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Abstract: Post-human genome revelation observes the emergence of ‘Nutigenomics’ as one of the ex-
citing scientific advancement influencing mankind around the world. Food or more precisely ‘nutri-
tion’ has the major impact in defining the cause-response interaction between nutrient (diet) and hu-
man health. In addition to substantial understanding of nutrition-human-health interaction, bases of 
‘nutrigenomic’ development foster on advent in transcriptomics, genomics, proteomics and metabolomics as well as in-
sight into food as health supplement. Interaction of selected nutrient with associated genes in specific organ or tissue nec-
essary to comprehend that how individual's genetic makeup (DNA transcribed into mRNA and then to proteins) respond 
to particular nutrient. It provided new opportunities to incorporate natural bioactive compounds into food for specific 
group of people with similar genotype. As inception of diabetes associated with change in gene expression of, not limited 
to, protein kinase B, insulin receptor, duodenal homeobox and glucokinase, thus, targeting such proteins by modifying or 
improving the nutritional availability or uptake may help to devise novel food, supplements, or nutraceuticals. In this arti-
cle, various aspects of R&D in nutrigenomics are reviewed to ascertain its impact on human health, especially with life-
style associated diseases. 
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1. INTRODUCTION 

 Health is a symbol of quality life and prosperity of any 
civilization, which inevitably associated with socio-
economic status and living environment of local inhabitants 
across continents. World Health Organization in its constitu-
tion define health ‘as a state of complete physical, mental, 
and social well-being and not merely the absence of disease 
or infirmity and fundamental rights of every human being 
without distinction of race, religion, political belief, socio-
economic condition’ [1]. Health signifies the human’s func-
tional or metabolic ability of self-acclimatization under ad-
verse conditions. Recent past has witnessed huge shift in the 
pattern of diseases owing to transition in urbanization, food 
habit, living life style and environment. The studies sug-
gested a marked increase in non-communicable diseases 
especially in fast evolving countries [2]. Inherited character, 
genetic make-up and availability of nutritious food is not 
only factors symbolic to health status, but it is much more 
complex interaction between individual’s genome (entire set 
of genes present) and environmental factors faced over life-
time. In addition, nutritional level, concentration of bioactive 
and their ability to influence health status are some of the 
crucial factors, which need to be addressed in studies aiming 
food-nutrient-health interaction. Thus, the science involved 
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in development of dietary supplement, nutraceuticals or 
functional food, especially for disease prevention is highly 
complex. 
 Alteration in functioning of particular gene (s) or their 
protein product (s) during progression of a particular disease 
is actually influenced by subsequent modification in nutri-
tional composition of food or diet [3]. The phenomenon of 
interaction between nutrients - genes - diseases is a highly 
complex. However, the scientific pursuit starting from isola-
tion of DNA (1869), elucidation of its structure (1953) and 
finally revelation of human genome (2003) help to resolve 
many such complexities. The realization of these scientific 
breakthroughs was only possible due to parallel technologi-
cal advancements, especially in the area of ‘Omics’ (tran-
scriptomics, epigenomics, proteomics & metabolomics) and 
‘Bioinformatics’ [4]. Post human genome era led to surfac-
ing of ‘Nutrigenomics’ a nuptials between nutrition and ge-
nomics. It brings together the science of nutrition, genomics, 
computational biology & bioinformatics, and molecular 
medicine to tackle these chronic diseases (Fig. 1). It enables 
nutritionist to understand potential of food fortification or 
supplementation of diet with particular nutrient and its mo-
lecular effect in human health and reduce the risk of life style 
related disease. It render help in development of designed 
food for individuals with specific genetic backgrounds and 
also enable policymakers to strategize the development of 
safer and more effective dietary interventions. Challenges 
are enormous, but manageable, as most of the metabolic risk 
factors are associated with diet nutrition. In addition, a com-
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prehensive approach to diagnostic and treatment is required 
and post genomic era with advancement in omic technolo-
gies provided excellent opportunity to the researcher in the 
form of ‘Nutrigenomics’ to tackle these colossal destroyers 
of human health. 

1.1. Life Style Associated Metabolic Diseases 

 Unhealthy living practices are the major factor associated 
with present life style. It is culminating into high mortality 
rate diseases, especially non-communicable chronic diseases 
(NCDs) that are responsible for most of the deaths in past 
decade [5]. Life style associated diseases are a group of dis-
eases resulted from exposure of humankind over longer pe-
riod to unhealthy diet, lifestyle and living environment. 
These diseases share almost similar risk factors, owing to, 
slow in progression, non-infectious and non-transmissible 
e.g. cardiovascular, nutrition-induced cancers, diabetes, 
chronic bronchitis, renal failure, hypertension etc. [6, 7].
 Primary motive in selection of life style associated dis-
eases in present review is entirely based on their impact in 
human health. WHO report suggested a rapid change in dis-
ease profile for past few decades from communicable dis-
eases to non-communicable diseases irrespective of region, 
ethnicity and economy [8]. About 60 % deaths worldwide 
resulted from life style associated chronic diseases, double 
than infectious diseases [9]. In India too, the noncommuni-
cable diseases were responsible for 53 % deaths, out of 
which 24 % causalities alone contributed by cardiovascular 
disease (CVDs) [5]. Generally, these diseases have specific 
metabolic risk factors associated cellular mechanism that 
results mainly in mitochondrial alterations, oxidative stress 
and inflammation etc. like epidemiological characteristics. 

These responses to changed environment contribute signifi-
cantly in the inception and progression of lifestyle related 
diseases [10]. Primarily, it is the unhealthy diet that led to 
increase in metabolic risk factors of bloods like pressure, 
glucose, lipids etc. [11]. Diseases associated with modern 
life style also alter human body inflammation process. It is a 
self-limiting and controlled process executed by innate im-
mune system (IIS), required to restrict incursion of foreign 
material and limit further damage to the human body [12]. 
Inflammation process is controlled by eicosanoids, a metabo-
lite from fatty acids (arachidonic, eicosapentaenoic and 
docosahexaenoic acid). Inflammation reported to be nega-
tively influenced by unhealthy diet and social environmental 
stress faced by humankind in present. Diets having high 
saturated fatty acids and antinutrients (lectines, saponins), 
low dietary fibre and vitamins (D & K), and imbalanced an-
tioxidants considered responsible for poor IIS activity [13]. 
Scientific investigations revealed the genes (plasminogen 
activator inhibitor-1 associated with obesity) in animal 
model accountable for such alteration [14]. The life style and 
environmental transitions not only impacting the human 
physiology and metabolic processes, but also altering intesti-
nal microbiome leading to such health complications [15]. 
An earlier notion that links these diseases with developed 
nations was shattered, as social, economical, and environ-
mental factors are more favorable for their spread in low and 
middle-income countries [16]. If such transition continuous, 
it will further escalate the disease profiles, especially in de-
veloping and under developed nations. 

2. FOOD, NUTRITION AND HEALTH INTERACTION 

 ‘Food’ is a substance of plant, microbial or animal origin 
containing essential nutrients such as carbohydrates, fats, 

Fig. (1). Interdisciplinary approaches in nutrigenomics.
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proteins, vitamins, or minerals essential for normal function-
ing of human body. Owing to their nutritional properties, 
food also has human-health benefits. World-over ingredients 
of certain foods or plants are in medical practices since time 
immemorial in prevention or treatment of human diseases 
e.g. Charaka samhita, a traditional Indian medication system 
heavily based on foods and herbs having medicinal proper-
ties [17]. In recent years, food has become the central dogma 
for nutritionist in establishing interaction between life style 
associated metabolic diseases. Reconsideration of ‘food as 
medicine’ by general public, scientific developments in 
health sector and demand for disease-combating diet open up 
new area for intervention in health-related issues, which al-
low individuals with improved and healthier [18]. 
 The type and composition of food are the basis for avail-
ability and amount of energy, macro- and micro-nutrients 
and growth promoting factors in a diet. It provides the basis 
of relationships between food, health and disease. Dietary 
nutrition plays significant role in onset of the major chronic 
diseases like diabetes, cancer, atherosclerosis, cardiovascular 
etc. being faced by human generation at present [19, 20]. 
Nutritional deficiency, found to associate with specific dis-
ease conditions, e.g. lack of vitamin C were associated with 
scurvy, niacin (vitamin B3) with pellagra, etc [21]. Evi-
dences are available to suggest that besides deficiency of a 
particular element, presence of various other compounds in 
diet in adequate nutrient also plays major role in manage-
ment and disease protection of human health [22]. Many of 
the CVDs are thought to be triggered by free radicals and 
inflammation processes. Metabolite associated studies sug-
gest that many natural compounds such as combination of �-
carotene and vitamin A have the potential to target multiple 
pathways in this disease [23]. As a whole, food intake, na-
ture and amount of nutrient available, individual makeup and 
local environment are the key factors to be associated in the 
progression of the common life style related diseases [24, 
25]. Nutrients can have variable effects including up- and/or 
down-regulation of gene(s) and changes in protein expres-
sion levels in the fed and fasted states [26]. Epigenetic 
changes such as DNA methylation and histone modification 
relevant to adult chronic diseases are also possible [27]. 
Therefore, multidisciplinary efforts will be necessary to un-
derstand the rationale behind the association between food as 
medicine and human health. 

3. INCEPTION OF NUTRIGENOMICS

 World has made substantial progress in terms of food 
availability, since Universal Declaration of Human Rights 
(1948), where ‘right to food’ is recognized for first time as a 
core element for adequate standard of living [28]. Past dec-
ades witnessed opening up of international trade that con-
tributed towards the availability of food around the world 
irrespective of region, religion and resource. International 
agencies like Codex Alimentarius Commission (CAC) have 
established international standards, which are applicable and 
acceptable globally and provide guidance for improving food 
safety and nutrition [29]. However, the importance of ‘nutri-
tional food as a right’ received attention of policy maker’s 
world-over in late 1990s, with completion of human genome 
project. Also, World Food Summit in 1996 emphasized on 
linkage between food, nutrition and health. Over recent 

years, easy availability of processed foods, increased income 
and availability of diversified food owing to diminishing 
trade barrier has impacted significantly the health and nutri-
tional status of populations, especially in developing and 
under developed countries [30]. Increased and diversified 
food intake (e.g. animal and partially hydrogenated fats con-
sumption) and sedentary life style led to reduced energy ex-
penditure, which ultimately increased the life style-related 
diseases [31]. The post genomic era has witnessed scientific 
revolution in understanding the molecular mechanism of the 
interaction between food, nutrition and genes influencing 
human health. A drastic shift was observed in the approach 
from drug as medicine to food as medicine for management 
of nutrition related diseases that led to development of “Nu-
tritional genomics or Nutrigenomics”. The historical mile-
stones contributed immensely in emergence of this new sci-
entific subject are also tabulated (Table 1). 

 “Nutrigenomics is the science of how bioactive chemicals 
in foods and supplements alter the molecular expression 
and/or structure of an individual’s genetic makeup” [32]. 

 Nutrigenomics illustrate the influence of nutrients on 
gene/protein expression that are regulated at specific time 
under particular environment and also generate response 
resulted from simultaneous functioning of gene/protein net-
works in regulation of related human disease or disorder. 
The underlying criterion for any nutrigenomic studies are 
based on the fact that food nutrients present in a diet alter 
and regulate specific genes, particular diet in specific popula-
tion (individual genetic makeup) may be contributory factor 
for occurrence or progression of specific diseases and nutri-
tional modification can be used to manage or mitigate the 
selected disease [32].

4. NUTRIENT-GENE INTERACTION IN LIFE-STYLE 
ASSOCIATE DISEASES 

4.1. Nutrient Interaction in Diabetes 

 Diabetes mellitus (DM) is a complicated lifestyle associ-
ated metabolic disease designated with alteration in insulin 
secretion as well as function, or both resulting in hypergly-
cemia. A long-term complication resulted in failure and dys-
function of multiple organs such as heart, kidneys, nerves 
and blood vasculature [33]. Globally, the prevalence of dia-
betes is 8.3%, affecting 387 Million world population and 
expected further increase upto 592 million by 2035 [34]. In 
general, the diabetic cases are categorized into two type’s i.e. 
type 1 (T1DM) and type 2 (T2DM). T1DM is an autoim-
mune disease results from destruction of pancreatic � islets 
by T lymphocytes infiltration and consequent loss of � cells 
alongwith deficiency in insulin secretion. At the onset of 
disease about 70% of cells are damaged [35]. However, 
T2DM is the most prevalent type of complex disease, which 
accounts for > 90% diabetic cases [33]. A number of factors 
like insulin deficiency, insulin resistance, � cell dysfunction, 
impaired insulin signaling and oxidative stress associated 
with this disease that leads to complications like neuropathy, 
retinopathy, nephropathy, macro- and micro vascular condi-
tions [36]. DM is more commonly among peoples between 
40 and 59 years of age [34]. Several factors such as genes & 
diet, metabolic profile, environmental changes and their 
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Table 1. Significant milestones in nutrigenomics. 

Year Milestone (s) 

1859 Publication of Charles Darwin’s theory on origin of species and their evolution 

1865 Gregor Mendel describes that heredity is transmitted in discrete units 

1869 Friedrich Miescher was the first to identify DNA as a distinct molecule i.e. "nuclein” 

1879 Walter Flemming observed mitosis and described chromosome behavior 

1902 Archibald Garrod observed orderly Inheritance of alkaptonuria disease according to Mendelian rules. 

1903 Walter Sutton connect Mendel's laws of heredity and given chromosome theory of heredity 

1909 Wilhelm Johannsen coined the word gene to describe the Mendelian units of heredity 

1943 Erwin Schrödinger proposed gene as the information carrier 

1944
Oswald Avery, Colin MacLeod, and Maclyn McCarty identified DNA as the "transforming principle“ and showed that it can transform the proper-

ties of cells 

1944
Barbara McClintock observed that genes can "jump" or be transposed from one position to another on chromosomes and revealed that the genome 

was much more dynamic 

1952 Alfred Hershey and Martha Chase experiments proved that genes are made of DNA 

1953 Francis Crick and James Watson described the double helix structure of DNA 

1955 Joe Hin Tjio defined 46 as the exact number of human chromosomes 

1956 V.M. Ingram discovered that cause of disease (sickle-cell anemia) is a specific chemical alteration in a hemoglobin protein

1966
Marshall Nirenberg, Har Khorana and Severo Ochoa and their colleagues elucidated the genetic code Genetic Code Cracked Khorana and Niren-

berg, along with Robert Holley interpretation of the genetic code and its function in protein synthesis 

1968 Restriction nucleases enzymes described that revolutionized ability of DNA manipulation. 

1983 First genetic disease (Huntington) mapped using DNA polymorphisms 

Launch of human genome project by U.S. Department of Energy (DOE), National Institutes of Health (NIH) and internation groups 
1990

Ethical, Legal and Social Implications (ELSI) programs founded 

1994 DOE initiated microbial genome program 

1997 Galileo laboratories became the first Nutrigenomics company 

1999 Nancy-Fogg Johnson and Alex Merolli used ‘Nutrogenomics’ term publically 
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(Table 1) contd…. 

Year Milestone (s) 

1991 Food and Drug Administration (FDA) approved Gleevec, an oral medication to treat chronic myeloid leukemia (CML) 

Establishment of National Centre of Excellence in Nutritional Genomics in US to explore link between diet, genes and diseases 
2003

Human genome project completed and published 

2004 The European Nutrigenomics organization  (NuGO) born 

2011 Personalised nutrition: An integrated analysis of opportunities and challenges (Food processing) 

interactions plays crucial role in the disease progression (Ta-
ble 2) [37-47]. ‘Omics’ approaches have been extensively 
used in exploring the impact of the dietary ingredients upon 
gene functioning. These approaches enable us to find new 
targets like genes, proteins and their interactions with nutri-
ents [48]. The nutrient gene interaction studies are important 
to understand the associated factors, in the etiopathogenesis 
of metabolic syndromes. These factors modulate the gene 
expression directly or by activating various signalling mole-
cules of complex metabolic pathways [49].  

4.1.1. Dietary Flavonoids Interaction 

 In vitro as well as in vivo studies revealed the beneficial 
effect of dietary flavonoids in DM. These secondary metabo-
lites showed improved insulin signalling and its secretion, 
carbohydrate metabolism, and glucose uptake in various in-
sulin-sensitive tissues [50]. Moreover, clinical studies have 
revealed that anthocyanin rich food, particularly from apples, 
blueberries and pears related with a lower risk of DM [51]. 
Generally, human diet containing vegetables, fruits, herbs, 
cocoa, tea, soya and other plant food products found to be 
rich in flavonoids. Scientific evidences showed that these 
metabolites exert beneficial effect in glucose homeostasis 
and regulates carbohydrate digestion through various insulin 
signaling pathways required in the management of DM [50, 
51]. 
 Epigallocatechin gallate (EGCG) is a flavan-3-ols that 
improves the viability of � cells and insulin secretion by ac-
tivating insulin receptor proteins (IRS2) and AMP-activated 
protein kinase (AMK) signaling pathways in glucotoxic con-
ditions [52]. EGCG aid in the downstream signaling of pro-
tein kinase B (Akt), insulin receptor (Ir), insulin receptor 
substrate-2 (Irs2), pancreatic duodenal homeobox1 (Pdx1), 
and the forkhead box protein O1 (Foxo1) [37]. In addition, it 
improves morphology of � cell and insulin secretion in db/db 
mice model. It was resulted from reduction in the expression 
level of carnitine palmitoyltransferase 1 (L-Cpt-1) (a mito-
chondrial fatty acid transporter), which in response reduces 
the level of fatty acids in blood circulation. EGCG supple-
mentation also found to reduce the expression level of DNA-
damage-inducible transcript-3 (Ddit-3), an endoplasmic re-
ticulum stress marker and its downstream signaling targets 
like Cdkn1a as well as protein phosphatase 1, regulatory 

subunit 15A (Ppp1r15a). Reduced expression of these mark-
ers enhances pancreatic function and lowers the insulin resis-
tance in diabetic mouse model [38]. 
 In vivo studies employing naringin and hesperidin 
flavanones also showed antihyperglycemic properties in 
C57BL/Ks-db/db mice model. Increased expression of glu-
cose transporter type 4 (Glut 4) and glucokinase (Gk) was 
observed in adipocytes that activates peroxisome prolifera-
tor-activated receptors (PAPRs) [39]. Anthocyanin exerts 
antidiabetic effect by improving insulin resistance and hy-
perglycemia in T2DM. It found to downregulate expression 
of gluconeogenic enzymes (PEPCK and G6Pase), while 
upregulated the PAPR-�, Glut4, L-Cpt-1 and aconitase 
(Aco) expression in the liver tissue [40]. Quercetin is one of 
the most abundant flavonol distributed in plant kingdom. It 
also found to downregulate expression of Cdkn 1a (regulator 
of cell cycle) and nitric oxide synthase inducible (NOS 2) 
genes in liver and pancreas of the streptozotocin induced 
diabetic mice models [41]. These studies suggest that fla-
vonoids present in diet have significant antidiabetic potential 
as evident from gene expression in liver, pancreas and skele-
tal muscles. Thus, these metabolites possibly has regulatory 
role in the nutrient-induced responses such as release of in-
sulin from � islets, sensitivity in insulin responding tissues, 
proliferation as well as regeneration of � islets and their sur-
vival. 

4.1.2. Vitamin Interaction 

 Vitamins are the class of nutrient that exerts protective 
effect by acting as antioxidants. These antioxidant properties 
are directly related with decreased lipid peroxidation, low-
ered DNA damage or inhibition of various in vitro malig-
nancies and other degenerative diseases [53]. Under in vivo
experiments vitamin D able to preserve � cell function dur-
ing the insulitis by down regulating the expression levels of 
inflammatory mediators like interleukins (IL-1, IL-15), and 
interferon -�-inducible protein 10 (IP-10) in non-obese dia-
betic (NOD) mice model during the insulitis [42]. Biotin 
(vitamin H) an activator of carboxylase enzymes found to 
modify the expression of various genes at both transcrip-
tional as well as the posttranscriptional levels. Biotin sup-
plementation significantly intensifies glucose induced insulin 
secretion and functioning of � islets in mice models. Expres-
sion level of insulin, alpha 1D subunit (Cacna1d), forkhead 
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box A2 (Foxa2), acetyl-CoA carboxylase (Acac), hepatocyte 
nuclear factor 4� (Hnf-4�), Pdx1, Gk and calcium channel 
also increased by biotin [43, 33]. Riboflavin, a cofactor of 
FAD and FMN significantly down regulated the cytokine-
induced increased expression of IL-6 mRNA in NIT-1 insu-
linoma cells as well as in cultured islets [44]. 

4.1.3. Dietary Fat Interaction 

 Evidences show that dietary fats, a major macro energy 
nutrient, effectively maintain the balance between lipogene-
sis and fatty acid oxidation in human body. Certain dietary 
fatty acids also affect cell metabolism and gene expression in 
array of metabolic disorders. However, high fat diet intake is 
associated with high risk of T2DM [54]. Hagman et al.; 2005 
found that elevated level of palmitate inhibits the glucose 
induced insulin gene expression. It reduces the binding of 
transcription factors i.e. pancreas-duodenal homeobox-1 
(Pdx-1) and mammalian homologue of avian (MafA) to the 
insulin promoters resulting in the decreased secretion of in-
sulin from rat islets [45]. 
�- lipoic acid is known to improve glucose metabolism in 

T2DM. In animal models, it decreases the blood glucose 
level and enhances the insulin stimulated glucose uptake into 
muscles through Glut 4 receptors [46]. In addition, the lipoic 
acid prevents the increased NAD(P)H oxidase subunit- p22 
(phox) and glucose-6-phosphatase (G6pc2), Gk, fructokinase 
(Frk) gene expression in high fructose diet fed diabetic rats 
[47]. 

4.2. Nutrients-gene Interaction in Cardio Vascular Dis-
eases 

 Cardio Vascular Diseases (CVD) is characterized by for-
mation of intimal lesions due to lipid deposition, inflammatory 
response, fibrosis and cell death in the blood vessels [55]. 
CVD is the major cause of mortality, according to WHO re-
port [56]. Global estimations revealed that, it is responsible for 
17.5 million deaths in 2012 and representing 31% of all global 
deaths [57]. Nutrition plays important role in the management 
and prevention of CVDs [58]. Genes responsible for the me-
tabolism and biosynthesis of lipids includes Arachidonate 5-
lipoxygenase (ALOX5), fatty acid synthase (FASN), apolipo-
protein E (APOE), lipoprotein lipase (LPL), peroxisome pro-
liferator activated receptors (PPARs) etc, which can be modu-
lated in a protective manner by shift to a healthy diet [59]. 

4.2.1. Polyunsaturated Fatty Acids (PUFA) 

4.2.1.1. Apolipoprotein A

 Apolipoprotein (APOA1) is a 28.1 kDa protein, an impor-
tant component of high density lipoprotein (HDL) responsible 
for excretion from body [60]. This gene is used as a biomarker 
for prediction of CVDs like myocardial infarction [61]. There-
fore, clearance of HDL is important from plasma by intake of 
low fat content diet. PUFA plays a crucial role in modulating 
expression of factors playing important role in metabolism of 
carbohydrates and lipids. Studies (Table 3) have shown that 
intake of these essential fatty acids reduced the LDL- choles-
terol level in patients [62]. 

Table 2. Interaction between nutrient, gene and their functions in diabetes. 

Nutrients Gene Interactions Functions Reference(s) 

Flavonoids 

Irs    Irs2    Akt     Pdx1    Foxo1 
Viability of � islets and Secretion of

insulin 
[37] 

EGCG

L-cpt1   Ddit3     Cdkn1a    Ppp1r15a � cell morphology, Insulin secretion [38] 

Naringin and Hesperidin Gk     Glut 4 Decrease hyperglycemia [39] 

Anthocyanin 
PEPCK    G6Pase 

Ppar�     L-Cpt-1   Glut4    Aco 
Decrease hyperglycemia and 

hyperinsulemia 
[40] 

Quercetin 
Cdkn 1a    NOS 2 Increase cell proliferation (liver and

pancreas) 
[41] 

Vitamins 

Vitamin D IL-1    IL-15    IP-10 Decreases insulitis [42] 

Biotin 
Foxa2    Hnf-4�    Cacna1d   Acac   Pdx1   Gk and Calcium 

channels 
Increases insulin secretion and islet 

function 
[43] 

Fats 

Riboflavin IL-6 Decrease inflammation [44] 

Palmitate Ins    PDX-1    Mafa Decrease insulin secretion [45] 

Glut 4 Decrease blood glucose, [46] 
�- Lipoic acid 

Gk   Frk   Phox   G6PC2 Protection against T2DM [47] 
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4.2.1.2. Lipoxygenase

 Lipoxygenase or arachidonate 5-lipoxigenase (5-LOX) 
gene is an important enzyme that regulates synthesis of leu-
kotrienes and inflammatory cytokines and chemokines. [63]. 
Its expression level is enhanced in case of atherosclerotic 
lesions, thereby mobilizing more inflammatory cells. Studies 
on APOE-/- 5-LO-/- and LDLR-/- 5-LO-/- mice models re-
vealed the role of 5-LOX as a candidate gene in the progres-
sion of atherosclerosis [64]. Omega-3 PUFA diet is shown to 
nullify release of leukotrienes production by affecting ei-
cosanoid biosynthesis [65]. In vivo studies revealed that 
omega -3 fatty acids provided protection to mice model of 
retinopathy owing to oxidation of 4-hydroxy-
docosahexaenoic acid (4-HDHA), which inhibits angiogene-
sis by directly acting on PPAR-� and endothelial cell prolif-
eration [66] (Table 3). 
4.2.1.3. Endothelial Nitric Oxide Synthase (eNOS)

 Endothelial nitric oxide synthase functions in generating 
nitric oxide (NO) from L- arginine in blood vessels. NO dif-
fusion to vascular smooth cells dilutes blood cells by stimu-
lating guanylyl cyclase receptor and increasing concentration 
of cGMP. It also acts as an inhibitor of leukotrienes and 
platelet aggregation, which help in reduction of risk of adhe-
sion of white blood cells and atherosclerosis. It was reported 
that increased eNOS expression associated with production 
of H2O2 and caused endothelial dysfunction, which leads to 
CVD [67]. 
 L-arginine found to have beneficial effect in hypercholes-
terolemia in animals as well as humans [68]. n-3 PUFAs 
improve eNOS expression leading to vasorelaxation, and 
also lowers circulating markers like E-selectin, inter-cellular 
(ICAM-1) and vascular cell adhesion molecule-1 (VCAMs-
11) [69] (Table 3). 

4.2.1.4. Peroxisome Proliferator Activated Receptors
(PPARs)

 PPARs belong to nuclear receptor proteins, playing im-
portant role in cellular metabolism and development. It con-
sists of 3 isoforms, PPAR-�, PPAR-�/�, and PPAR-� with 
variation in tissue distribution [70]. PPARs can be activated 
by long chain fatty acids or thiazolidinedione’s (PPAR-�)
ligand. FIELD (Fenofibrate Intervention and Event Lower-
ing in Diabetes) investigation revealed that PPAR-� activat-
ing drugs showed reduction in CVD along with myocardial 
infarction [71]. The possible mechanism under is reduction 
possibly by infiltration of macrophages at the site of plaque 
formation and production of pro-inflammatory mediators 
(IL-6, IFN-�, C-reactive proteins etc.) [72]. PPAR-�/� sug-
gested to activate fatty acid oxidation in heart and muscle. It 
also increases HDL cholesterol, thereby decreasing fat de-
posits and help in management of CVD [73, 74]. PPAR-�
agonists showed beneficial effect by activating PPAR-�, re-
sulting in decline of matrix metalloproteinase 9, CD 40, 
plasma IL-6, IL-8 etc [75]. PUFA regulates gene expression 
either through generation of alternative ligand or by altering 
membrane fluidity [76]. The discussed results are clearly 
suggestive that depending upon individual makeup or geno-
type, dietary intervention can be used to treat or manage 
CVD (Table 3). 

4.2.2. Cholesterol and Expression of VCAM-1 

 Vascular cell adhesion molecule-1 (VCAM-1) play sig-
nificant role in endothelium and leukocytes interaction. 
Atherosclerosis onset binds monocytes and T lymphocytes 
by VCAM-1, which leads to plaque formation [77]. How-
ever, oxidized lipids required for VCAM-1 expression are 
induced through inflammatory pathway that involves pro-
inflammatory cytokines such as tumor necrosis factor- �
(TNF-�) and interleukin-1 (IL-1) [78] (Table 3). 

Table 3. Interaction between nutrient, gene and their functions in CVD. 

Nutrients Genes Function References 

APOA1 Excretion of fats [60] 

Regulates inflammatory cytokines and leukotrienes [53] 5-LOX 

Proliferation of PPAR-� and endothelial cells [66] 

Reduces atherosclerosis [67] eNOS 

Down regulates VCAMs-1, ICAM-1 and E selectin [69] 

Reduction in macrophages Infiltration and production of pro-inflammatory 
cytokines(IL-6, IFN-�, C- reactive protein) 

[72] 

PUFA(Omega 3 fatty 
acids and Omega 6 fatty 
acids) 

PPAR(�,�/�,�)

Increase HDL cholesterol [73, 74] 

iNOS 

TNF�

ICAM-1, VCAM-1,E 
selectin 

Isoflavones (Diadzen, 
Genistein and Glycitein) 

COX 2 

Antiatherogenic effect [80-83] 
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4.2.3. Isoflavones Interventions in the Progression of CVD 

 Isoflavones constitute a subclass of the flavonoids having 
antioxidant properties. Diadzen, genistein and glycitein 
forms of the isoflavones reported to modulate expression of 
pro-inflammatory cytokines, including improvement in vas-
cular reactivity and inhibition of platelet aggregation [79]. 
These compounds regulates the expression of various bio-
markers like inducible nitric oxide synthase (iNOS), in-
flammatory cytokines (e.g. TNF-�), cell adhesion molecules 
(e.g. VCAM-1, ICAM-1, E-selectin) and cyclooxygenase-2 
[80, 83] (Table 3). 

4.3. Diet and Inflammation 

 Nutritional composition of diet systems are known to 
affect the inflammatory process as a result of immune re-
sponse modulation either by alteration of gene expression or 
interfering into the signaling cascade. Inflammation is a bio-
logical response of human body against any invasion or inju-
ries, which may be acute (self-healing, short term) or chronic 
(required medication, long term). Later inflammation type 
can last for years and in due course lead to several diseases 
like some cancers, intestinal allergies, atherosclerosis etc. In 
a recent study, researchers have found that nutrients and cer-
tain food items influence inflammation [84]. Inflammatory 
process is regulated by immune system, in which several 
immunological mediators plays significant role [85]. 

Curcuma longa (turmeric) well known golden spice has 
long been in use as Ayurvedic medicine against inflammatory 
conditions. It contains number of bioactive compounds, how-
ever, ‘curcumin’ is a major metabolites that accounts for nu-
merous pharmacological activities i.e. antioxidant, antimicro-
bial and strong antiinflammatory properties. Evidences are 
available that advocate curcumin as a highly pleiotropic mole-
cule, capable of interacting with molecular targets of inflam-
mation. It was reported to be a highly potential therapeutic 
agent not only for inflammatory conditions, but also in certain 
types of cancers [86]. In rat animal model, curcumin was 
shown to have a preventive and therapeutic effect in gastric 
ulcer disease by acting as a strong inhibitor of H+, 
K+-ATPase activity. It downregulated the acetylation of his-
tone H3, thereby inhibiting the transcription and expression of 
H+, K+-ATPase gene [87]. Curcumin strongly inhibits the 
expression of LPS-induced inflammatory mediators along 
with IL-6, TNF-� and COX-2 mRNAs in macrophages via 
modulating the expression of cytokine signaling-1(SOCS-1 
and 3) and p38 MAPKsuppressors. Further amendment of 
nuclear translocation prevents the inhibition of LPS-induced 
SOCS-1 and -3 expressions and activation of p38 MAPK 
kinase [88]. Recent in vitro, in vivo and human clinical inves-
tigation on curcumin (diferyloylmethane) orally bioavailability 
and safety revealed that it inhibits TNF-� action and its pro-
duction [89]. Curcumin also showed promising role in the 
prevention of Helicobacter pylori induced inflammation. H. 
pylori infection activates a sequence of gastric alterations with 
induction of gastric mucosa inflammation, which some time 
may evolves to gastric cancer. Curcumin exerted a significant 
antiinflammatory effect and even attenuate inflammation 
process by amending the expression of toll-like receptors 
(TLRs) and myeloid differentiation primary response gene 88 
(MyD88) [90]. It is a promising example of nutritional ap-
proach in the prevention of H. pylori induced inflammation. 
Vitamin A supplementation proved beneficial against number 

of inflammatory conditions including various skin related dis-
orders and various precancerous as well as cancerous states 
[91]. Retinoid, a derivative of vitamin A, is known to inhibit 
neoplasm and improve immune system. Owing to retinoic acid 
treatment, a significant increase in expressions of toll-like re-
ceptor 4 (TLR4) gene with decreased level of IL-1b � in 
mammary gland and NF-kappa B DNA binding activity was 
observed in lipopolysaccharide (LPS) induced mastitis rat 
model and mammary epithelial primary cell cultures [92]. It 
was deduced from the results that retinoic acid due to suppres-
sion of TLR4/NF-kappa B signaling attenuated the LPS in-
duced inflammatory response. 
 Several evidences are available exhibiting inflamma-
tion’s role in CVDs or atherogenesis. Vitamin E and its iso-
forms have potent antioxidant and antiinflammatory proper-
ties. Tocopherol (��T) supplementation found responsible for 
decreasing C�reactive protein (CRP), IL�8 and plasminogen 
activator inhibitor-1 (PAI�1) levels in human and animal 
subjects. Isoform ��T was effective in decreasing reactive 
nitrogen species and also appear to have antiinflammatory 
properties [93]. In vivo studies using experimental mice 
demonstrated sesame oil (sesamol as an active ingredient) 
application as an alternative treatment to atherosclerosis. 
Sesame oil diet significantly reduced atherosclerotic condi-
tions, plasma cholesterol, LDL cholesterol and triglyceride 
levels in LDLR-/- mice models. Significant reduction of 
plasma inflammatory cytokines such as IL-6, IL-1�, regu-
lated on activation, normal T cell expressed and secreted  
(RANTES), monocyte chemo attractant protein-1 (MCP-1), 
and chemokine (C-X-C motif) ligand 16 (CXCL-16) were, 
suggestive of its antiinflammatory properties. Gene array 
studies also revealed that sesame oil was able to induce 
ATP-binding cassette transporter (ABCA1 and ABCA2), 
lecithin- cholesterol acyltransferase (LCAT), APOE, and 
cholesterol 7��hydroxylase (CYP7A1) genes, which are in-
volved in cholesterol metabolism and reverse cholesterol 
transport [94]. Although Vitamin B6 deficiency is not very 
common, however in certain population it can increases the 
risk of inflammation-related diseases [95]. Pyridoxal-5-
phosphate (PLP), a bioactive derivative of vitamin B6 serves 
as a cofactor to numerous biochemical reactions. Plasma 
concentrations of PLP found inversely related to C-reactive 
proteins, which is a inflammation markers, and low PLP 
associated with inflammatory conditions like inflammatory 
bowel disease (IBD). Low as well as high PLP plasma con-
centration found significantly associated with suppression of 
colon specific molecular inflammation (TNF�, IL-6, IFN-�,
COX-2 and iNOS expression) and histological markers. 
Therefore, vitamin B6 supplementation suggested to be an 
additional means of IBD management [96] (Table 4). 

5. DIETARY INTERVENTIONS IN MANAGEMENT 
OF LIFE-STYLE ASSOCIATE METABOLIC DIS-
EASES 

 In recent time, there is more interest in nutrigenomics 
research to understand the effects of nutritious food and 
medication on metabolic disorders associated with lifestyle 
transition. Dietary interventions are supposed to play essential 
role in maintenance of individual’s well being and 
transforming immunity. In this section, an effort has been 
made to recapitulate the beneficial effects of food supplements 
in prevention or management of life-style associated diseases. 
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5.1. Functional Foods 

 Health and nutrition are at forefront of scientific commu-
nity owing to their interactive revelation with diseases, 
which paved the way towards development of health promot-
ing food prototype (s). According to ‘The Institute of Medi-
cine's Food and Nutrition Board’ - Functional food is any 
food or food component that may provide a health benefit 
beyond the traditional nutrients it contains. Plant derived 
functional foods such as flavonoids, omega-3-fatty acids, 
dietary fibres, antioxidant vitamins, proteins, amino acids 
and prebiotics etc. found useful in managing diseases related 
to lifestyle e.g. congestive heart failure, arrhythmias, hyper-
tension, angina and hyperlipidemias [97]. The information 
pertaining to various plant derived functional foods with 
their possible role in prevention and treatment of CVDs and 
diabetes is tabulated (Table 5) for precise documentation 
[98-111]. Curcumin, a dietary flavonoid, exhibited antiadi-
pogenic role in human and murine pre-adipocytes [112]. 
Ciardi and his coworkers found that adipocytes incubated 
with curcumin showed a dose-dependent decrease in leptin 
and lipopolysaccharide induced IL-6 secretion [113]. Cur-
cumin was found to reduce hyperglycemia and improved 
insulin sensitivity in T2DM induced male Sprague Dawley 
rats, along with concurrently reduction in the level of TNF-�
[114]. Oral administration of Trigonella foenum graecum 
seed extract to streptozotocin-induced diabetic rats showed 
low blood glucose level, total cholesterol, triglycerides, 
while increase in HDL cholesterol in a dose-dependent man-
ner [115]. The hypoglycemic property of Trigonella foenum 
graecum (fenugreek) seed powder is mainly exerted by its 
bioactive components such as 4- hydroxyisoleucine (amino 
acid) and steroid saponin trigonelline. A clinical trial con-
sists of T2DM infested 24 adults was conducted using hot 
water soaked fenugreek seeds for eight weeks [116]. The 
results revealed significant decrease in the fasting blood 
sugar, triglycerides and very low density lipoproteins 
(VLDLs). Another nine week human clinical trial, which 
included 56 healthy men and women, was conducted to 
evaluate the effect of soy protein (25 g/d) with varied isofla-
vones concentration. Authors observed dose-dependent re-

duction in total and low density lipoprotein cholesterol lev-
els, but did not showed any effect on the concentration of 
HDL and triglycerides [117]. In addition to natural health-
promoting functional ingredients of plant origin, various 
bioactive components in animal products also have positive 
role in management of lifestyle related disorders. Likewise 
omega-3 fatty acids (docosahexaenoic and eicosapentaenoic 
acid) derived from fish oil play vital role in number of ail-
ments, primarily cancer and CVD [118, 119]. A conjugated 
fatty acid i.e. linoleic acid (mixture of isomers of linoleic 
acid) isolated from grilled beef was found to possess anticar-
cinogenic activity [120]. Conjugated linoleic acid (CLA) 
supplements also reported to possess strong antiobesitic and 
hypolipidemic effects. Linoleic acid treatment found to raise 
body protein concentration, while concomitantly decreased 
the body fat [121, 122]. In vivo studies suggest that CLA 
supplementation enhances lipolysis in adipocytes, whereas 
reduced the fat deposition [123]. Probiotics are well known 
health promoting fermented food products. Reports are 
available that demonstrated hypocholesterolemic effect of 
Lactobacillus acidophilus by inhibiting 3-hydroxy-3-
methylglutaryl CoA reductase activity, a key enzyme of cho-
lesterol biosynthesis [124, 125]. Few clinical studies show-
ing the effect of different functional food components on life 
style associated diseases are tabulated (Table 6) [126-135]. 

5.2. Nutraceuticals 

 Past few decades has witnessed tremendous improvement 
in lifestyle of human kind, however, with some new friends 
in the form of `lifestyle associated metabolic diseases. Erro-
neous food habits suspected to be prime accused in nutri-
tional debacle that led to present state of health. Nutraceuti-
cal, term was coined by Stephen DeFelice in 1989, who de-
scribed it as “any substance that is a food or a part of food 
provides medical or health benefits, including the prevention 
and treatment of disease”[136]. The major cluster of nu-
traceuticals includes dietary phytochemicals such as antioxi-
dant flavonoids, phytoestrogens, glycosinolates, dietary fibre 
and carotenoids. Dietary phytochemicals are naturally occur-
ring bioactive plant derived compounds e.g. anthocyanins in

Table 4. Interaction between nutrient, gene and their functions in inflammation. 

Nutrient Genes Functions References 

      H+, K+- ATPase Prevents from gastric ulcers [87] 

      IL-6 ,TNF-�, COX2 

      SOCS1-3 ,p38MAPK 

Reduces inflammation 
Modulates nuclear translocation 

[88] 

Curcumin 

      TLRs & MyD88 Antiinflammatory effect in Helicobacter pylori
infection 

[90] 

Retinoic Acid       TLR4/NF-kappa B Reduce inflammation in mastitis [92] 

Vitamin E       CRP, IL-8, PAI�1 Artherosclerosis [93] 

      MCP-1, RANTES, IL-1�, IL-6, and CXCL-16 Reduce artheroslerosis lesions Sesamol 

      ABCA1, ABCA2, APO2,APOE,LCAY, CYP7AI Metabolism of cholesterol and its transport 

[94] 

Vitamin B6       TNF�, IL-6, IFN-�, COX-2 and iNOS Management of inflammatory bowel diseases [96] 



270 Current Genomics, 2016, Vol. 17, No. 3 Rana et al.

Table 5. Potential of functional foods in life style associated diseases. 

S. No Functional Foods Active Component Potential Mechanism of Action References 

1 Green Tea Catechins Prevent both obesity and obesity-induced T2DM [98] 

2 Flaxseed Lignans LDL, total cholesterol and lipoprotein were reduced [99] 

3 Fenugreek Saponins 
Lowers lipid peroxidation and increase the antioxidant 

level. 
[100] 

4. Banaba leaves extract Corosolic acid, ellagitannins 
Antihyperglycemic(decrease fasting as well as postprandial 

blood glucose levels in humans) and antiobesity effect 
[101] 

5 Soy proteins 
Phytoestrogens, Genistein and 

Daidzein 
Lower blood cholesterol, reduces lipid peroxidation, 

antioxidant potential, 
[102] 

6. Grapes and its products 
Anthocyanidin, Flavan-3-ols, 

Flavonols 
Shows hypotensive, 

hypolipidaemic and antiatherosclerotic effects 
[103] 

7 Dark chocolate Flavanols 
Decrease blood pressure, decreases serum LDL cholesterol, 

improves flow-mediated dilation 
[104] 

9. 
Red wine, Berries, Peers, 

Apples 
Proanthocyanidins 

Antioxidant effects and inhibition of LDL oxidation, inhi-
bition of the inflammatory response in atherosclerosis, 

improvement of endothelial function 
[105] 

10. Fruits and vegetables Dietary fibre 
Reduces fasting blood glucose and also affects glycosylated 

hemoglobin 
[106] 

11. Stevia rebaudina Stevioside 
Reduces postprandial blood glucose levels in Type 2 Dia-

betes Mellitus patients 
[107] 

12. Curcuma longa Curcumin Possess antidiabetic activity [108, 109] 

13. Allii cepae Bulbus 
Allyl propyl disulfide and S-

methyl cysteine sulfoxide 
Antidiabetic and antihyperlipidemic effect [110, 111] 

Table 6. Clinical trials showing effect of functional food components on life style associated diseases. 

Extract/Compound Study Period Experiment Design Total Dosing Effects Year Reference 

Apple juice 
Healthy men 
and women 

6 weeks 
Unblinded, random-

ized, crossover 
design 

375 ml of apple juice or 
340 g of whole apple 

Decrease in plasma low-
density lipoprotein oxida-

tion 
2000 [126] 

Omega-3 fatty acids 
[DHA and EPA] 

Dyslipidemic 
subjects 
(n=38) 

7 weeks 
Parallel, double-

blind trial 
3 gm EPA/d (n = 12), 
3 gm DHA/d (n = 12) 

Increases systemic arterial 
compliance, Lowers   total 
plasma and VLDL triacyl-

glycerol 

2002 [127] 

Cocoa (Flavanol) CAD (n =40) 6-week 
Randomized dou-
ble-blind placebo-

controlled 

Flavanol-rich chocolate 
bar (flavanols 444 

mg/day) or placebos 
total flavanols, 19.6 

mg/day 

Brachial artery FMD 
(flow-mediated dilation) 
and SAC (systemic arte-

rial compliance) were 
assessed 

2006 [128] 

Black tea 

Patients with 
mild serum 

cholesterol or 
triglycerites 

elevation 
(n=21) 

28 days 
Randomized con-
trolled parallel de-

sign 

5 cups per day of black 
tea 

Improve vasodilator func-
tion in conduit arteries. 2002 [129] 

Soy protein (isofla-
vones) 

Healthy vol-
unteers (n= 

156) 
9 weeks 

Double blind ran-
domized parallel 

trial 

3, 27, 37, or 62mg 
isoflavones 

Lower total and LDL 
cholesterol level 

1999 [117] 
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(Table 6) contd…. 

Extract/Compound Study Period Experiment Design Total Dosing Effects Year Reference 

Trigonella foenum 
graecum seeds 

Type 2 dia-
betic patients 

(n=25) 

2 
months 

Double blind pla-
cebo controlled 

1 gm/day extract of 
fenugreek seeds 

Increase in HDL choles-
terol and decrease in se-

rum triglycerides 
2001 [130] 

Hazelnut 
Hypercholes-
terolemic men 

(n=15) 
8-week - MUFA-rich hazelnut 

(40 g/day) 

Reduction in VLDL 
cholesterol, 

triacylglycerol, 
apolipoprotein B and 
increase in HDL, To-

tal/HDL and LDL/HDL 
cholesterol ratios 

2007 [131] 

Cinnamon 
Type 2 dia-

betic patients 
(n=60) 

40 days - Cinnamon dose 1, 3, 6 
g/day 

Decrease in serum glu-
cose, triglyceride, LDL 
and total cholesterol in 
T2D diabetic people 

2003 [132] 

L-arginine 

Patients with 
moderate and 
severe heart 

failure (n=15) 

6 weeks 
Double-blind, pla-

cebo-controlled 
study 

6 to 12.6 g/d 

Increase peripheral blood 
flow in patients with mod-
erate to severe heart fail-

ure 

1996 [133] 

Stevioside 
Type 2 dia-

betic patients 
(n=12) 

- Paired cross-over 
study 

Meal supplemented 
with 1 g of stevioside 
or 1 g of maize starch 

(control) 

Reduces postprandial 
blood glucose levels in 
T2D diabetic patients 

2004 [134] 

Probiotics 
Type 2 dia-

betic patients 
(n=120) 

26 
weeks 

Randomized, dou-
ble-blind, placebo-

controlled trial 

2 g freeze-dried powder 
of the probiotics 

Improves gut microbiota 
in T2DM, and also alters 

the levels of systemic 
endotoxin in systemic 

inflammatory condition 

2013 [135] 

 

blueberries, flavanols in green tea, lycopene in tomatoes, and 
resveratrol in grape seeds that have a positive effect on hu-
man health. Flavonoids exhibited inverse relationship be-
tween its dietary ingestion and risk of both diabetes as well 
as CVDs [137, 138]. The possible mechanism of dietary fla-
vonoids in prevention and/or treatment of CVDs and diabe-
tes is depicted in figure (Fig. 2). Green tea flavanol, epigal-
locatechin-3-O-gallate (EGCG), lowered the VCAM-1 and 
ICAM1 genes expression by inhibiting the protein and 
mRNA in human umbilical vein endothelial cells (HUVEC) 
induced by angiotensin II in concentration dependent manner 
(10 to 50 �M) [139]. Later, a significant relation was found 
with consumption of flavan-3-ols in lowering risk of coro-
nary heart disease mortality [140]. Dihydrochalcone, phlo-
ridzin also demonstrated to have role in management of 
postprandial hyperglycemia. Dihydrochalcone fed at differ-
ent oral doses (5, 10, 20 and 40 mg/kg body weight) reported 
to reduce blood glucose levels and improve dyslipidemia in 
streptozotocin-induced diabetic rat [141]. In another study, 
results showed that quercetin (0.08%) supplemented diet 
provided for 6 weeks to T2DM mice raised HDL-
cholesterol, while lowered the total cholesterol. Dietary 
quercetin supplementation also reported to lower the in-
creased activitiy of superoxide dismutase (SOD), catalase 
(CAT) and glutathione peroxidase (GSH-Px) antioxidant 
enzymes in liver tissue [142]. Besides reducing liver fat ac-
cumulation in mice fed on western diet, quercetin supple-
mentation also report to improve hyperglycemia, hyperinsu-
linemia and dyslipidemia by reducing the expression of 

PPAR-� [143]. In different study, addition of naringenin-7-
O-glucoside in dose dependent manner (10, 20 and 40 �M) 
showed significant improvement in proliferation of rat car-
diac H9C2 cell line [144]. The proliferation of cells attrib-
uted to increased expression of caspase-3 and caspase-9 
mRNA along with elevated HO-1 mRNA expression. Poly-
phenols present in lemon such as flavanone showed protec-
tive effects against high-fat diet-induced obesity in mice 
model. Diet of obese mice supplemented with lemon poly-
phenols (eriocitrin, hesperidin and naringin etc.) found to 
increase the expression level of PPARs, and acyl-CoA oxi-
dase, and also showed reduction in body weight [145]. Re-
sults revealed that the supplemented diet improved insulin 
resistance in experimental animal models by adjusting serum 
insulin and glucose level. Oral administration of citrus poly-
phenol hesperidin (500 mg/d) for three weeks to volunteers 
(n=24) with metabolic syndrome in a randomized, placebo-
controlled, double-blind, crossover trial found to improve 
endothelial dysfunction, while reduced the activities of circu-
lating inflammatory biomarkers such as C-reactive protein, 
serum amyloid A protein and soluble E-selectin [146]. It was 
concluded from these results that citrus polyphenol ingestion 
had vasculoprotective actions, which might highlight its 
positive cardiovascular effects. Oral administration of hes-
peridin and naringin (50 mg/kg body weight) for 30 days to 
high fat fed streptozotocin induced T2DM rats showed anti-
hyperglycemic and antidyslipidemic effects [147]. The ex-
perimental animal showed improved level of glucose and 
serum enzymes (aspartate aminotransferase, lactate dehydro-
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genase and creatine kinase), while serum insulin and muscle 
glycogen content were decreased. Hence, in addition to nu-
trient supply, nutraceutical also possess potential to manage 
and/or prevent nutrition-linked diseases. 

5.3. Dietary Supplements (DS) 

 Dietary supplements are the products intended to sup-
plement human diet and not anticipated to prevent any dis-
ease. DS are available in the form of pills, capsules, tablets 
and used to meet requirement of specific nutrient, fitness, 
optimum physical health or improve overall well-being 
health [148]. Generally the DS contain biologically active 
crude or purified primary or secondary metabolites. How-
ever, DS can be categorized depending upon constituent or 
health application e.g. vitamin supplements, dietary fiber 
supplement and mineral supplements, and supplements for 
weight-loss, colds, ageing population, brain, bone health, 
immune system, heart health, gastrointestinal health etc.
[149]. A clinical study conducted on around 40,000 male 
volunteers 40-75 years aged suggested that vitamin E helps 
in reduction of coronary heart disease (CHD) risk. Results 
also revealed that dietary supplementation of � 60 vitamin E 
IU/d lowers the CHD damage by 36% than men those con-
sumed � 7.5 IU/d [150]. These findings get supported by 
another study, which involved 87,245 female nurses. The 
data showed that vitamin E supplementation for � 2 years of 
the subjects resulted in reduction of coronary disease damage 
up to 41% [151]. In addition, oral ingestion of arginine (a 

nonessential amino acid) showed protective effect against 
cardiovascular diseases. In a clinical study, 15 subjects were 
given arginine hydrochloride supplementation at varied con-
centration (6 to 12.6 g/d) for 6 weeks and results showed 
significantly higher blood flow (from 5.1±2.8 to 6.6±3.4 
mL/min/dL) in forearm [152]. Obesity is one of the leading 
health issues in present scenario and it is directly related to 
other health disorders such as T2DM, hypertension and heart 
diseases. Secondary metabolites like flavonoids, hydroxy-
citric acid, conjugated linoleic acid, pyruvate etc. are found 
as an active ingredient in weight-loss supplements to im-
prove fat and carbohydrate metabolism [153]. However, 
these compounds are also linked to diabetes. High-fat diet 
supplemented with luteolin (0.002 and 0.01%) given to male 
C57BL/6 mice for 12 week, not only able to suppress the 
induced body weight gain, but also improved glucose intol-
erance and insulin sensitivity [154]. A pilot study carried out 
on 13 T1DM subjects showed that daily omega-3-fatty acid 
diet supplementation (5.4 gm of eicosapentaenoic and 2.3 g 
of docosahexaenoic acid) for 4 week, decreased the level of 
blood glucose, triglycerides and HDL cholesterol [155]. 
Also, cocoa polyphenols reported to possess protective effect 
in management of cardiovascular and inflammatory diseases. 
Meta analysis revealed that cocoa supplements given to 173 
hypertensive subjects for 2 weeks significantly reduced 
blood pressure [156]. In another study, subjects with T2DM 
given cocoa phenolic rich chocolate, showed elevated level 
of HDL cholesterol, and decreased total cholesterol and HDL 

Fig. (2). Atheroprotective and antidiabetic activity of dietary flavonoids.
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ratio [157]. The data reported on EGCG supplementation 
diet fed to pathologically altered islets revealed prevention of 
T2DM and instead showed that modified diet increased the 
size and number of islets in db/db mice [158]. The study 
performed to evaluate the effect of probiotics (dose of 200 
mL @ 4 � 108 CFU/100 mL concentration symbiotic cul-
tures of Lactobacillus acidophilus and Bifidobacterium bifi-
dum) in T2DM patient’s demonstrated decrease in total cho-
lesterol and triglycerides as well as HDL cholesterol level 
[159]. A randomized, double-blind, controlled clinical study 
was conducted to evaluate the effect of probiotic yogurt 
(given Lactobacillus acidophilus La5 and Bifidobacterium 
lactis Bb12; 300 g/d for 6 weeks) in T2DM patients. The 
information generated revealed that supplementation resulted 
in decreased levels of fasting glucose and HbA1c, though 
antioxidant activity, erythrocyte SOD and GSH-Px activities 
found to increase [160]. In vivo study involving male albino 
Wistar rat, fed on high fructose diet supplemented with 
‘dahi’(milk based food), showed improvement in blood glu-
cose level, dyslipidemia, oxidative damage and insulin secre-
tion. Thus, advocating ‘dahi’ (milk fermented by mixed cul-
tures of L. acidophilus, L. casei and L. lactis) as probiotic 
supplement in management of T2DM disease [161]. 
 The above discussed observations from various epidemi-
ological studies clearly supports the notion that functional 
food/nutraceutical/dietary supplements can be a part of a 
dietary interventions based on nutrigenomics in management 
of life style related metabolic human health complications, 
especially CVDs, diabetes and inflammation.  

6. ETHICAL AND REGULATORY ISSUES 

 Similar to pharmacogenomics, nutrigenomics also ex-
pected to demonstrate proof of concept prior to become a 
reality. A diverse opinion regarding the disease claims exists 
owing to predictive nature of nutritional genomics studies 
[162-164]. Hence, reservations concerning outcomes or 
products of nutrigenomic are obvious with respect to their 
acceptability across region, ethnicity, age-group, gender etc. 
[165]. The regulatory guidelines about offering of nutrige-
nomic products and services by public or private means or 
through health practitioner are also an issue of intense debate 
[166]. Health benefits of food constituents, dietary supple-
ments, functional food or even nutraceuticals depends upon
individual’s genetic variation and life style environment 
against particular disease [167]. In present case also, phar-
macogenomics model can be look upto, where human volun-
teers are being employed to answer pertinent scientific que-
ries thorough long term clinical trials [168]. Now, it is well 
established that primary and/or secondary metabolites pre-
sent in food have profound effects on individual’s genetic 
profile, thereby influencing the phenotype [165]. The ethical 
guidelines that are established for conventional nutritional 
research can be followed in nutrigenomics, as it also involve 
human model for collection of sample or information from 
such model [169]. However, the twist in nutrigenomics lies 
with the type of data collected and information generated i.e. 
diet-gene interaction, genotypic characterization, reusability 
of stored data in biobanks, and sharing of such information 
across boundaries [170]. Hence, a different set of socio-
ethical guidelines and regulatory system may be needed to 

assess the nutrigenomics products. In response, NuGO was 
established by European Union (EU) with an aim to mobilize 
nutrigenomics studies and since 2010 looking for bigger role 
globally. It is an association of various institution engaged in 
nutritional genomics R&D activities across Europe. NuGO 
evolved from an EU Sixth Framework Network of Excel-
lence with a primary objective of formulating guidelines and 
procedures for conducting nutrigenomics studies [169]. The 
ethical guidelines were devised after deliberations among 
individual researchers, expert groups and organizations and 
summarized into four components i.e. revelation of experi-
ments to the volunteers, and their prior consent for participa-
tion; protection of participants against bigotry and misinter-
pretation of genotype data or information; preservation and 
maintenance of collected biological samples in repository 
with respect to genetic information and personal data of vol-
unteers; and finally access or exchange of participant’s sam-
ples or data for future R&D developments. 

 In addition, University of Montreal, Canada based OM-
ICS-ETHICS Research Group also looking into ethical is-
sues (such as ethnicity, age, regional specificity, gender, ex-
aggerated claims etc.) of studies including nutrigenomics, 
which apply ‘OMICS’ and related technologies. The empha-
size of this group is to establish evidence -based system that 
enable to validate socio- ethical issues in relation to omic 
technologies and study their feasibility to devise suitable 
guidelines for conducting R&D in the field of nutritional 
genomics [171]. 

CONCLUSION 

 Transition in dietary system & eating habits, availability 
of diversified food, improved living environment & work 
standard, easy lifestyle, increased economic status are some 
examples of present life style. No doubt that this shift has 
improved present human living standard by many-fold, but 
not without compromising their health status, as evident 
from staggering human mortality rate of past decade owned 
by non-communicable diseases. Fortunately, past few dec-
ades has also witnessed the revelation of human genome 
along with high-through put tools, which equipped nutri-
tional and medical science researchers to countenance the 
posed challenges. Nutrigenomics has not only raised expec-
tation of unhealthy population, but it also becomes popular 
among healthy people to utilize generated information for 
maintenance of present well being and devise future health 
plan through diet modification. The world over efforts re-
sulted in number of in vitro, in vivo and clinical studies, 
which raised expectation of general public of healthy living 
through dietary intervention. However, researchers need to 
maintain high standard of integrity and address these expec-
tation through a validated regulatory mechanism, supported 
by ethical perseverance. 
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