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Abstract

Rapid progress in human genome decoding has accelerated search for the role of gene polymorphisms in the pathogenesis of complex
multifactorial diseases. This review summarizes the results of recent studies on the associations of common gene variants with multifactorial
chronic conditions strongly affected by nutritional factors. Three main individual sections discuss genes related to energy homeostasis
regulation and obesity, cardiovascular disease (CVD), and cancer. It is evident that several major chronic diseases are closely related (often
through obesity) to deregulation of energy homeostasis. Multiple polymorphic genes encoding central and peripheral determinants of energy
intake and expenditure have been revealed over the past decade. Food intake control may be affected by polymorphisms in the genes
encoding taste receptors and a number of peripheral signaling peptides such as insulin, leptin, ghrelin, cholecystokinin, and corresponding
receptors. Polymorphic central regulators of energy intake include hypothalamic neuropeptide Y, agouti-related protein, melanocortin
pathway factors, CART (cocaine- and amphetamine-regulated transcript), some other neuropeptides, and receptors for these molecules.
Potentially important polymorphisms in the genes encoding energy expenditure modulators (alpha- and beta- adrenoceptors, uncoupling
proteins, and regulators of adipocyte growth and differentiation) are also discussed. CVD-related gene polymorphisms comprising those
involved in the pathogenesis of atherosclerosis, blood pressure regulation, hemostasis control, and homocysteine metabolism are considered
in a separate section with emphasis on multiple polymorphisms affecting lipid transport and metabolism and their interactions with diet.
Cancer-associated polymorphisms are discussed for groups of genes encoding enzymes of xenobiotic metabolism, DNA repair enzymes,
factors involved in the cell cycle control, hormonal regulation-associated proteins, enzymes related to DNA methylation through folate
metabolism, and angiogenesis-related factors.

There is an apparent progress in the field with hundreds of new gene polymorphisms discovered and characterized, however firm
evidence consistently linking them with pathogenesis of complex chronic diseases is still limited. Ways of improving the efficiency of
candidate gene approach-based studies are discussed in a short separate section. Successful unraveling of interaction between dietary factors,
polymorphisms, and pathogenesis of several multifactorial diseases is exemplified by studies of folate metabolism in relation to CVD and
cancer. It appears that several new directions emerge as targets of research on the role of genetic variation in relation to diet and complex
chronic diseases. Regulation of energy homeostasis is a fundamental problem insufficiently investigated in this context so far. Impacts of
genetic variation on systems controlling angiogenesis, inflammatory reactions, and cell growth and differentiation (comprising regulation
of the cell cycle, DNA repair, and DNA methylation) are also largely unknown and need thorough analysis. These goals can be achieved
by complex simultaneous analysis of multiple polymorphic genes controlling carefully defined and selected elements of relevant metabolic
and regulatory pathways in meticulously designed large-scale studies. © 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Recent rapid progress in the human genome sequence
determination [1,2] has opened plentiful opportunities for
investigating the relationship between numerous polymor-

phic gene variants present in human populations and their
impact in the pathogenesis of various pathologic conditions
[3-5]. Indisputable achievements have already been made
with the use of genetic linkage and positional cloning meth-
ods to discover gene mutations directly causing some rela-
tively rare monogenic (Mendelian) hereditary diseases such
as retinoblastoma, cystic fibrosis, familial adenomatous pol-
yposis (FAP) and a number of others [6]. It is, however,
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evident that this approach, really powerful for diseases en-
gendered by a single causative genetic factor, fails when
applied to disorders with complex multifactorial pathogen-
esis involving strong environmental component [4,6].

The distinctive feature of diseases with multifactorial
pathogenesis is the absence of a single specific causative
agent (eg. infection, toxin or highly penetrant germ-line
mutation), elimination of which is able to prevent or stop
pathologic process development (Fig. 1). It appears that
complex interactions of multiple internal and external fac-
tors determine probability of developing multifactorial dis-
eases. Individual genetic background, which can be defined
as a unique combination of common variants of thousands
of polymorphic genes governing metabolic pathways and
regulatory systems at different levels, interacts with numer-
ous environmental influences. Diet occupies a special place
among these external influences affecting human health.
Being an indispensable everyday factor, it is believed to be
among the most important risk modulators for several major
diseases with multifactorial pathogenesis. Complexity of

these diseases makes it impossible to assess impacts of all
possible contributing factors. In terms of investigating ge-
netic components of their pathogenesis it means that some
polymorphic genes, products of which are most likely to be
involved in the disease development, are selected and ana-
lyzed as “candidates”. Most of the information on the in-
volvement of polymorphic gene variants in chronic multi-
factorial diseases comes from studies based on investigating
associations of certain “candidate gene” variants with dis-
ease incidence or manifestations. The present review will be
focused upon interactions of genetic background and diet
with regard to the development of such life-threatening
chronic conditions as cardiovascular disease (CVD) [7-9]
and cancer [10-12] that are responsible for the majority of
deaths in developed Western countries. The nature of these
interactions is, indeed, very complex, and its investigation,
and especially unbiased interpretation of the results is ex-
tremely difficult. Nevertheless there is a considerable body
of published data that can already be critically analyzed at
the present level of our knowledge.

Fig. 1. Schematic comparison of monocausative and complex multifactorial conditions. Monocausative conditions always require a single causative agent
(X) determining ethiology of the disease. Additional pathogenetic factors (a, b, c... p, q, r...) can modify pathogenesis and clinical manifestations of the
condition in a favorable or unfavorable way, however their role is not obligatory. There is no chance to induce the condition by any combination of additionnal
pathogenetic factors in the absence of the main agent. Complex multifactorial conditions are believed to result from combined effects of multiple
ethiopathogenetic factors (A, B, C, D, E... P, Q, R, S, T...) acting simultaneously in different combinations. Presumably the disease can develop only after
certain “critical mass” of unfavourable factors/effects (often including failure of protective mechanisms) has accumulated (different pathogenetic patterns
involving at least four factors in the scheme). Given our incomplete knowledge of the mechanisms of complex multifactorial diseases, the idea of a possibility
of the existence of yet unknown causative agents (X?) cannot be completely dismissed.
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2. Energy balance regulation, deregulation, and
obesity: a diet-related pathway to the development of
chronic diseases. Role of gene polymorphisms

In the developed Western countries obesity is certainly
the commonest nutrition-related disorder. Being a serious
independent health problem, obesity is also believed to be
the core element of a group of metabolic abnormalities that
has recently been defined as metabolic syndrome, which
also commonly includes insulin resistance and hyperinsu-
linemia, hypertension, impaired glucose tolerance, and non-
insulin-dependent diabetes mellitus [13]. It is generally ac-
cepted that obesity and associated metabolic anomalies
dramatically increase risk of developing a variety of chronic
diseases including CVD and cancer [14-16].

Diet is the crucial environmental factor in the develop-
ment of obesity. Overeating in combination with low phys-
ical activity is the main cause of the obesity epidemic
rapidly spreading in the modern world [14]. It is, however,
clear that individual susceptibility to obesity strongly de-
pends on the genetically determined patterns of energy
balance regulation. Therefore it is important to start consid-
eration of the problem of gene-nutrient interactions from its

key point of genetic control of mechanisms regulating hu-
man food intake and energy homeostasis.

2.1. Genes encoding factors regulating food/energy intake

Basic mechanisms governing food intake involve ex-
tremely complex cooperation of peripheral signaling mech-
anisms and central nervous system that integrates informa-
tion flows generated by multiple feedback loops monitoring
blood levels of certain nutrients, signals from chemo- and
mechanoreceptors of gastrointestinal tract, and responds
preserving adequate balance between energy intake and
expenditure [17]. Fig. 2 presents a simplified scheme of
these regulatory mechanisms. It should be noted that regu-
lation of energy intake in humans is strongly affected by
numerous psychosocial phenomena ranging from simple
taste differences (food preferences) [18] to religious cus-
toms and social influences [19]. For this reason human
obesity that is often caused by regular deliberate overeating
can be regarded both as a (patho-)physioliologic and a
behavioral phenomenon. Although genetic variation may
affect the both mechanisms, still obscure area of human
behavioral genetics is beyond the scope of this review.

Fig. 2. Gene polymorphisms in the regulatory pathways controlling energy homeostasis. Peripheral signaling factors (Insulin, Leptin, Ghrelin, CCK, PYY)
interact through their specific receptors (R) with central regulatory networks (NPY/AgRP and MC systems) triggering complex cortex-mediated responses
directing energy intake and expenditure. Polymorphic genes encode most of the proteins involved in these cascade processes, thus substantial degree of
interindividual variation can be expected. Polymorphic factors are shown in Italic and underlined. Dashed arrows designate feedback control pathways. NPY
–Neuropeptide Y; AgRP–Agouti-related protein; MC System–Melanocortin system; CCK–Cholecystokinin; PYY-peptide YY3-36; PGC-1-Peroxisome
proliferator-activated receptor-gamma-coactivator-1; PPAR–gamma - Peroxisome proliferator-activated receptor-gamma; UCPs –uncoupling proteins. R-s
on different backgrounds designate corresponding receptors. * - PYY3-36 is not shown to be polymorphic since no information on its variants was available
at the time of preparation of the review.
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Differences in food preferences existing between indi-
viduals are generally well known, and their development
can be observed from first years of life [20]. Discussions on
the genetic basis of these differences continued for a long
time [18,20], but identification of the relevant genes has
started only recently, when a novel family of 40-80 human
and rodent G protein-coupled receptors expressed in taste
receptor cells of the tongue and palate epithelia has been
identified [21]. These putative mammalian taste receptors
called T2Rs have been shown to function as bitter taste
receptors [21,22]. Several recent reports also indicate T1R
family as putative receptors for sweet taste [23,24]. Studies
on the genetic basis of taste were initiated using models
involving sweet-sensitive and sweet-insensitive strains of
mice, and it is interesting that Max et al. have found a
specific Tas1r3 gene polymorphism assorting between taster
and non-taster mouse strains [24]. No information on the
polymorphisms of the human homologue genes (T1R fam-
ily) is yet available, however the existence of coding single-
nucleotide polymorphisms (SNPs) in human T2R genes
encoding bitter taste receptors has already been reported
[25]. Rapid progress in this area of research promises to
provide long-awaited understanding of genetic mechanisms
controlling formation of food preferences, thus allowing
dietary counseling and intervention to be appropriately de-
signed and targeted [26]. Presently known polymorphisms
in the taste receptor genes are shown in Table 1.

Food preferences, albeit influential for individual selec-
tion of diet constituents, do not define quantitative aspects
of food intake, which are particularly important in terms of
obesity risk. It was generally accepted that hypothalamic
and brain stem centers are involved in the regulation of food
intake and energy balance in humans [17], but information
on the relevant regulatory factors and their genes was scarce
before the last decade. Insulin remained the only candidate
for the key role in body weight regulation for a long time
[27]. It has recently been shown that polymorphisms in the
regulatory sequence of its gene may be associated with
juvenile obesity [28], however the influence did not look
very strong. Other recently characterized factors now attract
more attention in connection with obesity. One of the most
interesting discoveries of the last decade was the identifi-
cation of leptin. This cytokine-like peptide primarily ex-
pressed in adipocytes is now believed to be among the key
regulators of fat metabolism and energy balance. Leptin is
the product of the human homologue of mouse “obese”
gene, homozygous mutation of which (ob/ob) causes syn-
thesis of a defective and unstable leptin molecule, which
results in hereditary obesity in mice [29]. Although the
“ob/ob”-associated mouse obesity is a monogenic heredi-
tary condition, studies in humans have hitherto failed to find
leptin or any other mutant gene to be the unique “obesity
gene”. Conversely, multifactorial pattern involving action
of numerous polymorphic gene products now looks more
likely. Multiple polymorphisms and mutations within leptin
gene sequence have been described [30,31]. Some of them,

especially those located within upstream regulatory se-
quences of the gene, have been shown to be associated with
altered leptin levels [33,33] and obesity [31,33], the
(-2548)A/A variant clearly increasing diet-related obesity
risk [34]. Even more attention has been paid to the leptin
receptor gene, first identified in 199535. The gene, which
encodes several alternatively spliced variants of the recep-
tor, is polymorphic as well, and recent reports describe
associations between some of its variants and obesity, fat
distribution, insulin levels, and blood pressure (see Table 1).

Several factors synthesized in the gastrointestinal tract
act alongside leptin and insulin as hormones strongly af-
fecting food intake (see Fig. 2). They include ghrelin (orexi-
genic peptide mainly produced in the stomach) [46], chole-
cystokinin (produced in the small intestine and acting as a
short-duration “satiety” signal) [47], and peptide YY3-36

(produced in the colon and suppressing appetite for up to 12
hr) [48]. Exploration of these signaling pathways has just
started, but it is already becoming clear that polymorphisms
in the relevant genes may have important functional conse-
quences. One SNP in the highly polymorphic ghrelin gene
was found to be associated with fat accumulation [51]
(Table 1). Diverse pathophysiologic manifestations have
been reported for polymorphisms in the genes encoding
cholecystokinin and its receptors (Table 1). At the same
time genes encoding ghrelin receptor, peptide YY3-36, and
its receptor Y2 (also acting as one of neuropeptide Y re-
ceptors) are not sufficiently investigated for the presence of
polymorphic sites.

The mechanisms participating in the realization of the
effects of leptin and other hormones on food intake and
body weight regulation are now becoming clearer. Certain
areas of the hypothalamus are rich in specific receptors
binding the hormones and triggering central regulatory
mechanisms. Factors acting at the central nervous system
level include neuropeptide Y (NPY), corticotropin releasing
hormone (CRH), proopiomelanocortin, �-melanocyte stim-
ulating hormone, agouti-related protein, melanin-concen-
trating hormone (MCH), cocaine- and amphetamine-regu-
lated transcript (CART), and probably some other peptides
[58]. Interactions between them involving complex neuro-
nal mechanisms eventually influence behavior and provide
important links with neuroendocrine regulation of other
vital functions of the organism. Evidence is accumulating
that most (probably all) of the genes encoding central pep-
tide factors mentioned here are polymorphic as well (Table
1), therefore there is a strong genetic background for con-
siderable interindividual functional variability.

NPY is released from the arcuate hypothalamic nucleus
in situations associated with fasting and hypoglycemia, and
its secretion undergoes a feedback inhibition after food
intake [17]. The Leu 7Pro polymorphism in the NPY gene
has been shown to be implicated in lipid metabolism regu-
lation. The Pro7 variant presence is a suspected cardiovas-
cular risk factor in Caucasians [59,61,62], but has no im-
portance in Japanese because of its extremely low frequency
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Table 1
Gene polymorphisms affecting regulation of food intake and energy homeostasis

Gene Polymorphisms Reported functional/pathologic importance

Gene encoding taste receptors involved in the regulation of food preferences
Bitter taste receptor

T2R3 gene
1 silent SNP [25] Not reported

Bitter taste receptor
T2R4 gene

Four coding SNPs (missense mutations) [25] Not reported

Bitter taste receptor
T2R5 gene

One coding SNP (miisense mutation) [25] Not reported

Genes encoding factors involved in central regulation of food intake and energy homeostatis
Insulin gene VNTR in the 5�-untranslated region (position

�596) [28].
The 5�-untranslated region VNTR is associated
with fasting insulin levels and development of
juvenile obesity [28].

Leptin (Ob) Several rare coding region mutations ans
SNPs; At least six common and nine less
common 5�-untranslated region [30,31] poly-
morphisms.

Some of the 5�-untranslated region polymorphisms
(in particular �19 and �2548) are associated with
altered leptin levels [32,33] and obesity [31,33].
A/A(�2548) presence was shown to increase diet-
related obesity risk [34].

Leptin receptor (Ob-R)
gene

At least nine coding sequence polymorphisms
(common: Lys109Arg, Gln223Arg,
Lys656Asn) [36–39]; a pentanucleotide inser-
tion/deletion polymorphism in the 3�-untrans-
lateed region [40,41].

The Arg223 variant (especially homozygotes) is
associated with increased adiposity [42,43]. Less
convincing evidence links other polymorphic vari-
ants with obesity [37,39], fat distribution [43] reg-
ulation, insulin level regulation [41,44], and blood
pressure regulation [45].

Ghrelin gene At least ten SNPs [49–51]. The Met(72) allele (Leu(72)Met polymorphism)
appeared to be protective against fat accumulation
[51].

Cholecystokinin (CCK)
gene

A polymorphic short tanden repeat in the 5�-
untranslated region [51], several SNPs in the
5�-untranslated and coding sequence [52,53].

Limited evidence on the association with mood
disorders [51]. Smoking habit was found to be
associated with the presence of the T(�45) allele
(C(�45)T polymorphism) [54].

Cholecystokinin type-A
(CCK type-A)
receptor gene

Five coding sequence SNPs [55]; G(�128)T
and A(�81)G SNPs in 5�-untranslated (pro-
moter) region [56].

The T/T (�128), G/G(�81) hormozygocity was
associated with a significantly higher percent of
body fat [56].

Cholecystokinin type-B
(CCK type-B)
receptor gene

At least eight SNPs in the coding sequence
and 5�-untranslated region [56].

No clear evidence for a role in the energy balance
regulation.

Neuropeptide Y (NPY)
gene

A common polymorphism Leu(7)Pro in the
signal peptide of NPY [59]; Four other poly-
morphisms (3 SNPs and T10/T11) [60].

The Pro(7) is associated with increased cholesterol
levels and blood pressure in obese subjects [59,
61], increased blood pressure [61], carotid athero-
sclerosis [61,62]. The Pro(7) appears to be one of
the factors determining alcohol drinking habits
[63].

Neuropeptide Y Y1
receptor (NPYY1R)
gene

One common SNP in intron 1 [66]. Not reported

Neuropeptide Y Y5
receptor (NPYY5R)
gene

One silent polymorphism within the coding
sequence [67]; Three SNPs in the non-coding
regions [68].

May contribute to susceptibility to obesity [68].

Corticotropin-releasing
hormone (CRH) gene

Several 5�-untranslated region polymorphisms
[74,75].

Glucocorticoid level regulation may be affected
[75]. A role in the pathogenesis of obesity is sug-
gested, but not hitherto investigated.

Proopiomelanocortin
(POMC) gene

Multiple mutations and polymorphisms [76,
77].

Polymorphic variants were shown to be associated
with serum leptin levels [78].

Agouti-related protein
(AGRP) gene

SNPs in the 5� promoter region [79], coding
region [80,81], and 3�-untranslated region
[82].

Transcription-modulating promoter polymorphism
was shown to be associated with body mass index
and type 2 diabetes risk [79]. Coding region SNPs
associated with anorexia nervosa [83].

Melanocortin 1 receptor
(MC1R) gene

At least 27 polymorphic variants [84]. Skin and hair colour determination [84,85]. Certain
variants are associated with skin melanoma [85],
non-melanoma skin cancer [84], and prostate can-
cer risk [86].

Melanocortin 3 receptor
(MC3R) gene

SNPs in the 5�-untranslated region and
coding region [87].

Not reported.
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in Japan [64]. These observations indicate that the role of
NPY polymorphisms may differ in different human popula-
tions. Experiments with NPY-deficient mice have demon-
strated unaltered regulation of food intake and body weight
in these animals [65]. It appears that NPY interacting with
leptin, insulin and other regulatory peptides may control one
of a few alternative parallel regulatory pathways, deficiency
of which can be compensated. Common polymorphisms in
the genes encoding NPY receptors [66-68] can present an-
other source of variation in this signal system. NPY recep-
tors certainly play a major role in mediating different NPY-
induced effects [69-71], however physiological importance
of these polymorphisms remains to be elucidated. Clearly,
the action of hypothalamic neuropeptides often has multiple
endpoints. In this connection the participation of NPY in the
control of blood pressure [72] and heart rate [73] is partic-
ularly intriguing, providing another link between the regu-
lation of food intake and cardiovascular function that can be
important for CVD development. Interestingly, associations
with hypertension have already been described for polymor-
phic variants of both leptin and NPY receptor genes (see
Table 1).

Table 1 shows several other polymorphic genes encoding
factors that exert central regulation of food intake. The
complexity and multiplicity of their functions is not yet
fully understood, but should not be underestimated. For
instance, polymorphisms in the genes encoding components
of the melanocortin system also affect the regulation of
pigment distribution [82,84,85], whereas variants of the
melanocortin 1 receptor (MC1R) appear to be associated
with several types of cancer [84-86]. On the other hand
central regulation of food intake acts as an inseparable part
of overall behavior regulation, thus being a subject of var-
ious controlling influences. It is apparent now that numer-
ous gene polymorphisms strongly influence human behavior
through structural and functional variation of neuromedia-
tors, their receptors, transporters, enzymes etc. Neverthe-
less, addressing this fascinating area is beyond limits of the
present review. Interested readers can find information re-
garding gene polymorphisms involved in behavioral regu-
lation and pathogenesis of multifactorial psychiatric disor-
ders in recent reviews published elsewhere [95,96].

2.2. Genes encoding factors exerting energy expenditure
regulation

Physical activity and adaptive thermogenesis are two
main components of energy expenditure that present special
interest in relation to obesity. This review is not aiming to
address genetic aspects of physical activity control since it
involves immensely complex interactions of behavioral
stimuli generated by central nervous system and secondary
responses of various “peripheral” physiological mecha-
nisms, especially neuromuscular, respiratory and cardiovas-
cular reactions. There is little doubt that gene polymor-
phisms may play major roles in the regulation of physical
activity, however an unambiguous interpretation of pres-
ently available information is extremely difficult. An im-
pressive example of this type of association has been pro-
vided by observations on the relationship between insertion/
deletion (I/D) polymorphism of angiotensin converting
enzyme (ACE) gene and physical endurance. It is now well
proven that the presence of the “I” variant corresponding to
lower ACE activity enhances metabolic efficiency leading
to an increased physical endurance [97]. Nevertheless,
ACE, being a component of circulatory homeostasis pres-
ervation, should be regarded together with other factors
related to cardiovascular system, therefore the role of its
polymorphism in physical endurance appears to be second-
ary. This example illustrates difficulties with genetic ap-
proaches to physical activity regulation that is not going to
be further discussed in this review.

The adaptive thermogenesis in humans is closely related
to the active mobilization of lipids from the fat cells. Central
neural pathways exerting regulation of food intake and
energy expenditure are tightly interrelated [98], and poly-
morphic factors acting at the central level have already been
addressed in the previous subsection. As peripheral trans-
mission of central regulatory stimuli to the fat stores is
mediated by sympathetic nervous system, genes encoding
adrenergic receptors (adrenoceptors) have attracted consid-
erable attention as a gene family encoding factors partici-
pating in energy expenditure regulation [99], which could
have a pathogenetic role in the development of obesity.
Table 2 shows that a number of studies revealed function-
ally important polymorphisms in these genes. Several

Table 1
Continued

Gene Polymorphisms Reported functional/pathologic importance

Melanocortin 5 receptor
(MC4R) gene

Multiple coding sequence mutations and
polymorphisms [81,88,89].

Some variants may be associated with obesity [81,
89,90].

Melanocortin 5 receptor
(MC5R) gene

Five SNPs (four of them silent) in the coding
region [91].

Association with obesity [90].

Cocaine- and
amphetamine-
regulated transcript
(CART) gene

Multiple SNPs mainly in 5�-untranslated
region [92] and 3�-untranslated region [93].

Some polymorphisms may be associated with
obesity [93,94].
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groups reported an association of the Arg64 allele of the
beta [3]-adrenoceptor gene with obesity. Common polymor-
phisms of the beta [2]-adrenoceptor gene have been found
to alter the protein function and promote obesity (see Table
2). Some authors, however, failed to reproduce these find-
ings and further confirmation is needed. The role of adre-
noceptor genes and their variants in human obesity has been
reviewed in more detail by Arner and Hoffstedt [99].

Whereas beta-adrenoceptors participate in the regulation
of adaptive thermogenesis as a component of sympathetic
nervous system, the ultimate control and modulation of
heat-generating uncoupled respiration at the mitochondrial
level is exerted by uncoupling proteins (UCPs) [98,114].
Initially this function was attributed to the uncoupling pro-
tein UCP1 found predominantly in brown adipocytes [114].

The role for the UCP1 in adult humans is still unclear, but
several studies have shown that a 5� region polymorphism
of its gene appears to be associated with the development of
obesity, acting synergistically with beta [3]-adrenoceptor
gene coding sequence polymorphism [111,113] (Table 2).
The recent identification of two other polymorphic members
of the UCP family in humans (widely expressed in many
tissues UCP2 [119] and brown adipose tissue- and muscle-
specific UCP3 [120-122] resulted in additional observations
of the effects of variation in the respective genes on body
mass regulation (see Table 2). It should, however, be noted
that studies in this direction have been started only four-five
years ago, and results obtained by different groups analyz-
ing functional significance of UCP polymorphisms are often
controversial. At present only the C(-55)T polymorphism of

Table 2
Gene polymorphisms affecting peripheral regulation of energy expenditure.

Gene Polymorphisms Reported functional/pathologic importance

Genes encoding adrenoceptors
Alpha(2A)-adrenoceptor

gene
An 18bp deletion [100]. Not reported.

Alpha(2B)-adrenoceptor
gene

A deletion of 3 glutamic acids from a
glutamic acid repeat element (Glu � 12,
297–309). Long [Glu(12)] and short
[Glu(9)] alleles [101].

The Glu(9) may be associated with lower metabolic rate
[101], and may contribute to the pathogenesis of obesity
[101,102].

Beta(1)-adrenoceptor gene Gly389Arg polymorphism [103]. Association with obesity [103].
Beta(2)-adrenoceptor gene Common variants Gly16Arg and

Gln27Glu; Rare polymorphism Thr164Ile
[104].

Association with obesity reported for the Gln27Glu [34,
105] and Gly16Arg [34]. The Gly16Arg was shown to
alter protein function [105].

Beta(3)-adrenoceptor gene Common polymorphism Trp64Arg
[106–108].

The Arg64 was associated with lower basal metabolic
rate [106,109] and obesity [102,107,108,110]. The syner-
gism in accelerating obesity was reported for the Arg64
in combination with the G(�3826) in UCP-1 gene
[111–113].

Uncoupling protein 2
(UCP2) gene

Common polymorphisms Ala55Val
[123], and a 45-bp deletion/insertion in
the 3�-untranslated region of exon 8
[124]; rare Ala232Thr SNP [125]; five
promoter region polymorphisms [126].

Val55 allele (especially Val/Val) was shown to be
associated with an enhanced metabolic efficiency [127].
The exon 8 deletion/insertion polymorphism appeared to
be associated with childhood-onset obesity [128].
G(�866)A associated with obesity risk [126].

Uncoupling protein 3
(UCP3) gene

Several mutations, at least seven
polymorphisms [124,129–132].

The C(�55)T polymorphism was associated with BMI in
obese subjects (TT genotype corresponded to a higher
BMI) and appeared to be a factor modifying effects of
physical activity [131,133]. The (�55)TT genotype was
also shown to be associated with higher plasma choles-
terol concentrations [134]. The G/A exon 6-splice donor
junction polymorphism affected fat oxidation rates [130].
The GAIVS6 microsatellite polymorphism was associated
with body composition and exercise efficiency [132].

Genes encoding transcription factors affecting adipocyte differentiation
Peroxisome proliferator-

activated receptor-
gamma 2 (PPAR�2)
gene

Common polymorphism Pro12Ala [136].
Silent exon 6 SNP His478His (C1431T)
[136]. Pro115Glu mutation [137].

Association with obesity has been shown for the
Pro115Glu mutation [137]. The 12A1a allele is consis-
tently associated with a reduced risk of type 2 diabetes,
whereas associations with obesity and blood lipid level
control remain to be proven [138].

Peroxisome proliferator-
activated receptor-
gamma-coactivator-1
(PGC-1) gene

At least eight polymorphisms [140,141]. A common Gly482Ser polymorphism was found to be
associated with type 2 diabetes risk [140].

C/EBP transcription factor
family (�, �, �) genes

Several mutations and polymorphisms
[145,146].

Not reported.
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the UCP3 gene can be reliably regarded as a factor affecting
fat distribution [131,133] probably by modifying the bene-
fits of physical activity. The (-55)T/T homozygotes were
also shown to have elevated plasma total cholesterol and
LDL cholesterol concentrations [134]. Further analysis of
the role of UCP gene polymorphisms, especially in combi-
nation with the assessment of adrenoceptor gene variants
certainly looks promising in terms of revealing combina-
tions important for pathogenesis of obesity and related
chronic diseases.

The last group of genes to be considered in connection
with peripheral regulation of energy expenditure comprises
those encoding transcription factors affecting adipogenesis
and adipocyte differentiation. The central place in this group
belongs to peroxisome proliferator-activated receptor
gamma (PPAR�) [135], especially its adipose tissue-spe-
cific isoform PPAR�2. This gene is much better studied
compared to other genes of this group (Table 2). It has been
reported that Pro115Glu mutation of PPAR�2 gene is asso-
ciated with severe obesity [137], however this mutation is
rare. More attention has been paid to a common polymor-
phism Pro12Ala. The 12Ala variant is now believed to
provide a reduced risk of type 2 diabetes [138], but the role
of this polymorphism in obesity development and blood
lipid level regulation remains to be confirmed. One inter-
esting observation suggests that the ratio of dietary polyun-
saturated fat to saturated fat influences the effect of the
Pro12Ala polymorphism on BMI and fasting insulin levels
[139], thus highlighting the importance of analyzing dietary
factors in relation with numerous genetic polymorphisms
affecting energy homeostasis. Little is known about poly-
morphisms in the genes encoding other factors governing
adipocyte differentiation, in particular CCAT/enhancer-
binding proteins (C/EBPs) [135,142,143] and adipocyte de-
termination and differentiation-dependent factor 1/sterol
regulatory element-binding protein 1 (ADD1/SREBP1)
[135,144]. The absence of information does not allow ex-
cluding chances of existence of physiologically important
polymorphisms in these genes, and recent observations of
multiple SNPs in CEBP� [145] and CEBP� [146] gene
sequences support this suggestion.

In conclusion of this part of the review it should be
emphasized that most of the factors involved in the regula-
tion of energy homeostasis have been identified and char-
acterized (in many cases only partially) within the last
several years. Clearly, information regarding polymor-
phisms in the genes encoding key signaling and regulatory
proteins is incomplete, and relationships of the gene variants
with the development of major pathologic conditions need
to be properly studied. It can be suggested that dietary
factors exert strong modulating influences on these relation-
ships, but firm evidence is still meagre. Presently there are
more questions than answers in this emerging area, however
its exceptional importance is already clear. Intensification of
research linking genetic variation in the basic systems gov-

erning energy balance with pathogenesis of multifactorial
chronic diseases is becoming an urgent problem.

Many other polymorphic genes are now known to be
associated with both risk and clinical manifestations of
several important diseases. The author perfectly under-
stands that some reasonable limits should be imposed upon
detailed description of all related problems. Therefore fur-
ther discussion is going to be restricted with two most
important groups of chronic multifactorial conditions, CVD
and cancer.

3. Gene polymorphisms, diet, and cardiovascular
disease

Cardiovascular (and cerebrovascular) disease or CVD
can be characterized as a group of multifactorial conditions
associated with atherosclerosis, hypertension, and thrombo-
sis. All these pathologic entities are known to be closely
related to both genetic factors and environmental influences.
Strong relationship between diet composition and CVD risk
is well established [7-9]. Obesity per se is a major cardio-
vascular risk factor, thus polymorphic genes involved in
energy balance control that were discussed in the previous
section of this review certainly provide “favorable” or “un-
favorable” background for the development of CVD. Genes
affecting other important pathogenetic pathways will be
considered in this section.

3.1. Genes encoding factors involved in atherosclerosis
development

Atheroscerosis undoubtedly constitutes the key element
in the pathogenesis of CVD. In general atherosclerosis can
be regarded as a complex combination of lipid transport and
metabolism disorder with chronic inflammation [8,147].
Unlike in some other multifactorial conditions, especially
cancer, risk of atherosclerosis can be detected at preclinical
stages by relatively simple quantitative assessment of blood
lipid profiles. Permanently elevated plasma levels of total
cholesterol, LDL cholesterol, and triglycerides predispose
to the development of atherosclerotic plagues, whereas in-
creased HDL cholesterol levels appear to be protective.
Availability of these reliable quantitative criteria allowed to
discover strong links between dietary factors, especially
saturated fat intake, and CVD risk [7-9]. On the other hand
search for genetic factors involved in lipid transport and
metabolism was greatly facilitated. For these reasons poly-
morphic genes affecting atherosclerosis development are
considered here in more detail compared to those involved
in blood pressure, hemostasis, and homocysteine metabo-
lism regulation.

The utilization of dietary fat for its various biological
functions in the organism would be impossible without a
sophisticated system of lipid transport and metabolism,
multiple components of which are highly polymorphic.
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Genes encoding lipid transport proteins, their receptors, and
lipid-processing enzymes are listed in Table 3. Virtually all
of them display substantial variability, and in many in-
stances specific polymorphisms were shown to be associ-
ated with characteristic changes in blood lipid concentra-
tions. The role of gene polymorphisms affecting lipid
transport and metabolism has been addressed in several
recent reviews [148,150,155,156,162,189]. For this reason
only selected important points of the problem are going to
be considered here.

3.1.a. Genes encoding lipid transport proteins
Lipid transport proteins include multiple apolipoproteins,

cholesteryl ester transport protein (CETP), phospholipid
transport protein (PLTP), microsomal triglyceride transport
protein (MTP), and fatty acid transport protein (FATP1).
Known polymorphisms in the corresponding genes and their
functional significance are presented in Table 3. It is obvi-
ous that there is abundant evidence linking many coding or
regulatory sequence polymorphisms commonly present in
human populations with specific changes in blood lipid
concentration patterns and CVD risk. Furthermore, influ-
ences of polymorphic gene variants on diet-related changes
in plasma lipid levels were reported in many instances.
Nevertheless, the overall picture is far from being clear
since conflicting results are frequently published by differ-
ent groups. At present reliable positive evidence linking
variants of the genes encoding lipid transport proteins with
diet-related changes in serum lipid levels and cardiovascular
risk exists only for the apolipoprotein E (APOE) gene
[150,162] and probably for the APOAI-APOCIII-APOAIV
gene cluster [149,150].

The APOE gene appears to be especially interesting
because of its multifinctionality. Its common alleles (�2, �3
and �4) are defined by the presence of two SNPs within
exon 4 of the gene. It is now proven that the �4 variant is
associated with elevated plasma levels of total and LDL
cholesterol. Moreover it has been shown that individuals
bearing this allele (even heterozygotes) may be more vul-
nerable to undesirable effects of fat-rich diet [150,163]. The
�4 allele is now regarded as an established CVD risk factor
[150,162]. It is interesting that the same variant is closely
associated with both increased risk and earlier onset of
Alzheimer’s disease [162]. At the same time the APOE
appears to be involved in enterohepatic metabolism of cho-
lesterol and bile acids [162]. It has also been shown to affect
cell proliferation, immunoregulation, angiogenesis, and
probably neoplastic growth [162].

Another example of interaction between diet and gene
polymorphisms in lipid level control is coming from studies
of the APOAI-APOCIII-APOAIV gene complex located on
chromosome 11q. The three genes are known to be related
by common regulatory mechanisms [148-150]. There is
sufficient evidence indicating that several polymorphisms
within this gene cluster affect blood lipid concentrations in
a diet-dependent manner [148-151]. Nevertheless it is still

difficult to reach real understanding of the combined effects
of these polymorphisms (haplotype effects) since most stud-
ies have been focused on selected gene variants due to
multiplicity of polymorphic sites and limitations imposed
by insufficient study size.

Evidence linking other polymorphic genes encoding
lipid transport proteins with diet-associated CVD risk looks
fragmentary at the present level of our knowledge (see
Table 3), however they are being studied very intensively,
and major breakthroughs in this area may be expected in the
near future.

3.1.b. Genes encoding lipoprotein receptors
Less information is available for the genes of this group

(see Table 3). LDL receptor (LDLR) gene is an exception
since it has attracted wide attention in connection with
familial hypercholesterolemia, a monogenic hereditary con-
dition caused by mutations of the LDLR gene. The gene is
highly variable, and there are reports linking its polymor-
phisms with altered blood lipid levels [148,172]. LDLR
gene shares extensive homology with a family of LDL
receptor related protein (LRP) genes. Detailed investigation
of polymorphisms in these complex genes encoding highly
multifunctional factors [182] is just starting. No information
on CVD risk and dietary associations has yet been pub-
lished. Likewise, multiple polymorphisms have been de-
tected in the SR-BI and VLDLR genes, but their functional
significance remains to be determined.

3.1.c. Genes encoding lipid/lipoprotein-processing
enzymes

Genes of this group are highly polymorphic. Lipoprotein
lipase (LPL) gene intron 8 polymorphism was shown to be
associated with plasma triglyceride and HDL cholesterol
concentrations in a diet-dependent manner [148,156,189].
HDL cholesterol concentrations are also affected by
C(-514)T promoter polymorphism of the hepatic lipase
(HL) gene. Paraoxonases (PON), albeit not strictly lipid-
metabolising enzymes, are also included into this group.
Associations with CVD risk have been found for several
enzyme activity-affecting polymorphisms in both PON1
and PON2 genes [194,195,197]. It is important to note that
PON1 activity may also be influenced by diet, in particular
by antioxidant vitamines [198]. It has also been reported
that a diet rich in vegetables, berries and fruit reduces PON1
activity, and the response is modulated by PON1 genotype
[199].

3.1.d. Genes encoding inflammation-related proteins
Inflammation is now believed to be the main mechanism

responsible for the formation of atherosclerotic plagues
[147]. Although dietary factors may be involved in modu-
lating inflammatory reactions, such links are much less
obvious than in lipid metabolism-related mechanisms of
atherosclerosis. Genetic aspects of inflammation in athero-
sclerosis represent a distinct scientific area that has recently
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Table 3
CVD-associated polymorphisms in the genes encoding proteins involved in lipid transport and metabolism.

a. Lipid transport protein genes

Apolipoprotein A-I
(APOA-I) gene

Multiple polymorphisms including a
common 5�-promoter region SNP
G(�75)A and �83 MspI �/�
polymorphism in intron 1 [148,149].

Polymorphisms influence diet-dependent regulation of APOA-1
and HDL cholesterol blood levels [148–151].

Apolipoprotein A-II
(APOA-II) gene

At least 14 silent SNPs and one (CA)n
microsatellite in intron 2 [152].

(CA)n was shown to affect plasma APOA-II concentrations
and HDL subfractions [152]. T(�265)C affected APOA-II con-
centration, was associated with postprandial VLDL metabolism
and visceral fat accumulation [154].

Apolipoprotein A-IV
(APOA-IV) gene

At least four variants including common
polymorphisms Thr(347)Ser and
Glu(360)His [149,155]).

Polymorphisms modulate diet-related changes in triglycerides
and LDL-cholesterol concentrations. Associations with food
intake regulation and adiposity have been reported [148,149,
155].

Apolipoprotein(a)
(apo(a)) gene

Multiple polymorphisms [156]. Plasma concentrations of lipoprotein(a) and atherosclerosis risk
are affected [156].

Apolipoprotein B
(APOB) gene

Multiple mutations and polymorphisms
[156].

Modulation of plasma apolipoprotein and lipid concentrations
in response to diet [148,156,157].

Apolipoprotein C-II
(APOC-II) gene

Several mutations and polymorphisms
[158,159].

Triglyceride level control may be affected [156,158,159], how-
ever no convincing evidence is available.

Apolipoprotein C-III
(APOC-III) gene

At least eight polymorphisms [149]. Several SNPs were shown to affect serum lipid concentrations
(especially triglycerides) in response to diet [148,150].

Apolipoprotein C-IV
(APOC-VI) gene

At least five SNPs [160]. Limited evidence in favor of modulating effects on triglyceride
levels [160].

Apolipoprotein D
(APOD) gene

Several mutations and polymorphisms
appearing to be ethnicity-specific [161].

Polymorphism effect on serum lipid (HDL) and lipoprotein
levels in African blacks has been reported [161].

Apolipoprotein E
(APOE) gene

Multiple mutations and polymorphisms.
Three common alleles (�2, �3, �4) are
defined by two SNPs resulting in
Arg(112)Cys and Cys(158)Arg [148,156,
162]).

APOE has a wide range of functions [161]. Its polymorphic
variants strongly affect serum lipid levels and influence diet-
related responses [148,150,162,163]. The �4 allele is a known
CVD risk factor [148,156,162]. It is also associated with an
increased risk of Alzheimer’s disease [162]. The influence of
the polymorphisms on colon cancer risk has been suggested
[164].

Apolipoprotein H or beta
2-glycoprotein I
(APOH) gene

Ser(88)Asn and Trp(316)Ser SNPs [165]. Polymorphisms affect plasma total and LDL cholesterol
concentrations [166] and APOH levels [167].

Apolipoprotein J or
clusterin (APOJ) gene

At least seven polymorphisms [168]. Codon 317 and codon 328 SNPs were associated with HDL
cholesterol level control in African Blacks [169].

Cholesteryl ester
transport protein
(CETP) gene

At least 11 polymorphisms [170–172]. Promoter region (�629), intron 1, and intron 7 polymorphisms
are associated with HDL plasma levels [148,170–172], particu-
larly in relation to alcohol consumption [170].

Phospholipid transport
protein (PLTP) gene

At least eight polymorphisms [173]. Not reported.

Microsomal triglyceride
transfer protein (MTP)
gene

At least seven SNPs (three in the 5�
promoter region and four coding
sequence missense polymorphisms) [174].

Controversial associations between MTP polymorphisms and
total cholesterol, LDL cholesterol, APOB, triglyceride levels
and obesity have been reported [174–176].

Fatty acid transport
protein 1 (FATP1)
gene

One SNP in intron 8 [177]. Association with triglyceride levels was reported [177].

Intestinal fatty acid
binding protein
(FABP2) gene

Ala(54)Thr [178]. Affects body composition and insulin sensitivity in a diet-
dependent manner [178].

b. Lipoprotein receptor genes
LDL receptor (LDLR)

gene
Multiple mutations and polymorphisms
[148,156,172].

Homozygous mutations cause familial hypercholesterolemia
[156]. Polymorphisms affect blood lipid levels [148,172]). This
effect may be related to diet composition [148].

LDL receptor-related
protein (LRP) family
genes

Multiple polymorphisms [179–181]. LRPs are highly multifunctional [182]. No direct association of
polymorphisms in LRP genes with CVD risk was reported.

Scavenger receptor class
B type I (SR-BI) gene

At least five polymorphisms [183]. Associations with LDL-cholesterol and HDL-cholesterol levels
was reported [183].

VLDL receptor (VLDLR)
gene

At least 11 polymorphisms [184,185]. Association with lipoprotein (a) levels [186]. May be involved
in vascular dementia [187].
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been reviewed elsewhere [200]. A brief look at the poly-
morphic genes investigated in this connection shows that
polymorphisms in such genes as those encoding tumor ne-
crosis factors � and � (TNF� and TNF�), transforming
growth factors �1 and �2 (TGF�1 and TGF�2), interleukin
1 (IL1), interleukin 1 receptor antagonist (IL1ra), lipopo-
lysacharide receptor CD14, P-selectin, E-selectin, and
platelet endothelial cell adhesion molecule 1 (PECAM1)
may be involved in modulating atherosclerosis-related
inflammatory reactions. All these inflammation-related
agents act in concert with immune reactions involving
numerous polymorphic factors of the immune system.
The latter area is certainly beyond the scope of this
review, however major role of the immune system in the
pathogenesis of atherosclerosis should never be forgot-
ten.

3.2. Genes encoding factors involved in blood pressure
regulation

Arterial hypertension constitutes an important pathoge-
netic element in CVD. It is now well understood that nu-
merous genetic factors are involved in blood pressure reg-
ulation and some genetic patterns can be responsible for
raising blood pressure, which characterizes essential (pri-
mary) hypertension [201]. As it was mentioned in the be-
ginning of this review, hypertension is one of the compo-
nents of the obesity-associated metabolic syndrome [13],
and influence of dietary factors altering energy homeostasis
appears to predispose to blood pressure elevation. Indeed, it
is well known that the loss of weight in hypertensive obese
individuals usually leads to simultaneous blood pressure
decrease [202]. At the same time it is difficult to say that
dietary risk factors predisposing to hypertension are well
defined. Sodium chloride is the only exception, however
blood pressure responses to increases and decreases in di-
etary salt intake may be heterogenous suggesting possible
genetic predisposition [203].

Polymorphic genes implicated in blood pressure regula-
tion have recently been considered in a comprehensive
review by Luft [201]. Renin-angiotensin system genes in-
cluding those encoding angiotensinogen (AGT), angiotensin
converting enzyme (ACE), and aldosterone synthase
(CYP11B2) have been studied intensively in relation to
human hypertension. Although several groups reported as-
sociations between AGT polymorphisms and elevated blood
pressure, other researchers failed to observe similar effects.
Likewise, variants of the ACE gene that have been associ-
ated with the risk of miocardial infarction [204] and control
of physical endurance [97] (see also section 2.1 of this
review), displayed no strong links to blood pressure levels
[201,204]. No evidence of interactions between polymor-
phic variants of these genes and dietary factors is available.
Sodium transport/metabolism–related genes such as those
encoding epithelial sodium channel (ENaC) subunits, addu-
cin, and 11�-hydroxysteroid dehydrogenase are certainly of
interest, given well-proven association between dietary salt
intake and hypertension [203]. Several groups tried to es-
tablish links between polymorphisms in these genes and
their participation in sodium accumulation that can provoke
hypertension [201]. The number of these studies is, how-
ever, limited and their results lack consistency.

There are reports associating human hypertension with
polymorphisms in some G-proteins (G protein � subunit,
GNAS1) and adrenergic receptors (section 2.2 of this re-
view), but evidence is not sufficient, hence it is difficult to
separate specific influence on blood pressure from other
biological effects of these polymorphisms.

Polymorphisms in genes encoding endothelium-associ-
ated factors such as endothelial nitric oxide synthase (eNOS
or NOS3), endothelin-1, prostacyclin synthase have also
been implicated to the pathogenesis of hypertension and
CVD in general [201]. The importance of nitric oxide as a
molecule with a variety of biological functions including
antiatherogenic properties is well established. For this rea-

Table 3
Continued

a. Lipid transport protein genes

c. Lipid/lipoprotein-metabolising enzyme genes
Lipoprotein lipase (LPL)

gene
Numerous polymorphisms [172,188,189]. Strong evidence on diet-related influences on blood lipids

(especially triglycerides and HDL-cholesterol) [148,156,189].
Hepatic lipase (HL) gene Multiple SNPs [156,172,190,191]. Promoter SNP C(�514)T is associated with HDL-cholesterol

level regulation [156,191]. Its effect depends on dietary fat
intake [192].

Lecithin:cholesterol
acyltransferase (LCAT)
gene

Multiple mutations and polymorphisms
[148,172,193].

HDL cholesterol concentration regulation may be affected
[148,193]. No information is available on associations with
diet.

Paraoxonase 1 (PON1)
gene

At least 7 SNPs [194–196]). Association with CVD risk, especially for Arg(192)Glu [194,
195]. Promoter SNPs change PON1 expression and may also
affect CVD risk [197]. PON1 activity is diet-dependent and
modulated by its gene variants [198,199].

Paraoxonase 2 (PON2)
gene

Cys(311)Ser [194]. Shown to be associated with CVD risk interacting with PON1
Arg(192)Glu [194].

436 A. Loktionov / Journal of Nutritional Biochemistry 14 (2003) 426–451



son nitric oxide synthase (NOS) has attracted a wide atten-
tion in relation to a number of pathologic conditions. En-
dothelial nitric oxide synthase gene (NOS3) has four
polymorphisms [205], which are believed to modulate risk
of hypertension and coronary heart disease [201,205-207].
Among these polymorphisms Glu [298]Asp, which affects
basal nitric oxide production [208], has been especially
strongly linked with coronary atherosclerosis and myocar-
dial infarction [205,207,208]. At the same time possible
relationship between eNOS variants and dietary factors re-
mains obscure, however it is known that reduced nitric
oxide bioavailability is a factor predisposing to atherogen-
esis in obese individuals [210]. It should also be noted that
NOS is implicated in pathogenesis of several other major
diseases including cancer (see below). This makes investi-
gation of the functional role of polymorphic variants of its
isoforms even more urgent.

3.3. Genes encoding factors of the hemostatic system

Thrombosis of arteries affected by atherosclerosis con-
stitutes the main mechanism leading to acute coronary and
cerebrovascular syndromes. Impaired balance of multiple
factors constituting blood coagulation system can lead to
hypercoagulative state increasing thrombosis probability.
Both environmental and genetic factors are involved. It is
suspected that diet, especially excessive fat ingestion can
trigger postprandial hypercoagulative state [211]. Gene
polymorphisms affecting hemostasis have been considered
in two recent reviews [212,213], thus only a brief outline is
presented hereafter.

Several groups of genes are important for hemostasis
regulation. Polymorphic variants of genes encoding platelet
surface glycoproteins (glycoprotein Ia-Iia, glycoprotein Ib-
V-IX, glycoprotein Iib-IIIa) have been shown to affect
platelet adhesion and aggregation. Some of the variants
have been suggested as thrombosis risk factors, however
further evidence is needed to confirm initial findings [213].
Genes encoding coagulation factors (fibrinogen, prothrom-
bin, factor V, factor VII, factor VIII, factor XI, factor XII,
factor XIII) display numerous mutations and polymor-
phisms [212,213]. Multiple polymorphisms in the three
genes encoding �, �, and � fibrinogen chains (especially in
the fibrinogen � gene) have been identified and shown to be
associated with plasma fibrinogen levels [212-214]. At the
same time no association was found between these variants
and cardiovascular disease risk [212-214]. Several variants
have been identified in the prothrombin gene sequence.
Among them the G20210A was found to be associated with
an increased risk of venous thrombosis [213]. Polymor-
phisms in other coagulation-related genes displayed associ-
ation with protective effects against miocardial infarction
(Arg353Gln of factor VII and Val34Leu of factor XIII)
[213], but these results also remain to be confirmed.

Blood coagulation is counterbalanced by the anticoagu-
lant and fibrinolytic systems that also include polymorphic

factors. Several groups observed effects of thrombomodulin
gene variants on cardiovascular risks, but results were,
again, inconsistent [213]. As regards thrombolytic system,
several polymorphisms have been identified in the genes
encoding tissue plasminogen activator (tPA) and plasmino-
gen activator inhibitor I (PAI-I). The 4G variant of PAI-I
insertion/deletion (4G/5G) promoter region polymorphism
was associated with an increased risk of developing myo-
cardial infarction [213]. It is interesting that the same 4G
variant has recently been fount to be strongly associated
with obesity [215]. PAI-I is a multifunctional factor, and it
is going to be mentioned again in this review in connection
with cancer.

3.4. Genes encoding factors controlling homocysteine
metabolism

Hyperhomocysteinemia is now regarded as an indepen-
dent risk factor in the development of cerebrovascular and
coronary heart disease as well as venous thrombosis [216].
Both polymorphic variants of the enzymes involved in ho-
mocysteine metabolism and levels of the diet-originated
vitamin co-factors of these enzymes affect serum homocys-
teine levels offering a good example of interaction between
dietary factors and genetic background. Hyperhomocys-
teinemia may be caused by deficiencies of folate and vita-
min B12 reducing homocysteine remethylation to methio-
nine [216]. Vitamin B6 deficiency affecting its catabolism is
also regarded as a possible contributing factor [216]. The
importance of this metabolic system is not limited by its
association with CVD risk. Methionine production links it
with both DNA methylation and protein synthesis, thus
providing participation in developmental processes, tissue
repair and neoplastic growth. Polymorphic genes encode
several enzymes involved in folate metabolism and homo-
cysteine generation. Methylenetetrahydrofolate reductase
(MTHFR) is regarded as a key enzyme in this metabolic
pathway. It is consistently proven that serum homocysteine
concentration is affected by a common polymorphism C
[667]T (Ala3Val) in the MTHFR gene [217,218]. The
667T variant is regarded as a candidate CVD risk factor
[218,219], however the degree of its impact is still debated.
It should, however, be noted that other polymorphic gene
variants of potential importance for homocysteine level reg-
ulation have been uncovered by recent studies. It is obvious
now that another common MTHFR variant, A [1298]
C (Glu3Ala), also affects the enzyme activity and interacts
with the C [667]T polymorphism [220]. Simultaneous as-
sessment of the two sites has been reported, but this study
has failed to reveal any clear relationship to the CVD risk
[221]. The MTHFR is certainly the best characterized can-
didate gene within homocysteine-related metabolic path-
way, however recent studies rapidly expand the scope of the
search. Multiple mutations and polymorphisms have been
identified in the genes encoding methionine synthase (MTR)
[222], methionine synthase reductase (MTRR) [223], cysta-
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thionine � synthase (CBS) [224], glutamate carboxypepti-
dase II (GCPII) [225,226], thymidilate synthase (TS) [227],
and transcobalamin (TC) [228]. It is reasonable to believe
that complex polygenic mechanisms interacting with dietary
influences are involved in the regulation of serum homo-
cysteine levels, however further large-scale studies are
needed to investigate them.

It is obvious that the amount of information on the
polymorphic genes affecting CVD risk has dramatically
increased within a very short period of time. Despite this
impressive accumulation of information the present stage of
our knowledge can be defined as a fragmentary collection of
isolated facts, some of which are proven better than others.
The real understanding of the relationship between multiple
polymorphic gene variants, dietary factors and CVD risk
and pathogenesis is still a long way ahead.

4. Gene polymorphisms, diet, and cancer

Unlike CVD, human sporadic malignancies do not offer
any biomarker reliably predicting forthcoming disease. His-
topathologic confirmation remains the ultimate diagnostic
tool in oncology, however it can only be applied to already
existing tumors. Successful identification by positional
cloning of gene mutations responsible for the development
of several rare monogenic familial tumor syndromes [6]
strongly stimulated search for genetic markers of cancer
risk. Unfortunately positional cloning that was so successful
for monogenic conditions could not be used for the analysis
of sporadic cancers characterized by truly multifactorial
pathogenesis. For this reason investigation of candidate
gene polymorphisms related to cancer risk was especially
intense. Numerous attempts to assess effects of dietary fac-
tors in combination with genetic background have been
made with different degrees of success. It is now accepted
that diet is very important for the development of tumors of
several sites, colorectal cancer risk being the most affected
[11], however interactions between common gene variants
and dietary influences are still poorly understood. The
amount of literature published in the field is huge, and many
comprehensive reviews are available [229-237]. Therefore a
relatively brief outlook is going to be given here.

4.1. Genes encoding enzymes involved in xenobiotic
metabolism

For a long timestudies of polymorphic genes relevant to
cancer have been focused almost exclusively on the meta-
bolic pathways controlling detoxification of exogenous
chemical carcinogens [229]. Diet could be incorporated into
this approach as a source of either carcinogens (intrinsic or
cooking-generated) present in certain foods or constituents
acting in a protective manner (vitamins, antioxidants, de-
toxifying enzyme-activating substances etc.) [230]. It is
clear that carcinogen metabolism-affecting (commonly

called “metabolic”) polymorphisms may modify probability
of contact between carcinogens and target cells, thus acting
at the stage of cancer initiation. It is perfectly understand-
able that the efforts to identify functionally important poly-
morphisms of this type have been closely related to both
investigation of carcinogenesis induced by exogenous (en-
vironmental) agents and cancer chemoprevention through
dietary modifications.

Enzymes related to xenobiotic metabolism are divided
into two major groups, exerting Phase I and Phase II me-
tabolism of exogenous compounds. Phase I reactions often
leading to exogenous procarcinogen metabolic activation
are mainly catalyzed by cytochrome P450 (CYP) family of
enzymes. Numerous polymorphisms in the CYP genes
(CYP1A1, CYP1A2, CYP2C9, CYP2D6, CYP2E1) have
been studied for the last decade, however their importance
for carcinogenesis still remains to be proven [231,232].
Likewise, studies of the genes encoding Phase II enzymes
involved in detoxification of exogenous substances and
products of Phase I reactions provided only limited evi-
dence of cancer risk-modulating effects. Recent detailed
reviews considering polymorphisms in genes encoding N-
acetyltransferases (NAT1 and NAT2) [233], glutathione S-
transferases (GSTM1, GSTM3, GSTT1, and GSTP1)
[234,235], NAD(P)H:quinone oxidoreductase (NQO1)
[236], and microsomal epoxide hydrolase (mEH) [237] all
indicate lack of reliable positive evidence probably due to
complexity of genetic and metabolic interactions. In this
situation incorporation of dietary data into analysis of asso-
ciations between metabolic polymorphisms and cancer risk
often led to controversial results, hence most of the sugges-
tions made on the risk-modulating effects of certain com-
binations of diet and gene variants need confirmation in
further large-scale studies employing multigene analysis.

4.2. Genes encoding DNA repair enzymes

This group of polymorphic genes has recently emerged
as another potentially important determinant of cancer ini-
tiation probability. Direct links between polymorphic vari-
ants of DNA repair-associated genes and dietary factors do
not seem likely, although efficient repair of mutagenic le-
sions (e.g DNA adducts) resulting from action of carcino-
gens deriving from food certainly should be regarded as a
factor. Association with cancer of different sites has been
reported for polymorphic variants of the following genes
encoding DNA repair enzymes: XRCC1(codon 399 poly-
morphism) [238-240], XRCC3 [241,242], XPD [243,244],
ERCC2 [245], OGG1 [246,247], O6-alkylguanine DNA al-
kyltransferase [248], cytosine DNA-methyltransferase-
3B249, and mismatch repair genes (MSH2, MLH1,
MSH6[r]) [232]. Information on the relationship between
these gene variants and environmental factors is limited by
reports on the effects of smoking.
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4.3. Genes encoding factors involved in cell cycle
regulation

Deregulation of the cell cycle in somatic cell populations
can be regarded as one of the leading mechanisms of neo-
plastic growth resulting from mutations or gene expression
alterations at somatic cell level. Nevertheless, common
polymorphic variants of several genes encoding cell cycle-
controlling proteins have recently been investigated in re-
lation to cancer risk. Cyclin D1 gene polymorphism G870A
has been shown to be associated with several types of
cancer [250-252]. Cancer risk associations have been re-
ported for polymorphisms in p21(Waf1/Cip1) cyclin-depen-
dent kinase inhibitor [253] and prohibitin [254] genes. Poly-
morphisms in some oncogenes (HRAS VNTR minisatellite)
[232] and tumor suppressor genes (p53, APC) [232] can also
be included into this group. There are no reports directly
linking these polymorphisms with dietary factors, however
effects of such general mechanisms as energy homeostasis
regulation or supply of simple molecules used for nucleic
acid and protein synthesis seem to be very likely. Progress
in this area deserves close attention since genetic variation
in the regulation of cell proliferation and differentiation may
be one of the basic mechanisms underlying differences in
probability and aggressiveness of neoplastic growth in dif-
ferent individuals.

4.4. Genes encoding factors involved in hormonal
regulation

Influences of these gene polymorphisms are most
strongly manifested in hormone dependent tumors such as
breast, prostate, ovarian and endometrial cancers. Polymor-
phisms in sex hormone receptor genes comprising those
encoding estrogen receptor, progesterone receptor, andro-
gen receptor have been shown to be associated with cancer
risk modulation. Likewise, a number of polymorphic genes
encoding enzymes involved in steroid metabolism including
steroid 5�-reductase type 2(SRD5A2), 3�-hydroxysteroid
dehydrogenases 1 and 2(HSD3B1 and HSD3B2), catechol-
O-methyltransferase (COMT), CYP17, and CYP19. Most of
these polymorphisms have been considered in two recent
reviews in relation to breast [255] and prostate [256] can-
cers. Dietary factors can certainly interact with hormonal
regulation. Obesity, which has been considered in the first
section of this review, strongly affects hormonal status. At
the same time some food components, such as phytoestro-
gens are known to be processed by the same metabolic
pathways as sex hormones [257], thus their cancer-preven-
tive effect can be modulated by the polymorphisms men-
tioned here.

4.5. Genes encoding enzymes related to DNA methylation

This group of genes has already been discussed in rela-
tion to folate/homocysteine metabolism and heart disease

risk. Folate and/or methyl group dietary supply is directly
linked to DNA methylation [258], especially in the CpG-
dinucleotide–rich regions, which are common in regulatory
sequences. For this reason polymorphic genes encoding
enzymes of the folate metabolic pathway may influence
DNA methylation and modulate gene expression, being
closely involved both in normal growth and differentiation
and in associated disorders including neoplasia. Polymor-
phic MTHFR has attracted considerable attention as one of
the main candidate genes in terms of modulating cancer risk
through altered DNA methylation. There is now some direct
evidence that the C [677]T polymorphism in the MTHFR
gene affects genomic DNA methylation through an interac-
tion with folate status [259]. Interactions between MTHFR
gene variants and dietary folate availability are believed to
be among cancer risk-affecting factors. Special attention has
been paid to colorectal neoplasia risk, and it has been shown
that individuals with the T/T677 MTHFR genotype are
particularly strongly affected by dietary habits. This geno-
type may be a protective factor (compared to C/C or C/T
variants) for those on a low risk diet (high folate or methi-
onine and low alcohol), however a higher risk of developing
colorectal tumors was reported in such individuals if they
have a high-risk diet (low folate or methionine and high
alcohol intake) [260]. This relationship, which clearly opens
opportunities for active dietary prevention of colorectal can-
cer, constitutes one of the best examples of gene-nutrient
interactions discovered so far. Less is known about the
A1298C polymorphism in the MTHFR gene, however the
C/C1298 genotype has been found to be associated with a
slight reduction of colorectal cancer risk [261]. The MTHFR
polymorphisms have also been shown to be associated with
susceptibility to prostate cancer [262], esophageal carci-
noma [263], and acute leukemia [264]. Limited information
is available on other genes encoding enzymes related to this
metabolic pathway. Nevertheless there are reports linking
polymorphisms in methionine synthase [262,265,266], cys-
tathionine � synthase [262,267], thymidilate synthase
[266,268,269], and serine hydroxymethyltransferase [266]
genes to neoplastic conditions.

4.6. Genes encoding factors involved in angiogenesis

Initial studies directed to uncovering relationship be-
tween polymorphic gene variants and neoplasia were fo-
cused mostly on metabolic and regulatory systems acting at
the stage of cancer initiation. It is, however, evident that
later events including tumor progression, invasion and met-
astatic spread are not less important. One of the determining
elements of these later stages is tumor-associated angiogen-
esis that is connected with a distorted balance between
diverse pro- and antiangiogenic factors [270,271], most of
which are highly multifunctional. Among them members of
the vascular endothelial growth factor (VEGF) and angio-
poietin (Ang) families are believed to be crucial [271,272].
Reports regarding associations between VEGF gene poly-
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morphisms and cancer development are just starting to
emerge [273,274]. Several variants of the angiopoetin-2
gene have recently been described [275], however there is
no information on functional and clinical importance of
these polymorphisms. At the same time it is now clear that
polymorphisms in multiple genes encoding other factors
that are directly or indirectly involved in angiogenesis are
often associated with clinical features of tumors in the
affected individuals. Virtually all these genes have already
been considered in this review in relation to CVD. Indeed,
polymorphisms of several inflammation-related genes in-
cluding TNF �[r] [274,276], TGF�1 [277], IL1B [278,279],
IL1RN [279], IL8 [274], IL10 [274], have been shown to be
important for several types of tumors. Polymorphisms in the
eNOS gene are associated with the development of the lung
[280], prostate [281], and ovarian [282] cancer. Although
there is no doubt about the significance of the extracellular
proteolysis mediated by plasminogen activation system for
both angiogenesis and tumor invasion/metastasis, effects of
polymorphisms in the related genes have not been studied.
Our recent preliminary results indicate that PAI-I 4G/5G
polymorphism may be associated with colorectal cancer
prognosis [283], but further confirmation is needed. Finally,
APOE gene has also been shown to be involved in angio-
genesis regulation [162], however reports regarding possi-
ble role of its polymorphisms in carcinogenesis
[164,284,285,] can also reflect other effects of the multi-
functional protein encoded by this gene.

The regulation of angiogenesis is known to be strongly
affected by dietary factors such as plant polyphenols [286],
especially genistein [287], and fatty acids and their deriva-
tives [288]. Relationship between these dietary influences
and genetic variation modulating angiogenesis remains ob-
scure. Development of studies in this direction is obviously
important for unraveling pathogenesis of later stages of
neoplasia. On the other hand significance of these links for
physiological angiogenesis regulation and mechanisms of
CVD development should not be underestimated.

4.7. Other genes

It is impossible to cover all examples of gene variation
related to cancer in this review, but it appears to be impor-
tant to return briefly to the problems of energy homeostasis
regulation and cancer. It is well known that dietary restric-
tion inhibits carcinogenesis in rodent models [289]. Obesity
is certainly a risk factor for at least some cancers in humans
[16], but investigation of the relationship between energy
homeostasis-related gene polymorphisms and cancer patho-
genesis has only entered its initial stage. Presently available
information is scarce. Several groups reported associations
between melanocortin 1 receptor (MC1R) gene and skin
cancer [84], melanoma [85], and prostate cancer [86]. Poly-
morphisms in beta [2] and beta [3] adrenoceptor genes,
which are involved in energy expenditure regulation, have
been found to be associated with risk of breast [290] and

colorectal [291] cancer development. Variants of differen-
tiation-regulating PPAR� gene, which is closely related to
adipogenesis [135], have been reported to be associated
with endometrial and renal cell carcinoma [292]. It can be
expected that other gene variants associated with energy
balance regulation are going to emerge as players in the
field of cancer susceptibility. Moreover, virtually nothing is
known on the role of genetic factors in the development of
such serious abnormalities of energy homeostasis related to
advanced neoplasia as cancer-related anorexia and cachexia
[293,294]. It is believed that deregulation of the homeosta-
sis-controlling mechanisms that have been considered in the
first section of this review is the main cause of these lethal
phenomena, thus association of cancer cachexia risk with
specific genetic variants appears to be very likely. Initiation
of studies in this direction is an urgent problem.

Several other polymorphic genes such as those encoding
vitamine D receptor, some cell adhesion molecules etc have
also been implicated to cancer development, but it is im-
possible to discuss all these polymorphisms here. Likewise
mechanisms of immune system interaction with neoplastic
growth involving numerous polymorphic factors constitute
an independent problem of great importance and are not
considered in this review.

5. Candidate genes: existing problems and approaches
to their solution

The analysis of recent literature has shown that the num-
ber of reports on polymorphic gene variants associated with
multifactorial diseases is growing with dramatic speed. At
the same time very few studies provide firm and reliable
evidence of causative relationships between these polymor-
phisms and disease risk or pathogenesis. Indeed, in most
studies possible effects of single gene variants were as-
sessed in situations when combined impacts of multiple
factors could be expected. Most of these multiple impacts
had to be ignored for different reasons including limitations
imposed by study size, insufficient knowledge on metabol-
ic/regulatory pathways and respective genes involved,
methodological difficulties etc. In any case, relatively weak
(due to low penetrance) effects of single gene polymor-
phisms were difficult to detect in the presence of numerous
interfering genetic (and environmental) variables. It can be
assumed that analysis of combinations of gene variants
encoding interacting factors within a biological chain or
cascade, rather than isolated investigation of its single com-
ponents, may have more chances to reveal real causative
connections between gene polymorphisms and disease. The
relationship between multifactorial diseases and complex
combinations of genetic and environmental factors can be
roughly described by the scheme presented in Fig. 3a. The
scheme depicts four hypothetical diseases differently af-
fected by all possible polymorphism combinations in a
group of genes encoding interacting factors within some
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regulatory or metabolic system. It should not be forgotten
that certain gene variants (variant combinations) might pre-
dispose to some diseases, being at the same time protective
against other conditions [290]. Thus, the C1 combination in
the Fig. 3 is associated with the highest genetic risk of the
disease 1, being at the same time protective for the condi-
tions 2 and 3, and not affecting the disease 4. Given virtu-
ally unlimited number of possible combinations of multiple
polymorphisms in genes encoding various interacting fac-
tors (in case of independent allele segregation), elucidation
of their combined functional significance may seem hope-
less, however real number of relevant combinations appears
to be much lower. Analysis of SNP distribution throughout
human genome has shown existence of different patterns
including regions of very low SNP incidence (SNP
“deserts”) and lengthy regions of linkage disequilibrium
containing only a few haplotypes [296]. Moreover func-
tional significance of different polymorphic variants and
their combinations considerably differs, and frequencies of
certain combinations widely vary in human populations,

providing good opportunities for selecting most important
patterns according to their functional role and frequency.
Hence, Fig. 3b may better reflect the real situation.

Conflicting results obtained by different groups in asso-
ciation studies of the same candidate gene variants consti-
tute a serious problem, which has provoked sharp criticism
of the candidate gene approach [297]. However, careful
study design based on strict epidemiological criteria may
help to increase efficiency of candidate gene studies [297].
The selection of candidate genes and polymorphisms within
them emerges as the key element of study design. In mul-
tigene studies it is always important to choose genes, prod-
ucts of which interact within regulatory or metabolic path-
ways. In most cases it is not realistic to analyze all possible
gene variants and combinations, hence existing polymor-
phisms should be initially prioritized on the basis of their
likelihood to affect function of the encoded product. Link-
age disequilibrium, often associating alleles at adjacent loci
[298], can allow reducing number of informative polymor-
phisms to analyze. Availability of biochemical confirmation

Fig. 3. Relationship between multigene polymorphism combinations, environmental factors, and multifactorial disease risk.Four hypothetical multifactorial
conditions displaying different patterns of relationship between disease risk and a set of combinations of polymorphic variants in a group of functionally
related genes are shown. Obviously, definitions of “favorable”/“unfavorable” environment may differ for different diseases. (Cn –genotype combinations; x
�4; y�x � 1)Two model situations are presented: a). Based on the assumption of independent allele segregation and equal probability of all variants to
influence disease risk. b). Taking into account actual absence of many theoretically possible combinations, different allele/haplotype frequencies in
populations, differences in functional significance between variants. Square sizes reflect relative importance (“weight”) of certain genotype combinations.
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of functional significance of chosen polymorphism(s) is
another important advantage. Similarly, complete and care-
ful characterization (antropometric, clinical, biochemical
etc) of phenotypic variants found among investigated cases
and controls is always highly desirable. Separate targeted
analysis of subgroups displaying specific phenotypic char-
acteristics may provide better chances of revealing effects
of gene variants. Finally, incorporation of additional envi-
ronmental factors into analysis should be done upon thor-
ough analysis of information on the metabolic and regula-
tory systems supposed to be affected by these factors.
Sometimes, especially in diet-associated projects, pilot in-
tervention studies employing groups of people preselected
according to their genetic characteristics may provide ex-
tremely valuable information. Indeed, facing the perspective
of large-scale expensive projects involving thousands of
people, we have to accept that careful study design is the
key element of success.

6. Conclusions and future directions

Materials presented in this review highlight serious prob-
lems and difficulties existing in the field of gene polymor-
phism analysis in relation to multifactorial diseases. Never-
theless there are examples of successful investigation of
complex systems based on interaction of polymorphic gene
variants with environmental factors. Analysis of folate me-
tabolism-associated pathway eventually linked with DNA
methylation has already allowed to uncover a system of
interactions between dietary supply of folate and vitamins
B12 and B6, gene polymorphisms, and pathogenesis of sev-
eral multifactorial conditions including CVD and cancer.
With this firm background there is little doubt that knowl-
edge on this metabolic system is going to expand. These
achievements are likely to fuel rapid progress in investiga-
tion of other systems, some of which now emerge as major
new areas of the research in the field.

One of the most intriguing problems directly related to
human chronic diseases, nutrition, and genetic variation is
regulation of energy homeostasis. Some of its key elements
have recently been discovered, and genetic variation in them
is at least partially established. It can be concluded that the
present level of knowledge already allows direct investiga-
tion of the role of interactions between nutrition and gene
variation patterns in energy intake and expenditure control
in relation to pathogenesis of complex multifactorial dis-
eases. Most of the studies in this direction have hitherto
been concentrated on the pathogenesis of obesity and dia-
betes mellitus, however it may be time to expand the scope
of investigations addressing other chronic conditions as
CVD and cancer. Assessment of lipid transport and metab-
olism-related gene variants is a closely related problem,
which can probably benefit from integration with the gen-
eral area of energy homeostasis control. Other important
directions deserving close attention include investigation of

genetic variation in regulation of angiogenesis, inflamma-
tory reactions, and cell growth and differentiation (compris-
ing control of the cell cycle, DNA repair, and DNA meth-
ylation). It can also be emphasized that the vast majority of
researchers are still concentrating their efforts on identify-
ing gene variants predisposing to pathologic conditions.
Search for genetic traits protecting against multifactorial
diseases should be given the same priority.

This review could not cover all immense area of gene
variation in human disease. Such important fields as genetic
variation in the immune system, psychiatric genetics, ge-
netic mechanisms of diabetes mellitus could not be ad-
dressed, however the general idea of looking for roles for
combinations of gene variants, rather than for single poly-
morphisms, can be expanded to these areas as well.

Diet-related mechanisms are not always obvious for the
whole range of conditions considered in this review. It is,
however, clear that dietary modification presents the easiest
and probably the most efficient way to influence risk of
many diseases at everyday lifestyle level. For this reason
information regarding genetic variants affecting responses
to dietary factors can considerably improve development of
individualized preventive strategies and eventually prevent
many untimely deaths. [57, 115–122, 153, 209, 241, 242,
245, 246, 247, 249, 276, 277, 278, 295]
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