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Abstract
The article discusses the main issues of the complex interactions between genetic, epigenetic and environmental factors in 

the development of the complex human diseases.(International Journal of Biomedicine. 2017;7(4):269-275.) 
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Complex human diseases originate from Paleolithic 
caves, where Homo sapiens (HS) started. The oldest human 
alleles originated in Africa, in parallel with the development 
of our species, millions of years before people first migrated 
out of Africa 50,000 to 60,000 years ago.(1,2) These ancient 
polymorphisms are shared by all human populations; they 
account for approximately 90% of human variation and reflect 
the evolution of the human genome.(3) The genetic diversity of 
man dates back to an ancestral African population that lived 
about 200,000 years ago. In the course of their many thousands 
of years of development, modern humans have faced the global 
challenges of the external environment. The colonization of 
other continents and other climatic zones, which started about 
70-40 thousand years ago and lasted for 40-45 thousand years 
with the waves of hybridization (interbreeding of HS with the 
Neanderthal man and Denisovan man), was accompanied by 
global environmental challenges and required adaptation to 
new habitat conditions. 

The Neolithic revolution (the transition from the 
appropriative economy to a producing economy, 12,000-
9,000 years ago) with the development of agriculture, 
cultural farming and cattle breeding, led to a rapid expansion 
of the population and a drastic change in diet, necessitating 
changes to adapt to the changed structure of nutrition and 
metabolism. Therefore, some genetic changes are associated 
with differences in types of nutrition. The most known among 
them is hypolactasia—lactose intolerance. Lack of lactase in 
adults is the initial ancestral sign for HS. However, most adult 
Europeans produce lactase and can drink milk without harm 
to health. These people are carriers of a mutation in the DNA 
region that regulates the synthesis of lactase. The mutation 
spread after the appearance of dairy cattle breeding about 

9-10 thousand years ago and is found mainly among European 
peoples. The traditional diet acts as a selection factor and leads 
to a change in the frequencies of alleles and the spread in the 
population of genetic variants that are most adaptive with this 
diet. In another example, the encounter between the ancient 
civilization and Scythians in the Northern Black Sea region in 
the 4th century BC, was accompanied by “global food stress.” 
Nutrition conflict gave rise to catastrophic consequences. The 
first wave of settler Greeks died from the cold and unusual 
food 5-10 years after relocation. At the genetic level, a 
conflict of enzymes began. For example, Greek wine became 
a catastrophe for nomads due to the lack of the enzyme 
alcohol dehydrogenase. “Drunk as a Scythian” (Herodotus: 
The History). Biologically, HS and their immediate ancestors 
for hundreds of thousands of years adapted to the lifestyle of 
hunter-gatherers. Then came the transition from gathering to 
agriculture, with its accompanying changes in diet and lifestyle, 
which continued for tens and hundreds of generations.

Adaptation of the population to dietary factors and 
lifestyle is accompanied by genetic changes with an increase in 
the frequency of adaptive alleles in the population. However, 
the human genome, as a relatively slowly evolving system, is 
not able to change under the pressure of environmental factors 
in a small number of generations and quickly respond to the 
challenges of the environment.

With the development of the producing economy, 
along with infectious diseases, many common diseases 
that rarely occurred in ancient hunter-gatherers, or were in 
general unknown, appeared. For example, the low-cholesterol 
diet of hunter-gatherers made them adaptive for the ability 
to intensively absorb cholesterol, which under the new 
conditions became a risk factor for atherosclerosis. Epochal 
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studies conducted 100 years ago in Egypt by Sir Mark Armond 
Raffer, allowed the signs of atherosclerosis to be revealed 
histologically in the aorta and other large arteries of numerous 
Egyptian mummies, that were 3,000 years old.(4) The presence 
of the signs of atherosclerosis in the aorta and other large 
arteries in 76 Egyptian mummies was confirmed by whole-
body CT scanning study by AH Allam and colleagues.(5)  

Having passed the line of modern chronology (A.D.), 
mankind again began to move around the planet: the Great 
Migration of Peoples (3rd-7th centuries), with mass migration 
of the population, habitat change, assimilation of peoples, the 
destruction of some and the formation of new ethnic groups. 
Great geographical discoveries (15th-16th centuries) and the 
“Columbus exchange” (plants, animals, food, peoples, and 
infectious diseases moving around the planet) are considered 
by scientists as a stage of the “First Globalization.” Together 
with migrations, infections such as smallpox, leprosy, plague, 
tuberculosis, malaria, and syphilis were rampant on the planet. 
Epidemics—a characteristic sign of the Middle Ages—were 
the result of the growth of cities, terrible famine, climate 
change, unsanitary conditions, mass migration of a large 
number of people, and crusades.

The first pandemic of the plague (Justinian Plague), 
which was preceded by the pandemic of leprosy and smallpox, 
which originated in the Eastern Roman Empire in the 6th 
century and covered almost the entire territory of the civilized 
world, killed more than 100 million people for several years. 
The second pandemic, widely known as the Black Death or the 
Great Plague, originated in China in 1334 and spread along the 
great trade routes to Constantinople and then to Europe, where 
it claimed an estimated 60% of the European population.(6) 

Epidemics made the problem of resistance to infections 
urgent. Epidemics, often associated with wars, can change the 
frequencies of alleles throughout the lifespan of one generation 
due to a sharp decline in the population.

The first studied example of resistance is found in 
the spread of sickle cell anemia, a hereditary disease in the 
tropical and subtropical zones caused by a mutation in the 
hemoglobin gene. Mutation carriers were resistant to malaria. 
Researchers found that in the areas with a high incidence of 
malaria, the heterozygous condition is most “advantageous,” 
since homozygous carriers of mutant hemoglobin die from 
anemia, homozygous carriers of the normal gene are affected 
by malaria, and in heterozygous carriers anemia appears in a 
mild form, but these carriers are protected from malaria.

A very interesting story of positive selection in the 
human genome is the 32-bp deletion in the chemokine 
receptor CCR5, a variant that confers resistance to AIDS. С-C 
chemokine receptor type 5 (CCR5) is a type of chemokine 
defined as small proteins having diverse functions that include 
immune surveillance and immune cell recruitment.  In 1996, it 
was discovered that CCR5 behaves as a co-receptor for entry 
of HIV into cells.(7) CCR5 receptors are not expressed on the 
cell surfaces in homozygous individuals having the CCR5-Δ32 
variant due to an incomplete protein providing high level 
protection against HIV infection.(8) Studies have found that 
although heterozygous individuals carrying the CCR5-Δ32 
allele can be infected by HIV, the disease progression rate 

is slower in these people.(9) About 1% of Caucasian people 
have inherited two copies of CCR5-Δ32 genes leading to 
virtual immunity to HIV infection. On the other hand, 20% 
of Caucasians carry only one copy of the CCR5-Δ32 allele, 
which gives some protection against infection, thus making 
the disease less severe when infection occurs.(10) This variant 
was postulated to be a relatively recent response to plague or 
smallpox. New research shows that the frequency of CCR5-
Delta32 in Bronze Age samples is similar to that seen today, 
pushing the observed age of the allele back to at least 3,000 
and possibly 5,000 years ago.(11) 

A powerful global challenge for modern humans was 
the Great Industrial Revolution (the period from the end of 
the 18th century to the beginning of the 20th century) with 
the development of industry, urbanization, and pollution 
of the environment with a large number of new chemicals 
that did not exist in nature before. The tremendous leap in 
the development of science, technology, and medical care 
have increased the human life expectancy with a shift in 
the vector of morbidity. Information globalization (from the 
20th century to the present), adopting the baton of the Great 
Industrial Revolution, defined a new level in the development 
of civilization, with fundamentally new opportunities and 
previously unknown problems of human development, with 
changing traditional stereotypes of behavior and  lifestyle, 
and with the changing population age structure and signs of 
a demographic revolution. The rapidity of change and the 
contraction of historical time—the basic characteristics of 
the modern period of globalization—have become a new and 
powerful challenge for modern HS.

Exponential population growth, fueled by the development 
of agriculture in the past 10,000 years and of urbanization in the 
past 700 years, has resulted in a vast number of new alleles.(3) 
Collectively, these alleles have generated an immense degree 
of genetic variation. Given the size of the present-day human 
population, every point mutation compatible with life is likely 
present in someone, somewhere.(3)

Genetic variations as disease markers
Human genetic variations—the differences in DNA 

sequence within  the genome of individuals in populations—
can take many forms, including single nucleotide changes 
or substitutions, tandem repeats, insertions and deletions 
(indels), additions or deletions that change the copies number 
of a larger segment of DNA sequence (that is, copy number 
variations (CNVs)), other chromosomal rearrangements such 
as inversions and  translocations (copy neutral variations), 
loss of heterozygosity (LOH), copy neutral LOH (acquired 
uniparental disomy).(12) 

Single nucleotide polymorphisms (SNPs) are the most 
abundant type of genetic variation in the human genome. This 
is approximately equivalent to 3 million SNPs being carried by 
each individual genome. Therefore,  the DNA sequence of any 
two genomes is estimated to be about 99.9% identical, and the 
0.1% genetic variations that are mainly comprised of  SNPs 
are believed to be responsible for the phenotypic differences,  
such as physical traits (for example, height, and hair and eye 
colors),  disease susceptibility, and drug responses, among 
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individuals in  populations.(12) 

The completion of the Human Genome Project is a major 
scientific  development in human genomics and biomedical 
sciences. The reference DNA sequence has provided the basis 
for studying genetic variations in the human genome among 
individuals in populations. Information on the complete sequence 
of the human genome is freely available (http://genome.ucsc.
edu; http://www.ensemble.org; http:/www.ncbi.nlm.nih.Gov/
genome/quide/human). Currently, after the completion of the 
Human Genome Project, more than 17 million SNPs in human 
genome have been documented in the dbSNP.

Genome-wide association studies (GWAS) designed to 
discover SNPs that are associated with a complex trait with 
the genotyped SNPs have reported thousands of SNPs that are 
robustly associated with one or  more complex traits, including 
quantitative traits and common diseases.(13,14) Typically, the 
associated SNPs in total only explain a small proportion of the 
genetic variation in the population, and this observation has led 
to the perceived problem of “missing heritability.”(15-17) Most of 
the risk alleles that have been identified by GWAS are common 
(allele frequency >5%) and confer small effect sizes (odds ratio 
<1.5).(18,19) The vast majority of such variants have no established 
biological relevance to disease or clinical utility for prognosis or 
treatment.(3) For example, a recently published 12-year follow-
up study of cardiovascular disease (CVD) in more than 19,000 
women found that the 101 SNPs identified by GWAS as risk 
variants for CVD did not predict cardiovascular outcomes.(20) 
However, there are more examples of how common variants 
make a major contribution to disease. Sickle cell anemia and the 
thalassemias are caused by multiple mutations in hemoglobin 
genes that persist at polymorphic frequencies in malarial 
endemic regions worldwide.(21) Autoimmune conditions, such 
as systemic lupus erythematosis, multiple sclerosis, type I 
diabetes, and rheumatoid arthritis, are strongly influenced by 
common polymorphic variations at the MHC loci. Alzheimer’s 
disease is strongly influenced by an allele of APOE4 that occurs 
at polymorphic frequencies in most populations.(23) Lactose 
intolerance (or lactase persistence) is caused by the effect of 
any one of several different alleles in noncoding enhancers of 
the lactase promoter; different regulatory alleles are common in 
different populations.(24) 

The recognition that rare alleles are important 
contributors to common complex human diseases is a major 
paradigm shift in human genetics.(3) For example, Liddle’s 
syndrome—a very rare form of hypertension(25) influenced by 
rare genetic variations—and familial breast cancer induced 
by BRCA1 and  BRCA2 mutations implicate multiple, highly 
penetrant, yet very rare, variations and yet  both hypertension 
and breast cancer have more common forms for which GWA 
studies and related strategies have been, and should be, 
pursued.

The genetic architecture of complex diseases remains 
elusive. How much each type of genetic variation contributes 
to inherited risk and the relative proportion of rare versus 
common variants is unclear.(12) A good source to impute missing 
genotypes for previous GWAS data became the 1000 Genomes 
Project, which created the largest public catalogue of human 
variation and genotype data. The goal of the 1000 Genomes 

Project was to find most genetic variants with frequencies of 
at least 1% in the populations studied. Data from the 1000 
Genomes Project is available to the worldwide scientific 
community through freely accessible public databases.

Epigenetic Reprogramming
The ultimate goal of gene discovery in a complex 

disease is to identify and characterize biological pathways 
and processes critical to the disorder. Key pathways may be 
disrupted via many different causes—genetic, epigenetic, and 
environmental.(3) The traditional view that interactions between 
genes and the environment control disease susceptibility can 
now be expanded to include epigenetic reprogramming as a 
key determinant of the origins of human disease.(26) Currently, 
epigenetics is defined as heritable changes in gene expression 
that do not alter DNA sequence but are mitotically and 
transgenerationally inheritable.

The term “epigenetic” was coined by Waddington(27) to 
refer to heritable alterations  in gene expression that are not 
due to changes in DNA sequence. Epigenetic modification, 
such as DNA methylation and histone modification, alter 
DNA accessibility and chromatin structure, thereby regulating 
patterns of gene expression. Molecular mechanisms of 
epigenetic reprogramming include DNA methylation, histone 
modification, non-coding RNA, nucleosome positioning and 
many others. These molecular changes are able to maintain in 
various tissues and organs those features of gene expression 
that give them all the necessary properties and distinguish 
certain tissues and organs from others. The entire sum of 
epigenetic transformations is understood as an epigenom. An 
epigenom can be considered as a connecting link between the 
static genome and the constantly changing environment. (28,29) 
The activity of the epigenome defines the programs of gene 
expression that act in certain types of cells at the right time. 
It can be said that the phenotype is the result of a cooperative 
interaction of the genotype (a specific sequence of DNA) 
and the epigenotype. Thus, epigenetic reprogramming is 
the process by which an organism’s genotype interacts with 
the environment to produce its phenotype and provides 
a framework for explaining individual variations and the 
uniqueness of cells, tissues, or organs despite identical genetic 
information.(26)

Given its central importance in non-genomic inheritance 
and earlier discovery, DNA methylation has been named 
the “prima donna” of epigenetics.(30) DNA methylation is a 
heritable epigenetic mark involving the covalent transfer of a 
methyl group to the C-5 position of the cytosine ring of DNA 
by DNA methyltransferases.(31)

This chemical modification occurs predominantly on CG 
dinucleotides in mammalian genomes. However, recent studies 
have revealed that non-CG methylation (mCH) is abundant 
and nonrandomly distributed in the genomes of pluripotent 
cells (embryonic stem cells) and brain cells, and is present at 
lower levels in many other human cells and tissues.(32) M.D. 
Schultz with colleagues(33) identified widespread tissue-specific 
differential CG methylation (mCG), partially methylated 
domains, allele-specific methylation and transcription, and the 
unexpected presence of mCH in almost all human tissues. 
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DNA methylation is typically considered a potentially 
enduring epigenetic modification (particularly among 
postmitotic cells). In contrast, posttranslational modifications 
to the N-terminus tails of histone proteins are highly 
varied and dynamic and include acetylation, methylation, 
phosphorylation, and ubiquitination. These epigenetic 
processes are not independent (i.e., DNA methylation can 
influence histone modification and vice versa) and collectively 
influence the accessibility of DNA to transcription factors and 
RNA polymerase. DNA methylation is typically associated 
with reduced transcription, and histone acetylation is typically 
associated with increased gene expression.(34-36)

Most DNA methylation is essential for normal 
development, and it plays a very important role in a number of 
key processes, including genomic imprinting, X-chromosome 
inactivation, and suppression of repetitive element transcription 
and transposition.(37) DNA methylation can be affected by 
both inherited DNA sequence variation and a broad range of 
environmental factors, such as nutrition,  exposure to toxic 
pollutants and social environment.(38-41) 

The state of genome instability in connection with the 
violation of DNA methylation processes appears to be the 
fundamental basis for the manifestation and/or maintenance 
of the pathological process in carcinogenesis, atherosclerosis, 
autoimmune process. (42-45)

The phenomenon of total hypomethylation, which is 
the most important indicator of genome instability, is defined 
quite clearly in three acute conditions of the organism: at 
the very beginning of embryonic development, at the final 
stages of ontogeny of the organism in the process of its aging 
and, finally, in the process of malignant transformation. 
Generally, during the aging process, global hypomethylation 
of DNA occurs in a repetitive sequence pattern that may 
promote genomic instability.(46) Not only is aging correlated 
with hypomethylation of proto-oncogenes, but also with 
hypermethylation of tumor suppressor genes, potentially 
leading to increased risk of cancer and other diseases.(47)

Epigenetic changes in disease are not always focal, but 
can be global and encompass large chromosomal regions.(48) 
For example, the aberrant expression of micro RNAs has been 
linked to various age-related diseases, such as Alzheimer’s 
disease, cardiac disease and many cancers, including leukemia 
and lymphoma.(49-53) 

Hypomethylation in atherosclerosis, as well as in 
cancer, contributes to the pathogenesis of the disease, inducing 
chromosomal instability, affecting such specific genes related to 
the development of the disease as the genes of 15-lipoxygenase 
and extracellular superoxide dismutase.(54) Atherosclerosis 
is also marked by the hypermethylation of individual genes. 
This concerns such an important gene for the development of 
atherosclerosis and aging in general, as the estrogen receptor-α 
gene on smooth muscle cells.(55) It is the presence of these 
receptors on cells that allows the antiproliferative effect of 
estrogens in smooth muscle cells (SMCs), thereby providing 
cardiovascular protection; suppressing the expression of the 
receptor gene will promote the induction of the proliferation 
of SMCs, thereby contributing to the development of 
atherosclerosis.(56) In addition, the activated estrogen receptors 

increase the expression/activity of NO synthase, and hence the 
production of NO itself, which also has the ability to inhibit 
the proliferation of SMCs in the vessels.(57) Recent studies have 
shown that differences in DNA methylation exist between 
major ethnic groups,(58-61) highlighting the potential contribution 
of epigenetic modifications to human phenotypic variation.  

Maud Fagny and colleagues (61) have found that the current 
habitat and historical lifestyle of a population have similarly 
critical impacts on the methylome, but the biological functions 
affected differ strongly. Specifically, the methylation variation 
associated with recent changes in habitat mostly concerns 
immune and cellular functions, whereas the variation associated 
with historical lifestyle affects developmental processes. 
Furthermore, methylation variation—particularly that correlated 
with historical lifestyle—shows strong associations with nearby 
genetic variants that, moreover, are enriched in signals of natural 
selection. Maud Fagny and colleagues have suggested that 
populations can initially respond to environmental challenges 
via epigenetic changes, uncoupled from variation in the DNA 
sequence, with the adaptive phenotype increasingly being 
achieved via genetic changes as time passes.(61) 

It has also been suggested that epigenetic changes may 
account for the missing heritability determinants of complex 
diseases, such as atherosclerosis, hypertension, metabolic 
syndrome, and diabetes.(42-45, 62)

Hyperhomocysteinemia in atherosclerosis is perhaps 
one of the mechanisms of the phenomenon of total DNA 
hypomethylation, characterizing, apparently, both the 
onset and progression of the disease. Homocysteine (Hcy) 
is biochemically linked to the principal epigenetic tag 
found in DNA. Hcy plays a crucial role in methyl-donor 
biosynthesis.(63) The methyl-group responsible for DNA and 
histone methylation originates from S-adenosyl methionine 
(AdoMet), via Met biosynthesis through folate-dependent 
or -independent pathways of Hcy remethylation. Following 
the transfer of the methyl group, AdoMet is converted into 
S-adenosyl homocysteine (AdoHcy), which inhibits  the 
majority of AdoMet-dependent methyltransferases. If Hcy 
accumulates, AdoHcy will accumulate as well, potentially 
inhibiting transmethylation reactions. Thus, increased Hcy 
may be regarded as a  global DNA hypomethylation effector 
via AdoHcy accumulation. Mechanisms of HCy-dependent 
accumulation of AdoHcy are highlighted in a review by Diane 
E. Handy.(62) The inverse relationship between Hcy plasma 
concentrations and DNA methylation patterns has been 
confirmed in many other reports.(64-67) Several studies support 
the concept that DNA hypomethylation may be responsible, 
in part, for vascular complications associated with increased 
circulating levels of Hcy.(68-73) 

Growing evidence suggests that chromatin factors 
are involved in the incidence of T2DM and may mediate the 
complex interaction between genetic variants, environment, 
and gene expression.(74) Barrès et al. (75) identified mCH as one 
of the critical factors involved in diabetes. They examined 
the methylation patterns in muscle tissue from a cohort of 
T2DM, impaired glucose-tolerant, and normal glucose-tolerant 
individuals. They discovered that the T2DM and impaired 
glucose-tolerant subjects had significantly higher mCH in the 
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promoter of the PGC-1α gene compared with normal glucose-
tolerant subjects, whereas the number of CG sites was limited 
in the promoter regions and their methylation states were 
not significantly altered. Barrès et al.(75) found that in human 
primary myocytes, the mCH in the PGC-1α promoter can be 
induced by a high concentration of free fatty acids, such as 
palmitate and oleate or TNF-α, all of which were present at 
high levels in diabetic individuals. PGC-1α is a critical gene 
involved in the regulation of mitochondria biogenesis.(76) The 
mCH of its promoter was accompanied by lower transcription 
and a dramatic reduction of mitochondrial DNA content. 
Furthermore, several recent studies have begun to demonstrate 
the association between mCH and Rett syndrome. (77-79)

During the course of human life, there is constant 
interaction between the external and internal environments—
interaction that is required for normal development and health 
maintenance. Exposure to pharmaceutical and toxic chemicals, 
diet, stress, lifestyle choices, and other environmental factors may 
result in conflict with the programmed adaptive changes made 
during early development, and explain the alarming increases 
in some diseases.(26,48) The plasticity of certain epigenetic 
modifications can be followed throughout development and 
differentiation and in response to environmental stimuli. It seems 
possible that such epigenetic modifications may be amenable 
to pharmacological interventions.(62) Advances in epigenetic 
technology may soon allow repair of defective epigenetic 
modifications by a variety of therapeutics.(48) For example, the 
drug azacitidine, the first FDA-approved epigenomic drug, 
treats leukemia by reactivating tumor suppressor genes, and 
similar drugs are now in development.(80,81) 

Thus, despite the risk presented by inherited genes and 
mutations, epigenetic factors play a decisive role in the actual 
development of disease. Investigation of epigenetic profiling 
can help in determining the risk of developing a specific 
disease in an individual with a particular type of genotype. 
Also the same epigenetic profile, along with knowledge of the 
genomic sequence, can help to determine which medications 
or alternative medicine approaches would be effective in 
preventing or curing a particular disease. 

There is a long road between understanding the intimate 
mechanisms of the genome-epigenome interactions in the 
development of disease and the targeted therapeutic approaches. 
The ancient Greeks said that knowledge is the radius of a 
circle, and ignorance is the circumference of a circle. With the 
definition of the structure of DNA, the radius of understanding 
has grown, but at the same time the circumference of the circle 
has also grown, but we believe that “Viam supervadet vadens” 
(Lucius Seneca).
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