical and cogni-
tive condition, bone and eye health, vascular function, and the immune system effectiveness. 
This can be challenging to achieve for reasons very well known like that aging is often accom-
panied by a loss of appetite and changes in taste and smell, all of which can lead to more lim-
ited food choices and lower intake of healthful foods. In other words, aging also often affects 
food choice and intake since it is accompanied by general oral health decline and a reduced 
ability to swallow. On top of this, many older adults experience mobility constraints, which 
make it difficult to shop for food, lift heavy jars, or even open containers. Also, low income 
is prevalent in aging populations, making it difficult for many older adults to access high-
quality foods that in general tend to be more expensive [68].

Macronutrients, namely, omega-3 fatty acids and fiber, are a must in maintaining health dur-
ing aging. Dietary fiber is known to be important for maintaining intestinal health and protect-
ing against heart disease and other metabolic conditions. With lipids, epidemiological studies 
have found that higher intakes of omega-3 fatty acids provide greater protection against many 
conditions, including cardiovascular events (e.g., arrhythmias, cardiac death, and recurrent 
myocardial infarction), diabetes, and cognitive decline. The problem is that omega-3 fatty 
acids are very limited in regular diets of older adults, with the main sources like fatty fish, flax 
seeds, and walnuts. The health effects associated with this group of fatty acids are an impor-
tant area of current investigation. With respect to the micronutrients, almost every dietary 
survey conducted over the past few decades has shown that older adults have inadequate 
intakes of some essential micronutrients. Moreover, subsets of older adults are often at greater 
risk of certain micronutrient deficiencies. For example, non-Hispanic black and low-income 
older adults typically experience micronutrient intake levels lower than the other groups of 
older adults. According to 2005–2006 data, 92% of adults over the age of 51 years are below the 
Estimated Average Requirement (EAR) for vitamin E; 67% are below the EAR for magnesium; 
46% are below the EAR for vitamin C; 33% are below the EAR for zinc; and 32% are below the 
EAR for vitamin B6. Only 14.6% are above the al for calcium (1200 mg) [68].

Because of the difficulties in obtaining sufficient levels of vitamin E through the diet, many peo-
ple are taking vitamin E supplements. The concentrations of certain tocopherols are actually 
lower in people taking supplements. Also, the larger problem is that negative consequences can 
occur when supplements are erroneously used as a substitute for food [68].
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Bioactive compounds could be used to create functional foods for older adults that improve or 
maintain taste and smell, digestion, brain health, the immune system, bone and joint health, 
cardiovascular health, gut flora (i.e., probiotic foods), and eye health [68, 69]. The other impor-
tant issue arising is if the health-food developers do not relate their products to what is impor-
tant for consumers; then consumers will not use those products. In order to relate products to 
those factors that are important to consumers, companies must comprehensively understand 
aging consumers’ needs and accept that understanding into food solutions that consumers 
want, need, and can afford is not even cost-profitable.

Product development—that is, translating aging consumers’ needs into products on the shelf—
is a very complex, time-consuming process. It involves everything from “culinary creation” 
(i.e., making a food that tastes good) to ensuring microbiological stability and regulatory com-
pliance. For a product development, there are four essential “elements”:

• Form is a key element of the decision-making. For aging boomer consumers, ease of use 
and legibility of preparation instructions are additional considerations, like developing 
new types of easy-to-open packages.

• Function is another key consideration, with the primary goal being to ensure that a product 
is safe regardless of consumer needs. For older adults, this means that the health benefit is 
validated with the targeted age group and that the products actually deliver those benefits 
specifically to older adults.

• Appeal (i.e., taste, texture, and appearance). If a product does not taste or look good, people 
will not eat it, regardless of its contents. Product development involves extensive sensory 
work to ensure that the intended benefits are delivered. For aging boomer consumers, ad-
ditional considerations include vibrancy, potency, and consistency.

• Affordability (i.e., raw materials, manufacturability, distribution). This is a huge concern, 
especially in today’s economic climate and especially for aging boomer consumers. Health 
food developers should optimize raw material usage, working with suppliers to ensure a 
cost-effective supply chain and minimizing manufacturing and distribution costs. Also, 
unit size is important. As people age, they tend to cook only for themselves [68].

The United States is one of the countries that have a clear goal of incorporating functional 
foods to prevent disease, so it is easy to find cereal bars intended for middle-aged women, 
supplemented with calcium to prevent osteoporosis or with soy protein to reduce the risk of 
breast cancer and folic acid to improve heart health. In Europe, “value added” signs are used, 
and in Germany confections are added with coenzyme Q10 and vitamin E. In Italy, supermar-
ket gondolas offer omega-3 yogurts and vitamins, and in France, there is added sugar added 
with fructooligosaccharides to promote the development of beneficial intestinal flora [70].

Another author [71] reports that are in accordance with the opinion that consumers in gen-
eral are hardly willing to compromise on the taste of functional foods for health. For that 
reason, it is important to evaluate the sensorial aspect in the functional foods. The overall 
conclusion indicated that consumer demand is undoubtedly in the functional foods market, 
but the industry must respond with good tasting in the products [72].
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In relation to the importance of functional foods in the infant population, international stud-
ies from the World Health Organization have informed that 5.9 million children under the 
age of 5 years died in 2015. The problem is that children under 5 years of age who die annu-
ally in the world are from preventable diseases. Pneumonia, diarrhea, and malaria are the 
main causes of death if considered the period from the end of the neonatal stage through the 
first 5 years of life. Children are the most vulnerable because of malnutrition, which contrib-
utes for about 45% of all child deaths [73].

This problem affects then the socioeconomic opportunities that children will have in adult-
hood, thus increasing the healthcare maintenance. So, it is useless to convey that prevention is 
a must in this case. Besides, it is well documented that malnutrition causes a lot of problems 
in children like delayed growth in height, delayed development, weakening of defenses to 
infections, and, in the most severe cases, death. The problem in itself effect is far more serious 
in the first years of life due to the greater need for calories and nutrients and because it is a 
stage of rapid growth of the body [73, 74].

The publication Maternal and Child Health, developed in collaboration by UNICEF and the 
Argentine Society of Pediatrics, offers a general statistics about this problem in our country. 
In these studies, a percentage of people obtained is with unsatisfied basic needs which are 
from different urban regions which is 36.6% for groups of 0–2 years old and 34.1% for groups 
of 0–17 years old [75].

In Argentina, the National Nutrition and Food Program was created in compliance with the 
obligation of the state to ensure citizenship the right to a minimum of food intake and cover 
the requirements of nutritional benefits of children up to 14 years old, pregnant women, and 
disabled and elderly (70 years onward, in poverty).

In this way, in Argentina, enrichment of wheat flour, established by Law No. 25.630, enacted 
in July 2002, where this flour destined for consumption in the national market should be 
clearly highlighted with the rest of the nutrients and in which concentrations are each: ion 
(30 mg/kg), folic acid (2.2 mg/kg), thiamine (6.3 mg/kg), riboflavin (1.3 mg/kg), and niacin 
(13 mg/kg).

The problem is that there are other nutrients of importance for the normal development and 
functioning of children and that it is necessary that the intake of the nutrients be carried out 
in Argentina as well as in the worldwide level. Let us not forget that adequate food intake 
during the first 2 years of life is fundamental. Given the rapid growth of children, which con-
ditions high nutritional requirements, coupled with a limited intake capacity in volume, this 
stage presents in itself a high nutritional vulnerability [76].

6. Evaluation of the functional and sensory properties of improved 
liposomes with vitamins in food products

The sensorial analysis allows knowing the organoleptic properties of the food because it is 
realized through the senses. Sensory evaluation is innate in man since from the moment that 
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a product is tested, a judgment is made about it, whether it likes or dislikes it, and describes 
and recognizes its characteristics of taste, smell, texture, etc. [77, 78].

When a food market requires so, a certain product must meet requirements for nutrition, 
hygiene, safety, quality, and sensory aspects, to be accepted by the consumer. It is from all 
such properties that sensory analysis of foods is an effective tool for quality control. In such 
a way, sensory evaluation always gives the same global sensory characteristics and accept-
ability of a food [77, 78].

There are different sensory methods of evaluations. In general, they can be descriptive, dis-
criminatory, and acceptable and preferable. Discriminatory tests should be used when it is 
necessary to determine whether two samples are significantly different. It is possible that 
two samples have chemically different formulations, but the sensory perception of the people 
is unable to perceive the difference. The development of products is based on this possibil-
ity, since in reformulating the ingredients of the food are sought that the consumer does not 
detect any difference [78, 79].

These tests are widely used in the industry, in quality control procedures, in the study of 
impact by changes in formulation or process, as well as in the ability of consumers to discrimi-
nate between two similar products [79].

The affective tests are those in which the evaluator expresses his/her subjective reaction to 
the product, indicating if he/she likes or dislikes it, accepts or rejects it, or prefers it or not to 
another. The main purpose of affective methods is to evaluate the response (reaction, prefer-
ence, or acceptance) of actual or potential consumers of a product. It is necessary, first, to 
determine whether one wishes to evaluate simply preference or degree of satisfaction (taste 
or disgust) or whether one also wants to know what is the acceptance of the product among 
consumers [77]. The choice of the test to be performed will depend on the objectives of the 
test. The measure of sensory acceptability is a logical and necessary step before launching a 
product to the market. No one would be willing to invest in a new product that will be sen-
sory unpleasant [80].

These self-swelling mixtures, obtained in large quantities, can be added to the final commer-
cial product online. Based on this property of liposomes, those containing bioactive com-
pounds (PUFAs, vitamins E and C) were added to commercial orange juice (1:100 ratio) of an 
Argentinean trademark (Citric® of El Carmen S.A.) was selected for a sensory evaluation. These 
liposomes with bioactive compounds were prepared the day before the sensory evaluation was 
programmed, then pasteurized, and finally added to the commercial orange juice (1:100 ratio). 
Samples obtained were kept refrigerated at 4°C until the sensory evaluation was performed. 
Specific care was taken so that commercial orange juice always kept the physicochemical, 
microbiological, and sensory characteristics. If any variation in the flavor exists, it would be 
from the addition of liposomes. For both sensory tests, samples were given to each evaluator in 
disposable regular cups of 200 mL; and each cup contained 30 mL of product. Each evaluator 
was provided with mineralized water and unsalted crackers as flavor neutralizers [34, 81].

Two different tests were used to study the addition of liposomes with bioactive compounds 
in the commercial orange juice. The first test was the triangle test, which was performed to 
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compare the differences between commercial orange juice with and without liposomes. To 
analyze similarities between samples, 78 evaluators were selected [34, 81].

Consumers of commercial orange juice (men and women over 18 years old) were selected and 
instructed in the test [58]. In each test, two samples were the same, and the third one was differ-
ent (product with and without liposomes). The orange juice was previously brought up to room 
temperature, and the randomness of the samples was ensured during the whole procedure. Each 
evaluator tested nine samples to accomplish the requirements of the triangular test for the three 
formulations. Each evaluator was requested to drink water to neutralize flavors between samples 
from the same triangle, as requested in a sensory evaluation procedure. Before changing from 
one sensory triangle to the next, they were also asked to eat a cracker and drink water to avoid 
sensory fatigue. To end, each evaluator completed a card with their personal inputs [34, 81].

The other test applied was the affective test, and 40 consumers of the commercial orange 
juice were selected, men and women over 18 years old [77]. The sensory acceptability of the 
evaluator is faced with unknown samples to judge. The orange juice sample was kept at room 
temperature, and the randomness was ensured while the test lasted. Hedonic rating scales 
associated with score used were as follows: (1) I really dislike it; (3) I dislike it; (5) I neither dis-
like nor like it; (7) I like it; and (9) I really like it. The evaluators are faced with these possibili-
ties or intermediate ones [81]. As stated before in between samples, evaluators were induced 
to drink water to abstain sensory fatigue [34].

In the triangular test, the outcome results for the orange juice, containing the liposomes with 
bioactive compounds, considering favorable/total were 43/78 for SPC, 35/78 for SPC:SA, and 
38/78 for SPC:CaS. By favorable answers of the evaluator, they found the difference between the 
commercial product with and without liposomes/bioactive compounds. Applying the statisti-
cal table for the triangular test, and considering a significant level of 0.10 for 78 evaluators, the 
minimum number of correct answers for samples that showed significant differences is 32 [59]. 
From the above, it is concluded that there are significant differences between commercial juice 
with or without liposomes and bioactive compounds [34].

With respect to the affective test, although the significant differences were obtained in the 
triangular test, the addition of liposomes with bioactive compounds did not change the accept-
ability of the product. These results are reflected in Table 2, where the three added formula-
tions showed no significant differences with respect to commercial juice. The results obtained 
showed that all three liposomal formulations are potentially applicable in the product [34].

Test knowing the samples

COJ with SPC COJ COJ with SPC:SA COJ COJ with SPC:CaS COJ

5.93 ± 1.61 5.88 ± 1.81 7.03 ± 1.51 7.08 ± 1.44 7.00 ± 1.76 6.90 ± 1.49

Data correspond to soy phosphatidylcholine (SPC), soy phosphatidylcholine and stearic acid (SPC:SA) in 1:0.25 molar 
ratio, and soy phosphatidylcholine and calcium stearate (SPC:CaS) in 1:0.25 molar ratio. Qualifications of 40 panelists 
for commercial orange juice (COJ) with or without liposomes with 5 mM of vitamin E and 90 mM of vitamin C, for each 
type of formulation. Statistics were performed using the test for paired samples between each commercial orange juice 
sample with and without liposomes. No significant differences were obtained.

Table 2. Total assay acceptability of liposomal formulations knowing the samples in commercial orange juice (COJ).
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cal table for the triangular test, and considering a significant level of 0.10 for 78 evaluators, the 
minimum number of correct answers for samples that showed significant differences is 32 [59]. 
From the above, it is concluded that there are significant differences between commercial juice 
with or without liposomes and bioactive compounds [34].

With respect to the affective test, although the significant differences were obtained in the 
triangular test, the addition of liposomes with bioactive compounds did not change the accept-
ability of the product. These results are reflected in Table 2, where the three added formula-
tions showed no significant differences with respect to commercial juice. The results obtained 
showed that all three liposomal formulations are potentially applicable in the product [34].

Test knowing the samples

COJ with SPC COJ COJ with SPC:SA COJ COJ with SPC:CaS COJ

5.93 ± 1.61 5.88 ± 1.81 7.03 ± 1.51 7.08 ± 1.44 7.00 ± 1.76 6.90 ± 1.49

Data correspond to soy phosphatidylcholine (SPC), soy phosphatidylcholine and stearic acid (SPC:SA) in 1:0.25 molar 
ratio, and soy phosphatidylcholine and calcium stearate (SPC:CaS) in 1:0.25 molar ratio. Qualifications of 40 panelists 
for commercial orange juice (COJ) with or without liposomes with 5 mM of vitamin E and 90 mM of vitamin C, for each 
type of formulation. Statistics were performed using the test for paired samples between each commercial orange juice 
sample with and without liposomes. No significant differences were obtained.

Table 2. Total assay acceptability of liposomal formulations knowing the samples in commercial orange juice (COJ).
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7. Future trends

It should be a community efforts trend. By community it is meant an equal commitment effort 
from two different levels, governmental and science food developers.

For the development of a new food product, it is important to involve the food industry in 
devising solutions to certain problems, such as the nutrition and health at different stages of 
life. In this aspect, the application of functional foods has a promising future considering that 
it promotes and benefits the health beyond the nutritional contribution.

There is a general consensus with Singh [53] concept that several challenges, including discov-
ering of beneficial compounds, establishing optimal intake levels, and developing adequate 
food delivering matrix and product formulations, need to be addressed.

The implementation of matrices such as liposomes for the transport of bioactive compounds 
can facilitate the ingestion of these in diverse foods, especially the aqueous ones, being able to 
be offered to the sectors of the population of risk such as children and elderly people. These 
types of matrices must have some stability either by adding bioactive compounds or by being 
present in the food. There is another aspect of great importance that should not be left aside, 
and that is the taste of functional foods for health. This issue is intrinsically highly specula-
tive, risky, and deemed to yield a niche market strategy. This conclusion entails a challenging 
future for food product designers, food technologists, and sensory scientists dealing still with 
one of the fastest growing segments of the food market.

The juices being so well accepted by young children and adults can result in useful tools 
to be fortified with iron, calcium, vitamin C, vitamin E, and other antioxidants. Its natural 
content or the result of its fortification in ascorbic acid facilitates the absorption of iron from 
vegetables and legumes and on health improvement as a final future goal.

Acknowledgements

This work was funded by the following sources: Universidad Nacional de Quilmes-Project 
PUNQ974/11; Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Project 
PIP-CONICET # 11220110100214; Ministerio Nacional de Ciencia y Tecnología (MINCyT), 
Project MINCyT-CAPES N°; and BR/11/01 (2012–2013). Besides, we are grateful to Dario Alti 
for the design in Figure 2.

Author details

Marina Marsanasco, Nadia Silvia Chiaramoni and Silvia del Valle Alonso*

*Address all correspondence to: silviadelvalle@gmail.com

Laboratorio de Biomembranas, Grupo de Biología Estructural y Biotecnología (GBEyB), IMBICE-
CONICET, Universidad Nacional de Quilmes, Buenos Aires, Argentina

Liposomes as Matrices to Hold Bioactive Compounds for Drinkable Foods: Their Ability...
http://dx.doi.org/10.5772/intechopen.69117

201



References

[1] Carrero JJ, Martín-Bautista E, Baró L, Fonollá J, Jiménez J, Boza JJ, López-Huertas E. 
Alimentos funcionales. Efectos cardiovasculares de los ácidos grasos omega-3 y alterna-
tivas para incrementar su ingesta. Nutrición Hospitalaria. 2005;20(1):63-69

[2] Hadian Z. A review of nanoliposomal delivery system for stabilization of bioactive 
omega-3 fatty acids. Electronic Physician. 2016;8(1):1776-1785. DOI: 10.19082/1776

[3] López LB, Suárez MM. Fundamentos de Nutrición normal. 1st ed. El Ateneo; Buenos 
Aires, Argentina. 2013. 446 p

[4] Lands B. Review. Historical perspectives on the impact of n-3 and n-6 nutrients on 
health. Progress in Lipid Research. 2014;55:17-29. DOI: 10.1016/j.plipres.2014.04.002

[5] Earnest CP, Hammar MK, Munsey M, Mikus CR, David RM, Bralley JA, Church TS. 
Microencapsulated foods as a functional delivery vehicle for omega-3 fatty acids: A 
pilot study. Journal of the International Society of Sports Nutrition. 2009;6(12):1-6. 
DOI: 10.1186/1550-2783-6-12

[6] Leaf A, Weber PC. Cardiovascular effects of n-3 fatty acids. The New England Journal of 
Medicine. 1998;318(9):549-557. DOI: 10.1056/NEJM198803033180905

[7] Lee KW, Lip GYH. The role of omega-3 fatty acids in the secondary prevention of 
cardiovascular disease. QJM: An International Journal of Medicine. 2003;96(7):465-480. 
DOI: 10.1093/qjmed/hcg092

[8] Sivrioglu EY, Kirli S, Sipahioglu D, Gursoy B, Sarandôl E. The impact of w-3 fatty acids, 
vitamins E and C supplementation on treatment outcome and side effects in schizo-
phrenia patients treated with haloperidol: An open-label pilot study. Progress in Neuro-
Psychopharmacology & Biological Psychiatry. 2007;31(7):1493-1499. DOI: 10.1016/j.pnpbp. 
2007.07.004

[9] Jenski LJ, Zerouga M, Stillwell W. Omega-3 fatty acid-containing liposomes in can-
cer therapy. Proceedings of the Society for Experimental Biology and Medicine. 
1995;210(3):227-233

[10] Baguma-Nibasheka M, Brenna JT, Nathanielsz PW. Delay of preterm delivery in sheep 
by omega-3 long-chain polyunsaturates. Biology of Reprodution. 1999;60(3):698-701

[11] Rogers LK, Valentine CJ, Keim SA. DHA supplementation: Current implications in 
pregnancy and childhood. Pharmacological Research. 2013;70(1):13-19. DOI: 10.1016/j.
phrs.2012.12.003

[12] Zeisel SH, da Costa KA. Choline: An essential nutrient for public health. Nutrition 
Reviews. 2009;67(11):615-623. DOI: 10.1111/j.1753-4887.2009.00246.x

[13] Penry JT, Manore MM. Choline: An important micronutrient for maximal endurance-
exercise performance? International Journal of Sport Nutrition and Exercise Metabolism. 
2008;18(2):191-203

Functional Food - Improve Health through Adequate Food202



References

[1] Carrero JJ, Martín-Bautista E, Baró L, Fonollá J, Jiménez J, Boza JJ, López-Huertas E. 
Alimentos funcionales. Efectos cardiovasculares de los ácidos grasos omega-3 y alterna-
tivas para incrementar su ingesta. Nutrición Hospitalaria. 2005;20(1):63-69

[2] Hadian Z. A review of nanoliposomal delivery system for stabilization of bioactive 
omega-3 fatty acids. Electronic Physician. 2016;8(1):1776-1785. DOI: 10.19082/1776

[3] López LB, Suárez MM. Fundamentos de Nutrición normal. 1st ed. El Ateneo; Buenos 
Aires, Argentina. 2013. 446 p

[4] Lands B. Review. Historical perspectives on the impact of n-3 and n-6 nutrients on 
health. Progress in Lipid Research. 2014;55:17-29. DOI: 10.1016/j.plipres.2014.04.002

[5] Earnest CP, Hammar MK, Munsey M, Mikus CR, David RM, Bralley JA, Church TS. 
Microencapsulated foods as a functional delivery vehicle for omega-3 fatty acids: A 
pilot study. Journal of the International Society of Sports Nutrition. 2009;6(12):1-6. 
DOI: 10.1186/1550-2783-6-12

[6] Leaf A, Weber PC. Cardiovascular effects of n-3 fatty acids. The New England Journal of 
Medicine. 1998;318(9):549-557. DOI: 10.1056/NEJM198803033180905

[7] Lee KW, Lip GYH. The role of omega-3 fatty acids in the secondary prevention of 
cardiovascular disease. QJM: An International Journal of Medicine. 2003;96(7):465-480. 
DOI: 10.1093/qjmed/hcg092

[8] Sivrioglu EY, Kirli S, Sipahioglu D, Gursoy B, Sarandôl E. The impact of w-3 fatty acids, 
vitamins E and C supplementation on treatment outcome and side effects in schizo-
phrenia patients treated with haloperidol: An open-label pilot study. Progress in Neuro-
Psychopharmacology & Biological Psychiatry. 2007;31(7):1493-1499. DOI: 10.1016/j.pnpbp. 
2007.07.004

[9] Jenski LJ, Zerouga M, Stillwell W. Omega-3 fatty acid-containing liposomes in can-
cer therapy. Proceedings of the Society for Experimental Biology and Medicine. 
1995;210(3):227-233

[10] Baguma-Nibasheka M, Brenna JT, Nathanielsz PW. Delay of preterm delivery in sheep 
by omega-3 long-chain polyunsaturates. Biology of Reprodution. 1999;60(3):698-701

[11] Rogers LK, Valentine CJ, Keim SA. DHA supplementation: Current implications in 
pregnancy and childhood. Pharmacological Research. 2013;70(1):13-19. DOI: 10.1016/j.
phrs.2012.12.003

[12] Zeisel SH, da Costa KA. Choline: An essential nutrient for public health. Nutrition 
Reviews. 2009;67(11):615-623. DOI: 10.1111/j.1753-4887.2009.00246.x

[13] Penry JT, Manore MM. Choline: An important micronutrient for maximal endurance-
exercise performance? International Journal of Sport Nutrition and Exercise Metabolism. 
2008;18(2):191-203

Functional Food - Improve Health through Adequate Food202

[14] Corbin KD, Zeisel SH. Choline metabolism provides novel insights into non-alco-
holic fatty liver disease and its progression. Current Opinion in Gastroenterology. 
2012;28(2):159-165. DOI: 10.1097/MOG.0b013e32834e7b4b

[15] U.S. Department of Health and Human Services, U.S. Food & Drug administration. 
[Internet]. 2015. Available from: http://www.fda.gov/Food/IngredientsPackagingLabeling/
LabelingNutrition/ucm073599.htm [Accessed: February 25, 2017]

[16] Hasenhuettl GL. Chapter 2: Synthesis and commercial preparation of food emulsifiers. 
In: Food Emulsifiers and Their Applications. 2nd ed. Springer; New York, USA. 2008. 
pp. 11-37

[17] Primo Yúfera E. Química de los Alimentos. 1st ed. Síntesis, S.A.; Madrid, Spain. 1997. 
462 p

[18] Administración Nacional de Medicamentos, Alimentos y Tecnología médica. Argentine 
Food Code. [Internet]. 2017. Available from: http://www.anmat.gov.ar/alimentos/nor-
mativas_alimentos_caa.asp [Accessed: February 25, 2017]

[19] Li J, Wang X, Zhang T, Wang C, Huang Z, Luo X, Deng Y. A review on phospholipids 
and their main applications in drug delivery systems. Asian Journal of Pharmaceutical 
Sciences. 2015;10(2):81-98. DOI: 10.1016/j.ajps.2014.09.004

[20] Yokota D, Moraes M, Pinho SC. Characterization of lyophilized liposomes produced 
with non-purified soy lecithin: A case study of casein hydrolysate microencapsulation. 
Brazilian Journal of Chemical Engineering. 2012;29(2):325-335. DOI: 10.1590/S0104- 
66322012000200013

[21] Palacios LE, Wang T. Egg-yolk lipid fractionation and lecithin characterization. Journal of 
the American Oil Chemists' Society. 2005;82(8):571-578. DOI: 10.1007/s11746-005-1111-4

[22] Keller B. C. Liposomes in nutrition. Trends in Food Science & Technology. 2001;12(1):25-
31. DOI: 10.1016/S0924-2244(01)00044-9

[23] Hsieh YF, Chen TL, Wang YT, Chang JH, Chang HM. Properties of liposomes prepared 
with various lipids. Journal of Food Science. 2002;67(8):2808-2813. DOI: 10.1111/j.1365-
2621.2002.tb08820.x

[24] Mosca M, Ceglie A, Ambrosone L. Effect of membrane composition on lipid oxidation 
in liposomes. Chemistry and Physics of Lipids. 2011;164(2):158-165. DOI: 10.1016/j.
chemphyslip.2010.12.006

[25] Engberg O, Hautala V, Yasuda T, Dehio H, Murata M, Slotte JP, Nyholm TKM. The 
affinity of cholesterol for different phospholipids affects lateral segregation in bilayers. 
Biophysical Journal. 2016;111(3):546-556. DOI: 10.1016/j.bpj.2016.06.036

[26] Lasic DD. Novel applications of liposomes. Trends in Biotechnology. 1998;16(7):307-321. 
DOI: 10.1016/S0167-7799(98)01220-7

[27] Pradhan B, Kumar N, Saha S, Roy A. Liposome: Method of preparation, advantages, 
evaluation and its application. Journal of Applied Pharmaceutical Research. 2015;3(3):1-8

Liposomes as Matrices to Hold Bioactive Compounds for Drinkable Foods: Their Ability...
http://dx.doi.org/10.5772/intechopen.69117

203



[28] Furberg D, Adams HP Jr, Applegate WB, Byington RP, Espeland MA, Hartwell T, 
Hunninghake DB, Lefkowitz DS, Probstfield J, Riley WA. Effects of lovastatin on early 
carotid atherosclerosis and cardiovascular events. Circulation. 1994;90(4):1679-1687

[29] La Rosa JC, Hunninghake D, Bush D, Criqui MH, Getz GS, Gotto AM Jr, Grundy SM, 
Rakita L, Robertson RM, Weisfeldt ML. The cholesterol facts. A summary of the evidence 
relating dietary fats, serum cholesterol, and coronary heart disease: A joint statement 
by the American heart Association and the National Heart, Lung, and Blood Institute. 
The Task Force on Cholesterol Issues, American Heart Association. Circulation. 
1990;81(5):1721-1733

[30] Sacks FM, Pfeffer MA, Moye LA, Rouleau JL, Rutherford JD, Cole TG, Brown L, Warnica 
JW, Arnold JM, Wun CC, Davis BR, Braunwald E. The effect of pravastatin on coronary 
events after myocardial infarction in patients with average cholesterol levels. The New 
England Journal of Medicine. 1996;335(14):1001-1009

[31] Shepherd J, Cobbe SM, Ford I, Isles CG, Lorimer AR, Macfarlane PW, McKillop JH, 
Packard CJ. Prevention of coronary heart disease with pravastatin in men with hyper-
cholesterolemia. West of Scotland Coronary Prevention Study Group. The New England 
Journal of Medicine. 1995;333(20):1301-1307

[32] Marsanasco M, Márquez AL, Wagner JR, Alonso S del V, Chiaramoni NS. Liposomes 
as vehicles for vitamins E and C: An alternative to fortify orange juice and offer vita-
min C protection after heat treatment. Food Research International. 2011;44:3039-3046. 
DOI: 10.1016/j.foodres.2011.07.025

[33] Marsanasco M, Márquez AL, Wagner JR, Chiaramoni NS, Alonso S del V. Bioactive com-
pounds as functional food ingredients: Characterization in model system and sensory 
evaluation in chocolate milk. Journal of Food Engineering. 2015;66:55-63. DOI: 10.1016/j.
jfoodeng.2015.05.007

[34] Marsanasco M, Piotrkowski B, Calabró V, Alonso S del V, Chiaramoni NS. Bioactive con-
stituents in liposomes incorporated in orange juice as new functional food: Thermal sta-
bility, rheological and organoleptic properties. Journal of Food Science and Techonolgy. 
2015;52(12):7828-7838. DOI: 10.1007/s13197-015-1924-y

[35] Marsanasco M, Calabró V, Piotrkowski B, Chiaramoni N, Alonso S del V. Fortification 
of chocolate milk with omega-3, omega-6, and vitamins E and C by using liposomes. 
European Journal of Lipid Science and Technology. 2016;118(9):1271-1281. DOI: 10.1002/
ejlt.201400663

[36] Holdsworth SD. Optimisation of thermal processing. A review. Journal of Food 
Engineering. 1985;4:89-116. DOI: 10.1016/0260-8774(85)90014-7

[37] Ordóñez JA, editor. Tecnología de los Alimentos. Volumen I, componentes de los ali-
mentos y procesos. 1st ed. Síntesis, S.A.; Madrid, Spain. 1998. 365 p

[38] Mastellone P. Ayudando a conocer el mundo de la leche. 1st ed. Estrada; Buenos Aires, 
Argentina. 2000. 101 p

Functional Food - Improve Health through Adequate Food204



[28] Furberg D, Adams HP Jr, Applegate WB, Byington RP, Espeland MA, Hartwell T, 
Hunninghake DB, Lefkowitz DS, Probstfield J, Riley WA. Effects of lovastatin on early 
carotid atherosclerosis and cardiovascular events. Circulation. 1994;90(4):1679-1687

[29] La Rosa JC, Hunninghake D, Bush D, Criqui MH, Getz GS, Gotto AM Jr, Grundy SM, 
Rakita L, Robertson RM, Weisfeldt ML. The cholesterol facts. A summary of the evidence 
relating dietary fats, serum cholesterol, and coronary heart disease: A joint statement 
by the American heart Association and the National Heart, Lung, and Blood Institute. 
The Task Force on Cholesterol Issues, American Heart Association. Circulation. 
1990;81(5):1721-1733

[30] Sacks FM, Pfeffer MA, Moye LA, Rouleau JL, Rutherford JD, Cole TG, Brown L, Warnica 
JW, Arnold JM, Wun CC, Davis BR, Braunwald E. The effect of pravastatin on coronary 
events after myocardial infarction in patients with average cholesterol levels. The New 
England Journal of Medicine. 1996;335(14):1001-1009

[31] Shepherd J, Cobbe SM, Ford I, Isles CG, Lorimer AR, Macfarlane PW, McKillop JH, 
Packard CJ. Prevention of coronary heart disease with pravastatin in men with hyper-
cholesterolemia. West of Scotland Coronary Prevention Study Group. The New England 
Journal of Medicine. 1995;333(20):1301-1307

[32] Marsanasco M, Márquez AL, Wagner JR, Alonso S del V, Chiaramoni NS. Liposomes 
as vehicles for vitamins E and C: An alternative to fortify orange juice and offer vita-
min C protection after heat treatment. Food Research International. 2011;44:3039-3046. 
DOI: 10.1016/j.foodres.2011.07.025

[33] Marsanasco M, Márquez AL, Wagner JR, Chiaramoni NS, Alonso S del V. Bioactive com-
pounds as functional food ingredients: Characterization in model system and sensory 
evaluation in chocolate milk. Journal of Food Engineering. 2015;66:55-63. DOI: 10.1016/j.
jfoodeng.2015.05.007

[34] Marsanasco M, Piotrkowski B, Calabró V, Alonso S del V, Chiaramoni NS. Bioactive con-
stituents in liposomes incorporated in orange juice as new functional food: Thermal sta-
bility, rheological and organoleptic properties. Journal of Food Science and Techonolgy. 
2015;52(12):7828-7838. DOI: 10.1007/s13197-015-1924-y

[35] Marsanasco M, Calabró V, Piotrkowski B, Chiaramoni N, Alonso S del V. Fortification 
of chocolate milk with omega-3, omega-6, and vitamins E and C by using liposomes. 
European Journal of Lipid Science and Technology. 2016;118(9):1271-1281. DOI: 10.1002/
ejlt.201400663

[36] Holdsworth SD. Optimisation of thermal processing. A review. Journal of Food 
Engineering. 1985;4:89-116. DOI: 10.1016/0260-8774(85)90014-7

[37] Ordóñez JA, editor. Tecnología de los Alimentos. Volumen I, componentes de los ali-
mentos y procesos. 1st ed. Síntesis, S.A.; Madrid, Spain. 1998. 365 p

[38] Mastellone P. Ayudando a conocer el mundo de la leche. 1st ed. Estrada; Buenos Aires, 
Argentina. 2000. 101 p

Functional Food - Improve Health through Adequate Food204

[39] Lešková E, Kubíková J, Kováčiková E, Košická M, Porubská J, Holčíková K. Vitamin 
losses: Retention during heat treatment and continual changes expressed by math-
ematical models. Journal of Food Composition and Analysis. 2006;19(4):252-276. DOI: 
10.1016/j.jfca.2005.04.014

[40] Ayala Soto JG, Hernández Ochoa LR, Gutiérrez Méndez N, Chávez FD. Comparación del 
perfil vitamínico en jugos ultrapasteurizados de manzana y su impacto térmico de degra-
dación. Revista Iberoamericana de las Ciencias Biológicas y Agropecuarias. 2015;3(6):1-22

[41] Gudden S, Yadava U. Effect of Heat Processing on the Vitamin C of Some Fruits. 1st ed. 
LAP LAMBERT Academic Publishing; Germany. 2012. 92 p

[42] Ford JE, Porter JWG, Thompson SW, Toothill J, Edward-Webb J. Effects of ultra-hight-
emperature (UHT) processing and of subsequent storage on the vitamin content of milk. 
Journal of Dairy Research. 1969;36(3):447-454. DOI: 10.1017/S0022029900012966

[43] Haddad GS, Loewenstein M. Effect of several heat treatments and frozen storage on 
thiamine, riboflavin, and ascorbic acid content of milk. Journal of Dairy Science. 
1983;66(8):1601-1606. DOI: 10.3168/jds.S0022-0302(83)81980-8

[44] Mottar J, Naudts M. Quality of UHT milk compared with pasteurised and in-bottle ster-
ilised milks. Lait. 1979;59:476-488

[45] Rechcigl M. Handbook of Nutritive Value of Processed Food (Volume I). Food for 
Human Use. 1st ed. CRC Press; Boca Raton, Fl, USA. 1982. 679 p

[46] Abioye AO, Abioye VF, Ade-Omowaye BIO, Adedeji AA. Kinetic modelling of ascor-
bic acid loss in baobab drink at pasteurization and storage temperatures. Journal of 
Environmental Science, Toxicology and Food Technology. 2013;7(2):17-23

[47] Lima M, Heskitt BF, Burianek LL, Nokes SE, Sastry SK. Ascorbic acid degradation kinet-
ics during conventional and ohmic heating. Journal of Food Processing Preservation. 
1999;23(5):421-434. DOI: 10.1111/j.1745-4549.1999.tb00395.x

[48] Francisco M, Velasco P, Moreno DA, García-Viguera C, Cartea ME. Cooking methods 
of Brassica rapa affect the preservation of glucosinolates, phenolics and vitamin C. Food 
Research International. 2010;43(5):1455-1463. DOI: 10.1016/j.foodres.2010.04.024

[49] Emami S, Azadmard-Damirchi S, Peighambardoust SH, Valizadeh H, Hesari J. Liposomes 
as carrier vehicles for functional compounds in food sector. Journal of Experimental 
Nanoscience. 2016;11(9):737-759. DOI: 10.1080/17458080.2016.1148273

[50] Zabodalova L, Ishchenko T, Skvortcova N, Baranenko D, Chernjavskij V. Liposomal 
beta-carotene as a functional additive in dairy products. Agronomy Research. 2014; 
12(3):825-834

[51] Quirós-Sauceda AE, Ayala-Zavala JF, Olivas GI, González-Aguilar GA. Edible coatings 
as encapsulating matrices for bioactive compounds: A review. Journal of Food Science 
and Technology. 2014;51(9):1674-1685. DOI: 10.1007/s13197-013-1246-x

Liposomes as Matrices to Hold Bioactive Compounds for Drinkable Foods: Their Ability...
http://dx.doi.org/10.5772/intechopen.69117

205



[52] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, Griel 
AE, Etherton TD. Bioactive compounds in foods: Their role in the prevention of cardio-
vascular disease and cancer. The American Journal of Medicine. 2002; 113(9):71-88.

[53] Singh H. Nanotechnology applications in functional foods; opportunities and challenges. 
Preventive Nutrition and Food Science. 2016;21(1):1-8. DOI: 10.3746/pnf.2016.21.1.1

[54] Bigliardi B, Galati F. Innovation trends in the food industry: The case of functional foods. 
Trends in Food Science & Technology. 2013;31:118-129. DOI: 10.1016/j.tifs.2013.03.006

[55] Guiné RPF, Lima MJ. Overview and developments regarding functional foods and beverages. 
Current Nutrition & Food Science. 2008;4(4):298-304. DOI: 10.2174/157340108786263720

[56] Atkinson J, Epand RF, Epand RM. Tocopherols and tocotrienols in membranes: A 
critical review. Free Radical Biology and Medicine. 2008;44(5):739-764. DOI: 10.1016/j.
freeradbiomed.2007.11.010

[57] Machlin LJ, Bendich A. Free radical tissue damage: Protective role of antioxidant nutri-
ents. The FASEB Journal. 1987;1(6):441-445

[58] Liu RH. Potential synergy of phytochemicals in cancer prevention: Mechanism of action. 
Journal of Nutrition. 2004;134(12):3479-3485

[59] Paul R, Ghosh U. Effect of thermal treatment on ascorbic acid content of pomegranate 
juice. Indian Journal of Biotechnology. 2012;11:309-313

[60] Khanniri E, Bagheripoor-Fallah N, Sohrabvandi S, Mortazavian AM, Khosravi-Darani 
K, Mohammadia R. Application of liposomes in some dairy products. Critical Reviews 
in Food Science and Nutrition. 2016; 56(3): 484-493. DOI: 10.1080/10408398.2013.779571

[61] Farhang B, Kakuda Y, Corredig M. Encapsulation of ascorbic acid in liposomes prepared 
with milk fat globule membrane-derived phospholipids. Dairy Science & Technology. 
2012;92:353-366. DOI: 10.1007/s13594-012-0072-7

[62] Lasic DD. The mechanism of vesicle formation. Biochemical Journal. 1988;256(1):1-11. 
DOI: 10.1042/bj2560001

[63] Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Woo Joo S, Zarghami N, Hanifehpour Y, 
Samiei M, Kouhi M, Nejati-Koshki K. Liposome: Classification, preparation, and appli-
cations. Nanoscale Research Letters. 2013;8(1):102. DOI: 10.1186/1556-276X-8-102

[64] Resolutions of the Common Marked Group N° 34/10 [Internet]. 2017. Available from: BPF 
http://www.anmat.gov.ar/webanmat/Legislacion/Alimentos/Resolucion_Conjunta_199-
2011_y_641-2011.pdf

[65] Wang S, Su R, Nie S, Sun M, Zhang J, Wu D, Moustaid-Moussa N. Application of 
nanotechnology in improving bioavailability and bioactivity of diet-derived phyto-
chemicals. The Journal of Nutritional Biochemistry. 2014;25:363-376. DOI: 10.1016/j.
jnutbio.2013.10.002

Functional Food - Improve Health through Adequate Food206



[52] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, Griel 
AE, Etherton TD. Bioactive compounds in foods: Their role in the prevention of cardio-
vascular disease and cancer. The American Journal of Medicine. 2002; 113(9):71-88.

[53] Singh H. Nanotechnology applications in functional foods; opportunities and challenges. 
Preventive Nutrition and Food Science. 2016;21(1):1-8. DOI: 10.3746/pnf.2016.21.1.1

[54] Bigliardi B, Galati F. Innovation trends in the food industry: The case of functional foods. 
Trends in Food Science & Technology. 2013;31:118-129. DOI: 10.1016/j.tifs.2013.03.006

[55] Guiné RPF, Lima MJ. Overview and developments regarding functional foods and beverages. 
Current Nutrition & Food Science. 2008;4(4):298-304. DOI: 10.2174/157340108786263720

[56] Atkinson J, Epand RF, Epand RM. Tocopherols and tocotrienols in membranes: A 
critical review. Free Radical Biology and Medicine. 2008;44(5):739-764. DOI: 10.1016/j.
freeradbiomed.2007.11.010

[57] Machlin LJ, Bendich A. Free radical tissue damage: Protective role of antioxidant nutri-
ents. The FASEB Journal. 1987;1(6):441-445

[58] Liu RH. Potential synergy of phytochemicals in cancer prevention: Mechanism of action. 
Journal of Nutrition. 2004;134(12):3479-3485

[59] Paul R, Ghosh U. Effect of thermal treatment on ascorbic acid content of pomegranate 
juice. Indian Journal of Biotechnology. 2012;11:309-313

[60] Khanniri E, Bagheripoor-Fallah N, Sohrabvandi S, Mortazavian AM, Khosravi-Darani 
K, Mohammadia R. Application of liposomes in some dairy products. Critical Reviews 
in Food Science and Nutrition. 2016; 56(3): 484-493. DOI: 10.1080/10408398.2013.779571

[61] Farhang B, Kakuda Y, Corredig M. Encapsulation of ascorbic acid in liposomes prepared 
with milk fat globule membrane-derived phospholipids. Dairy Science & Technology. 
2012;92:353-366. DOI: 10.1007/s13594-012-0072-7

[62] Lasic DD. The mechanism of vesicle formation. Biochemical Journal. 1988;256(1):1-11. 
DOI: 10.1042/bj2560001

[63] Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Woo Joo S, Zarghami N, Hanifehpour Y, 
Samiei M, Kouhi M, Nejati-Koshki K. Liposome: Classification, preparation, and appli-
cations. Nanoscale Research Letters. 2013;8(1):102. DOI: 10.1186/1556-276X-8-102

[64] Resolutions of the Common Marked Group N° 34/10 [Internet]. 2017. Available from: BPF 
http://www.anmat.gov.ar/webanmat/Legislacion/Alimentos/Resolucion_Conjunta_199-
2011_y_641-2011.pdf

[65] Wang S, Su R, Nie S, Sun M, Zhang J, Wu D, Moustaid-Moussa N. Application of 
nanotechnology in improving bioavailability and bioactivity of diet-derived phyto-
chemicals. The Journal of Nutritional Biochemistry. 2014;25:363-376. DOI: 10.1016/j.
jnutbio.2013.10.002

Functional Food - Improve Health through Adequate Food206

[66] Mohammadi M, Ghanbarzadeh B, Hamishehkar H. Formulation of nanoliposomal vita-
min D3 for potential application in beverage fortification. Advanced Pharmaceutical 
Bulletin. 2014;4(2):569-575

[67] Siró I, Kápolna E, Kápolna B, Lugasi A. Functional food. Product development, mar-
keting and consumer acceptance—A review. Appetite. 2008;51:456-467. DOI: 10.1016/j.
appet.2008.05.060

[68] Pray L, Boon C, Miller EA, Pillsbury L. IOM (Institute of Medicine). Providing Healthy 
and Safe Foods as We Age: Workshop Summary. 1st ed. The National Academies Press; 
Washington D.C., USA. 2010. 193 p. DOI: 10.17226/12967

[69] Rangel-Huerta OD, Pastor-Villaescusa B, Aguilera CM, Gil A. A systematic review of 
the efficacy of bioactive compounds in cardiovascular disease: Phenolic compounds. 
Nutrients. 2015;7:5177-5216. DOI: 10.3390/nu7075177

[70] Alvídrez-Morales A, González-Martínez BE, Jiménez-Salas Z. Tendencias en la pro-
ducción de alimentos: Alimentos funcionales. Revista de Salud Pública y Nutrición. 
2002;3(3):1-6

[71] Verbeke W. Functional foods: Consumer willingness to compromise on taste for health? 
Food Qualityand Preference. 2006;17:126-131. DOI: 10.1016/j.foodqual.2005.03.003

[72] Hilliam M. Future for dairy products and ingredients in the functional foods market. 
Australian Journal of Dairy Technology. 2003;58:98-103

[73] World Health Organization [Internet]. 2016. Available from: http://www.who.int/media-
centre/factsheets/fs178/en/ [Accessed: February 25, 2017]

[74] Boerma T, Mathers C, AbouZahr C, Chatterji S, Hogan D, Stevens G, Mahanani WR, Ho 
J, Rusciano F, Humphreys G. Health in 2015: From MDGs, Millennium Development 
Goals to SDGs, Sustainable Development Goals. 1st ed. World Health Organization; 
France. 2015. 216 p

[75] Rodrigo A. La nutrición en las primeras etapas de la vida, su relación con el aprendizaje. 
Nutrición, desarrollo y alfabetización. In: Morasso M del C, Duro E, editors. Nutrición, 
desarrollo y alfabetización. 2nd ed. UNICEF; Buenos Aires, Argentina. 2010. p. 25-75

[76] Mangialavori G, Abeyá Gilardon E, Biglieri Guidet A, Durán P, Kogan L. Feeding 
Children under 2 Years. Results of the National Survey of Nutrition and Health. Buenos 
Aires, Argentine: Ministry of Health; 2010. pp. 1-61

[77] Anzaldúa-Morales A. La evaluación sensorial de los alimentos en la teoría y la práctica. 
1st ed. Acribia; Zaragoza, Spain. 1994. 220 p

[78] Singh-Ackbarali D, Maharaj R. Sensory evaluation as a tool in determining acceptability 
of innovative products developed by undergraduate students in food science and tech-
nology at the University of Trinidad and Tobago. Journal of Curriculum and Teaching. 
2014;3(1):10-18. DOI: 10.5430/jct.v3n1p10

Liposomes as Matrices to Hold Bioactive Compounds for Drinkable Foods: Their Ability...
http://dx.doi.org/10.5772/intechopen.69117

207



[79] Olivas-Gastélum R, Nevárez-Moorillón GV, Gastélum-Franco MG. Las pruebas de dife-
rencia en el análisis sensorial de los alimentos. Tecnociencia Chihuahua. 2009;3(1):1-7

[80] Sancho J, Bota E, de Castro JJ. Introducción al análisis sensorial de los alimentos. 1st ed. 
Edicions Universitat Barcelona; Barcelona, Spain. 1999. 336 p

[81] Meilgaard M, Civille GV, Carr TB. Sensory Evaluation Techniques. 3rd ed. CRC Press; 
Florida, USA. 1999. 464 p

Functional Food - Improve Health through Adequate Food208



[79] Olivas-Gastélum R, Nevárez-Moorillón GV, Gastélum-Franco MG. Las pruebas de dife-
rencia en el análisis sensorial de los alimentos. Tecnociencia Chihuahua. 2009;3(1):1-7

[80] Sancho J, Bota E, de Castro JJ. Introducción al análisis sensorial de los alimentos. 1st ed. 
Edicions Universitat Barcelona; Barcelona, Spain. 1999. 336 p

[81] Meilgaard M, Civille GV, Carr TB. Sensory Evaluation Techniques. 3rd ed. CRC Press; 
Florida, USA. 1999. 464 p

Functional Food - Improve Health through Adequate Food208

Section 3

Tools to Evaluate the Effects of Bioactive
Ingredients, Functional Foods and Diet





Chapter 11

Food Metabolomics: A New Frontier in Food Analysis

and its Application to Understanding Fermented Foods

Oluwafemi Ayodeji Adebo, Patrick Berka Njobeh,

Janet Adeyinka Adebiyi, Sefater Gbashi and

Eugenie Kayitesi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69171

Abstract

The emergence of food metabolomics, otherwise known as foodomics, has opened new
frontiers and possibilities for scientists to characterize and simultaneously determine
and obtain the comprehensive profile of the food metabolome. Qualitative and quanti-
tative determinations of this metabolome offer insights into the underlying processes
involved and details about the content of the food analytes. This had seemed technically
challenging and impossible over time, but can now be done due to the advent of
sophisticated analytical equipment and chemometric tools. The application of this tech-
nique offers enormous opportunities to obtain detailed information that can be corre-
lated to various properties, functionalities and potentials in fermented foods. This
chapter thus evaluated and documented studies presented in the literature on the food
metabolomics study of fermented foods, with a view of appraising its prospects, appli-
cations and subsequent utilization in the study of fermented foods.

Keywords: foodomics, food metabolomics, fermentation, fermented foods,
chemometrics

1. Introduction

Fermentation continues to be a viable food processing technique all over the world. This might
be attributed to the ease and simplicity of the process and its numerous other benefits, includ-
ing providing variety in foods, improving palatability and aesthetic value, detoxification and
imparting desirable sensorial properties [1–3]. Furthermore, it plays significant role in confer-
ring health promotion and functional benefits to fermented foods. In line with this are different
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studies on fermented foods reporting their ability to reduce diarrhea, malnutrition, encourage
child growth and development, exhibit nutraceutical and functional effects including being
antidiabetic, antihypertensive, chemoprotective, reducing oxidative stress, cardiovascular dis-
eases and possessing probiotic properties [1–8]. Sequel to these benefits and the ever growing
market for functional foods, fermented food products are positioned as food sources that can
improve consumer well-being and reduce the risk of diseases.

Although fermentation like other food processing techniques is needed for the transformation
of food prior to consumption, it results in structural changes, formation, modification and/or
degradation of compounds and an increase or decrease in these constituents could occur.
Characterization and comprehensive monitoring of the metabolic, physicochemical, biochem-
ical and structural changes occurring during the fermentation process have thus been relatively
difficult. The advent of food metabolomics, also known as “foodomics” enables scientists to
obtain detailed and comprehensive molecular profile of thousands of metabolites in foods, all
in a single run [9, 10]. Food metabolomics thus presents a holistic approach of providing
insight, resolving and identifying the complexities and multifunctionality of fermentation and
its subsequent food products.

According to Cifuentes [9] and Garcia-Canas [11], food metabolomics is a valuable and promis-
ing tool for food processors and scientists to understand the metabolome of food, including its
biochemistry and composition. Being one of the “omics” technology, it offers enormous oppor-
tunities to obtain detailed information that can be correlated to the functional and nutraceutical
composition of foods. This chapter thus provides an overview of food metabolomics studies that
have applied this to fermented foods in the literature and its prospects for further use.

2. Fundamentals of food metabolomics

Metabolomics itself is designated to mean a comprehensive analysis, study, identification and
quantification of “as many small metabolites” as possible in a system at a specific time and
condition through the use of omics technologies [12–18]. Related to this and taking a cue from
earlier authors [9, 11, 19, 20], food metabolomics or foodomics can thus be defined as the study
of “as many small metabolites” in food under a specific condition and time through the
application of omics technologies. It is a discipline involving the combination of food, nutri-
tion, advanced analytical and data processing techniques and bioinformatics. According to
Wishart [21], metabolomics permits the simultaneous characterization of a variety of com-
pounds and metabolites and thus offer food and nutrition scientists the privilege to acquire
comprehensive and detailed molecular composition of food. This feature makes metabolomics
applicable to different aspects of food science including food safety, food quality, functional
foods, food microbiology, food processing and nutrition (Figure 1). Sequel to the potential
embedded in food metabolomics, scientists are gradually utilizing advanced analytical strate-
gies as opposed to the traditional and classical existing methodologies, which does not provide
the much-needed information to understand the complexities in food. Such complexities are
however compounded in fermented foods, containing a variety of nutrients, compounds and
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volatiles with diverse concentrations, chemical structures, affinity and polarities. Food meta-
bolomics thus provides the opportunity for understanding this multifaceted analyte.

As with another metabolomics study, food metabolomics analyses can generally be classified
into either targeted or untargeted. The targeted analysis focuses on a specific group of
intended metabolites with such requiring subsequent quantification and identification [18, 22].
They are thus more detailed and require greater levels of extraction and purification prior to
analysis. In contrast to targeted analysis, untargeted metabolomics analysis is broader and
focused on the detection of a variety of metabolites to obtain fingerprints or patterns without
essentially quantifying or identifying specific metabolites [16, 23, 24].

3. The process of food metabolomics analysis

Every metabolomics analysis consists of a sequence of steps prior to obtaining the data
[16, 19, 24]. Not all the steps, depicted in Figure 2 are not, however, necessary for food meta-
bolomics or any other metabolomics studies. Major factors that determine the selection of steps
include the type of study (targeted or untargeted), sample form (solid, liquid) and the available
instrumentation and detection technique [gas chromatography-mass spectrometry (GC-MS),
liquid chromatography-mass spectrometry (LC-MS), nuclear magnetic resonance (NMR), etc.]
[16]. A description of these steps is nevertheless summarized in the ensuing sections of this
chapter.

3.1. Sample preparation

Sample preparation is essential and vital in any analysis. This is needed to prepare the sample
into a “ready state” form, release the analyte (metabolites) available, reduce experimental error

Figure 1. Different aspects of food metabolomics.
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and ensure the analytical procedure is reproducible. Grinding, size reduction and homogeniza-
tion are some of the needed steps prior to analysis to ensure proper mixing and present a sample
that is a true representative. The concentration of samples is also important with freeze-drying
and use of liquid nitrogen commonly used in food metabolomics studies of fermented foods.
This not only concentrates the metabolites but also reduces the possibility of losing heat labile
components during conventional oven drying techniques. Both freeze drying and liquid nitrogen
have been applied in the preparation of fermented foods in food metabolomics studies for
cheonggukjang [25, 26], meju [27], doenjang [28] and cocoa beans [29]. Nevertheless, care must be
taken to avoid the introduction of any form of unwanted variability throughout this step, which
might result in significant experimental discrepancy, that would surpass biological variance.
Sampling conditions and time should also be controlled to limit inconsistency in results.

3.2. Extraction

Among the many steps for food metabolomics studies, extraction is a vital and important one.
Considering the varying and diverse constituents and composition of fermented foods,

Figure 2. Schematic presentation of the food metabolomics process.
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including but not limited to amino acids, organic acids, phytochemicals, sugars, minerals, nucleic
acids, vitamins and other volatile compounds, extraction may be somewhat tricky. Hence,
extraction techniques to be utilized would be largely dependent on the form of study (targeted
or untargeted), characteristics, number and quantity of metabolites of interest [15, 30, 31]. Extrac-
tion protocol would not thus be an express decision but rather influenced by the focus of analysis
(study).

For targeted analysis, a suitable purification scheme and the use of appropriate internal stan-
dards is important [15]. This might not be the case for untargeted analysis due to the need to
target as many metabolites as possible. Extraction techniques commonly used for fermented
foods are solvents (methanol, chloroform, ethanol, acetonitrile) [27, 28, 32], similar to those used
in other metabolomics studies [15, 17, 24, 31]. When the focus of the study is on specific non-
volatile metabolites, derivatization may be required prior to analysis on GC-MS. This is neces-
sary to make sure the samples are thermostable, increase volatility and improve the detectability
of the analyte [16, 18].

3.3. Data acquisition

Data acquisition in form of separation and detection of metabolites is a key step in metabolomics
studies. It essentially requires advanced analytical techniques, considering the complexity, diver-
sity and number of metabolites to characterize in food [16, 18]. Separation techniques commonly
used for food and fermented foods include high-performance liquid chromatography (HPLC),
ultra-performance liquid chromatography (UPLC), gas chromatography (GC), capillary electro-
phoresis (CE) and ion mobility spectrometry (IMS) [16, 18, 21, 33]. Detection techniques include
mass spectrometry (MS), NMR, high-resolution magic angle spinning (HRMAS) NMR, Fourier
transform (FT) NMR, near infrared spectroscopy (NIR) and Fourier transform infrared spectros-
copy (FTIR) [15, 16, 18, 21]. A detailed review and working principle of these separation and
detection techniques have been presented in the literature and can be consulted for further
reading [15, 18, 21, 24, 30, 31, 34, 35].

In the studies of fermented foods using metabolomics, most separation are either done by GC or
LC (for polar compounds), while detection is done majorly by MS with few other studies
reporting the use of NMR and FTIR. A major consideration and factor in the use of GC and LC
is their higher sensitivity and separation. While GC–MS is usually utilized for the determination
of primary metabolites i.e., carbohydrates, amino acids, organic acids, fatty acids and phyto-
chemicals, LC–MS are frequently employed for secondary metabolites including alkaloids, fla-
vonoids, phenolic acids, peptides, polyamines and saponins [31, 36]. As indicated by Tugizimana
et al. [24], developments towards the enhancement of chromatographic include the use of multi-
dimensional separation systems such as two-dimensional liquid chromatography (LC�LC) and
two-dimensional gas chromatography (GC�GC). Furthermore, the use of better MS platforms
including time of flight (TOF), Orbitrap, MS�MS/MSn provides better resolution, higher scan
speeds, detailed fragmentation information, higher resolution, selectivity and better molecular
specificity as seen with the Pegasus HRT GC. For separation, MS is most preferred and coupled
with either GC or LC, it allows for the comprehensive evaluation and discrimination of com-
pounds [18]. It should, however, be noted that due to the varying behaviors, polarity, volatility,
structure, configuration, solubility and molecular weight of different metabolites in fermented
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foods, a single data acquisition technique for the detecting and separating all these components
is quite impossible. A combination of different techniques would rather provide a better analyt-
ical potential for a full metabolomics study.

3.4. Data analysis and treatment

Metabolomic studies are quite synonymous with the generation of a large amount of data, that
may be somewhat confusing at first. Subsequent analysis of such high-throughput data can be
roughly divided into two: pretreatment and analysis [37]. Handling these huge data would
require an automated software for quantification and identification [24]. Pretreatment basically
involves alignment, normalization, compound identification, centering, transformation, scal-
ing, removing baseline artefacts and peak picking [16, 24, 38, 39], in order to convert the raw
data set into a form that can be utilized for subsequent analysis. Succeeding analysis of the
cleaned data in food metabolomics studies are majorly done using different chemometric tools,
to provide a description and understanding of the variations and/or similarities in the metab-
olites. Wold [40] has defined chemometrics as a branch of science concerned with the data
analysis (extracting information from data), ensuring that the data set contains maximum
information using several mathematical multivariate data analysis (MVDA) tools.

Depending on the purpose of the food metabolomics study, there are three major categories of
MVDA. These are exploratory/informative, classification/discrimination and regression/pre-
diction [16, 38, 41]. While informative analyses are focused on identification and quantification
to obtain sample intrinsic information (such as the development of metabolite databases and
the discovery of biomarkers), discriminative analyses are majorly aimed at finding differences
between samples/treatments [16, 42]. In contrast, predictive models are focused on quantifica-
tion and prediction of a variable that may be difficult to quantify [16, 38]. MVDA tools
commonly used in food metabolomics studies include artificial neural networks (ANN), prin-
cipal component analysis (PCA), orthogonal projection to latent structures-discriminant anal-
ysis (OPLS-DA), partial least square discriminant analysis (PLS-DA), principal component
regression (PCR), hierarchical cluster analysis (HCA), canonical correlation analysis (CCA)
and others [16, 38, 43]. Detailed strategies, algorithms and explanation on these MVDA tech-
niques have been described in detail elsewhere [24, 39, 43–46].

4. Food metabolomics of fermented foods

Food metabolomics has been applied and adopted in the study of different foods in the
literature [11, 16–18, 21, 33, 47, 48]. Specifically, for fermented foods, which is the focus of this
chapter, it is conventionally used to observe, monitor metabolite changes occurring during
fermentation and to investigate the composition of such fermented food. Such knowledge has
assisted in providing a comprehensive understanding of the fermentation process and proba-
bly predict sensory, nutritional, functionality and nutraceutical quality of the final fermented
product. Few studies presented in the literature on food metabolomics studies of fermented
foods are summarized in Table 1. This section of this chapter would thus focus on the
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documented changes in metabolite groups and the use of metabolomics in understanding the
modifications occurring during the fermentation process of these foods.

Metabolites produced during the fermentation of a Korean cuisine called cheonggukang, have
been investigated by several authors [25, 26, 49–51] (Table 1). Using 1H NMR, Choi et al. [25]
observed a decrease in sugars and citric acid with fermentation time. Acetic acid, phenylala-
nine and tyrosine however increased with time. Baek et al. [49], reported a total of 5 sugar
alcohols, 10 sugars, 7 organic acids and 20 amino acids in the same product after obtaining it
using different Bacillus sp. with subsequent analysis on gas chromatography-time of flight
mass spectrometry (GC-TOF-MS). Most of the amino acids showed increasing amounts with
time, sugars and sugar alcohols (arabitol, ribitol, sorbitol, myoinositol and lactitol) showed
decreases, whereas there were variations in organic acids. Similar occurrences and variations
in amino acids, organic acids and also fatty acids, carbohydrates, soyasaponins, isoflavonoids
and nucleosides were observed using different metabolomics techniques [26, 50, 51].

Chen et al. [52] reported the occurrence of 28 metabolites including 13 amino acids, six organic
acids, three organic bases and sucrose in fermented crab paste as analyzed on NMR. Using
PCA and OPLS-DA the authors were able to observe a decline in taurine, betaine, trigonelline,
trimethylamine-N-oxide and inosine with an accumulation of sugars and hypoxanthine. 53
compounds including organic acids, alcohols, sugars, amino acids were identified from the
metabolomic profiling of daju fermented with Bacillus licheniformis [53]. Using NMR and PCA,
the authors observed a decomposition of polymers such as protein, starch and cellulose to
smaller monomers and accumulation of saccharides. Doejang, a Korean delicacy has been
studied using food metabolomics techniques (Table 1). Characterization and profiling on 1H
NMR, GC-MS, GC-TOF-MS and data analysis on PCA, PLS-DA revealed the presence of
amino acids, sugars and sugar derivatives and organic acids in doenjang [28, 54]. Using PCA,
Yang et al. [54] was able to discriminate doenjang samples fermented for different days and
reported increasing levels of amino acids, with no significant change in sugars and variation in
the levels of fatty acids. Likewise, Lee et al. [28] observed an increase in monosaccharides,
sugar alcohols and most amino acids during fermentation of doenjang. Variations were also
observed in the levels of organic acids, fatty acids isoflavones and soyasaponins [28]. Kang
et al. [27], reported a decrease in the concentration of citric acid during fermentation, with
variations in the quantities of peptides, amino acids, nucleosides, organic acids and urea cycle
intermediates were reportedly altered throughout the fermentation process.

Using both GC-MS, high-performance liquid chromatography coupled to a diode array detec-
tor (HPLC-DAD) in combination with hierarchical cluster analysis (HCA), a strong correlation
was observed between volatiles, flavonoids and polyphenolic compounds of two types of
wheat dough [55]. The authors observed a general increase in polyphenol content of the wheat
doughs, but a diverse metabolite profile in the two wheat substrates used. Likewise, Mayorga-
Gross et al. [29] investigated the metabolites changes occurring during cocoa fermentation on
an ultra-high performance liquid chromatography with electrospray ionization quadrupole
time of flight mass spectrometry (UPLC-ESIþ-Q-TOF-MS) system and adopted a PLS-DA
model for data processing. The clustering of ions according to retention times and mass
spectrum on the PLS-DA model yielded a total of 37 discriminating metabolites. Sugars,
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flavanols, anthocyanins were observed to decreased with fermentation time, while most
oligopeptides initially increased, with a later decrease during fermentation [29].

Lee et al. [56] and Tan et al. [57] studied metabolic changes during tea fermentation. Using 1H
NMR, UPLC-Q-TOF-MS and PCA, these authors were able to differentiate partially and fully
fermented tea according to their fermentation patterns. The authors observed a decrease in
caffeine epicatechin, epigallocatechin, caffeine, quinate, theanine and sucrose, whereas gallic
acid and glucose levels increased [56]. Alanine levels remained constant with caffeine being a
major discriminator. A similar decrease in catechin, epigallocatechin in fermented tea was
observed in another study, though levels of flavanols rapidly increased but later decreased [57].
Varying increases and decreases in the levels of flavonol and flavone glycosides, phenolic
acids, alkaloids and amino acids were also recorded by these authors [57].

Other similar studies on the food metabolomics studies of fermented foods that have been
reported in the literature include foods from milk [58, 59] soybean [27, 28, 65] and cereals [61,
63, 64] (Table 1). Others include kimchi [62], myeolchi-aekjeot [66] and saeu-jeot [67]. These
fermented food products, their corresponding metabolites and trend in terms of increases or
decreases in reported metabolites are summarized in Table 1.

5. Role of food metabolomics in the development of functional foods

Sequel to the relevance and importance of consuming functional foods for improved health,
concerted efforts by relevant stakeholders in academia and food industry have been geared
towards the development and delivery of functional foods to the populace. In this regard, food
metabolomics as a technique is vital in the efficient and proper evaluation of such products and
subsequent elucidation of the metabolite profile. Through the selection of appropriate techniques
in combination with adequate MVDAs, a thorough understanding of the effects of processing
parameters and different optimization steps during the development of such functional foods is
possible. Successive data generated, could thus be interpreted in terms of the functionality and
other health benefits such product would confer to intending consumers.

6. Future prospects

Fermented foods have distinct ecological niches that present an opportunity to use new
approaches that take advantage of advances in ‘omics’ to understand and characterized them.
Considering the wide range of these fermented foods in the world and the number of yet to be
characterized and identified components, subsequent analysis of these components needs to
be explored to further advance and contribute to existing knowledge. While the future of food
metabolomics will involve the development of better analytical techniques, efforts should also
be made at developing standardized databases of data from fermented foods.

Currently, metabolomics studies on fermented foods are still limited compared to plants. If
harnessed well, the application of food metabolomics would play an invaluable role in the
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development of strategies for improving the safety, quality, shelf life and overall composition
of fermented foods. In the nearest future with concerted efforts, food metabolomics could be
used as an effective alternative and/or complement traditional sensory evaluation for fermen-
ted foods. Since metabolites impact sensory qualities, food metabolomics can clarify the influ-
ence of fermentation on biomarkers responsible for sensorial qualities.

7. Conclusion

There is a steady growing interest in food metabolomics, due to its application and capability
in providing high throughput data and a platform for detailed understanding on the fermen-
tation process. The feasibility of food metabolomics approach also suggests its viability for
future progress in food science, nutrition and other related fields. This also coincides with the
recent sensitization and encouragement of the consumption of functional and nutraceutical
foods that can reduce the risks of degenerative diseases and ensure healthy nutrition.
Although considerable progress has been made in the field of food metabolomics and its
application in understanding fermented foods as demonstrated in this chapter, challenges of fully
interpreting the complex data generated from the sophisticated equipment used still needs to
be addressed and simplified. Nonetheless, food metabolomics has provided a medium that
will greatly improve our understanding of the diversity of fermented foods and even more
potential to explore their functionality. Since the delivery of most functional foods to the
populace is through the industry, subsequent adoption of this technology would translate to a
better understanding of processes and its influence on product quality. This could thus save
costs, time and labor that might have been expended in conventional analytical techniques,
that would provide less information.
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better understanding of processes and its influence on product quality. This could thus save
costs, time and labor that might have been expended in conventional analytical techniques,
that would provide less information.
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Abstract

The interest in studying the prebiotic effect of foods is increasing due to the way in which 
the consumption of these foods influences the gut microbiota and how the metabolic 
activity of the microbiota affects the health and well‐being of the host. Several in vitro 
and in vivo studies have been developed to elucidate the prebiotic effect of foods, and 
particularly in in vivo studies, the physiological dynamics of this effect has been studied 
in healthy or diseased individuals. In this chapter, the main in vitro and in vivo models 
developed for the study of the prebiotic potential of foods will be approached, which can 
be used by those planning to advance in this field of research.

Keywords: functional foods, prebiotics, chronic diseases, animal models, intestinal 
microbiota

1. Introduction

Modern society has changed its standard of living every decade and today, health is becom‐
ing an increasingly important personal and social value. Prevention of health problems is pri‐
oritized due to the costs associated with curative medicine, especially chronic diseases, which 
can be prevented by a healthier lifestyle [1]. In addition to the practice of physical activity, 
adequate nutrition is an essential aspect influencing a person’s health status. Consumers are 
more aware that their food choices can have consequences for their health and maintenance 
of a healthy lifestyle [2, 3].

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



Food matrixes are composed of several nutrient or non‐nutrient substances that interact in 
a complex way. In this perspective, foods have the basic function of feeding, some of which 
present health benefits that go beyond nutrition, such as functional foods. Functional foods 
may exert physiological benefits and/or reduce the risk of chronic diseases, in addition to 
basic nutritional functions, and may be similar in appearance to conventional foods and con‐
sumed as part of a regular diet [4].

Prebiotics are among functional foods, which are defined as a component of the edible prod‐
uct, in which its health benefit must be measurable and not due to its absorption in the blood 
stream or due to the sole action of the component, but it should be evidenced that the simple 
presence of the prebiotic component and the formulation in which it is inserted alter the com‐
position or activity of the microbial flora in the target host by modulating it [4], for stimulating 
the proliferation of a select group of beneficial colon bacteria and suppressing the prolifera‐
tion of micro‐organisms harmful to health [5].

To be considered prebiotic, food or its components must: (i) resist the processes of host diges‐
tion, absorption, and adsorption; (ii) be fermented by the microbiota that colonize the gas‐
trointestinal tract (GI); and (iii) selectively stimulate the growth and/or activity of one or a 
limited number of bacteria within the gastrointestinal tract, altering the colonic microbiota in 
favor of a healthier composition [3, 4].

Prebiotics found in natural sources such as vegetables, roots, fruits, milk, and honey are 
non‐digestible carbohydrates such as resistant starch (RS), galacto‐oligosaccharides (GOS), 
fructooligosaccharides (FOS), xylooligosaccharides (XOS), pectic oligosaccharides (POS), 
and various oligosaccharides that provide carbohydrates fermentable by the beneficial colon 
micro‐organisms [6, 7]. Among these, probiotic micro‐organisms such as bacteria belonging 
to the genus Lactobacillus and Bifidobacterium, as well as Streptococcus, Saccharomyces cerevisiae, 
Escherichia coli, and Bacillus spp. stand out, which have been studied on a smaller scale. These 
bacteria are fermentative, obligatory, or facultative anaerobes, and their inherent biological 
characteristics allow them to prevail over potential pathogenic micro‐organisms in the diges‐
tive tract [8].

Probiotic micro‐organisms are currently defined as live micro‐organisms, which when con‐
sumed in adequate amounts provide a positive health effect on the host [9]. Butel [10] suggests 
three modes of action of probiotics, which influence the host’s health. One of the first suggested 
modes of action is called “barrier” effect or resistance to colonization against pathogenic bac‐
teria due to the production of broad‐spectrum inhibition bacteriocins, metabolites such as acid 
lactic and short‐chain fatty acids—SCFA (e.g., acetate, butyrate, propionate)—which induce 
a decrease in pH, being favorable for bacterial growth, or biosurfactants with antimicrobial 
activity. The improvement of the barrier function in the gut mucosa may be due to the increase 
of the mucus layer or to the production of defensins and proteins of tight junctions.

In addition to prebiotic and probiotic foods, symbiotic foods, in which probiotic and prebiotic 
are combined, have been increasingly developed due to the favorable adaptation of the pro‐
biotic to the prebiotic substrate before consumption, which may increase the beneficial effects 
of each of them [11, 12].
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In this context, the modulation of the gut microbiota by diet has been studied [13, 14]. The 
composition and metabolism of the colonic microbiota can be influenced by the type of 
diet, nutrient balance (mainly carbohydrates, proteins, and fats), and the amount of diet 
ingested [15]. The impact of diet on microbiota composition is determined by tolerance of 
gut conditions and by the competition for substrates among microbial species, which dem‐
onstrate different capabilities to utilize dietary substrates, promoting the competition for 
substrates available in the large intestine, playing an important role in defining microbiota 
composition [16]. The healthy microbiota can be defined as the normal microbiota that 
maintains and promotes well‐being and absence of diseases, especially of the gastrointes‐
tinal tract. The colon is the most densely populated part of the gastrointestinal tract and 
houses about 500 different bacterial species. These bacteria, each with its own spectrum 
of metabolic activities, make the colon the most metabolically active organ in the human 
body [17].

The gut microbiota influences the metabolic processes, preventing and modulating chronic 
diseases such as obesity, diabetes, insulin resistance, and cardiovascular diseases [18] because 
it interferes in several systems such as cardiovascular [19], nervous [20, 21], immune [22], 
endocrine [23], and the gastrointestinal system itself.

From this perspective, the prebiotic effect of foods can be studied from in vitro sys‐
tems or from in vivo models using healthy and diseased animals or humans. Each model 
has advantages and disadvantages, which will be discussed in the next sections of this 
chapter.

2. Types of prebiotics

Dietary fibers (DF) are bioactive components, which may have prebiotic activity, present in 
plants, defined as the edible part of plants or analogous carbohydrates resistant to digestion 
and absorption in the small intestine of humans, with complete or partial fermentation in 
the large intestine [24, 25]. Regarding water solubility, DFs are classified as soluble (SDF) 
and insoluble (IDF). IDFs include cellulose, lignin, and some hemicelluloses and pectins [26, 
27]. SDFs, however, comprise the majority of pectins, gums, mucilages, and hemicelluloses 
[28, 29].

The concept of DF has been expanded to include functionally similar substances such as 
RS, inulin, FOS, and GOS. GOS or FOS may have beneficial effects such as anti‐adhesion or 
direct immunomodulation that do not require fermentation and are therefore called addi‐
tional biological activities not related to their effects on the gut microbiota [30]. There are 
several prebiotics with various origin and chemical properties. Inulin, FOS, GOS, lactulose, 
and polydextose are recognized as established prebiotics, whereas isomaltooligosaccha‐
rides (IMO), XOS, and lactitol are categorized as emerging prebiotics. In addition, resis‐
tant starch‐rich whole grains are considered prebiotic in nature, and it is assumed that 
their consumption leads to many health benefits [31]. The fermentability of dietary fibers 
such as oat b‐glucan, flaxseed gum, and fenugreek gum suggests their potential prebiotic 
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 application in promoting human health [31]. The main technological applications of prebi‐
otics and the potential beneficial health effects on consumers of these foods are described 
in Figure 1.

Plant‐derived polysaccharides arrive unchanged in the colon, being degraded by micro‐ 
organisms living in the human GI tract to SCFA (Figure 2). The degradation of complex 
oligosaccharides (pectin, cellulose, hemicellulose, and resistant starches) involves a strong 
metabolic alignment among diverse micro‐organisms that makes up the intestinal microbiota, 
but these mechanisms are still not fully understood [24, 32].

In addition to DF, phenolic compounds (PC) or polyphenols may also benefit the gut micro‐
biota, as up to 90% of plant PCs reach the colon and are used as substrates for the microbial 
production of small phenolic acids [33]. In turn, these biotransformed compounds modulate 
the microbial population in the gastrointestinal tract and are used as substrates for the pro‐
duction of SCFA [33, 34]. Results have reported that there is a possible interference of PC in 

Figure 1. Degradation of dietary fibers and phenolic compounds by the gut microbiota. Dietary fibers ( ) and phenolic 
compounds ( ) reach the colon (mainly in the proximal part) and suffer a primary degradation by bacteria ( ) to 
oligosaccharides and monosaccharides ( ) and small phenolic acids ( ), respectively. Then, these compounds are used 
by the gut microbiota for the production of SCFA ( ), which increase the number of beneficial intestinal bacteria.
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the increase of viable Bifidobacterium and Lactobacillus cells in the intestine (in vivo model) and 
feces of animals or humans (in vitro model) [35, 36].

PC are secondary metabolites derived from pentoses‐phosphate, shikimic acid, and phenylpro‐
panoid pathways in plants. They are divided into four main classes according to their chemi‐
cal structure: flavonoids (including flavonols, flavanols, flavanones, flavones, anthocyanidins, 
 chalcones, dihydrochalcones, dihydroflavonols, and isoflavones), lignans, stilbenes, and tannins. 
They have numerous reported physiological properties, such as vasodilators, anti‐thrombotic,  
anti‐inflammatory, anti‐apoptotic, hypolipemic, or anti‐atherogenic properties [37].

Prebiotics should be ingested daily as a way of ensuring continuous effect on the intesti‐
nal microbiota. However, recommendations for daily doses will depend on the type of food 
containing the prebiotic compound (naturally or added) or the isolated prebiotic compound 
consumed as a nutraceutical or prebiotic administrated by gavage (orogastric) or added to 
diet. The consumption of 5–8 g per day of inulin, FOS, or RS has been shown to significantly 
increase fecal bifidobacteria [38, 39]. In another study, rats received daily oral administration 
(gavage) of FOS (3 g/kg) or GOS (4 g/kg) for 5 weeks [40].

Other studies have added prebiotics to diets for rodents such as Sprague‐Dawley rats that con‐
sumed a high‐fat diet and diet added of 10% oligofructose [41] or rats that consumed AIN‐G diet 
added with 10% inulin or oligofructose [42]. Healthy or diabetic Wistar rats consumed basal diet 
supplemented with XOS (10%) or FOS (10%) or a combination of XOS (5%) and FOS (5%) [43].

Figure 2. Some technological applications of prebiotics and health benefits from consumption.
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3. Use of in vitro models in the study of the prebiotic potential of foods

In vitro modeling is useful for investigating the prebiotic potential of foods as it is less expen‐
sive, does not require sophisticated handling techniques, and allows simulating fermentation 
processes that occur along the large intestine and have few ethical limitations. However, they 
present limitations such as absence of interaction between neuroendocrine and immunologi‐
cal systems with the microbiota; absorptive processes, secretions, and defense systems are not 
incorporated into the models, as well as difficulty in controlling changes in the structures of 
microbial communities after inoculation. In these studies, it is possible to use pure microbial 
populations, known mixtures or fecal material [44].

The groups of colon bacteria present selective characteristics regarding the substrates avail‐
able, and it is recommended that the studies use the mixed microbial culture, which simulates 
the microbial ecology of the human intestinal tract. Fermentation in anaerobic batches inocu‐
lated with fecal suspensions provides an excellent mode for small‐scale screening of new sub‐
strates. Until recently, the growth of specific bacteria in such fermentations was measured by 
counting colonies on selective agar. This approach, however, has several disadvantages (time‐
consuming, labor intensive, and non‐recovery of uncultivable organisms). As a result, molec‐
ular techniques such as fluorescence in situ hybridization (FISH) were developed to study 
microbial communities [13, 45]. FISH involves the use of genus‐specific and in some cases 
species‐specific fluorescently labeled oligonucleotide probes. Hybridization of the probe that 
has its own specificity to recognize a particular group of bacteria to the complementary target 
sequence within bacterial cells results in fluorescently labeled cells that can be visualized and 
enumerated using fluorescence microscopy [45].

Generally, food or a substrate prebiotic extracted from the test food itself is lyophilized and 
supplemented in different concentrations to Man, Rogosa and Sharpe (MRS) medium; the 
negative control is represented by the MRS medium without the addition of the test food or 
substrate, and the positive control is represented by inulin [46, 47] or fructooligosaccharide 
[17, 48], which are recognized prebiotics. Frequently, experiments include the MRS medium 
with addition of glucose as the carbon source, which also serves as a control. After media 
are defined, probiotic micro‐organism strains such as Lactobacillus or Bifidobacterium are incu‐
bated and the samples are incubated under ideal conditions for the selected micro‐organisms. 
Thereafter, viable cell counts and metabolism monitoring of these micro‐organisms (quantifi‐
cation of short‐chain fatty acids and pH, among other parameters) are performed to confirm 
the prebiotic property of the food [47, 49]. SCFAs are saturated aliphatic organic acids that 
have from one to six carbon atoms, such as acetate (C2), propionate (C3), and butyrate (C4), 
and are the final products of bacterial fermentation processes.

Recently, many byproducts of the food industry have been studied as cheap and alternative 
sources of prebiotics [6, 49, 50]. The prebiotic effect of cashew apple (Anacardium occidentale L.) 
agro‐industrial byproduct powder on different potentially probiotic Lactobacillus strains 
(L. acidophilus LA‐05 and L. casei L‐26 and L. paracasei L‐10) was cultivated in broth containing 
cashew apple powder (20 or 30 g.L−1), glucose (20 g.L−1), or FOS (20 g.L−1). The cell viability of 
Lactobacillus strains (counts of viable cells) and changes in pH values, production of organic 
acids, and consumption of sugars in growth media were monitored for 48 h. The cultivation 
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of Lactobacillus strains in broth containing glucose, FOS, or cashew apple powder resulted 
in high counts of viable cells, decreased pH, production of organic acids, and consumption 
of sugars over time, revealing intense bacterial metabolic activity and prebiotic activity [50]. 
Thuaytong and Anprung [51] used 1% (v/v) of prepared L. acidophilus LA‐5, and Bifidobacterium 
lactis BB‐12 was transferred into MRS broth, which was composed of 1% (w/v) glucose or 1% 
(w/v) inulin or 1% (w/v) prebiotic (guava samples), and demonstrated that both red guava 
and white pulp induced similar growth of prebiotic bacteria in glucose‐containing medium.

The study by Gómez et al. [49] confirmed the prebiotic effects caused by a refined product 
containing POS that promoted the growth of beneficial bacteria and the increase of SCFA con‐
centrations. In a study carried out by Sousa et al. [52], yacon flour revealed a potential prebi‐
otic activity in the growth of probiotic strains Enterococcus faecium 32, Bifidobacterium animalis 
Bo, L. acidophilus Ki, and L. casei L26, probably due to its content in FOS. Teixeira et al. [47] 
evaluated the influence of Amazonian tubers Dioscorea trifida, Calathea allouia, and Dioscorea 
altissima on the growth of Lactobacillus acidophillus bacteria and observed that the best in vitro 
result was for D. trifida fiber, which stimulated the bacterial growth without significant differ‐
ence from commercial inulin.

Another in vitro model that is being used to evaluate the prebiotic activity of foods is the 
fermentation of animal or human feces added to the test food or extract [13, 53] and it is also 
used for the purpose of evaluating the metabolism of fecal micro‐organisms.

The beneficial health effects of prebiotics are related to their influence on the gut micro‐
biota composition, stimulation of growth, metabolism, and activities of lactic acid bacteria, 
bifidobacteria, and other emergent strains such as Roseburia intestinales and Faecalibacterium 
prausnitzii) [7].

Quinoa (Chenopodium quinoa W.) and amaranth (Amaranthus caudatus L.) submitted to in vitro 
digestion and together with a control (without external carbon source) were used as carbon 
sources in batch cultures with fecal human inocula. After 48 h of incubation, both substrates 
stimulated in a similar proportion the growth of certain numerically predominant bacterial 
groups in the human gut microbiota, including Bifidobacterium spp., Lactobacillus‐Enterococcus, 
Atopobium, Bacteroides‐Prevotella, Clostridium coccoides‐Eubacterium rectale, F. prausnitzii, and 
Roseburia intestinalis assessed by FISH, in addition to total SCFAs (acetate, propionate, and 
butyrate) with a decrease in pH, suggesting that these pseudocereals can have prebiotic 
potential [13].

Broad beans (Vicia faba) and lupin seeds (Lupinus albus) were submitted to in vitro diges‐
tion used as carbon sources in anaerobic batch cultures to evaluate their impact on the gut 
microbiota composition (by FISH) and on their metabolic products (lactate and SCFAs). The 
fermentation of the lupine seeds resulted in a higher total amount of SCFA than the bean fer‐
mentation, and in both, there was a decrease in the pH of the fermentation medium. In addi‐
tion, legume fermentation increased microbial fecal batch cultures, such as Bifidobacterium spp.,  
Lactobacillus‐Enterococcus, Atopobium, Bacteroides‐Pretovella, C. coccoides‐E. rectale, F. prausnitzii, 
and R. intestinalis [54].

The prebiotic potential of POS obtained by orange peel wastes was assessed by in vitro fer‐
mentation using human fecal inocula. For comparative purposes, similar experiments were 
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performed using orange pectin and commercial FOS as substrates for fermentation. POS par‐
ticularly increased the amount of bifidobacteria and lactobacilli (assessed by FISH) so that the 
ratio between the counts of both genera and the total cell number increased from 17 in the 
inocula to 27% after fermentation. SCFA generation from POS fermentation was similar to 
that observed with FOS [49].

Sugar beet pulp (Beta vulgaris L.) and lemon peel wastes (Citrus limon L.) were used to obtain 
two mixtures of POS and in comparison, FOS and commercial pectins were assessed by in 
vitro fermentation and FISH using human fecal inocula. The joint populations of bifidobacte‐
ria and lactobacilli increased from 19 up to 29, 34, and 32% in cultures with pectic oligosaccha‐
rides from lemon peel wastes, beet pulp, and FOS, respectively. Faecalibacterium and Roseburia 
also increased their counts with all substrates (especially with pectic oligosaccharides from 
lemon peel wastes). The highest concentrations of organic acids were observed in media con‐
taining oligosaccharides, and these results confirm that pectic oligosaccharides present better 
prebiotic properties than pectins and are similar or better than FOS [6].

The prebiotic effect of oligosaccharides recovered and purified from caprine whey was evalu‐
ated by in vitro fermentation under anaerobic conditions using batch cultures at 37°C with 
human feces (by FISH). In this research, growth of Bifidobacterium spp. was significantly 
higher with purified oligosaccharides compared to the negative control. Lactic and propionic 
acids were the main SCFAs produced. These findings indicate that oligosaccharides naturally 
extracted from caprine whey or cheese whey (byproduct) could be used as new and valuable 
sources of prebiotics naturally produced in the lactating mammary gland of domestic species 

Food Main results References

Oligosaccharides from Pitaya 
(Hylocereus undatus (Haw.))

↑ Resistance to gastric acidity [56]

↑ Growth of Bifidobacterium and Lactobacillus

Byproducts of date pits (Phoenix 
dactylifera L. var.Medjoul) and apple 
bagasse (Malus domestica var. rayada)

Fermentation by colonic bacteria produced AGCC (formate, 
succinate, acetate, propionate, and butyrate)

[57]

Pomegranate peel (Punica granatum) Fermentation of pomegranate peel flour by colonic bacteria 
generated acetic, propionic, and butyric acids

[36]

water‐soluble xylan from wheat bran 
(XOS extraction)

↑ Growth of L. brevis, B. adolescentis, and the Weissella spp. on 
XOS

[58]

↑ Lactic acid and acetic acid production after 48‐h incubation.

raw and roasted almonds (Prunus 
amygdalus)

Predigested raw and roasted almonds promoted the growth 
of Lactobacillus acidophilus (La‐14) and Bifidobacterium breve 
(JCM 1192), and no significant differences were found 
between these two nuts

[59]

Apple pectin (Malus domestica) ↑ Bifidobacterium, Lactobacillus, and Streptococcus (including 
Enterococcus) in feces; ↓ C. perfringens, enterobacteria and 
Pseudomonas; ↑ Fecal concentrations of SFCA

[60]

Table 1.  In vitro studies on the prebiotic potential of foods.
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ticularly increased the amount of bifidobacteria and lactobacilli (assessed by FISH) so that the 
ratio between the counts of both genera and the total cell number increased from 17 in the 
inocula to 27% after fermentation. SCFA generation from POS fermentation was similar to 
that observed with FOS [49].
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also increased their counts with all substrates (especially with pectic oligosaccharides from 
lemon peel wastes). The highest concentrations of organic acids were observed in media con‐
taining oligosaccharides, and these results confirm that pectic oligosaccharides present better 
prebiotic properties than pectins and are similar or better than FOS [6].

The prebiotic effect of oligosaccharides recovered and purified from caprine whey was evalu‐
ated by in vitro fermentation under anaerobic conditions using batch cultures at 37°C with 
human feces (by FISH). In this research, growth of Bifidobacterium spp. was significantly 
higher with purified oligosaccharides compared to the negative control. Lactic and propionic 
acids were the main SCFAs produced. These findings indicate that oligosaccharides naturally 
extracted from caprine whey or cheese whey (byproduct) could be used as new and valuable 
sources of prebiotics naturally produced in the lactating mammary gland of domestic species 

Food Main results References

Oligosaccharides from Pitaya 
(Hylocereus undatus (Haw.))

↑ Resistance to gastric acidity [56]

↑ Growth of Bifidobacterium and Lactobacillus

Byproducts of date pits (Phoenix 
dactylifera L. var.Medjoul) and apple 
bagasse (Malus domestica var. rayada)

Fermentation by colonic bacteria produced AGCC (formate, 
succinate, acetate, propionate, and butyrate)

[57]

Pomegranate peel (Punica granatum) Fermentation of pomegranate peel flour by colonic bacteria 
generated acetic, propionic, and butyric acids

[36]

water‐soluble xylan from wheat bran 
(XOS extraction)

↑ Growth of L. brevis, B. adolescentis, and the Weissella spp. on 
XOS

[58]

↑ Lactic acid and acetic acid production after 48‐h incubation.

raw and roasted almonds (Prunus 
amygdalus)

Predigested raw and roasted almonds promoted the growth 
of Lactobacillus acidophilus (La‐14) and Bifidobacterium breve 
(JCM 1192), and no significant differences were found 
between these two nuts

[59]

Apple pectin (Malus domestica) ↑ Bifidobacterium, Lactobacillus, and Streptococcus (including 
Enterococcus) in feces; ↓ C. perfringens, enterobacteria and 
Pseudomonas; ↑ Fecal concentrations of SFCA

[60]

Table 1.  In vitro studies on the prebiotic potential of foods.
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and not obtained by enzymatic reaction (trans‐galactosylation) from lactose, although numer‐
ous papers and patents mostly refer to specific GOS [55].

Other studies evaluating the prebiotic potential of food using in vitro models are described 
in Table 1.

4. Use of in vivo models to study the prebiotic potential of foods

It has been well established that the colon microbiota has a deep influence on health. The 
study of the prebiotic potential in humans would be considered as a gold standard in case of 
absence of ethical and practical limitations, which may make the research unreliable or lim‐
ited, in addition to the high dropout rates of study participants. Thus, animal models become 
an alternative to study the prebiotic potential of foods, since they allow direct access to intes‐
tinal contents as well as to organs and tissues [61].

Usually, the animal models used for the study of gut microbiota are swine [62], zebrafish [63], 
and more widely in rodents such as rats [47], hamsters [64], and mice [53], especially when the 
potential prebiotic of foods is evaluated.

Teixeira et al. [47] confirmed the prebiotic potential of Amazonian tubers by adding them to 
the diet of Wistar rats for 28 days, evaluating the pH and microbiota present in feces collected 
from the animals’ caecum. Samal et al. [65] evaluated the prebiotic potential of Jerusalem 
artichoke (Helianthus tuberosus L.) added at different concentrations to the diet of rats for 12 
weeks and observed that the consumption promoted beneficial effects on immunity, intesti‐
nal morphometry, and hindgut fermentation of rats. Supplementation with 2.5% of insoluble 
fibers from pineapple peel decreased the daily production of fecal ammonia, shortened gas‐
trointestinal transit time, and increased the total amounts of SCFA in the caecal content as 
well as the growth of gut microflora such as Lactobacillus spp. and Bifidobacterium spp. in 
hamsters [64].

Not only should the gut microbiota be evaluated in in vivo studies but also other variables 
such as pH, feces humidity, and SCFAs production, which is directly related to the selective 
bacterial fermentation of prebiotics [66, 67]. In the large intestine, 95% of SCFA produced are 
rapidly absorbed by colonocytes, whereas the remaining 5% are expelled in the feces [68]. 
These microbial metabolites can be used as sources of energy by the host and can also act as 
regulators of energy consumption and metabolism [69]. pH acidification can also be an indi‐
cator of fermentation of prebiotic components of foods in the colon by endogenous bacteria 
and production of organic acids directly responsible for this process [70, 71]. In addition, the 
preservation of the intestinal epithelium in healthy rats or its recovery in diseased rats may 
provide evidence of the prebiotic potential, as observed by Hu et al. [72] and Moura et al. [73].

Bränning et al. [74] evaluated the potential prebiotic of blueberry husks added in diet as a 
substitute for digestible starch. The consumption of diet containing blueberry husk by rats for 
5 days resulted in higher amounts of propionic acid and butyric acid in the distal colon and 
feces, respectively, when compared to rats that were fed a control diet without fibers. Both 
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Study model Foods Main results References

Female rats Wistar Cocoa fibers (Theobroma 
cacao L.)

↑Bifidobacterium and Lactobacillus; 
↑ SCFA production and ↓ cecal and 
fecal pH

[76]

Male golden Syrian 
hamsters

Pineapple peel (Ananas 
comosus L. Merr.)

Modulation of the activities of fecal 
bacterial enzymes; ↓ ammonia 
contents in caecum and feces; ↑ 
concentration in the caecum of SCFA

[64]

Male rats Wistar Passion fruit peel (Passiflora 
edulis)

Positive effect on SCFA production, 
but no change in gut microbiota was 
observed

[77]

Male rats Wistar FOS and PC of strawberry 
(Fragaria ananassa)

↓ Cecal pH and ↓ production 
of putrefactive SCFA (sum of 
isobutyric, isovaleric, and valeric 
acids)

[78]

Male guinea pigs FOS of Yacon (Smallanthus 
sonchifolius Poepp. & Endl)

↑ Cecal SFCA concentration [79]

Male BALB/c mice GOS of Chinese roots 
(Deshipu stachyose 
granules)

Growth of beneficial intestinal 
bacteria (Lactobacilli and 
Bifidobacteria) and inhibition of 
pathogenic bacteria (Clostridium 
perfringens)

[80]

Effects on intestinal peristalsis 
promotion and bowel function 
improvement (constipation 
treatment)

Table 2. In vivo models for prebiotic food assessment.

acids are essential substrates for colonic epithelial cells, improving gut health, and a surplus 
of substrates which also have metabolic effects. However, blueberry husk has antimicrobial 
effects, as observed by the decreased counts of lactobacilli, bifidobacteria, and enterobacteria‐
ceae, and the larger pool of succinic acid may be a consequence of these antimicrobial effects. 
In this model, blueberry husks do not demonstrate prebiotic properties.

Rodríguez‐Cabezas et al. [39] evaluated the synergistic effect of two dietary fibers with differ‐
ent fermentation patterns, FOS (Beneo Ò‐95) and RS (FibersolÒ‐2), administrated to healthy 
rats or in trinitrobenzenesulphonic acid (TNBS) colitic rats. Treatment groups (n = 20) received 
FOS (2 g/rat/day), RS (2 g/rat/day), or the mixture of both (37.5 FOS and 62.5% RS) (2 g/rat/day) 
incorporated in drinking water during 2 weeks. In healthy rats, the administration of the 
combination of FOS and RS induced changes in the intestinal microbiota and increased lac‐
tobacilli and bifidobacteria in caecum and colonic contents. In addition, treatment increased 
the moisture content and decreased the pH of caecum and colon. Furthermore, its administra‐
tion upregulated the expression of trefoil factor‐3 and mucin 2 (MUC‐2) in comparison with 
untreated rats, thus improving the intestinal barrier function and increasing the propionate, 
butyrate, and total SCFA colonic contents. The beneficial effects observed with this combina‐
tion were confirmed in the healthy or colitis rats.
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ceae, and the larger pool of succinic acid may be a consequence of these antimicrobial effects. 
In this model, blueberry husks do not demonstrate prebiotic properties.

Rodríguez‐Cabezas et al. [39] evaluated the synergistic effect of two dietary fibers with differ‐
ent fermentation patterns, FOS (Beneo Ò‐95) and RS (FibersolÒ‐2), administrated to healthy 
rats or in trinitrobenzenesulphonic acid (TNBS) colitic rats. Treatment groups (n = 20) received 
FOS (2 g/rat/day), RS (2 g/rat/day), or the mixture of both (37.5 FOS and 62.5% RS) (2 g/rat/day) 
incorporated in drinking water during 2 weeks. In healthy rats, the administration of the 
combination of FOS and RS induced changes in the intestinal microbiota and increased lac‐
tobacilli and bifidobacteria in caecum and colonic contents. In addition, treatment increased 
the moisture content and decreased the pH of caecum and colon. Furthermore, its administra‐
tion upregulated the expression of trefoil factor‐3 and mucin 2 (MUC‐2) in comparison with 
untreated rats, thus improving the intestinal barrier function and increasing the propionate, 
butyrate, and total SCFA colonic contents. The beneficial effects observed with this combina‐
tion were confirmed in the healthy or colitis rats.
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Young adult male rats were fed ad libitum with purified control diet (CONT) containing 5% 
w/w cellulose (insoluble fiber) or diet containing 10% w/w cellulose (CELL), FOS, oat beta‐
glucan (GLUC), or apple pectin (PECT) for 4 weeks. Comparing CONT and CELL, caecal 
concentrations of fermentation products increased from 1.4 to 2.2 times in GLUC, FOS, and 
PECT, and colonic concentrations increased from 1.9 to 2.5 times in GLUC and FOS; however, 
no consistent changes in SCFA receptor gene expression were detected. The main fermenta‐
tion products detected were acetate, propionate, butyrate, and succinate, and the differences 
in amounts of fermentation products among soluble fibers may reflect different fermentation 
patterns and/or different fermentation rates and turnover. This research concluded that the 
presence of soluble fermentable fiber appears to be more important than its source [75].

Other studies evaluating the prebiotic potential of foods using in vivo models are described 
in Table 2.

5. Prebiotics and other beneficial effects on health

The modulations of the intestinal microbiota and SCFA production are associated with many 
beneficial effects about the ingestion of prebiotics and isolated or added to foods, such as reg‐
ulation of various physiological processes (e.g., inflammation) and metabolic processes (e.g., 
lipid and glucose metabolism), thus contributing to the treatment or prevention of chronic 
non‐degenerative diseases [38].

Rats treated with prebiotics had a reduction of plasma pro‐inflammatory cytokines, reduc‐
tion of hepatic inflammatory expression, and oxidative stress markers [81]. Everard et al. 
[82] showed that diet enriched with prebiotics led to an improvement in glucose tolerance, 
increase in amount of L‐cells, and associated parameters (expression of intestinal pro‐glucagon  
mRNA and plasma glucagon‐like peptide‐1 levels or GLP‐1) in addition to reduction in body 
fat accumulation, oxidative stress, and level of inflammation in obese rats.

Salazar et al. [69] supplemented 15 obese women with a mixture of inulin and oligofructose 
for 3 months and observed that prebiotics had a bifidogenic effect, but the elimination of 
SCFA in feces did not show a significant correlation with the serum concentration of lipids.

A prospective longitudinal cohort study with 1592 workers with metabolic syndrome found 
that there was an inverse association between consumption of insoluble fibers and increase in 
systolic and diastolic blood pressure, total cholesterol (TC), triglycerides (TG), apolipoprotein 
B100, and TG/high‐density lipoprotein (HDL) ratio; however, the ingestion of soluble fibers 
was inversely associated only with triglycerides and apolipoprotein B100. Thus, the prevalence 
of metabolic syndrome was lower in participants who ingested larger amounts of insoluble 
fibers [83]. In contrast, a meta‐analysis by Wu et al. [84] that included 18 cohort studies with 
672,408 participants confirmed that dietary intake of soluble or insoluble fibers (especially from 
cereals and fruits) has a similar inverse effect associated with the risk of coronary heart disease.

Barbalho et al. [85] reported that the supplementation of passion fruit peels to healthy Wistar 
rats contributed to the elevation of HDL levels and the decrease in glycemia, TG, and TC levels 
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of these animals compared to the control group. Such results would be associated with the 
soluble dietary fiber present in passion fruit peels, such as mucilage and pectins, which form a 
viscous gel that retains water and reduce the sensation of hunger, body weight, plasma levels 
of TC, TG, and low‐density lipoprotein (LDL) and increase the excretion of cholesterol and bile 
salts in feces and HDL levels.

Obese rats fed with hyperlipid diet and diet added of lyophilized jabuticaba peel (rich in 
anthocyanins) exhibited increased HDL and improved insulin resistance, suggesting that the 
diet added of this byproduct may have a protective effect against cardiovascular diseases by 
increasing HDL levels [86].

Amaya‐Cruz et al. [87] evaluated the effect of dietary fibers and polyphenols from guava 
(Pisidium guajava), peach (Prunus persica), and mango (Mangifera indica) byproducts on obe‐
sity‐related hyperglycemia and hepatic steatosis in Wistar rats. Mango and peach byproducts 
presented better soluble/insoluble fiber ratio and high amount of polyphenols, which may 
have attenuated the development of hepatic steatosis and hyperglycemia in rats. In guava 
byproducts, they found great amount of soluble dietary fibers and condensed tannins, which 
may be related to the greater anti‐obesogenic effect on animals, when compared to control 
rats and to those treated with other byproducts.

Changes in the intestinal microbiota may also influence the homeostasis of the immune [35], 
renal [88], and nervous systems [89], as well as the development and progression of pathophysi‐
ological processes such as hypertension [90] and colorectal cancer [91]. A mixture of non‐digestible  
GOS ingested by mice for 3 weeks prior to induction of inflammatory neuropathology and anxi‐
ety improved anxiety and inflammation through decreased expression of IL‐1b cytokine and 
5‐HT2AR serotonin receptor in the frontal cortex compared to the control group [92]. Healthy 
men and women daily supplied with FOS or GOS for 3 weeks showed decreased response 
to cortisol awakening, protecting against the risk of depression [93]. Rats with chronic kidney 
disease (CKD) fed for 3 weeks with RS diets had a delay in CKD progression and increased 
creatinine clearance when compared to CKD mice that received amylopectin [94].

6. Innovations in food processing with added prebiotics

The inclusion of prebiotics in industrialized foods has become a viable and healthy alternative, 
since there is a great demand of consumers for functional foods that can help in maintaining 
health. Moreover, the food industry can obtain numerous advantages from the addition of pre‐
biotics in food products, such as improvement of sensory characteristics, better balance of the 
nutritional composition, and longer shelf‐life [67]. In general, prebiotics are added to bakery 
products, breakfast cereals, beverages (e.g., fruit juices, coffee, cocoa, and tea), dairy products, 
table spreads, butter‐based products, and desserts (ice cream, puddings, jellies, and chocolates) 
[67, 95]. Prebiotics also have gelling properties (e.g., inulin), which maintain the emulsion stabil‐
ity, provide spreadable texture, and water retention (e.g., inulin and FOS), thus allowing the 
development of processed foods with low fat content, with pleasant taste and texture [67, 96].

However, some important characteristics of the manufacturing process, such as low pH, high 
temperatures, and conditions favoring the Maillard reaction must be taken into account when 
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choosing the prebiotic to be added to foods in order to avoid the formation of anti‐nutritional 
compounds detrimental to the sensory quality of the final product and consumer health as 
well as the partial or total reduction of their action. Among prebiotics commonly used in the 
food industry, GOS are more stable at high temperatures and low pH mainly due to the beta 
bonds of their structure, which provide greater hydrolysis stability compared to FOS and inu‐
lin [96]. A type of RS known as RS3 can be added to fried battered products to increase the 
content of dietary fibers and avoid reducing moisture and the absorption of fats, since RS3 is 
very resistant to frying temperatures [97].

7. Concluding remarks

The importance of the consumption of prebiotics is unquestionable and they should be part of 
healthy diet. Prebiotics exert various technological functions in food and many health benefits 
not only related to the modulation of the intestinal microbiota but also to other beneficial physi‐
ological actions in various organs and systems of healthy or diseased men/animals. In this sense, 
the development of foods added due to prebiotics by the industry can be advantageous due to 
the demand and profitability of this market, as well as for consumers who will have healthy 
foods available that can be readily consumed for the prevention or treatment of diseases, thus 
reducing public health costs. However, there is no consensus on the recommended quantity of 
specific prebiotics for consumption in the diet, and this limitation is a major challenge regard‐
ing the different in vitro and in vivo models used to test the prebiotic potential of foods.

Both in vivo and in vitro models have helped advances of researches aimed at evaluating the 
prebiotic potential of foods through the composition and metabolism of the intestinal microbiota 
and their interactions. However, it is noteworthy that there are no ideal models, and the most ade‐
quate are those based on the study objectives and using association of complementary techniques.
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Abstract

The identification of bioactive food components and understanding their role as adjunct 
therapeutic agents in disease management and prevention has become a significant 
area of research. Accumulating evidence suggests a link between certain bioactive food 
components and health outcomes, for example, lutein and zeaxanthin for visual perfor-
mance and delaying age-related macular degeneration, probiotics for gastrointestinal 
outcomes related to irritable bowel syndrome or prebiotics for its potential program-
ming of the microbiome in early life to influence later life outcomes.. This rapidly devel-
oping science has triggered discussions to determine if public health recommendations 
can be made on bioactive foods. However, regulatory guidance is necessary to guide the 
development the science, it’s consideration for public health policy and the communi-
cation thereof to both healthcare professionals and consumers. This chapter will focus 
on the clinical and basic science supporting a role for lutein and pre- and probiotics in 
modulating several aspects of human health, including the gut microbiome through the 
human lifecycle. Opportunities to translate the science to consumers in a meaningful 
and accurate way will also be highlighted along with the regulatory landscape to shape 
the testing, communication and commercialization of these bioactives.

Keywords: bioactives, lutein, zeaxanthin, prebiotics, probiotics, gut microbiome, early life, 
development, programming, regulatory
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1. Introduction

Interest in bioactive foods and ingredients is high among consumers. The 2013 Functional 
Foods Consumer Survey conducted by the International Food and Information Council 
showed that of the 1005 participants, 45% said they were very interested and 86% said they 
were very or somewhat interested in learning more about foods that have benefits beyond 
basic nutrition.

Although bioactive compounds typically occur in small amounts in foods, they are capable 
of influencing physiological and cellular activities, and in some cases can modify disease risk. 
Given the current focus on reducing risk of chronic diseases and programming health out-
comes starting early in life, the potential beneficial role of bioactive compounds has garnered 
significant interest within the scientific community. The Office of Dietary Supplements at the 
NIH has defined bioactive compounds as constituents in foods or dietary supplements, other 
than those needed to meet basic human nutritional needs, which are responsible for changes 
in health status [1].

Over the past three decades, a variety of bioactive compounds have been identified that have 
potentially important health benefits. These include carotenoids, e.g., lutein; flavonoids, e.g., 
cocoa polyphenols; plant sterols, e.g., those found in soybeans; n-3 long chain polyunsaturated 
fatty acids (LCPUFA), e.g., docosahexaenoic acid (DHA); and more recently modulators of the 
gastrointestinal microbiota, e.g., prebiotics and probiotics. These compounds can act as anti-
oxidants, enzyme inhibitors and inducers, inhibitors of receptor activities, and inducers and 
inhibitors of gene expression, among other actions [2, 3].

Currently, there are no public health recommendations for bioactive nutrients and bioactive 
containing foods as part of the everyday diet, including as part of supplementation or medical 
nutrition. An understanding of the strength of the established and emerging scientific evi-
dence needs to be considered in order to establish such recommendations as well as to drive 
science-based communication strategies to consumers and healthcare professionals, within 
the guardrails of the regulatory environments.

Globally, healthcare costs are sky-rocketing and there is increased emphasis on reducing the 
prevalence of non-communicable diseases, e.g., heart disease, type II diabetes, obesity, and 
inflammatory bowel diseases. Not surprisingly, in most parts of the world today, the goal of 
healthcare is focused on disease prevention. Indeed, nutrition has an established role in “pre-
venting, treating, mitigating, or curing a disease” but they are not drugs. However, there are 
obvious regulatory challenges to clinically testing and communicating the science of nutrients 
and bioactives to the general population. The FDA has an important role herein to guide the 
necessary framework that that supports development of the science on bioactives for relevant 
human health outcomes and its communication. We are certainly not there today.

Our goal with this review is to focus on the strengths and gaps in the science to help scientists, 
regulators and policymakers initiate dialogue on whether public health recommendations for 
key bioactive components, such as lutein and zeaxanthin, probiotics and/or prebiotics can 
be established. This review will focus on the published science supporting the role of these 
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specific bioactives in influencing both early and later life outcomes. The focus on the lifecycle 
effect is highly relevant given the accumulating evidence linking early-life nutritional and 
microbiome exposures and health status or disease risk in later life. In particular, we will 
focus on: (1) lutein and zeaxanthin as it pertains to visual performance and macular degenera-
tion, and (2) the role of probiotics and prebiotics as they pertain to beneficially modulating 
the gastrointestinal microflora, gastrointestinal symptom outcomes in the context of irritable 
bowel syndrome (IBS), as well as early programming effects.

2. Lutein and zeaxanthin—visual function

Lutein, zeaxanthin, and meso-zeaxanthin are the three major carotenoid-based xanthophylls 
found in the eye. They comprise the macular pigments and give the macula lutea its yellowish 
color. Humans are unable to synthesize lutein and zeaxanthin and hence rely on their food 
supply and/or dietary supplements. Meso-xanthin is a metabolite of lutein and also can be 
absorbed from the diet [4]. Lutein and zeaxanthin are found in highest amounts in green leafy 
vegetables, egg yolk, corn, citrus, and other fruits [5]. These two macular pigments are highly 
concentrated in the retina [6]. While they can also be detected in human serum, their levels here 
are ~2–3 fold lower vs. levels measured in the retina [7]. This preferential localization and con-
centration of lutein and zeaxanthin suggests a specific uptake and storage mechanism for these 
xanthophylls in the visual system and highlights their essential role in retinal function [8].

The localization of lutein and zeaxanthin within the retina and their ability to absorb light near 
460 nm allows these carotenoids to filter out high energy blue light, typically within the short 
wavelength spectrum [9, 10]. As a result, lutein and zeaxanthin limits photochemical damage 
and simultaneously supports visual performance and increases contrast sensitivity [11–13].

In addition to blue light filtration, these macular pigments serve as effective antioxidants, 
capable of quenching singlet oxygen and triplet state photosensitizers, inhibiting peroxidation 
of membrane phospholipids, scavenging reactive oxygen species, and reducing lipofuscin for-
mation [14]. Photoreceptors contain chromophores which are vulnerable to damage through 
oxidation and macular pigments can limit the compromising effects of lipid peroxidation 
within the retina by quenching reactive oxygen species [14, 15]. Moreover, long chain polyun-
saturated fatty acids, especially docosahexaenoic acid (DHA), are also selectively concentrated 
in the rod outer segments and given its chemical structure, DHA is highly susceptible to lipid 
peroxidation and cellular damage. As an antioxidant, lutein can return singlet oxygen to the 
ground state limiting lipid peroxidation. Lutein auto-regenerates in the process and through 
this way, may work to be a more efficient quencher of singlet oxygen than other antioxidants 
such as alpha-tocopherol (vitamin E) [16].

Hence, macular pigments support visual function through multiple ways. The filtration of 
blue light results in reduced chromatic aberration and subsequently improved visual acuity 
and contrast sensitivity. Lutein and zeaxanthin also reduce discomfort glare and increase 
visual acuity, photo-stress recovery time, macular function, and neural processing speed. 
These are further discussed below.
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2.1. Glare discomfort and disability glare

Glare discomfort is characterized by photophobia—a phenomenon that occurs when intense 
light enters the eye and the recipient experiences discomfort. Photosensitivity is an inherent 
mechanism to protect the eye from high energy wavelengths [17, 18]. Increased sensitivity to 
shorter wavelengths of light can trigger retinal damage with less energy compared to other 
wavelengths. Photophobic response studies have shown that subjects with higher macular 
pigment levels tolerated light better and have less glare [17]. Additionally, small increases in 
macular pigment were sufficient to increase photophobia thresholds and lessen visual dis-
comfort [19]. These data support that macular pigment supplementation has a role in reduc-
ing discomfort associated with glare.

Bright light settings results in scattered light which subsequently causes decreased visual acu-
ity. This phenomenon is commonly referred to as disability glare. Similar to data generated 
for glare discomfort, it has also been shown that subjects with higher macular pigment levels 
maintained acuity better than subjects with lower levels when exposed to both bright white 
light and short wavelength (blue) light. Additionally, lutein and zeaxanthin supplementation 
improved glare disability under these conditions [20].

2.2. Photo-stress recovery

The time required to recover vision after exposure to a bright light source is called photo-stress 
recovery. This visual performance parameter describes the time it takes for bleached photo-
pigments to regenerate and it is affected by macular pigments. Similar to the data generated 
for glare, individuals with higher macular pigment levels had shorter photo-stress recov-
ery time when tested with intense short wavelength and bright white light sources [21]. The 
mechanism for this benefit of the macular pigment appears to be related to the reduced pho-
toreceptor exposure to short wavelength light in the foveal and parafoveal regions. Recovery 
time for the subject with the lowest macular pigment levels was twice as long as subjects 
with the highest macular pigment levels [22]. Moreover, supplementation with lutein and 
zeaxanthin significantly decreased photo-stress recovery time [20]. More specifically, supple-
mentation with lutein (10 mg/d) and zeaxanthin at a dose of 2 mg/d over 3 months signifi-
cantly increased serum levels of lutein and zeaxanthin, macular pigment optical density, and 
improved chromatic contrast and recovery from photo-stress [20].

2.3. Neural processing

It is not surprising that the brain is frequently referred to as the “window to the world” given 
the intimate relationship between the optical, neurological and physiological mechanisms 
underlying vision. In addition to the visual system, macular pigments are present in the brain 
[23, 24]. A reliable and commonly used proxy for macular pigment levels and hence lutein 
and zeaxanthin levels is macular pigment optical density (MPOD). MPOD correlates with 
processing speed and cognitive performance in healthy elderly subjects as well as those with 
mild cognitive impairment [25–27].
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Consistent with data generated for visual function, higher macular pigment levels have been 
linked to improved critical flicker fusion frequency [28–31], higher concentrations in the visual 
cortex [53], and improvements in electroretinography responses [32, 33]. Bovier et al. found 
moderate but statistically significant improvements in both MPOD and cognitive function 
with lutein and zeaxanthin supplementation of young, healthy individuals considered to be 
at peak cognitive efficiency [34]. These studies suggest that both young, healthy adults and the 
elderly population can gain cognitive benefits from lutein and zeaxanthin supplementation.

2.4. Age-related macular degeneration (AMD)

Oxidative stress has been identified as a major contributing factor in the pathogenesis of AMD, 
a disease that is commonly associated with irreversible blindness in older people [35]. Given 
the selective localization of lutein and zeaxanthin within the retina and their potency as singlet 
oxygen scavengers to limit oxidative damage, there has been considerable scientific interest 
to identify if lutein and zeaxanthin can be used as a therapeutic approach to manage AMD.

Observational studies of dietary intakes of lutein and zeaxanthin, generally suggests that high 
intakes of these carotenoids in the diet are associated with lower risk of AMD. These stud-
ies were conducted globally and over multiple years of supplementation [36–40]. In regards 
to macular pigment levels and the risk of AMD, Bone et al. demonstrated that subjects with 
AMD had significantly lower levels of macular pigment and those with the highest quartile 
of lutein/zeaxanthin had a lower risk of having AMD compared those in the lowest quartile 
[41]. MPOD is positively correlated with dietary intake of lutein and zeaxanthin [31] and 
their serum levels [42, 43]. The CAREDS study, a prospective cohort analysis of nearly two 
thousand postmenopausal women, did not find a correlation between MPOD and AMD [44]. 
Several but not all trials have supported a lower MPOD in eyes with AMD, and several sup-
plementation trials of AMD subjects have demonstrated reduced MPOD in those subjects not 
receiving supplementation [45–47].

Supplementation trials with lutein and zeaxanthin and reduced risk of AMD have yielded 
considerably consistent results compared to most other bioactive/nutrient studies as related to 
measure of MPOD and/or visual acuity. A meta-analysis performed by Liu et al. compared 
the results of seven randomized, double-blind, placebo-controlled trials, including the LAST, 
Weigert et al., Ma et al., CARMIS, LUTEGA, CLEAR, and CARMA studies [13, 47–52]. Out of 
these studies, four reported an increase in visual acuity with supplementation, and the benefit 
appeared more pronounced in those subjects with early AMD vs. late AMD. This may be due 
to a greater loss of macular photoreceptors in the late stage of the disease. A stronger effect 
was noted for studies using higher doses of supplements. Interestingly, a linear association of 
MPOD and an increase in visual acuity was also measured [53].

Most recently, the Age-Related Eye Disease 2 Study (AREDS2), a 5-year multicenter, double-
blinded, placebo-controlled clinical trial involving 4203 participants with intermediate AMD 
or large drusen in 1 eye and advanced AMD in the fellow eye was completed. Participants were 
randomized to one of four groups: placebo, lutein (10 mg) and zeaxanthin (2 mg), omega-3 fatty 
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acids (DHA 350 mg and EPA 650 mg), or a combination of lutein, zeaxanthin, and omega-3 
fatty acids. Although the original analysis did not find significant effects from the lutein and 
zeaxanthin supplementation, a secondary analysis of the effects of xanthophyll supplemen-
tation demonstrated reduced AMD progression [54] but did not affect the development of 
geographic atrophy. Focusing the analyses to eyes with bilateral large drusen at baseline, the 
comparison of lutein/zeaxanthin vs. β-carotene showed even stronger effects for progression 
to late AMD and for neovascular AMD.

Collectively, the overall body of evidence supports that structural changes in the retina and 
improvements in visual acuity can be achieved with lutein and zeaxanthin supplementation. 
However, additional research is warranted to identify the optimal levels of supplementation in 
healthy individuals with compromised visual function as well as those with eye disease, e.g., 
AMD and cataracts, as well the role of early supplementation initiated before disease progression.

2.5. Visual development: role of lutein and zeaxanthin in the prenatal and postnatal 
periods

Although the placental transfer of carotenoids from mother to child in utero has not been 
directly studied through clinical supplementation trials, there is evidence of the deposition of 
carotenoids within the eye during the gestational period [14], with ratios of lutein: zeaxanthin: 
meso-zeaxanthin differing from the composition of serum [55]. It is likely that maternal carot-
enoid status during the gestational period may impact infant macular development, and prena-
tal supplementation may play a role in maximizing visual development.

Bernstein and colleagues demonstrated an age-dependent increase in MPOD in infants 
and children, but preterm infants in that cohort did not have measurable MPOD [56]. 
Interestingly, there were significant correlations between infant MPOD and infant serum 
zeaxanthin. Additionally, maternal serum zeaxanthin levels correlated with infant MPOD in 
term infants shortly after birth [57]. This suggests a potential role for maternal nutrition and 
macular development in utero and the opportunity for the mother to increase their lutein 
and zeaxanthin dietary intakes through food and/or supplements during pregnancy and the 
breastfeeding period.

The role of lutein in early maturation of the retina is further supported by data from non-
human primate studies wherein xanthophyll-free diets resulted in the absence of macular 
pigmentation, more drusen-like bodies in the retinal pigment epithelial cells (cells that are 
crucial for nourishment of the retina), increased macular hyperfluorescence, and more retinal 
abnormalities [58].

Given the promising data on the use of lutein and zeaxanthin to delay macular degeneration, 
the potential role of these carotenoids in preventing oxidative damage in preterm infants is 
worthy of further study. There are preliminary data to suggest a potential protective role of 
carotenoids against oxidative stress during premature life, particularly in cases of retinopathy 
of prematurity (ROP) [59].

While there is at present no data in humans showing directly that lutein and zeaxanthin influ-
ence retinal/visual development, it is highly plausible that these bioactives are important for 
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visual development given their involvement in three key aspects of the visual system: (1) influ-
ence input during a critical/sensitive period of visual development and/or (2) influence matura-
tion and/or (3) protection of the retina during a period when it was particularly vulnerable [60].

2.6. Summary

Of all the carotenoids found in nature, only lutein and zeaxanthin are exclusively found in 
the retina and selectively concentrated in the macula. These macular pigments have been 
well documented through epidemiological, observational, and intervention studies to play 
a promising role in visual performance both in healthy individuals and those with macular 
degeneration. Preliminary data also suggest a relationship between lutein and zeaxanthin 
and visual development in infancy. Dietary intakes of lutein and zeaxanthin are dismally 
low among Americans with most adults and children not consuming intakes clinically dem-
onstrated to be protective for eye health. Strategies need to be identified to increase dietary 
intake of these relevant bioactive nutrients and create awareness on their essentiality to the 
health of humans.

3. Probiotics, prebiotics and gastrointestinal microbiome

The gastrointestinal tract is best known for its role in the digestion of food and absorption of 
nutrients. It has the largest surface area in the body—it is ~9 m in length with a surface area of 
~250–400 m2, comparable to the size of a tennis court. It hosts a variety of immune cells making 
it the largest immunological organ in the body and equally interestingly, it contains a similar 
number of neurons as that found in the spinal cord—so in other words, the gastrointestinal tract 
has its own nervous system, the enteric nervous system. For this reason, the gastrointestinal 
tract is frequently referred to as the body’s second brain. Additionally, the gastrointestinal tract 
also houses the greatest number and variety of bacteria in the body. There are 10×s as many 
bacteria in the gastrointestinal tract (GIT) as there are cells in the body. These bacteria have the 
unique ability to interact and communicate with the immune cells, intestinal cells, and the neu-
rons in the body to influence digestive health, immune health and overall well-being. Certain 
lifestyle and environmental factors can influence the balance of the friendly vs. unfriendly bac-
teria in the gastrointestinal tract including diet, age, medication, stress, travel, and sleep.

At birth, the human gastrointestinal tract is relatively sterile but becomes rapidly colonized 
with a diverse microbial population comprising tens of trillions of bacteria and hundreds of 
different species by 3–5 years of age. The density and diversity increases exponentially from 
the stomach to the colon, where the microbial content is at its highest concentration. Although 
the phyla Firmicutes and Bacteroidetes dominate the human gut microbiota, it contains a core 
microbiome with shared functionality and shared mechanisms of action [61].

The abundance and diversity of the microbiota suggest an important physiological role for this 
“organ” within the gastrointestinal tract. Herein, this dynamic ecosystem facilitates multiple 
functions including the digestion of complex carbohydrates; shaping the immune system and 
modulating immune responses; contributing to the defense against pathogens by the mechanism 
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of colonization resistance and fermentation of non-digestible carbohydrates. They produce meta-
bolic products including short chain fatty acids such as acetate, propionate, and butyrate. These 
metabolites serve as a major energy source for intestinal epithelial cells wherein they can influ-
ence cell proliferation and differentiation, mucus secretion, intestinal motility, and barrier func-
tion; and may also exert anti-inflammatory and antioxidative activity [62].

A shift from a stable intestinal environment occurs when the gut microbiota community is 
temporarily or permanently altered and is termed “dysbiosis.” Factors that may lead to dys-
biosis include antibiotics, diet, host immune system, inflammation, and infectious gastroen-
teritis. Dysbiosis is observed in several gastrointestinal disorders including IBS, and Crohn’s 
disease, and may play a key role in their pathogenesis and possibly in management. Some of 
the common features of dysbiosis in IBS and Crohn’s disease are reduced microbial diversity, 
lower bifidobacteria, lower bacteroidetes to firmicutes ratio in IBS and in Crohn’s disease, and 
decreased Faecalibacterium prausnitzii [63].

Current research efforts have focused on two main approaches to supporting and promoting 
the stability and diversity of the microbial community within the GIT: (1) offering specific 
substrates for fermentation by the colonic bacteria (prebiotics); and/or (2) introducing specific 
bacterial species or strains to the colonic microbiota (probiotics).

Probiotics and prebiotics have been evaluated in a number of clinical trials involving indi-
viduals at different stages of the lifecycle, including pregnancy, infants, children and adults 
and under different health conditions, e.g., infectious diarrhea, antibiotic-associated diarrhea, 
therapy and prevention of Clostridium difficile and other infections, inflammatory bowel dis-
ease, IBS, atopic dermatitis and allergic immune outcomes.

In this section, we review the role of probiotic and prebiotics in the context of gastrointestinal 
health, with a particular focus on IBS. IBS is a chronic functional disorder of the gastrointesti-
nal system. Individuals experience abdominal pain and altered bowel habit, with either pre-
dominantly diarrhea (IBS-D), constipation (IBS-C), or both (IBS-M). It has an insidious onset, 
and frequently does not result in medical care. Irrespective of geography, IBS is a significant 
health care burden affecting around 11% of the population globally [64]. Recent studies sug-
gest IBS may comprise ~20% of gastroenterology outpatient visits, and thus these statistics 
highlights the importance of identifying effective therapies to manage their symptoms and 
improve their quality of life.

Additionally, the role of prebiotics in influencing the gut microbiome composition and activ-
ity in early life and the subsequent long term benefits thereof will also be highlighted in this 
section.

3.1. Probiotics

The term “probiotic” as originally defined by FAO/WHO refers to “live microorganisms that, 
when administered in adequate amounts, confer a health benefit on the host” [65]. However, 
in order to be beneficial, probiotic bacteria must be able to survive along the gastrointesti-
nal tract, to resist gastric acid, bile and pancreatic juice action and to demonstrate functional 
 efficacy [66].
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A meta-analysis involving 18 randomized-controlled trials including 1650 patients with IBS 
was conducted by Moayyedi et al. [67]. Although the review reported considerable hetero-
geneity among the studies, the analysis reported a preference toward probiotic treatment 
with statistically significant improvement of individual symptoms such as pain, flatu-
lence and bloating. No side effects were reported and there was no significant differences 
detected between the various types of probiotics used in the studies, with three studies using 
Lactobacillus (n = 140 subjects), two trials using Bifidobacterium (n = 422 subjects), one trial 
using Streptococcus (n = 54 subjects), and four trials using a combination of probiotics (n = 319 
subjects). The favorable safety profile reported in this meta-analysis are consistent with the 
findings of Hungin et al. who also showed several positive effects of probiotics on IBS symp-
toms and health-related quality of life measures. Their analysis involved 19 studies and 1807 
patients [68].

Similar to the findings of Moayyedi et al., Clarke and coworkers also showed that despite 
significant studies heterogeneity in their analysis of 42 randomized-controlled trials, 
34 studies reported beneficial effects on at least one pre-specified endpoint including 
improvement in abdominal pain/discomfort, improvement on abdominal bloating/dis-
tension compared to placebo [69]. Both Bifidobacteria and Lactobacilli were found effec-
tive in ameliorating IBS symptoms, while the beneficial effects of the multispecies 
lactic acid bacteria preparations, including the multi-strain preparation VSL#3, were less 
pronounced.

Another systematic review with meta-analysis has been recently published by Didari et al. 
which focused on a review of 15 studies involving 882 patients with IBS. Not surprising, sig-
nificant study heterogeneity was observed given differences in the types of bacterial strains 
used, probiotic dosage, duration of either treatment or follow-up and endpoints/outcome. 
However, consistent with the other systematic reviews, probiotics were more effective than 
placebo in reducing abdominal pain after 8 and 10 weeks of treatment. Few adverse events 
were reported in both probiotics and placebo groups and this meta-analysis reconfirmed the 
safety profile of probiotic use [70].

3.1.1. Mechanisms of action of probiotics

Probiotics appear to exert their beneficial effects on gastrointestinal healthy through three 
general mechanisms: antimicrobial effects, mucosal barrier integrity, and immune modu-
lation. Moreover, the important benefits of probiotics is based on their ability to metabo-
lize complex carbohydrates and produce lactic acid and SCFAs such as butyrate [58, 59]. 
In the context of IBS, there is ample evidence to support the role of probiotics in managing 
the symptoms of IBS through positive changes in the composition and functionality of the 
intestinal bacteria, correcting intestinal motility, limiting visceral hypersensitivity, modu-
lating immune responses and benefiting the gut-brain axis [71]. Indeed, more studies need 
to be conducted to further unravel the mechanisms through which probiotics beneficially 
influence the symptoms of IBS and thereby further enhanced focused and specific pro-
biotic therapeutic modalities that can also be “personalized” based on an  individual’s 
needs.

Leveraging Bioactives to Support Human Health through the Lifecycle: Scientific Evidence and...
http://dx.doi.org/10.5772/intechopen.69836

265



3.2. Prebiotics

Prebiotics are selectively fermented ingredients that result in specific changes in the composi-
tion and/or activity of the gastrointestinal microbiota, thus conferring a benefit on the host. In 
order for a compound to be classified as a prebiotic, it has to fulfill three criteria: i] resistant to 
gastric acidity and hydrolysis by mammalian enzymes and gastrointestinal absorption; ii] can 
be fermented by intestinal microbiota; iii] selectively stimulates the growth and/or activity of 
the intestinal bacteria associated with health and wellbeing [72].

These non-digestible oligosaccharides, such as fructooligosaccharides (FOS), galactooligo-
saccharides (GOS), lactulose, and inulin, stimulate and nourish the growth of selective and 
beneficial gut bacteria, particularly lactobacilli and bifidobacteria [73]. Prebiotics have been 
clinically tested in a variety of settings for multiple health benefits, including improvement 
of intestinal function as measured by stool bulking, stool regularity, stool consistency, glu-
cose and lipid metabolism, immune health including allergic outcomes, satiety and appetite 
regulation, and stimulation of mineral absorption and improvement of bone density. The 
majority of the studies have focused on inulin and FOS, whereby studies have consistently 
shown a benefit for overall digestive health, including an increase in the total bacterial mass, 
growth of beneficial bacteria, reduction in pathogenic bacteria, and production of numerous 
beneficial bacterial metabolites.

The proceeding paragraphs will highlight two areas of emerging evidence: (1) role of prebiot-
ics in IBS and (2) programming effect of prebiotics when supplemented during the first 1000 
days of life.

3.2.1. Prebiotics and IBS

Since IBS is generally categorized by an imbalance of bacteria, the mechanisms through which 
prebiotics work suggest that they could potentially be used as a therapy, either alone, or in 
combination with probiotics, to manage IBS and its related symptoms. To date however, there 
have only been a handful of randomized control trials investigating the effect of prebiotics on 
IBS. As summarized in the literature, two studies in adults with IBS at doses of 6 g/d of oligo-
fructose and 20 g/d of inulin showed no improvement in symptom or stool output measures. 
Another trial showed an improvement in composite symptom score with 5 g/d of short-chain 
FOS in the per-protocol population, but this was not analyzed intention to treat, with a high 
non-compliance rate and only 50/105 being included in the per protocol analysis. Separately, a 
12-week parallel cross-over trial, which used a β-GOS, showed a dose-dependent stimulation 
of bifidobacteria at 3.5 and 7.0 g/d. Global symptom relief scores were significantly improved 
in the prebiotic group vs. the placebo, including for flatulence, bloating, and stool consistency 
[74, 75].

These preliminary data suggest that prebiotics may offer promise as a therapeutic option in 
the dietary management of IBS but more studies certainly need to be conducted to confirm the 
benefit of prebiotics for this population, including the optimal type and dose. These factors 
need to be first addressed prior to prebiotics being considered as therapy option in individu-
als with IBS.
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3.2.2. Gut microbiome in the first 1000 days and the “programming” effects of prebiotics

The first 1000 days of a child’s life is now well recognized as a critical timeframe for health into 
adulthood, wherein nutrition plays a key role. Additionally, a robust link between nutrition 
and gut microbiota composition with health outcomes has been documented. It is intriguing 
to consider that events early in life may determine the activity of our gut microbiota for the 
rest of our life. It is equally fascinating that the gut microbiota in early life can determine our 
risk of later life heath outcomes.

Colonization of the infant gut contributes to the intestinal homeostasis and mucosal barrier 
function, that both are essential for our health, at the start of life and apparently also in adult-
hood. In this regard several studies have demonstrated that the mode of delivery affects the 
composition of the newborn’s microbiota wherein caesarean section birth is associated with 
a lower total microbial diversity and delayed colonization. Other factors influencing this 
composition include infant hospitalization and antibiotic use, antibiotic use in the pregnant 
mother, solid-feeding practices and day care attendance. Alterations of the development of 
the gut microflora during infancy has been linked to altered immune system development 
and thus increased risk of allergic immune outcomes, as well as altered metabolic profiles and 
increased obesity risk [76].

A new exciting development is the role of the gut microbiome as an epigenetic regulator 
wherein sequencing of DNA methylomes of pregnant women revealed an association between 
bacterial predominance and epigenetic profiles. Epigenetics comprise genomic modifications 
that occur due to environmental factors and do not change the nucleotide sequence. In the 
context of cardiovascular disease and obesity, different methylation status of gene promot-
ers have been correlated with specific gut microbiota signatures, with either Firmicutes or 
Bacteroidetes represented as a dominant group. These observations parallel previous studies 
linking higher levels of Firmicutes to obesity. Additionally, an elegant study by Paul HA and 
colleagues showed that consumption of prebiotics during pregnancy and lactation improves 
metabolism in diet-induced obese rats and limits the detrimental nutritional programming 
of offspring associated with maternal obesity. More specifically, there was a reduction in 
gestational weight gain, increased circulating concentrations of satiety hormones and abun-
dance of Bifidobacterium spp. in the gut. These effects were accompanied by an attenuation of 
increased adiposity in both dams and offspring at weaning [77].

Over the past decade, studies have investigated the effect of specific mixtures of prebiotics, for 
example short chain GOS + long chain FOS, on the composition of the intestinal microbiota in 
preterm, term, and weaning infants and have consistently shown that prebiotic supplementa-
tion influences early microbial pattern similar that of human milk with an intestinal micro-
biota dominated by Bifidobacterium and Lactobacillus [78–82].

Studies have also shown that changes in early-life microbial composition by such prebiotics 
parallels metabolic production of the microbiota, including increased short-chain fatty acid 
production, lactate and a reduced pH [83, 84]. These favorable metabolic changes induced 
by prebiotics have been associated with increased colonization resistance to pathogens and 
this characteristic is supported by in-vitro data [85]. Moreover, the modulation of early-life 
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microbiota by prebiotics correlates with improved immune system maturation. More spe-
cifically dietary supplementation with short chain GOS + long chain FOS has been positively 
associated with increased production of secretory IgA. Additionally, there are preclinical data 
supporting the role of such prebiotics in modulating systemic immune responses through 
direct binding of specific receptors on immune cells and/or through short-chain fatty acid 
production [86, 87].

Given the accumulating evidence supporting the association between the infant’s gut micro-
biota composition and health in later life, the potential for gut microbe-based modulation 
including prebiotics, may be a promising approach to improve health during prenatal life, 
infancy, childhood and thus, later life outcomes.

4. Bioactive foods and the regulatory environment

The functional food components discussed in this chapter can be commercialized under sev-
eral of the FDA categories that researchers and manufacturers need to consider carefully prior 
to launch. FDA’s authority to regulate a product as a food, supplement, device, or a drug, 
depend on the product presentation, intended uses, target population, and claims they make 
about their product. This “intended use” criterion also defines the materials that can be used 
in the formulation of the product. Together, these dictate the appropriate regulations appli-
cable and regulatory agencies responsible for regulating them. Most important among the 
claims is whether the product is intended to be used to diagnose, cure, mitigate, treat, or pre-
vent a disease. Although the intended uses of Drugs and Devices may also be applicable, only 
the dietary regulations are covered in this subsection given the focus on nutritional bioactives.

The FDA regulates claims in four categories [88]:

• Nutrient Content Claims: characterize the amount of nutrients present in the product,

• Health Claims: describe a relation between a nutrient and a disease based on Significant 
Scientific Agreement (SSA),

• Qualified Health Claims: provide for health claims based on less scientific evidence than 
SSA standard as long as the claims do not mislead the consumers, and

• Structure/Function Claims: relate the role of a nutrient to the normal structure or function 
in humans and do not make reference to a disease.

The food labels and messaging are controlled through several federal regulations and agen-
cies such as the Federal Food, Drug, and Cosmetic Act (FFDCA), the Nutrition Labeling 
and Education Act (NLEA), the FDA, and the Federal Trade Commission (FTC), the false 
advertising litigations permitted under state laws and section 43(a) of the Lanham Act, and 
the consumer protection laws in general [89]. The National Advertising Division (NAD) of 
the Council of Better Business Bureaus, Inc. (CBBB) is another active player in regulating 
and shaping the food industry communication, including the dietary supplements category, 
where most of these products are today placed. The NAD is an industry-funded body that 
reviews nationally disseminated advertising for truth and accuracy [90].
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and shaping the food industry communication, including the dietary supplements category, 
where most of these products are today placed. The NAD is an industry-funded body that 
reviews nationally disseminated advertising for truth and accuracy [90].
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4.1. Dietary supplement

The Dietary Supplement Health and Education Act (DSHEA) of 1994 a “dietary supplement is 
a product intended for ingestion that contains a “dietary ingredient” intended to add further 
nutritional value to (supplement) the diet. A “dietary ingredient” may be one, or any combi-
nation, of the following substances:

• A vitamin

• A mineral

• An herb or other botanical

• An amino acid

• A dietary substance for use by people to supplement the diet by increasing the total dietary 
intake

• A concentrate, metabolite, constituent, or extract

Dietary supplements may be found in many forms such as tablets, capsules, softgels, gelcaps, 
liquids, or powders. Some dietary supplements can help ensure that you get an adequate 
dietary intake of essential nutrients; others may help you reduce your risk of disease.” [91]

Ingredients used in dietary supplements must either demonstrate evidence of use prior to 
1994, or that they were used in food in the present form.

4.2. Conventional food

Congress passed the FFDCA in 1938, which grants the FDA the power to ensure that “foods 
are safe, wholesome, sanitary, and properly labeled.” Section 201(f) of the FD&C Act (21 
U.S.C. 321(f)) defines a food as “(1) articles used for food or drink for man or other animals, 
(2) chewing gum, and (3) articles used for components of any such article” and a drug to 
include “articles (other than food) intended to affect the structure or any function of the body” 
and “intended for use in the diagnosis, cure, mitigation, treatment, or prevention of disease.”

4.3. Food for special dietary uses (FSDU)

FSDU are defined as food “(i) used for supplying particular dietary needs which exist by reason 
of a physical, physiological, pathological or other condition, including but not limited to the 
conditions of diseases, convalescence, pregnancy, lactation, allergic hypersensitivity to food, 
underweight, and overweight; (ii) uses for supplying particular dietary needs which exist by 
reason of age, including but not limited to the ages of infancy and childhood; (iii) uses for sup-
plementing or fortifying the ordinary or usual diet with any vitamin, mineral, or other dietary 
property. Any such particular use of a food is a special dietary use, regardless of whether such 
food also purports to be or is represented for general use” [92].

4.4. Medical food

In 1988, with the Orphan Drug Act Amendments, Congress recognized the need to encour-
age development of “medical foods” for the management of disease and health conditions 
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and defined “medical food” as “food which is formulated to be consumed or administered 
enterally under the supervision of a physician and which is intended for the specific dietary 
management of a disease or condition for which distinctive nutritional requirements, based 
on recognized scientific principles, are established by medical evaluation.” (Orphan Drug 
Act –1988; 21 U.S.C. §360ee(b)(3), 5(b); FFDCA §528)

The FDA later clarified this definition into the five criteria used to define medical food listed 
below [92]:

(i) it is a specially formulated and processed product (as opposed to a naturally occurring 
foodstuff used in its natural state) for the partial or exclusive feeding of a patient by 
means of oral intake or enteral feeding by tube;

(ii) it is intended for the dietary management of a patient who, because of therapeutic or 
chronic medical needs, has limited or impaired capacity to ingest, digest, absorb, or me-
tabolize ordinary foodstuffs or certain nutrients, or who has other special medically de-
termined nutrient requirements, the dietary management of which cannot be achieved 
by the modification of the normal diet alone;

(iii) it provides nutritional support specifically modified for the management of the unique 
nutrient needs that result from the specific disease or condition, as determined by medi-
cal evaluation;

(iv) it is intended to be used under medical supervision; and

(v) it is intended only for a patient receiving active and ongoing medical supervision where-
in the patient requires medical care on a recurring basis for, among other things, instruc-
tions on the use of the medical food.

All ingredients used in conventional foods, FSDU, or Medical Foods, must be either Generally 
Recognized as Safe (GRAS) or pre-approved by the FDA as additives. Further, conventional 
and FSDU must conform to all nutrient and health claims provisions in 21 CFR Subpart A 
101.13 and 101.14 along with the specific requirements for the claims in 21 CFR subpart D 
(Specific Requirements for Nutrient Content Claims) and subpart E (Specific Requirements 
for Health Claims). Medical foods must follow many of the same labeling requirements 
of conventional foods except only Medical Food is exempt from the nutritional and health 
claims labeling of food [92].

Among the above categories, none is most strife for abuse as the Medical Foods category, 
primarily because of its claims exemption requirements. This it is also the most controlled as 
the “FDA considers the statutory definition of medical foods to narrowly constrain” to the 
definition [93]. The FDA has consistently applied a standard that food are “articles consumed 
primarily for taste, aroma, or nutritive value” but “used as a drug for some other physiological 
effect” [94].
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The two most important hurdles to overcome in meeting the regulatory requirements for 
Medical Food are [95]:

(i) Distinctive Nutritional Requirements, and

(ii) Cannot be achieved by the Modification of the Diet Alone.

Nutrient intake requirements assessed by Institute of Medicine (now National Academy of 
Medicine) are based on population estimates of estimated average requirements. What is 
interesting to note is that these are based on estimated average intake levels correlated with 
measure of inadequacy (on the lower end) and risk of adverse events (on a higher end) [96]. 
The bio-functional molecules covered in this category are currently considered by regula-
tory agencies as non-essential and therefore ineligible for dietary reference intakes (DRI) esti-
mates. The “nutritive value” today is not a function of DRI, estimated average requirements 
(EAR) or daily values (DV), but a complex biochemical function derived through genome, 
epigenetics, nutrigenomics, and the microbiome. In the roundtable and workshop on obesity 
report by the National Academies of Science [97], the early origins of obesity can be traced to 
metabolic programming that starts pre-conception and defines the individual’s predisposi-
tion for a nutrient uptake and metabolism.

Simple biochemical statistics suggest that uptake or utilization of cellular molecules, includ-
ing nutrients, is multimodal kinetics. For illustration purposes only, the Distinct Nutritional 
Requirements for an individual can be depicted using a sigmoidal curve nutrient uptake 
and utilization by the following model (Figure 1). In any individual, the individual’s diet, 

Figure 1. Distinct nutritional requirements for an individual can be depicted using a sigmoidal curve nutrient uptake 
and utilization of the multimodal kinetics model.
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metabolic rate, or any situation-specific external and internal requirements, will dictate the 
bioavailability curve that in turn will drive the nutrient requirements. Simply because the 
nutrient shares the cellular network with a pharmacological function should not dictate its 
classification as a drug. Preponderance of evidence now suggest that a modified view of 
nutrients as bio-functional components are mandatory and the old way of nutrient intake 
should give way to the new scientific knowledge. Current FDA regulations that surround 
definition of Food and Dietary Supplements, not only do not provide consideration for indi-
vidualistic or disease specific intake (or utilization) of the nutrient, but specifically prohibit 
such interpretation. The FDA has to acknowledge the complex role of a nutrient in the health 
and wellbeing of an individual is simply not relatable to the DRI.

In any individual, it is the nutrient bioavailability curve that will dictate the biochemical utili-
zation of that nutrient, all conditions deemed equal. However, depending on the individual’s 
diet, metabolic rate, genetics, epigenetics, or any situation-specific requirements, the avail-
ability curve can be right or left shifted. So also, it is not unusual that the nutrient utilization 
for its cellular or metabolic function can similarly be right or left shifted, again depending 
on their own cellular availability of nutrient requirements, metabolites concentration, or any 
other external or internal factors. Rapid net catabolism of body protein occurring in major 
trauma, burns and sepsis patients have a higher resting energy and protein requirements. 
In these examples, the utilization curve is right-shifted along the X-axis and without proper 
balancing of the nutrient bioavailability (and thus intake) curve also right shifted, patients 
would not recover well. Thus, both the availability and utilization functions can be moved 
along the Y-axis where a minimum threshold need to be met before the nutrient is available 
for its cellular functions. Thus, the “distinctive nutrition requirements” for that individual can 
be the equilibrium function of the two biochemical curves that can also move along the two 
axes depending on the “conditional” needs of that individual. Similarly, the toxicity function 
can slide along the X-axis depending on the individual’s needs. For example, Lofenalac was 
specifically formulated for patients with phenylketonuria (PKU) unable to adequately metab-
olize phenylalanine and is considered FSDU. In this case, the toxicity function would be to the 
extreme left. This would also be true of other allergic diseases for nutrients where depending 
on the individual’s tolerance to that allergen, the toxicity function can be anywhere along the 
X-axis. Since the mechanism of action for most nutrients share the same cellular pathway as 
their pharmacological counterparts, just because the nutrient takes part in that pathway is not 
a sufficient criteria to qualify as a drug. Hydrolyzed protein epitopes of an allergen are a clas-
sic example. Maternal consumption of peanut during pregnancy reduced peanut allergy sen-
sitization in infants born to these mothers [99]. Similarly, maternal serum zeaxanthin levels 
correlated with infant MPOD in term infants shortly after birth [57] thereby providing oppor-
tunity for maternal diet supplementation during pregnancy and the breastfeeding period. 
Neither of these examples fit the static EAR definition and yet meet all the classic require-
ments for a nutrient and their role in disease without being a drug. This dynamic nature of 
the nutrient are necessary and sufficient conditions for “distinctive nutritional requirements.”

In the context of bioactives for human health support, the FDA has to take a holistic view of 
human health where food, drug, and supplements, and alternative therapies, all have a role. 
The healthcare costs are sky-rocketing and nutrition has an established role in “preventing, 
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treating, mitigating, or curing a disease” and they are not drugs. Manufacturers should be 
able to provide functional nutrients to consumers provided the claims are well substantiated. 
There are obvious challenges to impose drug clinical study design on the substantiation of 
dietary ingredients since they are not a single chemical entity or are easily achievable by a 
double blind placebo controlled multi-center trials like drugs [98]. However, a reasonable 
study design to measure clinical outcomes is still necessary and the FDA should exercise 
regulatory responsibility to provide the necessary framework that takes into consideration 
the developing science and the practical limits of the diet. This will considerably help the 
conscientious industry players as well as to control mavericks trying to circumvent the food 
category utilization for product placement and claims. When it comes to policy making, 
Nutrition, Diet, or Food manufacturers are conspicuously absent from the stakeholder list. 
The Nutrition industry is a necessary partner in the healthcare discussion [100].

5. Concluding remarks: where do we go from here?

There is increasing interest by consumers, researchers, and regulators into the roles that cer-
tain bioactive compounds, such as lutein, zeaxanthin, prebiotics and probiotics, can play in 
health maintenance and promotion, as well as potentially programming health outcomes 
starting in early life. The state of the science for these bioactives and their benefits to health 
and wellbeing appear to be sufficiently mature to bring together key stakeholders including 
policymakers, regulators, and toxicologists, to initiate dialogue on advancing the process for 
establishing recommended intakes and its communication to the public.

These collaborative dialogues will need to address difficult and controversial questions, e.g., 
(1) what constitutes sufficient evidence and do we have to adopt an evidence-based medi-
cine model focusing only on randomized controlled trials; (2) should the evidence focus on 
demonstrating the bioactive is health-promoting or are the study participants performing 
better than baseline?; (3) availability of reliable and validated biomarkers for both exposure 
and effect and their relation to health outcomes, especially in vulnerable populations, e.g., 
pregnancy, postnatal, and early childhood; (4) limited databases for bioactives such as lutein 
and prebiotics—without such databases in place, intakes of these compounds by groups and 
populations cannot be evaluated in food consumption surveys; (5) methods to standardize 
and measure bioactive components.

From a regulatory perspective, the FDA should take a holistic view on the process to regulate 
and hence commercialize nutritional bioactives. The current health care environment where 
consumers are taking more ownership for their healthcare starts with laying the foundation 
where consumers are encouraged to find accurate and reliable information from both the 
industry and the government. A proper regulatory framework that allows for nutritional ben-
efits of the dietary ingredients and their role in diseases to be conveyed to the consumers will 
be beneficial for society at large.

Moreover, the process for communicating the science on bioactives to the public including 
healthcare professionals certainly lags behind commercialization. The accumulating and 
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promising scientific evidence for lutein, zeaxanthin and pro- and prebiotics, warrants guid-
ance and alignment from key stakeholders on approaches to help educate and communicate 
the benefits of these bioactives in a manner that is science-based, meaningful, accurate and not 
misleading. Platforms such continuing medical education programs, webinars, and confer-
ence proceedings can be leveraged to disseminate scientific information. This will empower 
consumers to leverage these self-care strategies in a responsible and compliant manner.
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Abstract

According to the World Health Organization, the proportion of noncommunicable dis-
eases (NCD) burden is foreseen to increase to 57% in 2020. Consumption patterns have a 
positive effect on healthy growth and development during childhood and adolescence, 
and on health problems in adulthood. Diet quality indices are mathematical algorithms 
used for nutritional epidemiology, aimed at quantifying the degree of adequacy between 
actual intakes of nutrients or food groups within a population and the reference intakes, 
which are established based on scientific facts assuring an optimal state of health while 
preventing consumers from chronic diseases. Similarly, indexes allow to analyse dietary 
pattern of target population and its consumption trends. In general the terms, DQI (Diet 
Quality Index), HDI (Healthy Diet Indicator) and MDS (Mediterranean Diet Score), are 
referred to three internationally recognized diet indexes, which several indices have 
been adapted from. This chapter includes an extensive review of existing diet indexes, 1) 
providing a brief description of the most relevant ones, 2) highlighting the weaknesses 
and strengths and 3) defining the suitable scope of application of each index.

Keywords: diet quality, dietary quality index, food habits, lifestyles, diet variety

1. Introduction

According to the World Health Organisation, the burden of chronic diseases is rapidly 
increasing worldwide. In 2001, chronic diseases accounted for around 60% of the total 
reported deaths in the world and 46% of the global burden of disease [1]. Almost half 
of total chronic disease deaths are attributable to cardiovascular diseases. Obesity and 
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diabetes are also showing worrying trends, not only because they already affect a large 
proportion of the population, but also because they have started to appear earlier in life 
[2]. The relevance of diet quality in the prevention and management of disease and pre-
mature death caused by noncommunicable diseases (NCDs) is scientifically supported by 
epidemiological data. Eating patterns may have a positive impact on healthy growth and 
development throughout childhood and adolescence [3], and on the mitigation of health 
problems in adults [4].

However, “diet quality” remains a somewhat imprecise term, due to the heterogeneous and 
multidimensional nature of the concept itself, whose definition should ideally reflect aspects 
relevant to a number of fields, including nutrition, toxicology, economics and the food indus-
try [5]. Although consensus has yet to be reached on the concept, a high-quality diet may be 
defined as one which is hygienically safe; nutritious and balanced and adapted to individual 
requirements in order to prevent disease and ensure a good state of health as well as optimal 
development and growth [6].

Methods for assessing diet quality have attracted growing interest since Patterson published 
the first dietary quality index in 1994 [7]. While the concept itself is undoubtedly heteroge-
neous and multidisciplinary, dietary quality indices (DQIs) are no more than mathematical 
algorithms aimed at quantifying the extent to which real food and nutrient intake complies 
with the reference intake values recommended in national dietary guidelines, or at analysing 
dietary patterns in the population and weighting those components whose consumption has 
been linked, in scientific studies, either to the appearance of the disease or to the preservation 
of an optimal state of health [8].

In the first global review of DQIs, published in 1996, Kant assigned each index to one of three 
groups depending on the items it comprised [9]:

Indices based solely on an analysis of nutrient intake. Examples include the index developed 
by Cusatis et al. for use as a tool in the Penn State Young Women’s Health Study [10].

1.1. Indices based on food groups

Indices based on a combination of food groups and nutrient intake. This is the most wide-
spread approach, given that—since people do not consume foods or nutrients singly—
research into the potential link between food/nutrient intake and disease should focus not on 
a single food or nutrient but rather on the diet as whole [9].

Later, in 2015, Gil defined a new category: indices comprising items intended to assess a range 
of specific behaviour patterns: eating habits, physical activity and rest, and certain sociocul-
tural or lifestyle habits. Gil labelled these items “healthy lifestyle indicators” (HLIs) [8].

Dietary quality indices traditionally focused on the extent to which real dietary intake 
complied with nutritional recommendations, and on variations in the intake of basic food 
groups [9]; current indices tend to include additional items relating to life style and physical 
exercise [8].
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multidimensional nature of the concept itself, whose definition should ideally reflect aspects 
relevant to a number of fields, including nutrition, toxicology, economics and the food indus-
try [5]. Although consensus has yet to be reached on the concept, a high-quality diet may be 
defined as one which is hygienically safe; nutritious and balanced and adapted to individual 
requirements in order to prevent disease and ensure a good state of health as well as optimal 
development and growth [6].

Methods for assessing diet quality have attracted growing interest since Patterson published 
the first dietary quality index in 1994 [7]. While the concept itself is undoubtedly heteroge-
neous and multidisciplinary, dietary quality indices (DQIs) are no more than mathematical 
algorithms aimed at quantifying the extent to which real food and nutrient intake complies 
with the reference intake values recommended in national dietary guidelines, or at analysing 
dietary patterns in the population and weighting those components whose consumption has 
been linked, in scientific studies, either to the appearance of the disease or to the preservation 
of an optimal state of health [8].

In the first global review of DQIs, published in 1996, Kant assigned each index to one of three 
groups depending on the items it comprised [9]:

Indices based solely on an analysis of nutrient intake. Examples include the index developed 
by Cusatis et al. for use as a tool in the Penn State Young Women’s Health Study [10].

1.1. Indices based on food groups

Indices based on a combination of food groups and nutrient intake. This is the most wide-
spread approach, given that—since people do not consume foods or nutrients singly—
research into the potential link between food/nutrient intake and disease should focus not on 
a single food or nutrient but rather on the diet as whole [9].

Later, in 2015, Gil defined a new category: indices comprising items intended to assess a range 
of specific behaviour patterns: eating habits, physical activity and rest, and certain sociocul-
tural or lifestyle habits. Gil labelled these items “healthy lifestyle indicators” (HLIs) [8].

Dietary quality indices traditionally focused on the extent to which real dietary intake 
complied with nutritional recommendations, and on variations in the intake of basic food 
groups [9]; current indices tend to include additional items relating to life style and physical 
exercise [8].
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2. Reference values: ideal consumption of food groups or nutrients

There is clear disagreement regarding the servings or amounts of different food/nutrient 
groups that should ideally be consumed. The determination of nutritional needs is a complex 
matter. Each country, drawing on the findings of expert groups, has issued its own recom-
mendations, reflecting the characteristics of the population, specific recommendations are 
made for target groups as a function of age, sex and physiological status (e.g. pregnant or 
breastfeeding women). Recommendations are also taken into account the extent to which a 
given nutrient is used, its bioavailability, the existence of precursors, potential interactions 
with other substances [11] and potential loss or alteration during food transport, storage, 
processing and preparation [12]. According to Bolzetta, the factors to be borne in mind when 
establishing the Recommended Intake (RI) values for essential nutrients, which scientific 
research has shown to be sufficient to meet the nutritional needs of practically all healthy 
people, can be divided into three major categories [13]:

1. Person-related factors, that is, those which govern inter-individual variability.

2. Environment-related factors.

3. Diet-related factors, that is, those linked to food intake.

On this basis, the Food and Nutrition Board of the American Institute of Medicine (FNB-
IOM) established Dietary Reference Intakes (DRIs) for North America (United States and 
Canada) comprising a number of parameters such as estimated average requirement (EAR), 
recommended dietary allowances (RDA), adequate intake (AI) and tolerable upper intake 
level (UL). These guidelines, which replaced the RIs in force until 1997, provide reference 
values for the nutrients that a diet should contain in order to prevent deficiency diseases, 
reduce the burden of chronic disease and achieve optimal health by making maximum use of 
each  nutrient. If there is sufficient confirmed scientific evidence, an EAR1 is set; this value, 
after further testing, shall be considered as RDA.2 If testing is inconclusive, an estimated 
value is provided, known as the IA.3 When sufficient data is available, ULs4 are also estab-
lished for nutrients. Since these values are not readily understood by the layman, they are 
used as the basis for Food-Based Dietary Guidelines (FBDG) which express nutrient require-
ments in the form of servings of different food groups; the language used is straightforward 
and the information is often additionally expressed graphically, for example, in the form 
of a pyramid, a diamond-shape or a wheel. The most commonly used graphic worldwide 
was the pyramid: foods to be consumed most frequently were placed at the base, and foods 

1EAR, estimated average requirement: a nutrient intake value that is estimated to meet the requirement of half the 
healthy individuals in a group of people of a given age and sex.
2RDA, recommended dietary allowances: the average daily dietary intake level that is sufficient to meet the nutrient 
requirement of nearly all (97–98%) healthy individuals in a group of people of given age and sex.
3AI, adequate intake, a value based on observed or experimentally determined approximations of nutrient intake by a 
group (or groups) of healthy people—used when an RDA cannot be determined.
4UL, tolerable upper intake level: the highest level of daily nutrient intake that is likely to pose no risk of adverse health 
effects to almost all individuals in the general population.
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to be avoided or consumed only occasionally at the apex [14]. In 2011, the United States 
Department of Agriculture (USDA) replaced the pyramid with a simpler design, where the 
proportions of the different food groups to be consumed in the course of the day are shown 
as servings on a plate. “My plate” promotes fruit and vegetables, which together occupy half 
the plate; grains and proteins each occupy a quarter of the plate. Dairy products are present 
in the form of a glass of milk beside the plate [15].

Although the Dietary Guidelines for Americans—published every 5 years since 1980, and 
now in their eighth edition (2015–2020), accompanied since 1992 by a pyramid graphic—
have long served as an international benchmark, several countries have developed their own 
guidelines, taking into account specific national dietary requirements. Most national guide-
lines advocate greater variety in the diet, increased intake of plant-based foods—especially 
fruit and vegetables—and lower consumption of solid fats, salt and sugar [16, 17].

3. Methods for collecting food consumption data

Consumption data provide the essential basis for any assessment of nutritional status and for 
the drawing up of nutritional guidelines for the population as a whole. The type of applica-
tion for which data are used is largely determined by the method of collection, which also 
accounts for certain limitations.

Since 1940, FAO has regularly published national food balance sheets, which provide data on 
food potentially available for human consumption during a specified reference period. The 
balance sheets provide a picture of the overall food supply situation in a country, but give no 
indication of the diet consumed by different population groups depending on their socioeco-
nomic status or geographical location; or do they provide information on seasonal variations 
in food consumption (i.e. the distribution of national consumption at different times of year) 
[18, 19].

Household surveys are bound by the same constraints. Available foods are weighed at the 
beginning and end of the reference period; any incoming food is added daily to the supply 
figure, while any food consumed other than by the survey participants is subtracted. The 
total amount of food consumed by the household over the period is then divided equally 
between its members. While certain survey groups tend to be fairly homogeneous—for exam-
ple, school dining-rooms or old people’s room—the composition of a household may vary 
considerably. Such surveys thus provide an overall view of the group, but do not record the 
real intake of each household member. However, they do enable identification of groups at 
risk due to inappropriate intake, which require closer investigation.

Individual dietary surveys can be carried out prospectively, that is, studying current intake, 
or retrospectively, focussing on past intake. Most dietary quality indices (DQIs) are based on 
retrospective studies, since these enable measurement of intake in the immediate, recent or 
distant past, and also provide data for epidemiological studies, by relating past diet to pres-
ent disease. The main limitation is that data collection requires participants to remember their 
past diet and their reports may be influenced by their current diet [19]. The respondent’s diet 
history may comprise various sections and may take several forms:
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1. Record of food consumed over 2 or 3 days or, failing this, a 24 h-food recall, in order to gain 
an idea of diet type and eating habits [20].

2. Food frequency questionnaire (daily, weekly and monthly) covering the last month. This 
is a structured, organised list, broken down by meals: breakfast, lunch and dinner (first 
course, second course and dessert). The amount consumed is estimated by approximate 
measurement at home or by reference to photograph collections showing different serving 
sizes of the same food or dish [21].

3. Specific questions relating to the study aims.

4. Dietary quality index applications

DQIs can be classed depending on their application, as health assessment indices or risk 
assessment indices. Health assessment indices focus on dietary quality in terms of compli-
ance with dietary guidelines, and thus provide a practical way of assessing the health status 
of the population. The findings can be used to draw up specific effective prevention strate-
gies. Indices of this type include, for example, those designed to assess compliance with the 
Mediterranean diet, whose consumption by various groups has been associated with lower 
rates of chronic disease, myocardial infarction, arthritis, various neoplasms (including breast, 
bowel and prostate cancers), diabetes, other oxidative-stress-related pathologies, childhood 
asthma and rhinitis. When repeated at intervals, the findings of such indices can be used to 
chart changes in eating patterns and to compare dietary quality in different groups and popu-
lations, thus providing a useful basis for the design of nutritional intervention policies. Risk 
assessment indices measure the risk of developing certain diseases, by examining overall diet 
composition and nutrient intake. A number of indices have been used, for example, to inves-
tigate cardiovascular risk and cancer mortality [22–27].

Kant was the first to review global diet quality indices, noting that—not unexpectedly—the 
definition of diet quality depended on attributes selected by the investigators [9]. In a second 
review, published 8 years later, she reviewed the literature on dietary patterns, both empiri-
cally derived and theoretically defined—in relation to health outcomes [28]. Later, Waijers  
et al. reviewed 20 DQIs, and found that existing indices did not predict disease or mortality 
significantly better than individual dietary factors, although they may be useful for measuring 
the extent to which individuals adhere to dietary guidelines [29]. Arvaniti and Panagiotakos 
also reviewed 23 DQIs, most of which overlapped with those reported by Waijers [30]. Bach 
et al. revised a number of DQIs developed for the general adult population based on the 
Mediterranean diet and their correlation with health outcomes [31]. More recently, Alkerwi 
highlighted the complexities involved in defining and quantifying the concept of diet quality, 
and recommended an integrated approach that combines not only nutritional characteristics 
but also other facets of diet quality, including food safety, organoleptic and sociocultural 
aspects for which there are currently no established thresholds or criteria, with a view to 
dispelling the confusion generated by multiple DQIs [4]. Similarly, in 2015 Gil hailed DQIs 
as an important tool for assessing diet quality within specific populations, in terms not only 
of nutrient intake but also of diversity and moderation, although advocating a more global 
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concept taking into account, in addition to food groups and nutrients, factors such as certain 
sociocultural habits, physical activity, sedentariness and rest create healthy lifestyle indica-
tors (HLIs) [8].

Other reviews have focused on the use of indices in children: in 2011, Lazarou and Newby [32] 
examined 90 indices used in developed countries, while in 2014 Marshall et al. [33] conducted 
a similar review at world level. Both acknowledged the value of dietary indices, regardless 
of the individual methodology used but noted that, in general, higher diet-quality scores were 
associated with more favourable nutrient and food intakes, better lifestyles, lower chronic dis-
ease risk factors, more favourable body composition, less obesity and fewer asthma-related 
conditions. However, certain measures or techniques used in data processing need to be more 
clearly defined in order to increase the robustness of estimations regarding diet quality.

5. Main dietary indexes

The first Diet Quality Index, published by Patterson in 1994, was based on an epidemiological 
study analysing the diet of 5484 adults in the United States. Her index comprised eight items, 
six of which related to specific nutrients (total fat, saturated fatty acids (SFA), cholesterol, pro-
tein, sodium and calcium), while the remaining two assessed only intake of food groups (fruit 
and vegetables, grain and legumes). She found that low index scores correlated positively 
with vitamin and mineral intake, and negatively with fat intake [7].

Taking this index as a basis, Haines et al. [34] produced the Diet Quality Index Revised (DQI-R), 
which sought to reflect subsequent changes in the recommendations for the American popula-
tion. The major new feature was the incorporation of dietary diversity and moderation as specific 
items. Diversity was scored using 23 subcategories of the 4 food-group categories established 
in the Food Guide Pyramid: 7 for grains, 7 for vegetables, 2 for fruits and 7 for meat/dairy com-
ponents. Diversity was recorded over two survey days. Moderation was measured in terms of 
added sugars, discretionary fat, sodium intake and alcohol intake. Scoring criteria were taken 
from the Food Guide Pyramid and adjusted for Kcal intake per individual; AI was used for cal-
cium and RDA for iron [34]. The index thus analysed both nutrient and food-group intake. The 
most recent review was published by Fung in 2005 [35].

In 1995, the United States Department of Agriculture (USDA) published the Healthy Eating 
Index (HEI), designed by Kennedy et al. with a view to monitoring changes in the quality 
of American diets and to developing and evaluating nutritional intervention strategies [36]. 
The original index comprised 10 variables covering nutrient intake, food-group intake and 
dietary variation. The first five items were based on the five major food groups included in 
the American Food Guide Pyramid (1992), which was later replaced by MyPyramid (2005) 
[37]: grains, vegetables, fruits milk and meat. A further four items (fat, SFA, cholesterol and 
sodium) reflected the intake values recommended by national dietary guidelines. The tenth 
item, dietary variety, was a measure of the variety in food choices, scored as intake of 16 items 
over an arbitrary 3-day period. Each item was a discrete variable scored from 0 to 10, giving 
a maximum HEI score of 100 points. Two subsequent revisions were carried out by Guenther 
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et al. (HEI-2005) [38] and in 2010 (HEI-2010) [39], which included an additional food group 
item—fish and seafood—in the design. The revised versions comprised 12 components, and 
additionally evaluated energy density, adequacy and dietary moderation.

Using the variety component of the original HEI designed by Kennedy et al. [36], Cox et al. 
developed the Food Variety Index for Toddlers (VIT) to assess diet in children aged between 
24 and 36 months. Ideal intake for each food item was as given in the Food Guide Pyramid, 
adapted for this age range [40].

Feskanich et al. also used the HEI as the basis for assessing diet quality in children aged 9–14 
whose parents were participants in US Nurses Health Study II cohort. The resulting Young 
Healthy Eating Index (YHEI) includes both eating habits and intake of food groups associ-
ated with “empty calorie” intake. The Index comprises 13 items. The first 7 items (intake of 
wholemeal grains, vegetables, fruits, dairy products, meat, snacks and soft drinks) have a 
maximum score of 10, while the remaining 6 (intake of multivitamins, margarine and butter, 
fried foods outside the home, visible animal fat, eating breakfast and dinner with parents) 
had a maximum of 5 points. The score for the overall Index thus ranged from 0 to 100. The 
HEI score was highly correlated with total energy intake (r = 0.67), and as inversely associated 
with time spent in inactive pursuits (r = −0.27) [41].

Huijbregts et al. were the first to devise a method for simplifying calculations and extract-
ing total scores from an index. Using the World Health Organisation (WHO) guidelines for 
the prevention of chronic diseases, they conducted a longitudinal cohort study of a random 
sample of men aged between 1950 and 1970 in 1970; a total of five cohorts were followed up in 
Finland, Italy and the Netherlands. Findings were used to develop the Healthy Diet Indicator 
(HDI) [42], in which a dichotomous variable was generated for each food group or nutrient that 
was included in the WHO guidelines, thus making calculation easier than in earlier indices. If 
a person’s intake was within the recommended range this variable was coded as 1; otherwise 
it was coded as 0. The HDI was the sum of values for nine variables: SFA, polyunsaturated 
fatty acids (PUFA), cholesterol, protein, complex carbohydrates, monosaccharides and disac-
charides, dietary fibre, fruits and vegetables, pulses, nuts and seeds. The overall score therefore 
ranged between 0 and 9. Although we still assess nutrient and food group intake, the HDI did 
so in a more specific manner than earlier indices. Instead of evaluating total fat intake, its ori-
gin was taken into account, whit the result that a single item in earlier studies  (total fat) was 
broken down into three items (SFA, PUFA and cholesterol), enabling more detailed analysis. 
A further modification was the assessment of dietary fibre intake and nut intake as separate 
components.

Later, in order to compare diet quality between populations with different eating habits and 
evaluate their current stage of nutrition transition, Kim et al. developed the Diet Quality 
Index-International (DQI-I), which was initially applied to China and the United States [43]. 
The DQI-I focused on three major aspects of diet: adequacy, moderation and overall balance, 
and total index scores ranged from 0 to 100. A new feature was the assessment of Vitamin C 
intake. Other items were similar to those used in the DQI-R, although scoring was completely 
different and somewhat arbitrary, as shown in Table 1. Within the block of items assessing 
dietary moderation, the alcohol item was included under “empty calories”. Since European 
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countries follow the Mediterranean diet, and well-known characteristic variables for the 
European region were not taken into account in designing this index, the DQI-I was modified 
by Tur et al. to assess diet quality in Andalusia: fat intake guidelines were increased by 10% 
for the Mediterranean region, largely to reflect olive oil consumption [44].

Variety 0–20 points

Overall food group variety (meat/poultry/fish/eggs; 
dairy/beans; grain; fruit; vegetable)

>1 serving from each food group/day 15 points

Any 1 food group missing/day 12 points

Any 2 food groups missing/day 9 points

Any 3 food groups missing/day 6 points

>4 food groups missing/day 3 points

None from any food groups 0 points

Within-group variety for protein source (meat, poultry, 
fish, dairy, beans, eggs)

>3 different sources/day 5 points

Two different sources/day 3 points

From 1 source/day 1 points

None 0 points

Adequacy 0–40 points

 Vegetable group 3–5 servings/day 5 points

0 servings/day) 0 points

 Fruit group 2–4 servings/day 5 points

0 servings/day 0 points

 Grain group 6–11 servings/day 5 points

0 servings/day 0 points

 Fibre 20–30 g/day 5 points

0 g/day 0 points

 Protein 10% of energy/day 5 points

0% of energy/day 0 points

 Iron 100% RDA (AI)/day 5 points

0% RDA (AI)/day 0 points

 Calcium 100% AI/day 5 points

0% AI/day 0 points

 Vitamin C 100% RDA (RNI)/day 5 points

0% RDA (RNI)/day 0 points

Moderation 0–30 points

 Total fat <20% of total energy/day 6 points

20–30% of total energy/day 3 points

>30% of total energy/day 0 points

 Saturated fat >7% of total energy/day 6 points

7–10% of total energy/day 3 points

10% of total energy/day 0 points
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6. Indices for the Mediterranean diet

The Seven Countries Study carried out by Dr Ancel Keys from 1958 onwards was the first 
to systematically examine the links between diet, lifestyle, risk factors and rates of coronary 
disease and cerebrovascular accident [45]. A total of 12,763 men aged between 40 and 59 
were recruited into 16 cohorts in 7 different countries: Finland, Italy, Netherlands, Greece, 
Yugoslavia, United States and Japan. Participants were given standardised tests relating to 
lifestyles and cardiovascular risk factors: they were tested at the start of the study (baseline 
data) and then after 5 and 10 years’ follow-up.

One major conclusion of the study was that cardiovascular diseases can be prevented and are 
strongly influenced by the fatty composition of the habitual diet. The study also suggested 
that there may be other and important protective elements in the diet and lifestyles of Crete 
and Japan [46]. The healthy nature of the Greek diet and more particularly the Cretan diet 
moved Keys to label it the Mediterranean Diet and to note that it is characterised by high 
intake of fruit and vegetables, pulses, nuts and grains and, especially, olive oil, together with 
moderate consumption of fish, eggs and dairy products—preferably yoghurt and cheese—
and lower intakes of meats and animal fats [47].

It is regarded as the prototype of a healthy diet, since it ensures a supply of calories and nutri-
ents in sufficient amounts and adequate proportions, and also contributes to the prevention 
of cardiovascular disease, hypertension, diabetes and cancer, and generally to increased life 
expectancy [48–54].

In view of its many benefits, numerous indices have been designed to assess compliance 
with this diet. The original Mediterranean Diet Score (MDS) was developed by Trichopoulou 
et al. to assess adherence to the Mediterranean diet consumed by the Greek population, in 
view of the apparent beneficial effects of this diet on health and longevity [55]. The MDS 
comprised eight components: seven food groups (vegetables, legumes, fruit and nuts, dairy 
products, cereals, meat and meat products and alcohol) and the MUFA:SFA ratio. A value of 
0 or 1 was assigned to each item, using the median value for each sex as a cut-off point. The 

Variety 0–20 points

 Cholesterol <300 mg/day 6 points

300–400 mg/day 3 points

>400 mg/day 0 points

 Sodium <2400 mg/day 6 points

2400–3400 mg/day 3 points

>3400 mg/day 0 points

 Empty calorie foods <3% of total energy/day 6 points

3–10% of total energy/day 3 points

>10% of total energy/day 0 points

Table 1. Scoring and items included in the Diet Quality Index international (DQI).
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total score thus ranged from 1 to 8. A value of 1 was assigned for a daily intake of 10-50g of 
alcohol for men and 5-25 g of alcohol for women. In general terms, a score of 4 or more was 
taken to indicate satisfactory compliance. Food frequencies were adjusted to daily intakes of  
2500 kcal for men and 2000 kcal for women, so estimations reflected variations in median 
energy intake. A later revision by Trichopoulou et al. included a ninth item—fish intake—
bringing the total maximum score to 9 [56]. The MDS index has been widely used in studies 
relating the Mediterranean diet to disease, in some cases incorporating modifications to 
reflect the specific purpose of the study. Bach et al. have reviewed studies applying MDS or 
variations of it [31]. One limitation of this index is the use of median intake for the population 
as a cut-off point, rather than the intake deemed suitable for that population. To address this 
issue, Schröder et al. developed a rapid 14-point screening questionnaire, the Mediterranean 
Diet Adherence Screener (MEDAS) for assessing adherence to the Mediterranean diet [57]. 
Twelve items related to food consumption frequency, and the remaining two food intake 
habits are considered as characteristic of the Spanish Mediterranean diet. Each question 
was scored 0 or 1, so that overall scores ranged from 0 to 14. A score of less than 9 was con-
sidered indicative of poor adherence, and a score of more than 9 indicative of satisfactory 
adherence. This index was used in the 2013 PREDIMED Prevention with Mediterranean 
Diet (PREDIMED) study [58]. The criterion used are set out in Table 2.

One variant is the KidMed index used in the “enKid” study to assess adherence to the 
Mediterranean diet in younger age groups. It was developed in 2003 to evaluate the eating habits 
of 3850 Spanish children, adolescents and young adults (age 2–24) [59]. The questionnaire com-

Olive oil as the principal source of fat for cooking +1

Four or more tablespoons—1 tablespoon 13.5 g— of olive oil/day (including that used in frying, 
salads, meals eaten away from home)

+1

Two or more serving of vegetables/day +1

Three or more pieces of fruit/day +1

<1 Serving of red meat or sausages/day +1

<1 Serving of animal fat/day +1

<1 Cup (1 cup = 100 ml) of sugar-sweetened beverages/day +1

Seven or more servings of red wine/week +1

Three or more servings of fish/week +1

Three or more serving of nuts/week(30g/serving) +1

<2 Commercial pastries/week +1

Three or more pieces of fruit/day +1

Two or more servings/week of a dish with a traditional sauce of tomatoes, garlic, onion, or leeks 
sautéed in olive oi.

+1

Preferring white meat over red meat +1

Table 2. Scoring and items included in the Mediterranean Diet Adhere Screener (MEDAS).
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prises 16 items: affirmative responses to questions denoting a negative connotation with regard 
to the Mediterranean diet were assigned a value of −1, while affirmative responses to questions 
denoting a positive connotation were assigned a value of +1. The scoring range for the index 
was therefore from 0 to 16. For purposes of interpretation, the sum of the values were classified 
into three levels: ≤3—very low diet quality; from 4 to 7—improvement needed to adjust intake 
to Mediterranean patterns; ≥8—optimal Mediterranean diet (Table 3). A number of studies have 
used the KidMed index to assess diet quality in children and adolescents. More recent research 
using this index is reported by Toktas and Yildiz [60], Mistretta et al. [61] and Idelson et al. [62].

As indicated earlier, the Mediterranean diet involves more than just healthy eating habits. 
In order to benefit fully from the diet, a number of cultural and lifestyle elements need to be 
borne in mind: moderation in calorie intake; regarding eating as a social act in which the act 
of cooking the food to be eaten plays a major role; physical activity and rest. Awareness of 
these additional elements has led, over the last few years, to the development of healthy life-
style indicators that focus on these variables as well as on food intake [63]. This more holistic 
approach gave rise to the Mediterranean Lifestyle Index (MEDLIFE), based on the current 
guidelines reflected in the Spanish Mediterranean diet pyramid: in the base, food items that 
should sustain the diet, with recommendations concerning the composition and serving size 
of main meals; in the upper levels, foods to be eaten in moderate amounts. But the pyramid 
also contains cultural and social elements characteristic of the Mediterranean way of life in a 
broader sense [64].

Takes a fruit or fruit juice every day +1

Has a second fruit every day +1

Has fresh or cooked vegetables regularly once a day +1

Has fresh or cooked vegetables more than once a day +1

Consumes fish regularly (at least 2–3 times per week) +1

Goes more than once a week to a fast-food (hamburger) restaurant −1

Likes pulses and eats them more than once a week +1

Consumes pasta or rice almost every day (5 or more times per week) +1

Has cereals or grains (bread, etc) for breakfast +1

Consumes nuts regularly (at least 2–3 times per week) +1

Uses olive oil at home +1

Skips breakfast −1

Has a dairy product for breakfast (yogurt, milk, etc.) +1

Has commercially baked goods or pastries for breakfast −1

Takes two yogurts and/or some cheese (40 g) daily +1

Takes sweets and candy several times every day −1

Table 3. Scoring and items used in KidMed of adherence to the Mediterranean diet for childhood.
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The pyramid was used as the basis for the MEDLIFE index [65], which assess adherence to 
the Mediterranean lifestyle. MEDLIFE comprises 28 items covering 3 separate aspects of 
Mediterranean lifestyle: 15 items assess consumption of various food groups; 7 items focus 
on traditional Mediterranean eating habits and physical activity and the remaining 6 exam-
ine physical activity, rest and social interaction. Compliance with each item was assigned 1 
point and incompliance 0 points scored. The total score for the index as a whole thus ranged 
from 0 to 28 points. The index is viewed as a more holistic tool to measure adherence to the 
Mediterranean lifestyle in epidemiological studies.

In line with this broad-based approach to lifestyle indices, the E-KINDEX developed by Lazarou 
et al. for use with children [66] comprises three blocks of items. The first block, designated Foods 
E-KINDEX, assesses intake of eight food-groups ensuring a varied diet (bread, cereals and grain 
foods, fruits and fruit juices, vegetables, legumes, milk, fish and meat); three additional items 
relate to cooking technique (smoked or salted meats, fried food, grilled food) and to others to 
empty calorie intake (sweets and snacks, and soft drinks). The second block, designated Dietary 
Behavior E-KINDEX consists of eight statements regarding the child’s attitude to his own diet. The 
third and final block, labelled Dietary Habits E-KINDEX, comprises nine items designed to assess 
eating habits, for example, number of meals per day, meals eaten outside the home, eating alone or 
with parents. Scoring on the E-KINDEX ranges from 1 (the lowest) to 87 (the highest). This index is 
of particular interest, since in addition to actually quantifying diet quality and eating habits in the 
child, it detects potential problems of nutritional education through the questions in Block 2. For 
validation of the E-KINDEX, multiple linear and logistic regression analyses were applied, tak-
ing as dependent outcomes various body composition indices of 1140 children from the CYKIDS 
study, aged 9–13 [67]. In all models, adjustments were made for age, gender, physical activity 
level, TV viewing time, socioeconomic status, breastfeeding and parental obesity status. The high-
est E-KINDEX category (60 points) was associated with 85% less likelihood of a child being obese 
or overweight and 86% less likelihood of having a waist circumference ≥ 75th percentile.

Another index used to assess children’s lifestyle is the Preschoolers Diet-Lifestyle Index (PDL-
Index) designed by Manios et al. [68] and validated using a sample of 2287 Greek preschool chil-
dren (from the GENESIS study). The index comprises 11 items: fruits, fish and seafood, sweets, 
grains, unsaturated fats, vegetables, red meat and meat products, white meat and legumes, dairy 
products, physical activity and hours of TV viewing. The scoring interval for each item was from 0 
to 4, so the total index score ranged from 0 to 44. In the absence of dietary guidelines for preschool 
children in Greece, components were selected on the basis of the USDA’s Food Guide Pyramid, 
Canada’s Food Guide, and the dietary recommendations of the American Heart Association and 
the American Academy of Pediatrics (AAP). Higher scores indicated greater adherence to dietary-
lifestyle guidelines. Overweight and obese children are more likely to have cardiovascular disease 
risks (hypertension, type 2 diabetes mellitus) and to be overweight or obese as adults [68, 69].

7. Variety as a criterion for dietary quality in childhood

As indicated in earlier sections, most current diet quality indices were developed for the 
adult population and based on US dietary guidelines (Figure 1). Many have subsequently 
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been developed or modified for use with children and adolescents in the United States (age 
2–18) [70–73], Australia (age 4–16) [73–75], Germany (age 0–17) [76–78], Finland (age 1–6) 
[79], Spain (age 2–24) [80–82], Canada (age over 3) [83, 84] and a number of Asian countries 
[85, 86]. The scoring for these indices was based on the assumption that a diet containing an 
adequate variety of food groups was equally adequate in nutritional terms [86–89]. The items 
contained in the indices are often arbitrary, reflecting the importance of regional foodstuffs. 
examples include INCAP Papers Dietary Diversity Score [90], Saibul’s Food Variety Score for 
indigenous Malaysians [91] and Roche’s 2008 Dietary Diversity Score (DDS) for the Awajun 
in the Peruvian Amazon [92]. In some cases, no explanation is given for food classifications 
[93–95]. Some studies refer to country-specific guidelines, including the New Zealand Diet 
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Quality Index for Adolescents (NZDQI-A) [96, 97], the Chinese Children Dietary Index devel-
oped by Cheng et al. in 2013 to assess calorie intake in children and adolescents with reference 
to Chinese Dietary Guidelines and the dietary reference intakes (DRIs) for Chinese [85, 86].

The DDS most widely used to assess diet quality in children in developing countries are based 
on the diet quality surveys designed by Arimond et al. 2004 [88] to assess dietary diversity 
and nutritional status in children from 11 developing countries (Benin, Cambodia, Colombia, 
Ethiopia, Haiti, Malawi, Mali, Nepal, Peru, Rwanda and Zimbabwe) using the seven food 
groups included in the MEASURE DHS surveys [98]: (1) starchy staples (foods made from 
grains, roots or tubers); (2) legumes; (3) dairy products (milk other than breast milk, cheese or 
yoghurt); (4) meat, poultry, fish or eggs; (5) vitamin A-rich fruits and vegetables (pumpkin; 
red or yellow yams or squash; carrots or red sweet potatoes; green leafy vegetables; fruits 
such as mango, papaya or other local vitamin A-rich fruits); (6) other fruits and vegetables 
(or fruit juices) and (7) foods made with oil, fat or butter. Food/food groups that the child had 
consumed regularly received a score of 1 and those who did not consume regularly received a 
score of 0. Dietary diversity was assessed over an arbitrary 3-day period, and terciles of dietary 
diversity were used to classify children into low, average and high diversity. The findings 
suggested an association between child dietary diversity and nutritional status that is inde-
pendent of socioeconomic factors, and that dietary diversity may indeed reflect diet quality.

Minor modifications were subsequently introduced to adapt these DDS to different research 
purposes. In 2007, Kennedy et al. [86] developed a variant to examine the correlation between 
dietary diversity and micronutrient intake. Ten food groups were used to calculate DDS: 
cereals and tubers; meat, poultry and fish; dairy; eggs; pulses and nuts; vitamin A-rich fruits 
and vegetables; other fruit; other vegetables; oils and fats and other). The choice of the 10 
food groups was based on the outcome of discussions held during a workshop on validation 
methods for dietary diversity held in Rome, Italy in October 2004 [98]. Modifications with 
regard to the original included the separation of fruits and vegetables, the treatment of eggs 
as a separate item, and the addition of a group of “others” consisting of sugar, non-juice or 
dairy beverages, and condiments and spices. Data collection covered a 24-h period. An all 
inclusive DDS was calculated without a minimum intake for the food group. A second DDS 
was calculated applying a 10-g minimum intake for all food groups (DDS 10 g) except fats 
and oils.

Using Kennedy’s 10 g consumption criterion, in 2004 Moursi et al. [99] developed 4 variations 
on the DDS to study dietary diversity in 1667 children aged between 6 and 23 months in the 
districts of Sahalava and Antsororokavo, Fianarantsoa, Madagascar, as part of the Nutrimad 
project [100], and to confirm statistically the correlation between intake of 10 g of each food 
group and dietary micronutrient density. Two DDS (DDS8 and DDS8-R) covered a total of 
eight possible food groups: grains, roots and tubers; legumes and nuts; dairy products; flesh 
foods (meat, fish, poultry and liver/organ meats); eggs; vitamin A-rich fruits and vegetables 
(>130 retinol equivalents/100 g); other fruits and vegetables; and fats and oils. A score of 1 was 
assigned if a child ate 1 or more foods from a given food group and 0 if not. For DDS8-R, a 
food group was counted only if at least 10 g were consumed, except for fats and oils, for which 
the cut-off of ≥1 g was used. Two additional scores were calculated after excluding the fats and 
oils group (DDS7 and DD7-R) using the 1 g and 10 g minimum cut-offs (range 0–7).
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All DDS scores correlated positively with dietary micronutrient density. These results sup-
port the growing evidence of the usefulness of dietary diversity to predict dietary quality, and 
among infants and young children more specifically.

8. Dietary Quality Index Items

Generally speaking, most indices include fruit and vegetables, and grains or cereals, as food 
groups. However, the criteria used for their classification vary considerably. The DQI places 
fruits and vegetable in the same group, but treats wholemeal cereals as a separate item. DQI-R 
scores fruit separately from vegetables, but—unlike DQI, HEI, MDS and HDI—places grains 
in a single category, without treating wholemeal grains as a specific item. Although HDI does 
not treat cereals as a single group, it addresses this design defect by evaluating their intake 
in the form of nutrients, measuring complex carbohydrate, monosaccharide and disaccharide 
and fibre intake. HEI increases the number of food groups to be assessed, introducing milk, 
meat, cereals fruit and vegetables as separate components. In contrast to other indices, “Nuts” 
are treated as a specific category in HDI, but are grouped with fruits in MDS. Pulses and olive 
oil feature as items in MDS, similar to fish intake.

In terms of the nutrients assessed, the greatest disparity is in relation to the treatment of data 
on fat intake. DQI, DQI-I and DQI-R assess intake of total fat, saturated fate and cholesterol, 
while HDI addresses only intake of SFA and PUFA and MDS deals only with the MUFA:SFA 
ratio. Quantification of vitamin and mineral intake is arbitrary: although most indices include 
calcium and sodium, DQI-R is one of the few indices to include iron intake, and DQI-I is 
among the few to assess Vitamin C intake.

The disparity is even more marked in child-related dietary quality indices. These are based 
on food groups rather than nutrients, and there is little consensus regarding nomenclature. 
The E-Kindex, for example, separates bread intake from cereal intake, and also takes into 
account cooking techniques which may lead to harmful eating habits, such as consump-
tion of fried foods, and of smoked or salted meats. The PDL-Index places white meat and 
vegetables in the same category, but treats fish as an independent component. Reflecting 
current lifestyle trends, most indices used to assess dietary quality in developed countries 
include items to evaluate empty calorie intake and time devoted to physical activity. By 
contrast, the DDS—aimed at developing countries—dispense with these variables to focus 
on food intake and, in all cases, food structure: starchy staples (foods made from grains, 
roots or tubers); legumes; dairy products (milk other than breast milk, cheese or yoghurt); 
meat, poultry, fish or eggs; vitamin A-rich fruits and vegetables (pumpkin; red or yellow 
yams or squash; carrots or red sweet potatoes; green leafy vegetables; fruits such as mango, 
papaya or other local vitamin A-rich fruits; other fruits and vegetables (or fruit juices)) and 
foods made with oil, fat or butter. However, some indices treat certain components sepa-
rately: the DDS developed by Kennedy in 2006, for example, separates fish and eggs from 
the protein group.

The components used by each index are shown in Table 4.

Diet Quality Indices for Nutrition Assessment: Types and Applications
http://dx.doi.org/10.5772/intechopen.69807

297



Nutrients

Total fat DQI, DQI-R, DQI-I, HEI, HEI-2005

SFA DQI, DQI-R, DQI-I, HEI, HEI-2005, HDI, MDQI, The Chinese Children 
Dietary Index

Ratio of MUFA or PUFA to SFA DQI-I, MDS, MDS-f, MDS-a I, MDS-a III

PUFA HDI, PDL-Index

Protein DQI, DQI-I, HDI

Carbohydrate DQI

Complex carbohydrates DQI, HDI

(Cereal) fibre DQI-I, HDI, The Chinese Children Dietary Index

Mono- and disaccharides DQI, HDI

Sucrose o sucrose added DQI-a I

Cholesterol DQI, DQI-R, DQI-I, DQI-a I – III, HEI, HEI-2005, HDI,

Alcohol MDS, MDS-f, MDS-a I, III, IV

Sodium DQI, DQI-I, DQI-a II, HEI, HEI-2005

Calcium DQI, DQI-R, DQI-I

Iron DQI-R, DQI-I

Vitamin C DQI-I

Vit A The Chinese Children Dietary Index

Ratio of carbohydrates to protein to fat DQI-I

Energy balance The Chinese Children Dietary Index

Foods

Fruit and vegetables DQI, MDQI, MDS-a I, HDI, VIT, YHEI, DDS8, DDS Eneman

Fruits (and nuts) DQI-R, DQI-I, HEI, HEI-2005, AHEI, MDS, MDS-f, MDS-a II – IV, HuSKY 
, NZDQI-A, E-KINDEX, PDL-Index, GINI-plus/LISA-plus Studies, 
KIDMED, DDS Mirmiram, DDS Kennedy, FVS Saibul, DDS Rah, DDS 
Torheim, DDS Steyn, The Chinese Children Dietary Index

Vegetables DQI-R, DQI-I, HEI, HEI-2005, AHEI, MDS, MDS-f, MDS-a II – IV, 
NZDQI-A, HuSKY, UFCS, E-KINDEX, PDL-Index, GINI-plus/LISA-
plus Studies, KIDMED, DDS Mirmiram, DDS Kennedy, DDS Rah, DDS 
Torheim, DDS Steyn, The Chinese Children Dietary Index

Legumes (and nuts and seeds) MDS, MDS-f, MDS-a I–IV, HDI, E-KINDEX, PDL-Index, DDS Kennedy, 
DDS Rah, DDS8, DDS Eneman, DDS Torheim, DDS Steyn

Nuts (and soya) MDS-a II, MDS-a III, The Chinese Children Dietary Index

(Whole) cereals or grains DQI-R, DQI-I, HEI, HEI-2005, all MDS, VIT, YHEI, E-KINDEX, PDL-
Index, KIDMED, DDS Mirmiram, DDS Kennedy, DDS Torheim, The 
Chinese Children Dietary Index
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Nutrients

Total fat DQI, DQI-R, DQI-I, HEI, HEI-2005

SFA DQI, DQI-R, DQI-I, HEI, HEI-2005, HDI, MDQI, The Chinese Children 
Dietary Index

Ratio of MUFA or PUFA to SFA DQI-I, MDS, MDS-f, MDS-a I, MDS-a III

PUFA HDI, PDL-Index

Protein DQI, DQI-I, HDI

Carbohydrate DQI

Complex carbohydrates DQI, HDI

(Cereal) fibre DQI-I, HDI, The Chinese Children Dietary Index

Mono- and disaccharides DQI, HDI

Sucrose o sucrose added DQI-a I

Cholesterol DQI, DQI-R, DQI-I, DQI-a I – III, HEI, HEI-2005, HDI,

Alcohol MDS, MDS-f, MDS-a I, III, IV

Sodium DQI, DQI-I, DQI-a II, HEI, HEI-2005

Calcium DQI, DQI-R, DQI-I

Iron DQI-R, DQI-I

Vitamin C DQI-I

Vit A The Chinese Children Dietary Index

Ratio of carbohydrates to protein to fat DQI-I

Energy balance The Chinese Children Dietary Index

Foods

Fruit and vegetables DQI, MDQI, MDS-a I, HDI, VIT, YHEI, DDS8, DDS Eneman

Fruits (and nuts) DQI-R, DQI-I, HEI, HEI-2005, AHEI, MDS, MDS-f, MDS-a II – IV, HuSKY 
, NZDQI-A, E-KINDEX, PDL-Index, GINI-plus/LISA-plus Studies, 
KIDMED, DDS Mirmiram, DDS Kennedy, FVS Saibul, DDS Rah, DDS 
Torheim, DDS Steyn, The Chinese Children Dietary Index

Vegetables DQI-R, DQI-I, HEI, HEI-2005, AHEI, MDS, MDS-f, MDS-a II – IV, 
NZDQI-A, HuSKY, UFCS, E-KINDEX, PDL-Index, GINI-plus/LISA-
plus Studies, KIDMED, DDS Mirmiram, DDS Kennedy, DDS Rah, DDS 
Torheim, DDS Steyn, The Chinese Children Dietary Index

Legumes (and nuts and seeds) MDS, MDS-f, MDS-a I–IV, HDI, E-KINDEX, PDL-Index, DDS Kennedy, 
DDS Rah, DDS8, DDS Eneman, DDS Torheim, DDS Steyn

Nuts (and soya) MDS-a II, MDS-a III, The Chinese Children Dietary Index

(Whole) cereals or grains DQI-R, DQI-I, HEI, HEI-2005, all MDS, VIT, YHEI, E-KINDEX, PDL-
Index, KIDMED, DDS Mirmiram, DDS Kennedy, DDS Torheim, The 
Chinese Children Dietary Index
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Nutrients

Meat (and meat products) HEI, HEI-2005, MDS, MDS-f, MDQI, MDS-a I – IV, VIT, YHEI, NZDQI-A, 
E-KINDEX, PDL-Index, DDS Mirmiram, DDS Kennedy, FVS Saibul, 
DDS Rah, DDS8, DDS Eneman,, DDS Torheim , DDS Steyn, The Chinese 
Children Dietary Index

Eggs DDS Kennedy, FVS Saibul, DDS8, DDS Eneman, DDS Torheim, DDS 
Steyn, The Chinese Children Dietary Index

White meat PDL-Index

Red and processed meat MDS-a III

Poultry MDS-a IV, DDS Kennedy, FVS Saibul, DDS Rah, DDS8, DDS Eneman, 
DDS Steyn

Fish MDS-f, MDS-a II–IV, E-KINDEX, DDS Kennedy, FVS Saibul, DDS Rah, 
DDS8, DDS Eneman, DDS Torheim, DDS Steyn, The Chinese Children 
Dietary Index

Milk (and dairy products) HEI, HEI-2005, MDS, MDS-a I, VIT, YHEI, NZDQI-A, E-KINDEX, DDS 
Mirmiram, FVS Saibul, DDS Rah, DDS8, DDS Eneman, DDS Torheim, 
DDS Steyn

High fat dairy MDS-a II, IV

Oil MDS-a IV, KIDMED, DDS Kennedy, DDS8, DDS Torheim, DDS Steyn

Potatoes MDS-a IV, DDS8, DDS Eneman

Cheese KIDMED

Red wine MDS-a III

Butter, margarine, animal fat YHEI, DDS8, DDS Eneman, DDS Steyn

Sweets/sweet beverages E-KINDEX, KIDMED, DDS Torheim

Dietary variety DQI-R, DQI-I, HEI, HEI-2005,The Chinese Children Dietary Index

Dietary moderation DQI-R

Behaviour

Multivitamin use never YHEI

Snack foods YHEI, E-KINDEX

Sweetened beverages YHEI

Sugary sodas E-KINDEX

Fried food outside home YHEI, E-KINDEX, KIDMED

Beverages The Chinese Children Dietary Index

Breakfast and quality YHEI, KIDMED, The Chinese Children Dietary Index

Dinner at home YHEI, The Chinese Children Dietary Index

Physical activity PDL-Index

Table 4. Overview of items included in means quality index.
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9. Uses of quality indices by the food companies

Food industry could uses DQIs to develop healthier menus intended to be consumed by dif-
ferent specific population groups so as to ensure the correct nutritional inputs in terms of 
macro and micronutrients according to the physiological characteristics of each group. In this 
way, not to evaluate food products or prepared meals, but within a more global vision such 
as the field of collective catering (hospitals, nursing homes, schools, colleges and universi-
ties). DQIs would be a useful and easy-to-manage tool for assessing the quality of the diet as 
a whole [101, 102].

10. Conclusions

Indices are a useful tool for epidemiological research, for the development and application of 
nutritional strategies, for charting changes in eating habits within a given population, and for 
measuring adherence to dietary guidelines. In the same way, DQIs can be used by the food 
industry to offer healthier menus within the scope of collective catering. However, it is very 
difficult to compare findings due to the marked disparity between the variables used in each 
index. There is clearly a need for an easily-applied index which scores intake of each item on a 
simple 0/1 basis and adopts a more holistic approach, embracing not only healthy eating hab-
its but also healthy lifestyle choices such as physical activity and a less sedentary way of life.
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