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1. Global Burden of Noncommunicable Chronic 
Diseases (NCCDs)

There are already extensive reviews on the global burden of 
NCCDs in the public domain.[1–6] The consensus that can be 
surmised from the available data on NCCDs is that their overall 
prevalence appears to be rising globally and the projections 
indicate an upward trend. Epidemiological transition data sug-
gests that the morbidity and mortality rate from these diseases 
is far more than that of communicable diseases in the devel-
oped world[7] and a similar trend is now occurring in the low 
to medium income countries (LMICs).[8] Among the NCCDs, 
cardiovascular diseases (CVDs) are the leading causes of mor-
bidity and mortality, followed closely by metabolic diseases like 
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type 2 diabetes and cancers.[2,9] By 2030, 
NCCDs are expected to account for over 
70% of all global deaths, out of which 
80% will be in the LMICs.[2,10] Several 
attempts at understanding the genetics of 
many NCCDs have yielded better insights 
into the genetic perturbations that are 
associated with these disease, albeit the 
outcomes have been disappointing; the 
evidence from genome wide association 
studies, family linkage analyses, and twin 
cohort studies suggests that genetic abnor-
malities only account for a very small risk 
of NCCDs.[11,12] With these insights, life-
style factors have received closer scrutiny 
and many NCCDs have now come to be 
associated with specific lifestyle choices 
especially diet.[2,3,5,13,14]

The World Health Organization (WHO) 
advises that to achieve overall improved 
health around the world, national health 

systems must balance caloric intake with physical activity levels 
to attain an optimal health. This balance, they argue, can be pro-
moted by avoiding unhealthy diets, tobacco use, and harmful 
use of alcohol, while increasing physical activity levels.[2,3] 
The American Heart Association also recommends the use 
of diets rich in vegetables, fruits, fish, and whole-grain, high-
fiber foods, while limiting the intake of saturated fats to 7% of 
energy, trans fats to 1% of energy, and cholesterol to 300 mg d−1 
to curb the burden of cardiovascular diseases (CVDs), which 
are the leading causes of morbidity and mortality among the 
NCCDs.[13] They also recommend moderate alcohol intake, 
avoidance of smoking, and reduction in the intake of foods/
beverages with added sugar, and the consumption of fat-free 
or low-fat (1% fat) dairy products and foods with little or no 
salt.[2] The necessity of salt consumption is however underlined 
by the fact that it is an important means of preventing iodine 
deficiency,[15] and thus must be balanced. These recommenda-
tions are in line with those of WHO, suggesting a convergence 
in thinking on how to properly manage NCCDs. Additionally,  
Heidemann et al.[16] had demonstrated that adoption of a 
western lifestyle characterized by consumption of energy-dense 
foods that are rich in red meat, processed meat, refined grains, 
and sweets was associated with higher risk of mortality from 
CVD and all-cause mortality, compared with a more traditional 
diet characterized by consumption of vegetables, fruit, legumes, 
fish, poultry, and whole grains. The risk of type 2 diabetes mel-
litus was also shown to be substantially higher in individuals 
who consume such western diets.[11,17]

CVD accounts for more than 50% of all cases and death due 
to NCCDs globally including in LMICs.[18] This was not always 
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the case and CVD accounted for less than 10% of morbidity 
and mortality even up to the 19th century.[6,18] In the 20th 
and 21st centuries, the burden of CVD saw an upward trend 
that is expected to continue in this direction despite advances 
in healthcare systems around the world.[19] Lifestyle factors, 
including unhealthy diet and physical inactivity,[6,16,20–22] 
which were not prevalent during the 18th and 19th centu-
ries have been blamed for this rising burden of CVD around 
the world. Extensive studies have also shown that lifestyle 
interventions may significant alter the progression of CVD 
and several recommendations have been given toward such 
goals.[3,13,23–27] Despite these recommendations, the declining 
CVD mortality at least in the developed world in recent years 
may not be down to adoption of these recommendations and 
reduced disease burden, but largely due to improved quality 
of care and treatment.[28,29] In LMICs, however, morbidity and 
mortality from CVD still remain high, a trend that is blamed 
on traditional CVD risk factors[6,18] although a growing body 
of epigenetic data suggests inherited influences may likely 
be contributing to the overall burden of CVD and other 
NCCDs.[30] Periconceptional and intrauterine conditions can 
induce molecular reprograming events in the form of DNA 
methylation changes and/or histone modifications to optimize 
survival of the fetus, only for these changes to predispose to 
adult NCCDs postnatally.[31]

Furthermore, type 2 diabetes mellitus is on the increase 
globally. In 2015, there were 415 million adults living with 
diabetes, and the number is expected to rise to 642 million 
by 2040.[32] Type 2 diabetes in the pediatric population is 
increasingly becoming prevalent largely driven by obesity, 
and accounts for a significant number of diabetics in the 
developed countries.[33] This growing burden has been the 
trend for a long time now and has not shown any signs of 
slowing down.[1,34] Interestingly, the increase in type 2 dia-
betes incidents is expected to be highest in the LMICs, where 
such metabolic disease was relatively low before the 1980s.[33] 
Despite the dismal statistics, a huge number of diabetics are 
believed to be undiagnosed especially in Africa and Middle 
East, where almost two-thirds of all diabetics do not know they 
have the disease. In fact, the International Diabetes Federa-
tion estimates that there are as much undiagnosed diabetics 
as those that are diagnosed. These undiagnosed cases are 
more prone to developing complications, thus adding to the 
economic burden of the disease through direct medical costs 
and lost productivity.[32,35] Just like CVD burden, that of type 2 
diabetes is also closely linked with unhealthy lifestyle choices 
like unhealthy diets and physical inactivity.[17,36,37] Additionally, 
the global burden of cancers has been growing exponentially, 
with 2012 estimates indicating that more than 14 million 
cancer cases occurred in that year with additional 8 million 
cancer deaths, majority of which occur in the LMICs.[38,39] 
Breast, colon, and cervical cancers are the commonest among 
females, while lung, prostate, and colon cancers are the com-
monest among males.[4] Cancers too have been associated with 
unhealthy lifestyles.[40]

Overall, NCCDs especially CVDs, type 2 diabetes and 
cancers are taking a heavy toll on the health of many indi-
viduals especially in the LMICs. Sadly, the economic impact 
of these diseases is helping to impoverish these countries 

whose economies are already bad. Since the initial observa-
tions of the rising trend in global NCCDs burden, advances 
in healthcare systems around the world and lifestyle rec-
ommendations have not been met with a corresponding 
reduction in the burden of overall NCCDs. This is despite 
passionate advocacy that a large burden of these NCCDs 
could be reduced with adherence to set recommendations 
of dietary and lifestyle modifications.[2,3,13,23,24,26,35–38,41,42] 
However, as we will argue later in this review, ancestrally 
inherited and/or intrauterine acquired epigenetic influ-
ences may be complicating the burden of NCCDs among 
different populations, who have either inherited and/or 
undergone some experiences known to confer transgenera-
tional increase in risk of diseases. Even the International 
Diabetes Federation appears to have acknowledged in recent 
years that policy shifts to acknowledge the contributions of 
intrauterine and early life epigenetic influences may greatly 
influence the control of type 2 diabetes.[43] Thus, it is our 
strong conviction that nonconsideration of the contributions 
of epigenetic influences on the burden of NCCDs may be 
the reason why lifestyle recommendations have so far not 
yielded the desired outcomes in terms of reduced burden of 
these diseases.
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2. Changing Ancestral Life Style Factors 
and Implications on Disease Burden

Dietary and other lifestyle factors have significantly changed 
over the past few centuries to be what we have today. The 
sources and preparation of food for human consumption 
generally parallel the technologies available to humans at any 
given time in history. Thus, it was common practice to engage 
in manual farming activities and to travel over long distances 
on foot in search of food and other livelihood from the Paleo-
lithic periods up to the preindustrial period. There are indica-
tions that the lifestyles of preindustrial humans that lived just 
prior to and around the 18th century closely resembled those 
of the late Paleolithic hunter-gatherer humans than those of 
present day humans (Table 1).[28,44–48] Moreover, evidence from 
Australian Aborigines, who lived as hunter-gatherers into the 
20th century had provided insights into the lifestyles of past 
hunter-gatherers.[46]

Similarly, preindustrial humans were far more physically 
active and consumed foods that were more natural than 
what humans consume now.[45,48,49] Anthropological analyses 
using muscular insertion sites, the area of articular surfaces, 
and the cortical thickness and cross-sectional shape of long 
bone shafts of paleolithic and preindustrial humans have 
demonstrated that they were stronger and more active than 
their present day descendants. The overall physical activity 
levels and healthy nutritional status of humans through the 
paleolithic to the preindustrial periods may have resulted 
in very little adverse epigenetic influences that would have 
influenced chronic disease risk in successive generations 
during these periods. Such healthy lifestyles and physical 
activity levels would have undoubtedly induced beneficial epi-
genetic influences leading to reduced disease risk in subse-
quent generations.[50,51] However, longevity is notably higher 
among present day humans compared to the preindustrial 
humans despite the seemingly healthier lifestyles of those 
people possibly because the major causes of deaths were 
acute factors;[52] there were no antibiotics against infectious 
diseases, and modern medical equipment needed to take care 
of injured persons as a result of war, violence or accidental 
trauma were not available. Moreover, seasonal epidemics 
may have caused significant deaths among the preindus-
trial humans.[53] These factors coupled with recent advances 
in overall healthcare delivery would have put present day 
humans at an advantage in terms of longevity over the prein-
dustrial humans.

Humans have undergone several developmental phases 
that correspond with important epidemiological transitions 
over the last three centuries when public health information 
began to be recorded aggressively in attempts to improve 
wellbeing and health. Thus, in accordance with the phases 
of epidemiologic transition, namely pestilence and famine, 
receding pandemics, degenerative and man-made diseases, 
and the phase of delayed degenerative diseases,[6,18] epige-
netic influences may have been carried over across several 
generations, with possible implications on adult disease 
outcomes.[31]

On average, the body-mass index (BMI) of people is higher 
in recent years than it used to be in the past.[54] However, we 

cannot rule out contributions from our ancestors. The fact 
that some ethnic populations do not lose the risks of certain 
diseases when they move to other countries further supports 
this hypothesis. Asians who have moved to the US have been 
shown to have similar CVD risks to other Asians living in 
Asia than other ethnic groups living in the US. In fact, they 
have been shown to be prone to developing NCCDs like 
CVDs with minimal western environmental influences.[55] 
Similarly, Australian Aborigines are easily prone to devel-
oping obesity, type 2 diabetes and CVD when they transition 
to western lifestyles.[46] Genetic risk can only account for a 
small proportion of these risks due to lack of overwhelming 
evidence linking cases of CVDs to genetic predisposition 
among the Asians or Australian Aborigines. In some cases, 
however, critical changes during development have been 
shown to modulate disease risk irrespective of genetics. 
For example, the risk of multiple sclerosis is higher in the 
Northern than the Southern hemisphere, and the original 
risk of developing such remains when an individual migrates 
after puberty. On the other hand, migration during child-
hood confers similar risk as the host community.[56] It is 
thought that protective factors in the Southern hemisphere 
like maternal nutritional status, exposure to sun, helminths, 
and other parasites are able to modify risk only during 
critical developmental windows, in support of extragenetic 
programing of disease risk.[57] Besides, there is evidence 
that childhood environmental factors can program the risk 
of adult NCCDs, which can be transmitted across multiple 
generations.[58–60]

Global Challenges 2017, 1, 1700043

Table 1. Differences in physical activity dietary consumption between 
preindustrial and present day humansa).

Preindustrial humans Present day humans

Physical activity High Low

Protein High Low

Carbohydrate Similar

Refined sugars Low High

Glycemic load Low High

Fat Low High

Saturated fats Low High

Trans fats Low High

Monounsaturated fats High Low

Polyunsaturated fats High Low

Harmful alcohol use Low High

Cholesterol High Low

Fiber High Low

Sodium/salt Low High

Calcium High Low

Ascorbic acid High Low

Plant based foods including 

fruits and vegetable

High Low

Grains Low High

a)Source: Refs. [44,45,47,49].
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3. How Nutritional Epigenetics Underlies 
the Growing Burden of Chronic Disease

The world is experiencing ever increasing NCCDs burden 
despite extensive documentation of traditional risk factors 
known to promote these diseases and attempts at imple-
menting counter-measures in many countries around the 
world. We hypothesize that in view of the growing epigenetic 
evidence (detailed below) linking many of the environmental 
experiences of our ancestors in the last three centuries to adult 
NCCDs, the current global burden of diseases may have been 
shaped by inherited experienced that may have been com-
pounded by our unhealthy lifestyle choices.[18] Moreover, at no 
time in human history have we experienced or are projected to 
experience such a huge NCCDs burden that is attempting to 
defy all known preventive measures. Thus, cumulatively inher-
ited epigenetic modifications over time could have affected our 
risk of diseases and its overall burden, as explained below:

3.1. Starvation

Starvation around the time of conception and early gestation 
in humans has epigenetic implications (Table 2), including the 
hypomethylation of the lymphocyte IGF2 gene[61,62] and hyper-
methylation of the lymphocyte IL10, LEP, ABCA1, GNASAS, 
and MEG3 genes in adult life.[61] Human exposure to peri-
natal famine can also produce distinct DNA methylation pat-
terns related to genes involved in eye development (CDH23 
and RFTN1), forebrain formation (SMAD7), growth (INSR) 
and sustaining early pregnancy (KLF13). Many more epige-
netic alterations have been documented due to perinatal famine 
exposure in humans, with consequent increases in offspring’s’ 
risk of diseases during childhood and even adulthood.[59,60,63–85] 
Data from animal experimentation have also provided more 
insights into how nutritional deficiency can induce epigenetic 
alterations (Table 2).[86–95] For example, protein restriction in 
pregnant rodents was shown to produce hypomethylation of 
the hepatic glucocorticoid receptor (GR) and peroxisome pro-
liferator-activated receptor alpha (PPARα) gene promoters, 
with consequently increased expression of these genes,[87] 
even across several generations[88,90] through reprograming of 
the germline methylation levels.[89] The placenta plays a cen-
tral role in nutrient transfer between mother and fetus during 
intrauterine life and helps to maintain pregnancy through 
other mechanisms, and could be a target of the epigenetic 
modifications due to starvation mediated via changes to meth-
ylation levels of imprinted genes and microRNAs associated 
with genes involved in a wide range of activities from placental 
nutrient transfer and fetal development to multiple diseases.[92] 
Similarly, perinatal deficiency of methyl donors like folic acid 
and B vitamins, and other nutrients could influence methyla-
tion levels in offsprings and their risk of disease in adult life 
(Table 3).[93,96–139] Perinatal deficiency of iron has been associ-
ated with the increased risk of high fat diet induced insulin 
resistance in offsprings.[99,100] Such deficiencies of protein, 
methyl donors, and other essential nutrients, which would have 
been common during periods of starvation and may have been 
the basis for the epigenetic sequelae widely associated with the 

Dutch hunger, Norbotten, and other cases of famine (Table 2). 
Despite the growing body of evidence showing epigenetic traits 
and phenotypic changes induced by perinatal exposure to 
famine, these epigenetic traits have not been linked to NCCDs 
development on a public health scale possibly because of our 
limited understanding of their roles in causing disease in the 
past.

In addition to nutritional deficiency during intrauterine life, 
childhood nutrition has also been linked with adult NCCDs.[58] 
Nutritional starvation and specific nutrient deficiency (like iron) 
during intrauterine life has been associated with an increased 
tendency for becoming obese especially when exposed to 
overnutrition during childhood.[78] Thus, while perinatal 
undernutrition itself predisposes to obesity later in life,[63,64] the 
addition of childhood overnutrition and sudden catch-up growth 
further complicates the picture.[59,72,79] Moreover, intrauterine 
nutritional starvation has been shown to program offsprings 
to preferentially consume high fat diets in animals[85,89,94] and 
humans,[80] which may explain the reason for the excessive 
catch-up growth in childhood in a nutritionally abundant envi-
ronment for those exposed prenatally to starvation. Addition-
ally, childhood obesity is associated with increased risks of adult 
NCCDs and adult-onset obesity (See Table 2 for details), which 
itself is a strong risk factor for developing NCCDs.[140]

There is now incontrovertible evidence that prenatal famine 
had huge implications on health of offsprings of those that expe-
rienced these events (Table 2). The Dutch famine of 1944–1945 
is perhaps the most extensively studied event linking undernu-
trition to adult risk of NCCD because of the availability of well-
documented data from the time of the famine, in which case 
parental starvation around the time of conception and early ges-
tation were reported to significantly affect health outcomes in 
offsprings’ adult life; increased risks of type 2 diabetes, cardio-
vascular diseases, mental health issues, other NCCDs and even 
death have been documented.[58,60,62–65,69–71,77,141] Similarly, in 
the late 19th and early 20th centuries, famine was a common 
occurrence in Norbotten, a remote part of Sweden that depended 
on its agricultural practices to feed its population, when harvest 
was inadequate.[142] The children and grandchildren of those to 
starvation at the time have been shown to have an increased 
risk of mortality from CVD and type 2 diabetes.[74,76,143] In addi-
tion, sudden changes from nutritional overindulgence to starva-
tion or from starvation to overindulgence can also be respon-
sible for some of the epigenetically determined increases in 
the risks of offsprings’ adult NCCDs.[74,75] Additionally, studies 
have shown that epigenetic insults that can influence the risk 
of offsprings’ health do not necessarily have to be experienced 
around the time of gestation but can set in long before concep-
tion.[76,144,145] More recently, evidence from the Chinese famine 
of 1959–1961, Biafran famine of 1967–1970, and Ukrainian 
famine of 1932–1933 have shown increased risks of type 2 dia-
betes, cardiovascular disease, mental health issues, and other 
chronic diseases (Table 2).[66–68,72,73,84,85] The Irish, Bangla-
deshi, Finnish, Soviet Union, and the Gambian famine have 
also been reported.[69,146,147] It is thus likely that other cases 
of famine adversely affected the health of offsprings coming 
from that exposure but lack of reliable documentary data make 
it hard to link present day NCCDs to those earlier exposures. 
Besides, Africa, Asia, and other parts of the world are still 
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Table 2. Epigenetic alterations induced by lifestyle factors that may have shaped human disease history.

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Starvation Human/

cohort study

Perinatal and early postnatal exposure to Dutch winter hunger 

(1944–1945)[58,60,62–65,69–71,77,141]

Increased offsprings’ risk of obesity, diabetes, hypertension, CVD, 

chronic lung disease, cancers, death, and cognitive and mental 

disorders in offsprings six decades later

Higher risk of insulin resistance and CVD when offsprings are 

bottle fed instead of breast feeding

Hypomethylation of lymphocyte IGF2 DMR

Changes in methylation levels of 181 DMRs of genes involved in 

growth and metabolism including SMAD7, CDH23, INSR, RFTN1, 

CPT1A, and KLF13

Human/

observational 

case control 

study

Association of lower weight at birth and higher weight at 18 years 

with the risk of metabolic syndrome in the general Swedish 

population at 58 years[79]

Low birth weight and higher catch up growth at 18 years was asso-

ciated with higher BMI, blood pressure insulin resistance, LDL and 

triglycerides, and lower HDL at 58 years

Human/

cohort study

Association between body size at birth and intake of foods and 

macronutrients in adulthood in Helsinki birth cohort[80]

Lower birth weights were associated with lower intake of fruits and 

berries, carbohydrates, sucrose, fructose, and Fibre, and higher 

intake of fat in adulthood (56–70 years)

Human/

cohort study

Risk of insulin resistance and CVD in Indian children with history 

of low birth weight and obesity at 8 years[78]

Maternal undernutrition resulted in low birth weight, which was 

associated with increased adiposity at 8 years

Higher risk of insulin resistance and CVD in children who were 

born small but grew heavy (or tall) afterward

Human/

cohort study

Association between change in parents’ and grandparents’ 

early food supply and cardiovascular or diabetes mortality of 

the grandchildren, among three cohorts born in 1890, 1905 and 

1920 in Överkalix parish in northern Sweden up until death or 

1995[74,76,82]

Decreased cardiovascular mortality with decreasing availability of 

food for fathers and paternal grandmothers during slow growth 

period (9–12 years)

Decreased risk of diabetes with exposure to famine in paternal 

grandfathers during slow growth period

Increased diabetes mortality and overall mortality with increased 

food availability for paternal grandfather during slow growth period

Increased risk of cardiovascular mortality among females whose 

paternal grandmothers had sharp change in food supply during 

their slow growth period from one year to next

Human/

cohort study

Association between mothers’ food availability during pregnancy 

and mortality at 40–70 years among those born between 1805 

and 1849 in Skellefteå parish, Sweden[75]

Increased risk of death with famine exposure or overabundance in 

mothers during the early stages of pregnancy, and food abundance 

or famine exposure toward the end, respectively

Human/

cohort study

Association between maternal undernutrition and risk of adult 

disease in low and middle income countries (Brazil, Guatemala, 

India, the Philippines, and South Africa)[59]

Increased risk of shorter adult height, less schooling, reduced 

economic productivity, and lower offspring birth weight

Higher birth and childhood weights were associated with adult 

body-mass index and blood pressure

Lower birth weight and undernutrition in childhood were associated 

with high glucose concentrations, blood pressure, and harmful lipid 

profiles after adjusting for adult BMI and height

Higher birth weight was associated with poorer lung function and 

with the incidence of some cancers (breast, prostate, hemopoietic, 

and colorectal cancers)

Childhood undernutrition was associated with mental illness, and 

lower height-for-age at 2 years was associated with lower human 

capital

Human/

cohort study

Association between prenatal undernutrition (including reduced 

methyl donor availability) and adult mortality in children born in 

the hungry seasons (June–October) between 1949 and 1994 in 

the Gambia[81,83]

Increased methylation levels of metastable epialleles (BOLA3, 

LOC654433, EXD3, ZFYVE28, RBM46, and ZNF678) in offspring’s 

lymphocytes and hair follicles

Increased risk of premature death among 15–35 year old offsprings
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Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Human/

cross-sec-

tional study

Association between prenatal malnutrition among Chinese born 

in 1954–1964 and adult Chronic disease in adolescents and 

adults[67,68,72,84,85]

Shorter adult heights and less economic prosperity

Increased risk of metabolic syndrome, schizophrenia and death 

in both males and females, and increased risk of mental illness in 

females

Metabolic risk higher in nutritionally rich environment

Human Association between prenatal famine and type 2 diabetes at 40 years 

of age in those exposed the Ukrainian 1930–1938 famine[73]

Increased risk of type 2 diabetes in both men and women

Human/

cohort study

Associations between prenatal exposure to famine during the 

Nigerian civil war (1967–1970) and hypertension, glucose intoler-

ance, and overweight 40 years after[66]

Increased risk of adult hypertension, insulin resistance, and obesity

Rat Dietary protein restriction during pregnancy[86–89,93] Increased preference for fatty food than high-carbohydrate food in 

male and female rat offsprings at 12 and 30 weeks

Higher plasma insulin in males at 12 weeks

More gonadal fat in male offsprings at 30 weeks

Decreased hypothalamic expression of galanin-2 receptor in female 

offspring at 12 weeks

Decreased hepatic expression (mRNA and protein) of sterol 

response element binding protein (SREBP-1c), with blunted 

response after high fat feeding at 12 weeks

Increased Igf2 and H19 gene expression in the liver of day 0 male 

offspring

Hypermethylation of IGF2/H19 DMRs at birth

Increased expression of Dnmt1 and Dnmt3a, and Mbd2 at birth

Hypomethylation of the hepatic glucocorticoid receptor (GR) and 

peroxisome proliferator-activated receptor alpha (PPARa) gene 

promoters and increased expression of these genes, and those of 

acyl-CoA oxidase and phosphoenolpyruvate carboxykinase in F1 

and F2 offsprings

Mice Dietary protein restriction during pregnancy[90,94,95] Hypercholesterolemia, hyper-triacylglycerolemia, hyperglycemia, 

glucose intolerance, hyperinsulinemia and insulin resistance, 

increased leptin and resistin, increased adiposity, and leptin resis-

tance characterized by altered expression of neuropeptide Y and 

proopiomelanocortin (POMC) in F1 and F2 offsprings

Lower body weight/adiposity and higher food intake

Lower levels of leptin promoter DNA methylation, and fasting 

mRNA and protein levels, but more pronounced induction 

postprandially

Hypermethylation of the hepatic liver X-receptor alpha promoter 

with reduced mRNA level of Lxra and its target genes Abcg5/Abcg8

Mice Dietary restriction (50% less diet) during pregnancy[91,92] Locus-specific hypomethylation of sperm DNA at intergenic 

nonrepetitive regions and CpG islands in F1 adult males, which is 

lost in F2 offsprings, although locus-specific gene expression is still 

altered in tissues including brain and liver

Increased expression of hepatic lipid oxidation genes including 

PPARα, Pgc1α and Pgc1β, and downregulation of genes involved in 

lipid synthesis including Scd1, Srebp1, and Dgat1

Widespread changes in placental miRNAs and DNA methylation 

patterns of genes associated with immunological, metabolic, 

gastrointestinal, cardiovascular, and neurological chronic diseases, 

as well as those involved in transplacental nutrient transfer and fetal 

development
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Table 2. Continued.

Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

High fat diet/

obesity

Human/

cohort study

Parental high obesity[167–169] Paternal obesity associated with decreased methylation levels at the 

IGF2, MEST, PEG3, and NNAT DMRs in cord blood

Paternal obesity associated with decreased methylation levels at 

the MEG3, NDN, SNRPN, and SGCE/PEG10 DMRs, and higher 

methylation levels of MEG3-IG and H19 DMRs in sperm

Maternal obesity associated with increased methylation of PLAGL1 

DMR and decreased MEG3 DMR in cord blood

Human/

cohort study

Childhood obesity[206–211] Increased DNA methylation of the CASP10, CDKN1C, EPHA1, 

HLADOB3, IRF5, MMP9, MPL, NID1, retinoid X receptor-α, IGF2/

H19, and POMC, and lower methylation of LINE1 in children are 

strongly associated with childhood obesity

Hypo- and hypermethylation and gene expression changes of the 

TACSTD2 gene at birth associated with childhood obesity

Rat Maternal high fat diet prior to, and during pregnancy and 

lactation[127,131,172,176,178,179,182–185,187,189,194,199]

Higher placental weight, birth weight, and blood glucose at birth

Increased weight gain, insulin resistance, lipid profiles, GLP-1, 

serum leptin, and fat preference

Inhibited osteogenesis and decreased expression of bone home-

odomain-containing factor A10 (HoxA10), osteocalcin, alkaline 

phosphatase, Runx, and osterix and increased expression of fatty 

acid binding protein and PPARγ

Hypermethylation of bone HoxA10 promoter

Higher phosphorylated 4EBP1 (T37/46 and S65) and rpS6 

(S235/236) in the placenta

Lower phosphorylation of AMPK and eIF2alpha in the placenta

Hypomethylation of PPARγ, FAS, adiponectin and leptin gene 

promoter in white adipose, with consequently increased expression 

(mRNA) of PPARγ, FAS, and adiponectin, and decreased leptin 

expression

Decreased hepatic expression of Wnt1 (mRNA) and nuclear 

β-catenin (protein)

Decreased hepatic mRNA expression of circadian (CLOCK, BMAL1, 

REV-ERBα, CRY, PER) and metabolic (PPARα, SIRT1) genes

Differential expression of H3K4me3 and H3K27me3 in hepatic 

PPARα promoter

Decreased hepatic Wnt1 gene promoter H4 and H3 acetylation and 

increased H3K9 methylation

Increased hepatic expression (mRNA) of gluconeogenic genes 

(PEPCK1, G8Pase, Cebpα, Cebpβ, Srebp-1a, and Pgc1a)

Decreased H3Ac, H3K4me2, H3K9me3, and H3K27me3 in hepatic 

PEPCK1 promoter

Increased H4Ac and H3K4me2 in hepatic PEPCK1 coding and 

upstream regions, and reduced H3K9me3 in hepatic PEPCK1 

coding region

Increased hepatic TBARs, and expression (mRNA) of p16INK4a 

and Cox2

Increased expression (mRNA) of hepatic lipogenesis, oxidative 

stress, and inflammatory genes

Decreased hepatic expression (mRNA) of Pon1, Pon2, Pon3,  

and Sod1, Gpx1

Increased H4Ac and H3K4me2 in hepatic Pon1 promoter

Increased hepatic mRNA levels of peroxisome proliferator activated 

receptor-alpha, carnitine palmitoyl transferase-1a and Igf2



www.advancedsciencenews.com

1700043 (8 of 30) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.global-challenges.com

Table 2. Continued.

Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Decreased expression of ≈23 hepatic miRNA levels (≈1.5–4.9-fold) 

including miR-709, miR-122, miR-192, miR-194, miR-26a, let-7a, 

let-7b, and let-7c, miR-494 and miR-483

Increased expression (mRNA) of hepatic Cdkn1a and hypomethyl-

ation of its promoter

Increased expression (mRNA) of DAT and MOR in the brain

Decreased expression (mRNA) of hypothalamic NPY, proopiomela-

nocortin, leptin receptor and STAT3

Global hypomethylation in prefrontal cortex

Increased expression of orexigenic peptides, galanin, enkephalin, 

and dynorphin, in the paraventricular nucleus and orexin and 

melanin-concentrating hormone in the perifornical lateral 

hypothalamus

Decreased expression (mRNA) of Pgc-1α and its target genes 

(Glut4, Cox4, and Cyt c) in skeletal muscle

Hypermethylation of the skeletal muscle Pgc-1α and hypothalamic 

POMC promoters

Rat Maternal low protein diet prior to, and during pregnancy and 

lactation, and postnatal high fat diet[177]

Increased adipose growth rate, insulin resistance and IGF2 mRNA 

and methylation

mice Paternal high fat diet[174,188] Impaired glucose tolerance

Altered expression of 642 pancreatic islet genes involved in 

calcium-, MAPK- and Wnt-signaling pathways, apoptosis and the 

cell cycle

Hypomethylation of the pancreatic Il13ra2 gene

Global hypomethylation of germ cell DNA in F0 mice

Altered testes mRNA (414 genes involved in nitric oxide and ROS 

pathways, Sertoli cell junction signaling, EIF2 signaling, NF-κβ 

signaling and inflammatory response, lipid metabolism, and carbo-

hydrate metabolism), and sperm and testes microRNA  

(11 microRNAs mostly involved in metabolic disease, cell death, 

production of ROS, DNA replication, NF-κB signaling, p53 

signaling, recombination and repair, lipid metabolism, spermato-

genesis, and embryonic development) expression

Mice High fat diet during pregnancy and 

lactation[143,170,173,175,180,186,192,195,196,198,200]

Increased body weight, body fat content, inflammatory markers  

and serum insulin and leptin concentrations

Decreased adiponectin expression and increased leptin in white 

adipose tissue

Lower H3K9Ac and higher H3K9me2 in adiponectin promoter of 

white adipose tissue

Increased CD-68, chemokine receptor-2 and TNFa mRNA, and 

decreased GLUT-4 mRNA in subcutaneous adipose tissue

Higher H4K20me at leptin promoter of white adipose tissue

Increased hepatic expression (mRNA) of PEPCK, PGC1α, JNK,  

and Ikbkb

Increased hepatic H3K14ac and H3K9me3

Decreased hepatic global histone methylation and H3K9Me2 in  

F2 mice

Decreased expression of hepatic miR-122 and increased expression 

of miR-370

Decreased Histone methylation in promoters of hepatic LXRa and 

ERO1-a in F2 mice
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Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Upregulation of hypothalamic toll-like receptor (Tlr) 4 signaling 

cascade including c-Jun N-terminal kinase 1 and IκB kinase-β 

inflammatory pathways

Increased expression (mRNA) of DAT in the ventral tegmental area, 

nucleus accumbens, and prefrontal cortex and in the hypothalamus

Increased expression (mRNA) of MOR and PENK in nucleus 

accumbens, prefrontal cortex, and hypothalamus

Global and gene-specific (DAT, MOR, and PENK) promoter DNA 

hypomethylation in the brain

Increased H3K9me and decreased H3Ac in the MOR promoter 

region of the brain

Global DNA hypomethylation in female placenta

Differential methylation of placental Igf2r regions that serve as 

binding sites for important transcription factors including Pax4, 

Smarca3, Vbp, Pax6, Yy1, Oct1, Nrf2/Arp, Ppar/Rxr, Egr3, Rxr, Mzf1, 

Sry/Sox9, Gcm1, Stat6, Nudr/Deaf-1, and altered expression of 

placental metabolism genes including Dio3, Rtl1, Dlk1, Slc22a1, 

Slc22a2, Slc22a3 especially in the female placenta

Hypermethylation of the leptin promoter in F0 oocytes and female 

F1 livers, and increased hepatic expression (mRNA)

Hypomethylation of the Ppar-α promoter in F0 oocytes and F1 

female livers, and decreased hepatic expression (mRNA)

Hypermethylation level of Ppar-α promoter in F1 oocyte

Mice High fat diet during pregnancy and lactation in successive 

generations (F0–F2)[181]

Increased body weight in female mice in F1 and F2 generations 

(most severe in F2)

Increased macrophage infiltration and inflammatory gene expres-

sion in adipose tissue

Hypomethylation of the adipose tissue promoters of Tlr1, Tlr2, and 

linker for activation of T cells

Mice Embryonic Cited2 deletion + Maternal high fat diet[197] Increased penetrance of cited2-induced defects including cardiac 

malformation, adrenal agenesis, and other defects

Decreased expression (mRNA) of Pitx2c in Cited2-deficient 

embryos

Macaque Maternal high fat diet[190,191,193] Increased hepatic Npas2 expression (mRNA)

Increased H3K14ac in Npas2 promoter

Increased hepatic GCN5 (mRNA), global H3K14ac and decreased 

HDAC III (mRNA) and SIRT1 (mRNA, protein and activity) 

expression

Increased expression of downstream hepatic genes modulated by 

SIRT1 including PPARΑ, PPARG, SREBF1, CYP7A1, FASN, and SCD

Increased H3K14ac and DBC1-SIRT1 complex in fetal livers

Increased hypothalamic POMC mRNA expression, and decreased 

agouti-related protein mRNA and peptide levels

Increased hypothalamic proinflammatory cytokines, including IL-1β 

and IL-1 type 1 receptor

White rice Rat Maternal white rice consumption for 8 weeks before and 

throughout gestation and lactation[226]

Worsened glucose tolerance

Reduced serum adiponectin levels, and increased weights, 

homeostatic model assessment of insulin resistance, serum retinol 

binding protein-4 levels, and leptin levels

Altered expression of insulin signaling genes in the liver, muscle, 

and adipose tissues
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Table 2. Continued.

Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Exercise/weight 

loss

Human/

cohort study

Three to six month exercise in men[233,234] Differential methylation of 7663 genes, including 18 obesity-related 

genes

Global and genome-wide sperm DNA methylation changes in 

genes related to diseases like schizophrenia and Parkinson’s 

disease

Human/

cohort study

Differences in methylation levels among children born to the 

same women before and after weight loss due to bariatric 

surgery[237,239–241]

Lower birth weight, and decreased childhood obesity, insulin 

resistance, cholesterol, leptin and CRP in offsprings born after 

weight loss

Differential methylation and changes in expression of 5698 genes 

involved in glucoregulatory, inflammatory, and vascular disease 

pathways in offsprings born after weight loss

Differential methylation of 23 449 genes (HLA-DQA1, HLA-DQB1, 

and TSPAN18 were most significant), and changes in expression 

of 3074 genes, involved with insulin receptor signaling, type 2 

diabetes signaling, and leptin signaling in obesity in offsprings born 

after weight loss

Rat Maternal high fat diet + exercise during pregnancy and 

lactation[172]

Attenuation of high fat diet-induced decreases in expression of 

Pgc-1α and its target genes (Glut4, Cox4, and Cyt c) in skeletal 

muscle

Smoking Human/

cohort study

Long term epigenetic effects of smoking[252] Long term lymphocyte DNA methylation changes in over 2600 CpG 

sites annotated to 1405 genes affecting pulmonary function, and 

risks of cancers, inflammatory diseases and heart disease, which 

lasted over 30 years; quitting reversed some of these effects within 

five years

Human/

cohort study

Association between paternal smoking around the slow growth 

period and epigenetic changes in children in the Avon Longitu-

dinal Study of Parents and Children (ALSPAC) cohort[144]

Higher male offsprings BMIs by age 9

Human/

cohort study

Association between maternal smoking and infant blood 

methylation[253]

Altered methylation of 185 CpGs of 110 genes, including FRMD4A, 

ATP9A, GALNT2, and MEG3, implicated in processes related to 

nicotine dependence, smoking cessation, and placental and embry-

onic development

Human/

cohort study

Association between maternal smoking and methylation changes 

in children from kindergarten and first graders[259]

Lower methylation of AluYb8

Lower LINE1 methylation in children with the GSTM1-null genotype

Higher methylation in children with the GSTM1-present genotype

Differential methylation of CpG loci in eight genes; two validated 

genes showed increased methylation

Human/

cohort study

Association between grandmother’s, mother’s (before or during 

pregnancy using cotinine measured at 18 weeks gestation), and 

father’s (before conception) smoking history, and methylation 

at these 26 CpGs mapped to 10 genes (GFl1, AHRR, HLA-

DPB2, MYO1G, ENSG00000225718, CNTNAP2, EXT1, TTC7B, 

CYP1A1 and RUNX1) in the Norwegian Mother and Child Cohort 

Study[260]

Differential methylation changes only when mother continued 

smoking during pregnancy past gestational week 18

Human/

cohort study

Association between maternal smoking and placental and cord 

blood methylation[103,254–257,261]

Fetal growth restriction

Decreased global DNA methylation

Altered methylation patterns within the P2 promoter of IGF2

Higher methylation at the IGF2 DMR

Increased CYP1A1 expression

Hypomethylation of CpG sites on CYP1A1 promoter immediately 

proximal to the 5′-xenobiotic response element transcription factor 

binding element
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Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Altered expression of 623 genes and the methylation of 1024 CpG 

dinucleotides

Differential methylation of 23 CpGs mapped to eight genes: AHRR, 

GFI1, MYO1G, CYP1A1, NEUROG1, CNTNAP2, FRMD4A, and 

LRP5

Downregulation of placental miR-16, miR-21, and miR-146a

Rat Association between maternal nicotine exposure and asthma[258] Increased asthma risk in F2 offsprings

Decreased lung PPARγ expression (mRNA)

Increased H3 Acetylation and decreased H4 acetylation in the lung

Increased DNA methylation, and H3 and H4 acetylation in testis

Decreased DNA methylation and increased H4 acetylation in the ovary

Alcohol Human/

cohort study

Association between maternal alcohol and DNA methylation in 

whole blood/buccal tissues of children (1–16 years)[265,267]

Hypomethylation of the KvDMR1 and PEG3 DMR

Differential methylation of 269 CpGs on multiple genes related 

to protocadherins, glutamatergic synapses, and hippocampal 

signaling

Human/

cohort study

Association between periconceptional alcohol use in parents and 

cord blood methylation levels[266]

Hypomethylation of the DAT gene promoter due to maternal 

(before and during pregnancy) and paternal (before conception) 

alcohol use

Hypomethylation of the SERT gene promoter due to maternal 

(before and during pregnancy) alcohol use

Hypermethylation of the MeCP2 promoter due to due to maternal 

(during pregnancy) alcohol use

Mice Maternal alcohol exposure in early gestation[120,272] Decreased embryonic IGF2 promoter methylation and IGF 2 

expression

Decreased prenatal growth

Increased mortality, and digit and vertebral malformations

Increased miR-467b-5p in Slc17a6 promoter resulting in  

hypomethylation of hippocampal H3K4me3 at the Slc17a6 pro-

moter, with corresponding increased mRNA levels of hippocampal 

Slc17a6, although its protein product VGLUT2 was decreased

Rat Maternal ethanol exposure during pregnancy[110,112,114,128,268–271] Behavioral, learning and memory deficits, and decreased birth and 

brain weights, and incisor emergence

Higher plasma methionine and prolactin concentrations

Higher pituitary weight, pituitary prolactin protein and mRNA

Lower pituitary levels of dopamine D2 receptor (D2R) mRNA and 

protein, and hypermethylation of the pituitary D2R promoter

Increased pituitary mRNA levels of DNA methylating genes 

(DNMT1, DNMT3b, MeCP2) and histone modifying genes 

(HDAC2, HDAC4, G9a)

Lower whole brain Mtr and Mat2a mRNA, hippocampal Mtr and 

Cbs mRNA in males

Higher hippocampal Mtr, Mat2a, Mthfr, and Cbs mRNA in females

Lower hippocampal Nr3c1 mRNA and NGFI-A protein in females

Higher hypothalamic Slc6a4 mean promoter methylation with  

corresponding lower hippocampal Slc6a4 mRNA in males

Lower hypothalamic Set7/9, phosphorylated H3S10, and β-EP, 

proteins

Higher hypothalamic G9a, Setdb1, and MeCP2 proteins
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Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Lower hypothalamic H3K4me3, acetylated H3K9, and POMC 

mRNA in F1 male and female offspring, and F2 and F3 male 

offsprings

Higher hypothalamic H3K9me2, Dnmt1 and POMC promoter methy-

lation in F1 male and female offspring, and F2 and F3 male offsprings

Hypermethylation of sperm POMC in F1–F3

Chemicals/

environmental 

pollutants

Human/

cohort study

BPA exposure in men[284] Hypomethylation of the sperm LINE-1 gene

Human/

cohort study

Maternal exposure to organophosphate pesticides and persistent 

organic pollutants[291]

Decreased adiponectin levels with increasing levels of cord blood 

p,p′-dichlorodiphenyl dichloroethene (DDE) in female offsprings

Decreased insulin levels with increasing levels of cord blood DDE 

and polychlorinated biphenyl congener 153 (PCB153) in female 

offsprings

Increased insulin levels with increasing levels of maternal urinary 

Dialkylphosphate (DAP) in female offspring

Human/

cohort study

Association between prenatal prenatal organochlorine com-

pound (OC) concentrations [polychlorinated biphenyls (PCBs), 

dichlorodiphenyldichloroethylene (DDE), and dichlorodiphenyl-

trichloroethane (DDT)] and overweight at 6.5 years[279]

Overweight was associated with prenatal PCB and DDE exposure in 

boys and girls, but with DDT only in boys

Rat Maternal dichlorodiphenyltrichloroethane (DDT) exposure 

during pregnancy[278]

Kidney, prostate and ovary abnormalities in F1 and F3 adults, and 

mammary tumor development in F1

Obesity in F3 adults, transmitted via female (egg) and male 

(sperm) germlines

Differential methylation changes in multiple sperm DMRs of F3 

generation, including those of obesity-related genes

Rat Maternal exposure to Plastics Derived Endocrine Disruptors 

(BPA, DEHP, and DBP) during pregnancy[280–283]

Increased kidney and prostate disease

Hypomethylation in sperm Gck promoter

Reduced testicular size, and serum and testicular testosterone 

levels in males

Increased testicular GnRH mRNA and decreased testicular StAR 

and P450scc mRNA

Decreased H3 and H3K14 acetylation in the promoter of StAR

Increased pubertal abnormalities, testis disease, obesity, and 

ovarian disease (primary ovarian insufficiency and polycystic  

ovaries) in F3 generation

Glucose intolerance and insulin resistance in F2 generation

Downregulation of Gck mRNA, hypermethylation of the hepatic 

Gck promoter of F2 liver

Differential methylation of 197 DMRs in gene promoters in F3 

sperm epigenome

Rat Maternal vinclozolin exposure during pregnancy[286] Increased blood lipid, prostate, kidney, immune system and testis 

abnormalities, and mammary tumor development in F1 to F4 

generations (e.g., breast)

Rat Maternal Dioxin (TCDD) exposure during pregnancy[287] Increased prostate disease, ovarian primordial follicle loss and 

polycystic ovary disease

Increased kidney disease in males, pubertal abnormalities in 

females, ovarian primordial follicle loss and polycystic ovary dis-

ease in F3 generation

Differential methylation of 50 DMRs in sperm gene promoters of 

F3 generation
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having problems of malnutrition[148] and possibly consequent 
increases in chronic disease burden.[63]

We know that technological advances started around the 
time of the industrial revolution, but studies did not docu-
ment the nutrient needs for pregnant mothers and their 
growing fetuses until much later. Thus, pregnant mothers did 
not adhere to any recommendations for supplementation for 
their health and their babies’. Therefore, it is likely that even 
outside famine, suboptimal nutrition may have affected the 
health of individuals exposed to prenatal undernutrition even if 
the signs of reduced birth weight were absent, which may have 
been the most obvious sign of undernutrition in the past.[63,64] 
Interestingly, even in recent years of advanced healthcare advice, 
there is evidence that women even in developed countries do 
not adhere strictly to recommendations around the time of con-
ception that will ensure optimal fetal health and by extension 
reduce the risk of adult NCCDs later in life (Table 4).[149–159] The 
World Health Organization recommends supplementation with 
several nutrients including folic acid, iron, and others during 
the time of conception and gestation (Table 5),[160–164] which 
many women may fail to take, creating an intrauterine environ-
ment that is similar to that of undernutrition in some respects. 
Moreover, some women may indulge in unhealthy lifestyles 

including smoking[165] despite evidence of its adverse effects on 
fetal health and long term consequences on adult NCCDs. For 
others, the need to stay slim may be forcing them to uninten-
tionally expose their growing fetuses to the effects of undernu-
trition, and possibly risk of adult NCCDs.[166] Sadly, undernutri-
tion is still a prevalent problem worldwide with an estimated 
one billion suffering from lack of adequate food including 
pregnant women, through whom growing fetuses are exposed 
to undernutrition and its attendant risks of diseases later in 
life.[63,64] Studies from populations in the Americas (Brazil and 
Guatemala), South Africa, and Asia (India and the Philippines), 
where undernutrition was thought to be prevalent in the past 
indicated strong associations between maternal nutritional 
status, intrauterine growth restriction, and offsprings’ birth 
weight and BMI at 2 years on one hand with schooling, income, 
adult BMI, glucose concentrations, and blood pressure. Shorter 
adult height, less schooling, reduced economic productivity, 
lower offspring birth weight, high glucose concentrations, high 
blood pressure, and harmful lipid profiles were more prevalent 
among those exposed to prenatal malnutrition.[57] This is a good 
example of how malnutrition without necessarily widespread 
famine as that of the Dutch (1944–1945), Chinese (1959–1961), 
or the Biafran (1967–1970), could influence offsprings’ adult 

Table 2. Continued.

Global Challenges 2017, 1, 1700043

Lifestyle factor Species/study 
type

Experimental setting [reference] Epigenetic effects and alterationsa)

Rat Maternal exposure to permethrin and DEET (pesticide and insect 

repellent mixture) during pregnancy[288]

Increased pubertal abnormalities, testis disease, and ovarian 

disease (primordial follicle loss and polycystic ovarian disease) in 

F3 generation

Differential methylation of 363 DMRs in sperm gene promoters in 

F3 generation

Rat Maternal exposure to methoxyclhor during pregnancy[290] Increased kidney disease, ovary disease, and obesity in F1 and the 

F3 generations

Differential methylation of genome-wide DMRs in sperm gene 

promoters of F3 generation

Rat Maternal exposure to jet fuel JP-8 hydrocarbon during 

pregnancy[292]

Increased primordial follicle loss and kidney, prostate, pubertal and 

polycystic ovarian abnormalities

Increased obesity, primordial follicle loss and polycystic ovarian 

disease in F3 generations

Differential methylation of 33 DMRs in sperm gene promoters in 

F3 generation

Mice Maternal exposure to tyibutyltin during pregnancy[289] Increased white adipose tissue depot weights, adipocyte size, and 

adipocyte number in F1 to F3 generations

z Increased reprogramming of multipotent mesenchymal stem cells 

toward the adipocyte lineage at the expense of bone in F1 to F3 

generations

Upregulation of hepatic genes involved in lipid storage/transport 

(Fsp27 and FATP), lipogenesis (PPARγ2, SREBP1c, GyK, and 

FASN), and lipolysis (PPARα and ACOX) with consequently 

increased hepatic lipid accumulation F1 to F3 generations

Zebrafish Maternal BPA exposure during pregnancy[285] Decreased reproductive performance in F1–F3 females

Increased heart failure rates and downregulation of 5 genes (myh6, 

cmlc2, atp2a2b, sox2, and insrb) genes involved in cardiac develop-

ment in F1 and F2

a)Effects and/or alterations are those reported in F1 generation due to exposure in F0 in comparison to the control group without the exposure, except otherwise stated. BMI: 
body mass index; CVD: cardiovascular disease; DMR: differentially methylated region; HDL: high density lipoprotein; LDL: low density lipoprotein; ROS: reactive oxygen species.
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Table 3. Epigenetic alterations due to methyl donors and other micronutrients in humans and animal experimentation.

Nutrient Specie Experimental setting [reference] Physiological changes/epigenetic implicationsa)

Methyl donors including 

folic acid, methionine, cho-

line, betaine, vitamin B

Human Cross sectional study of the relationship between 

maternal and cord blood folate and vitamin B12 

levels and methylation of IGF2[103]

Higher methylation in IGF2 P3 in maternal blood than in cord blood, 

and higher IGF2 P2 methylation in cord blood than in maternal blood. 

P2 and P3 methylation correlated with serum levels of vitamin B12 in 

mother’s blood, but not in cord blood

P2 methylation correlated with mother’s smoking history and weight 

gain during pregnancy

Human Survey of folic acid intake before and during preg-

nancy using self-administered questionnaire, and 

association with methylation levels of IGF2/H19 

DMRs in cord blood[104]

Decreased methylation levels at the H19 DMR with increasing folic 

acid intake before and during pregnancy

More pronounced changes in males offsprings

Human Associations of maternal vitamin B12, betaine, choline, 

folate, cadmium, zinc and iron periconceptionally and 

during the second trimester, and Long Interspersed 

Nuclear Element-1 (LINE-1) methylation levels[113]

Higher cord blood methylation in male than female infants

Higher maternal cadmium was associated with increased maternal 

blood first trimester LINE-1 methylation, and decreased cord blood 

LINE-1 methylation

Increased betaine intake induced lower cord blood LINE-1 methylation 

levels

Increased periconceptional choline decreased cord blood LINE-1 

methylation only in male offsprings

Human Associations between periconceptional folic acid use 

and IGF2 methylation in 17 month old offsprings[98]

Higher maternal S-adenosylmethionine blood levels, increased IGF2 

methylation and lower birth weight with folic acid use

Mice Folic acid supplementation (0.4 and 2 mg kg−1 diet) 

before mating and during pregnancy[125]

Hypomethylation of fetal gut Slc394a

Mice Maternal choline [high (4.95 g kg−1), control  

(1 g kg−1) and low (0 g kg−1) of choline in diet)  

supplementation from day 12 to 17 of 

pregnancy[105,106]

Decreased proliferation of endothelial cells (EC) and number of blood 

of blood vessels by 25%–32%, with increased EC differentiation by 

25% in the control hippocampus compared with the choline supple-

mented groups

Increased expression of angiogenic genes (Vegfc and Angpt2) in 

control fetal hippocampus, with increased ANGPT2 protein

Hypomethylation of the CpG islands in promoter of Vegfc and Angpt2 

in choline deficient group compared with control

Decreased monomethyl-lysine 9 of H3 (H3K9me1) in the ventricular 

and subventricular zones (25%), and dimethyl-lysine 9 of H3 

(H3K9me2) in the pyramidal layer (37%) of hippocampus of choline 

deficient group

Reduced expression (80%) of hippocampal G9a histone methyltrans-

ferase in choline deficient group

Hypomethylation of H3 upstream of the RE1 binding site in the 

calbindin 1 promoter

Hypermethylation of a CpG site within the calbindin1 promoter. 

Decreased binding of REST to RE1, which recruits G9a by 45%, with 

consequent increase in expression of calbindin 1 in choline deficient 

group

Mice Maternal folic acid, vitamin B12, betaine and choline 

supplementation from day for 8 weeks prior to, and 

throughout pregnancy and lactation[97,101,102]

Increased DNA methylation at the viable yellow agouti (A(vy)) and 

Axin (Fu) metastable epialleles

Dampened transgenerational transmission of obesity

Rat Maternal choline [high (4.95 g kg−1), control 

(1 g kg−1) and low (0 g kg−1) of choline in 

diet) supplementation from day 12 to 17 of 

pregnancy[107,108,111,121–123]

Improved age-related memory in choline supplemented group
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Nutrient Specie Experimental setting [reference] Physiological changes/epigenetic implicationsa)

Increased S-Adenosylmethionine levels in fetal liver and brain of 

choline supplemented group

Increased IGF2 and IGF2R mRNA and protein and acetylcholine release 

from the frontal cortex and hippocampus of choline supplemented group

Increased expression of calcium/calmodulin (CaM)-dependent protein 

kinase (CaMK) I in the cortex and transcription factor Zif268/EGR1 in 

the cortex and hippocampus, and reduced expression of CaMKIIbeta, 

protein kinase Cbeta2, and GABA(B) receptor 1 isoforms c and d in 

the hippocampus

Increased global DNA methylation and overexpression of Dnmt1 

mRNA in liver and brain of choline deficient group

Hypermethylation of Igf2 DMR, increased hepatic Igf2 mRNA levels 

and hypomethylation of a CpG site within the Dnmt1 locus in fetal 

liver of the choline deficient group

Decreased brain and liver Dnmt3a and methyl CpG-binding domain 2 

(Mbd2) protein, and cerebral Dnmt3l in the choline deficient group

Increased DNA methylation of the G9a and Suv39h1 genes, and with 

consequent decreases in mRNA and protein expression of G9a and 

Suv39h1 histone methyltransferases

Decreased H3K9Me2 and H3K27Me3, and increased H3K4Me2 in 

choline-deficient group

Reduced tumor growth rate in 7,12-dimethylbenz[alpha]anthracene 

induced mammary tumors in choline supplemented group

Increased expression of genes that confer favorable breast cancer out-

comes (Klf6, Klf9, Nid2, Ntn4, Per1, and Txnip) and decreased expres-

sion of those associated with aggressive disease (Bcar3, Cldn12, Csf1, 

Jag1, Lgals3, Lypd3, Nme1, Ptges2, Ptgs1, and Smarcb1) in choline 

supplemented group

Increased DNA methylation of the tumor suppressor gene, stratifin, 

with corresponding decrease in expression of its mRNA and protein in 

mammary tissue of choline supplemented group

Rat Prenatal exposure to low (0.59 mmol−1 kg d−1) or 

high (3.46 mmol−1 kg d−1) choline on days 11–18 of 

pregnancy[109]

Offsprings of choline supplemented group had increased levels of 

hippocampal BDNF, NGF, and IGF-1. Choline supplementation also 

caused less seizure-induced hippocampal neurodegeneration, dentate 

cell proliferation, hippocampal GFAP mRNA expression levels, 

prevented the loss of hippocampal GAD65 protein and mRNA expres-

sion, and altered growth factor expression patterns

Rat Third trimester ethanol (5.25–6 g kg−1 d−1) expo-

sure with or without choline supplementation 

(100–250 mg kg−1 d−1)[110,112,114,128]

Choline supplementation enhanced offsprings’ ethanol induced 

learning and memory deficits

Choline attenuated alcohol induced decreases in birth and brain 

weight, incisor emergence, and behavioral deficits

Choline supplementation attenuated ethanol-induced suppression 

of hypothalamic H3K4me3, Set7/9, acetylated H3K9, phosphorylated 

H3S10, β-EP, and POMC mRNA, and increases in H3K9me2, G9a, 

Setdb1, Dnmt1, MeCP2, POMC gene methylation

Piglet Betaine supplementation during pregnancy (3 g kg−1 

diet) compared with control (no betaine)[115,124]

Betaine supplementation increased serum and hepatic betaine con-

tents, and expression of hepatic methionine metabolic enzymes

Increased serum concentrations of lactic acid and glucogenic amino 

acids, including serine, glutamate, methionine and histidine

Increased hepatic glycogen content, PEPCK1 enzyme activity, protein 

expression of gluconeogenic enzymes (pyruvate carboxylase, phospho-

enolpyruvate carboxykinase 1 and 2, and fructose-1, 6-bisphosphatase)

Reduced hepatic expression of cell cycle regulatory genes, cyclin D2 

(CCND2) and presenilin1 (PSEN1)
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Nutrient Specie Experimental setting [reference] Physiological changes/epigenetic implicationsa)

Reduced hepatic expression of STAT3, phosphorylation at Tyr705 

and Ser727 residues, and STAT3 binding to the CCND2 and PSEN1 

promoters

Reduced STAT3 upstream kinases (phospho-ERK1/2, phospho-SRC 

and phospho-JAK2)

STAT3 DNA hypermethylation, and increased H3K27me3, EZH2 and 

miR-124a expression, and H3K27me3 on STAT3 promoter

Increased hippocampal expression of IGF2 and its receptors IGF1R 

and IGF2R, and the downstream extracellular signal-regulated kinase 

1/2. Hypermethylation of the IGF2 DMRs in the hippocampus of 

betaine group

DNA hypermethylation and increased H3K27me3 in the promoter of 

PEPCK1

DNA hypomethylation and increased H3K4me3 in promoters of 

PEPCK2 and FBP1

Decreased expression of two miRNAs (miRNA 184 and miRNA 

196b) targeting pyruvate carboxylase and 6 miRNAs (miRNA-140-3p, 

miRNA-424-3p, miRNA-196b, miRNA-370, miRNA-30b-3p and 

miRNA-92b-5p) targeting PEPCK1 in the liver

Rat Dietary protein restriction (90 g kg−1 protein) with 

folic acid supplementation (1 or 3 mg kg−1) during 

pregnancy in rats[93]

Folic acid attenuated low protein-induced increases in Igf2, H19, 

Dnmt1 and Dnmt3a, and Mbd2 expression in the liver of male off-

springs, and hypermethylation of IGF2/H19 DMRs

Rat Maternal high fat diet during pregnancy and lactation 

with or without methyl donors (15 g Choline Chlo-

ride, 15 g Betaine, 15 mg Folic acid, 1.5 mg Vitamin 

B12, 7.5 g l-methionine, and 150 mg Zinc)[127]

Methyl donors attenuated high fat diet induced increases in weight 

gain and fat preference in offsprings

Attenuated increases in DAT mRNA and MOR mRNA in male and 

female brain, and global hypomethylation in prefrontal cortex

Rat Maternal high fat diet during pregnancy and lactation 

with or without methyl donors (18 mg folic acid,  

1.5 mg vitamin B12, 18 g choline, 7.5 mg l-methionine, 

180 mg zinc, 15 g betaine and 0.3 g genistein)[131]

Methyl donors attenuated high fat diet induced offspring excess 

weight gain, increased adiposity, insulin resistance, lipid profiles, 

GLP-1 and leptin

Reduced high fat diet induced expression of PPARγ, FAS and adipo-

nectin genes, and enhanced expression of high fat diet induced leptin 

gene suppression in white adipose

Increased high fat diet induced hypomethylation of PPARγ, FAS, 

adiponectin and leptin gene promoter in white adipose

Rat Vitamin A (4 IU vitamin A g−1 diet) supplementation 

against diet without vitamin A for 10 weeks prior to, 

and during pregnancy until gestational day 13[126]

Higher cardiac defects in vitamin A-deficient group

Higher methylation of GATA-4 gene and lower expression of GATA-4 

mRNA in embryos of vitamin A-deficient group

Upregulation of DNMT1 and downregulation of DNMT3a and 

DNMT3b expression

Cadmium/iron Human Association between maternal iron, zinc and 

cadmium and offsprings’ birth weight and DNA 

methylation[129]

Increased maternal blood cadmium levels were associated with lower 

birth weight, and lower offspring methylation at the MEG3 DMR and 

PEG3 DMR in males and females respectively

Lower maternal iron and zinc potentiated the cadmium-induced 

hypomethylation of on PEG3 and PLAGL1 DNA

Iron Rat iron-restricted diet (3–10 mg kg−1 Fe compared with 

225 mg kg−1 Fe) given to rats 2 weeks prior to and 

throughout pregnancy + postnatal high fat diet[99]

15% reduction in birth weight

Severe anemia at birth

Higher consumption of high fat diet
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Nutrient Specie Experimental setting [reference] Physiological changes/epigenetic implicationsa)

Reduced locomotor activity

Higher obesity rate

Increased tendency for salt sensitivity and hypertension

Rat Iron restriction in drinking water (3 mg L−1 ferrous 

sulfate compared with 250 mg L−1) given to pregnant 

rats[100]

Higher adipose tissue mass

Increased serum

glucose, insulin, triglyceride, leptin, TNFα and IL6 concentrations

Increased oxidative stress

Rats Iron deficient diet (4 mg kg−1 Fe) from gestational 

day 2 through postnatal day 7, and thereafter iron-

sufficient diet (200 mg kg−1 Fe), with or without 

choline supplementation (5 g kg−1) from gestational 

day 11 to 18[116–119]

Iron deficiency induced memory impairments, and suppression of 

BDNF-III and -IV mRNAs and BDNF protein, 3-hydroxy-3-methylglu-

taryl CoA reductase, c-fos, and early growth response gene 1 and 2

Iron deficiency suppressed hippocampal expressions hypoxia-

inducible factor 1, dual-specificity phosphatase 4, IGF 2, and myelin 

basic protein, and Bndf-IV P4 methylation, H4 acetylation, K4me3, 

and binding of RNA polymerase II and USF-1. It increased HDAC1 

binding to Bndf-IV promoter, and K27me3 and K4me1

Choline supplementation attenuated iron deficiency induced 

decreases in hippocampal Bndf protein levels, and binding of USF1 to 

Bndf-IV promoter of male offsprings

Choline reversed iron deficiency induced increase in K27me3 and 

HDAC1, and decrease in K4me3 in promoter of Bndf-IV of male 

offsprings

Choline supplementation reversed iron deficiency induced alterations in 

hippocampal expression of multiple genes, including those involved in 

the molecular networks related to autism and schizophrenia

Rat Maternal iron deficiency starting 2 weeks before 

pregnancy, on day 1, on day 7 or on day 14 of gesta-

tion (2–6 mg Fe g−1 diet against the normal 1000 mg 

Fe g−1 diet)[130]

Reduced offsprings’ body weight, serum iron, hemoglobin and core 

body, temperature, and delayed auditory brain stem responses

Rat Maternal Iron restriction starting 1 week before 

pregnancy and during gestation (3 mg kg−1 against 

the normal 150 mg kg−1)[133]

Decreased hemoglobin, red blood cell count, hematocrit, and mean 

RBC volume compared with controls

Lower body weight at birth and at 3 months of age

Elevated systolic blood pressure at 3 months, but improved glucose 

tolerance

Lower fasting serum triglyceride

Rat Maternal Iron restriction for 4 weeks prior to and 

during pregnancy (7.5 mg kg−1 against the normal 

50 mg kg−1)[134]

Gestation day 13 male rat embryo showed significant upregulation of 979 

genes and downregulation of 1545 genes involved in processes associ-

ated with the initiation of mitosis, BAD-mediated apoptosis, the assembly 

of RNA polymerase II preinitiation complexes and WNT signaling

Upregulation of 7 proteins and downregulation of 10 proteins 

involved in cell proliferation, protein transport and folding, cytoskel-

etal remodeling and the proteasome complex

Mice Maternal alcohol on gestational day 9 of pregnancy  

(5.8 g kg−1 ethanol) with or without methyl supplemen-

tation (15 g Choline, 15 g Betaine, 15 mg Folic Acid,  

1.5 mg Vitamin B12, 7.5 g l-methionine, 150 mg Zinc) 

prior to, and during pregnancy and lactation[120]

Methyl supplementation attenuated alcohol induced decreases in 

embryonic IGF2 promoter methylation and IGF 2 expression, and 

decreased mortality, and digit and vertebral malformations

Zinc Rat Maternal zinc restriction 2 weeks before and  

during pregnancy (10 mg kg−1 diet against the 

normal 35 mg kg−1)[132]

Lower offspring weight at birth, weaning and 6 months of age
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risk of NCCDs like type 2 diabetes, cancers, and cardiovascular 
diseases. Such cases of chronic malnutrition may have been the 
cases for extended periods of time in many parts of the world, 
and thus could be influencing the burden of NCCDs to varying 
degrees. In most of the developing world, many women con-
ceive while they are malnourished. Even if these women end 
up receiving supplements and nutritional support later in 
pregnancy, the epigenetic effects of undernutrition can still be 
traced in their offsprings because early gestation appears to be 
the most critical time when the effects of undernutrition can 
induce reprograming events that increase susceptibility to off-
springs’ adult NCCDs.[64]

Additionally, childhood famine has been associated with 
higher risks of type 2 diabetes, cardiovascular disease, early 
menopause, breast cancer, and mortality from coronary heart 
disease.[58,60,70,141] Conversely, there is increasing evidence of 
overindulgence in childhood even among those whose par-
ents may have been undernourished due to social mobility and 
overall demographic changes. These children are at greater 
risk of adult NCCDs, than those who were exposed to famine 
alone.[59] Moreover, those prenatally exposed to the Chinese 
famine were shown to have higher risks of type 2 diabetes espe-
cially in nutritionally rich environments.[72]

3.2. Consumption of Western Diets: Effects of Energy 
Dense Foods

In humans, paternal obesity has been associated with hypo-
methylation of the MEG3, NDN, SNRPN, and SGCE/PEG10  
differentially methylated regions (DMRs) and hypermethylation 
of the MEG3-IG and H19 DMRs in the sperm. It has also been 
associated with hypomethylation of the IGF2, MEST, PEG3, and 
NNAT DMRs in offsprings’ cord blood. Maternal obesity on the 
other hand has been associated with placental global DNA hypo-
methylation and hypermethylation of the PLAGL1 DMR and 
hypomethylation of the MEG3 DMR in cord blood.[165–168] Fur-
thermore, in the Dutch hunger cohort, hypomethylation at the 
IGF2 DMR was reported as one of the underlying factors for the 
increased risks of several NCCDs among their offsprings,[61,62] 
and a similar programing was recently reported for paternal obe-
sity in humans;[169] paternal obesity was strongly correlated with 
hypomethylation of the IGF2 DMR and hypermethylation of the 
H19 DMR, while maternal obesity was correlated with hyper-
methylation of both IGF2 and H19 DMRs in the cord blood of 
their offsprings, and thus could partly mediate the multigenera-
tional effects of parental obesity. IGF2/H19 are situated around 
a cluster of imprinted genes that encode for a fetal and placental 

Global Challenges 2017, 1, 1700043

Nutrient Specie Experimental setting [reference] Physiological changes/epigenetic implicationsa)

Increased body fat, and decreased lean mass, fat-free mass and 

fasting plasma insulin levels at 6 months of age

Lower total cholesterol at 6 months

Mice Maternal zinc restriction (5.0 µg Zn g−1 against the 

normal 35 µg Zn g−1) from gestation day 8 until 

delivery, cadmium administration to offsprings  

at 5 weeks (5 mg kg−1)[135]

Increased hepatic MT2 mRNA at 5 weeks

Altered histone modifications in the MT2 promoter  

on day 1 and at 5 weeks

Prolonged MTF1 binding to the MT2 promoter region at 5 weeks

Mice Maternal zinc restriction from gestation  

day 7 to birth[136]

Immunodeficiency in F1–F3 offsprings

Mice Maternal zinc restriction (8 ppm against the normal 

30 ppm) during pregnancy[137]

Increased systolic blood pressure and decreased glomerular filtration 

rate associated with a reduction in the number and size of neph-

rons. Activation of renal apoptosis, reduction in catalase activity, 

glutathione peroxidase activity, and glutathione levels and increased 

fibrosis and lipid peroxidation end products

Mice Maternal preconception (3–5 d) zinc restriction  

(<1 mg kg−1 against the normal 29 mg kg−1)[138]

Decreased histone H3K4 trimethylation and global DNA methyla-

tion in zinc deficient oocytes, with 3–20 fold increase in transcript 

abundance of repetitive elements (Iap, Line1, Sineb1, Sineb2), and a 

decrease in Gdf9, Zp3 and Figla mRNA

Only 53% (3 d) and 8% (5 d) of zinc deficient mature eggs reached 

the 2-cell stage after IVF

In vivo fertilized 2-cell embryos cultured in vitro formed fewer (38%) 

blastocysts compared to control embryos (74%)

Decreased Igf2 and H19 mRNA in zinc deficient blastocyst

Magnesium Rat Maternal magnesium restriction (0.003% against the 

normal 0.082% magnesium)[139]

Higher hepatic 11β-hydroxysteroid dehydrogenase-2 (Hsd11b2) 

promoter methylation

a)Effects and/or alterations are those reported in F1 generation due to exposure in F0 in comparison to the control group without the exposure, except otherwise stated. 
DMR: differentially methylated region; RBC: red blood cells.
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growth factor regulating birth weight. The level of methylation 
of placental IGF2 and H19 DMRs have independently been cor-
related with circulating third trimester maternal and cord blood 
IGF2 levels, respectively, and have been shown to modulate fetal 
growth indices including weight. Additionally, third trimester 
maternal and cord blood IGF2 levels were also found to be asso-
ciated with newborn’s height. It is thus suggested that IGF2/H19 
DMR methylation levels may modulate normal and abnormal 
fetal and offspring growth and development, with implications 
for fetal metabolic programing of adult obesity.[171]

Laker et al. demonstrated that maternal high fat diet feeding 
induced hypermethylation of the muscle peroxisome prolif-
erator-activated receptor γ coactivator-1α (Pgc-1α) in rat, with 
consequent decreases in the expression of Pgc-1α and its target 
genes (Glut4, Cox4, and Cyt c) leading to the development of 

insulin resistance in offsprings exposed prenatally to high 
fat diet.[172] Decreased H3K9Ac and increased H3K9me2 in 
the white adipose tissue adiponectin promoter, and increased 
H4K20me in the leptin promoter have also been reported in 
mice exposed prenatally to high fat diet. These mice preferen-
tially consumed higher calories from 8 weeks onward and had 
higher body weights by 14 weeks postnatally, high blood pres-
sure, and worsened glucose tolerance by 24 weeks. They also 
had higher and lower expression of leptin and adiponectin, 
respectively, in the white adipose tissue, with consequently 
higher serum triglyceride and leptin levels, and lower adi-
ponectin levels by 12 weeks.[173] Fullston et al. also showed that 
the adverse metabolic effects of paternal obesity secondary to 
high fat diet feeding in mice were transmitted across multiple 
generations via changes in testes mRNA (414 genes involved 
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Table 4. Selected studies highlighting noncompliance to healthy recommendations during pregnancy in different countries.

Healthy recommendation [reference] Observations Locationa)

Folic acid supplement intake, alcohol consumption, smoking, 

diet, and physical activity before pregnancy among[149]

Among 238 pregnant women, only 2.9% were taking 400 µg or more of folic 

acid supplements a day

Southampton,  

United Kingdom

Heavy drinking of four or more units of alcohol a week was common

74% of those that became pregnant were smokers

53% consumed five or more portions of fruit and vegetables a day

57% of those who became pregnant had taken any strenuous exercise in the 

past three months

Supplementation of 400 µg folic acid daily during the periconcep-

tional period, and exercise recommendation (≥3.5 h a week) by 

the Danish Health and Medicines Authority[149,150]

Among 22 000 pregnant women, only 22.3% who had planned their preg-

nancy (13 952) fully complied with the recommendation, while only 13.6% of 

the overall 22 000 women complied

Copenhagen, 

Denmark

Among 7915 pregnant women, only 38% met the recommendation for exer-

cise in early pregnancy

Dietary iron supplementation during pregnancy[151] Among 308 pregnant women, 49.7% used iron supplements continuously 

during the second and third trimesters of pregnancy, while 38.3% reported 

partial use and 12.0% used no iron supplements

Riyadh, Saudi Arabia

Alcohol intake recommendations during pregnancy[152,153] Among 837 and 1248 women, 72 and 80% consumed alcohol during 

pregnancy

Australia

Intermittent presumptive treatment and use of insecticide treated 

nets during pregnancy[154]

Among 720 pregnant women, 51.6 and 25.9% received the first and second 

doses of intermittent presumptive treatment, respectively, while 41% slept 

under insecticide treated nets although only 15.4% used it correctly

Enugu, Nigeria

Dietary behaviors, physical activity, and smoking 

recommendations[155]

Among 1231 pregnant women in the Latina Gestational Diabetes Mellitus 

Study, 13% met physical activity guidelines, 19% met fruit/vegetable guide-

lines, 21% of women smoked, and 1.4% consumed alcohol during pregnancy

Massachusetts, USA

Smoking during pregnancy[156] The overall prevalence of smoking before pregnancy was 24.7% in 2010, and 

12.3% during pregnancy in 11 states of the USA (Alaska, Arkansas, Colorado, 

Hawaii, Maine, Nebraska, Oklahoma, Utah, Washington, and West Virginia). 

The prevalence after delivery was 17.2% in 2010

11 states of the USA

Smoking During pregnancy[157] Among 369 547 pregnant women in Canada, 23% were smokers in  

2009–2010, with higher prevalence in the Northern territories (59.3%)

Canada

Perinatal alcohol consumption[158] Among 1594 pregnant women, 84% had consumed alcohol the year prior to 

pregnancy (14% considered hazardous consumption) and 6% at least once 

during pregnancy

Sweden

Perinatal alcohol consumption[159] Among 1303 pregnant women, two-thirds and half in the first trimester 

consumed alcohol over the Department of Health (UK) guidelines of ≤2 units 

per week before pregnancy

Leeds, UK

a)The observations made from these studies shows that noncompliance to healthy recommendations during pregnancy is not limited to low and middle income countries 
but that even women in the developed countries mostly do not adhere to those recommendations that will ensure healthy growth of their fetus.
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in nitric oxide and reactive oxygen species (ROS) pathways, 
Sertoli cell junction signaling, EIF2 signaling, NF-κβ signaling 
and inflammatory response, lipid metabolism, and carbohy-
drate metabolism), sperm and testes microRNA (11 microRNAs 
mostly involved in metabolic disease, cell death, production of 
ROS, DNA replication, NF-κB signaling, p53 signaling, recom-
bination and repair, lipid metabolism, spermatogenesis, and 
embryonic development) expression, and a 25% reduction in 
global methylation of germ cell DNA in F0 mice.[174] Out of the 
epigenetic alterations observed, those induced by miR-133b-3p, 
miR-340-5p, miR-196a-5p, and miR-205-5p in the testes and 
sperm of F0 mice exposed to high fat diet were likely the most 
significant affecting 4 mRNAs (Glt28D2, Hmgb1, Lrrtm3, and 
Smarce1). In this study, high fat diet feeding increased paternal 
obesity, which resulted in increased obesity and insulin resist-
ance in both female and male F1 offspring although the risk 
in F2 was higher in F2 sons whose F1 mothers were exposed 
prenatally to high fat diet.[174] The effects of high fat diet feeding 
may also be mediated via changes in DNA methylation pat-
terns of oocyte metabolism-related genes;[175] maternal high fat 
diet increased DNA methylation of oocyte leptin promoter and 
decreased that of Ppar-α promoter, with a corresponding change 
in methylation levels in the liver (increased leptin and decreased 
Ppar-α promoter methylation) and oocyte (increased methyla-
tion of Ppar-α promoter) of F1 female offspring exposed prena-
tally to high fat diet, and a corresponding change in the hepatic 
expression of Lep and Ppar-α. High fat diet feeding and obesity 
were demonstrated to cause global DNA hypomethylation in 
the placenta of mice, with additional differential methylation of 
placental Igf2r regions that serve as binding sites for important 
transcription factors, including Pax4, Smarca3, Vbp, Pax6, Yy1, 
Oct1, Nrf2/Arp, Ppar/Rxr, Egr3, Rxr, Mzf1, Sry/Sox9, Gcm1, 
Stat6, Nudr/Deaf-1. This consequently modified the expres-
sion of genes involved in regulation of placental metabolism 
including Dio3, Rtl1, Dlk1, Slc22a1, Slc22a2, Slc22a3 especially  

in the female placenta.[170] These data and those from other 
animal studies[127,131,143,176–200] mirror those of human trials 
(see Table 2 for details). However, it is noteworthy that the 
above studies on obesity were done in humans while the high 
fat diet feeding studies were done in animals. Thus, the obe-
sity studies have shown very different findings from those of 
the high fat diet possibly because high fat diet feeding does not 
only induce obesity but leads to other metabolic abnormalities. 
Thus, we have reason to believe that these effects are truly dif-
ferent, and studies may have to be conducted simultaneously in 
future studies to fully unravel the differences and/or similari-
ties in epigenetic outcomes between obesity and high fat diet 
feeding.

Recommendations focusing on calorie intake often empha-
size the need to restrict calories at every stage of development 
from childhood to adult life. Complying with these recommen-
dations has been shown to favorably reduce the risk of obesity, 
which is rapidly increasing children and has been blamed on 
excess calorie intake,[201,202] although an adverse intrauterine 
environment may program for childhood obesity and earlier 
onset of NCCDs[58,59] by epigenetic programing involving sev-
eral genes, and may even determine the preference for high 
energy foods in children thus leading to overnutrition and 
obesity.[203–205] Increased DNA methylation of the CASP10, 
CDKN1C, EPHA1, HLADOB3, IRF5, MMP9, MPL, NID1, reti-
noid X receptor-α, IGF2/H19 and POMC, and lower methyla-
tion of LINE1 in childhood have been shown to impact on gene 
expression and strongly predict childhood obesity.[206–211] Inter-
estingly, both hypo- and hypermethylation of the TACSTD2 
gene at birth have been shown to influence expression of the 
gene and predict childhood obesity (Table 2).[211] On the other 
hand, childhood overnutrition increases the risk of developing 
obesity in childhood and adult life, although the exact epige-
netic mechanisms involved are still the subject of debate.[212]

Changes in the gut microbiota induced by western type 
diets have been shown to alter metabolites’ absorption, some 
of which have direct consequences for fetal programing.[213] 
Thus, high fat diets consumed during pregnancy may alter gut 
microbiota of the pregnant women and affect nutrient avail-
ability to the placenta and growing fetus, with resultant impli-
cations on epigenetic programing of adult NCCDs later in life. 
Overall, consumption of western type energy dense foods may 
be leading to multigenerational programing of obesity.

3.3. Consumption of Fruits and Vegetables

Consumption of vegetables, fruits and other nutritious plants, 
which may have helped in preventing many diseases among 
the preindustrial humans has fallen drastically in recent 
periods (Table 1).[28,44,46,48] The importance of fruits and vegeta-
bles is reflected in their inclusion in several recommendations 
on NCCDs prevention. In fact, their consumption may have 
epigenetic implications for the transmission of disease risk 
across multiple generations. Consumption of lower amounts of 
fruits and vegetables is associated with lower levels of serum 
folate, minerals, and other vitamins,[214,215] which are methyl 
donors that can influence epigenetic programing during intra-
uterine life. For example, the metabolism of folate, choline, 
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Table 5. World Health Organization recommended dietary allowances 
(RDA) of micronutrients during pregnancy.

Nutrient supplementation 
[reference]

RDA

Folic acid[160] 400 µg of folic acid throughout pregnancy for preven-

tion of neural tube defects, congenital birth defects 

and possibly risk of adult chronic disease

Iron[160] 30–60 mg of elemental iron throughout pregnancy for 

prevention of anemia

Vitamin A[161] Up to 10 000 IU vitamin A (daily dose) OR Up to 

25 000 IU vitamin A (weekly dose) for a minimum 

of 12 weeks during pregnancy until delivery where 

deficiency is a public health problem for prevention of 

night blindness

Vitamin D[162] Insufficient evidence for recommendation

Iodine[163] 250 µg d−1 of iodine supplement or 400 mg per year 

of iodized oil supplement during pregnancy in coun-

tries where less than 20% of households have access 

to iodized salt

Calcium[164] 1.5–2.0 g from 20 weeks of gestation to end of 

pregnancy in areas where calcium intake is low for 

prevention of preeclampsia
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betaine, and other B vitamins generates S-adenosyl methio-
nine and can ultimately influence DNA and histone methyla-
tion (Table 3) by changing the availability of methyl groups to 
DNA and histone methyltransferases.[96] Supplementation with 
methyl donors in the agouti viable yellow (Avy) mice dampened 
the transgenerational transmission of obesity independent of 
epigenetic changes at the Avy locus.[97] IGF DMR hypermeth-
ylation may have been involved since prenatal exposure to folic 
acid, a methyl donor, has been associated with higher levels 
of maternal S-adenosylmethionine in the blood, lower birth 
weight, and higher levels of methylation at the IGF2 DMR 
in their 17-month-old children,[98] which is associated with 
a reduced risk for adult NCCDs[61,62] possibly through regu-
lating DNA and histone methylation levels and intrauterine 
fetal growth and development for optimal survival, with conse-
quently altered expression of genes that adversely affects post-
natal life.[31,171] Reduced methyl donor availability in pregnant 
women in the Gambia during the rainy season when harvests 
were not yet ready was correlated with maternal obesity and 
was shown to significantly amplify the methylation levels of 
metastable epialleles (BOLA3, LOC654433, EXD3, ZFYVE28, 
and ZNF678) in offsprings’ lymphocytes and hair follicles.[81]

Prenatal supplementation with folate, a methyl donor, has 
long been reported to reduce the risk of pregnancy related 
complications like spontaneous abortions and anemia, and off-
springs’ congenital diseases like neural tube defect,[172] and the 
understanding that it could program the risk of disease in off-
springs is an added boost for proponents of such supplemen-
tation. Future studies may provide deeper insights into how 
methyl donor-altered gene methylation levels transgeneration-
ally influence health outcomes.

3.4. Consumption of Highly Processed Low Fiber Grains

Paleolithic diets were predominantly plant based foods that 
were subjected to very little processing before consump-
tion.[28,44,46,48] This lack of processing prevented the loss of 
nutritionally valuable components. Since the advent of food 
processing techniques, humans have perfected methods of pro-
cessing their foods in a bid to preserve them for longer dura-
tion.[216] Some of these processing techniques, however, have 
proven detrimental not only in removing beneficial nutrients 
but also adding unwanted substances and/or products that may 
cause harm to consumers (Table 6).[217–220] Moreover, diets with 
high contents of saturated and trans fats, and low fiber content, 
which often result from food processing, have been linked with 
development of NCCDs like type 2 diabetes and CVDs.[35,221] 
Also, whole grains and other plant foods have high amounts of 
dietary fiber, which are often removed to enhance palatability 
and chewiness, thereby leading to lower amounts of dietary 
fiber in the processed products.[217]

Until recent decades, most people consumed unrefined 
grains like rice, because it was expensive to process the grains 
to remove the outer layers. Recent advances in processing tech-
nologies have however made it easier and more affordable to 
mill grains. White rice and other polished grains are therefore 
more accessible, although this has been associated with devel-
opment of NCCDs like type 2 diabetes and CVD. In particular, 

white rice is the staple food and main energy source for over 
half the world’s population.[222] It is likely however that ancestral 
experiences transmitted epigenetically or energy demands of 
these people in LMIC is what has determined their taste prefer-
ences for energy dense carbohydrate foods like white rice.[89,203] 
Sadly, however, white rice has severally been linked to the devel-
opment of type 2 diabetes, and the risks were particularly more 
profound among Asians, where white rice consumption is the 
highest around the world.[223–225] This energy dense grain has 
high glycemic index and thus leads to higher glycemic and 
insulin responses following consumption, with increased risks 
of developing type 2 diabetes and CVDs.[35,222–225]

The incidence and prevalence of type 2 diabetes is pro-
jected to increase mostly in the LMIC by 2040, where coinci-
dentally white rice is the major staple food even among chil-
dren. In fact, the burden of type 2 diabetes and other NCCDs 
have already reached alarming proportions in these countries, 
and although a direct link has not been made, excessive white 
rice consumption may be a contributing factor toward epige-
netic programing of the fetus during intrauterine life.[226] The 
epigenetic reprograming that leads to increased risk of type 2 
diabetes and possibly other NCCDs in successive generations 
may not be a direct effect of the white rice per se but a con-
sequence of the metabolic derangements induced by the long 
term consumption of a high glycemic index diet like white 
rice; feeding of dams with white rice during the period of ges-
tation and lactation did not produce significant perturbations 
in metabolic or transcriptomic parameters in their offsprings 
(unpublished data); however, feeding of white rice for 8 weeks 
to female rats prior to pregnancy and throughout pregnancy 
and lactation showed significant differences in metabolic 

Global Challenges 2017, 1, 1700043

Table 6. Some changes introduced by food processing techniques.

Beneficial change Harmful changea)

Increased bioavailability of bioactive 

compounds due to better release from 

food matrix, e.g., during cooking

Introduction of trans fatty acids during 

preparation of fast foods and other 

commercial junk foods

Improvement of antioxidant properties 

of naturally occurring compounds, e.g., 

oxidation of polyphenols during storage 

increasing their bioactivity

Removal of bioactive-rich bran layer 

(including minerals, vitamins and 

other functional compounds) of grains 

during polishing

Formation of novel compounds having 

antioxidant activity (i.e., Maillard reaction 

products)

Loss of naturally occurring anti-

oxidants, e.g., ascorbic acid during 

cooking and pasteurization of fruits 

and vegetables

Increased bioactivity due to synergistic 

action of compounds from different 

sources in a single product

Formation of novel compounds having 

prooxidant activity (i.e., Maillard 

reaction products)

Interactions among different com-

pounds mixed in a single product(e.g., 

lipids and natural antioxidants, lipids 

and Maillard reaction products)

Decreased bioactivity due to competi-

tive inhibition of beneficial action when 

compounds from different sources are 

mixed in a single product

a)Source: Refs. [217–220].
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indices related to insulin resistance and insulin signaling genes 
(hepatic, adipose, and muscle) in comparison to brown rice 
feeding even when the offsprings were only exposed to normal 
rodent chow.[226] Thus, it was hypothesized that consumption of 
white rice may also be contributing to the growing burden of 
type 2 diabetes and other metabolic perturbations in the LMICs 
where white rice is heavily consumed as staple food. In this 
study, the effects of white rice were only demonstrated in first 
generation offspring, and future studies will give more insights 
into how such perturbation affect successive generations. The 
translational implication of this is that because white rice con-
sumption often starts at very young ages in communities where 
it is the staple food, children who may have been adversely 
influenced by their parents’ consumption of white rice will start 
their lives at a disadvantaged point, and their consumption of 
white rice will further program their bodies to develop type 2 
diabetes, and the cycle continues.

The link between whole grain and dietary fiber consumption 
and health outcomes of offsprings is thought to be mediated via 
alterations in the gut microbiome. There is growing evidence 
that the microbes that colonize the gut play significant roles 
in determining nutrient retrieval from foods through influ-
encing the digestion of consumed foods.[211] Consumption of 
higher amounts of dietary fiber has been linked with a distinct 
gut microbiome often leading to production of higher amounts 
of butyrate, which is a histone deacetylase inhibitor that could 
potentially induce epigenetic modifications.[227,228] There is evi-
dence that short chain fatty acids (SCFA) like butyrate can be 
absorbed after production in the gut,[229] thereby potentially 
reaching the placenta and growing fetus in pregnant women to 
induce placental histone modifications and possibly other epi-
genetic effects[230] and fetal epigenetic reprograming with con-
sequently increased risk of adult NCCDs.[231] In general, dietary 
factors can influence the gut microbiota through promoting 
the preferential growth of some microbiota over others, with 
resultant production of metabolites such as SCFA and methyl 
donors that circulate through the blood to reach their target 
organs and induce DNA methylation changes or histone modi-
fications. The epigenetic programing of specific genes by these 
metabolites can then influence disease outcomes mediated via 
abnormal gene regulation.[232]

3.5. Technological Advances and Physical Activity Levels

The effects of increasing physical inactivity can be transmitted 
across several generations.[50,51,233–235] Physical inactivity corre-
lates strongly with both childhood and adult obesity, and obese 
individuals are more likely to overindulge in western style 
energy dense foods. Already, we have described how parental 
obesity programs the offspring to develop NCCDs later in life 
through epigenetic modulatory changes that affect germ line 
and placental methylation levels,[167–169,175,236] and gut micro-
biota.[213] Increasing physical activity levels have also been 
shown to induce various epigenetic modifications beneficial 
to health (Table 2). Moreover, in pregnant rats, exercise was 
shown to attenuate the high fat diet-induced hypermethyla-
tion of the muscle Pgc-1α gene and other associated metabolic 
perturbations in their offsprings.[172] In humans, six months 

of exercise induced extensive changes in methylation levels of 
7663 genes, including 18 obesity-related genes.[233] These and 
other epigenetic alterations induced by exercise may be the 
basis for the reduced risk of obesity in children of women who 
exercise during pregnancy.[51] Furthermore, exercise is known 
for reducing weight, and weight loss has important implica-
tions on DNA methylation levels,[237–241] which may be medi-
ated via changes in germ cell methylation levels (Table 2).[234] 
Overall, the declining levels of physical activity and increasing 
sedentary lifestyles are likely contributing factors to the growing 
burden of global NCCDs across successive generations since 
evidence exists of the transgenerational effects of obesity and 
exercise.[50,51,174,242] However, the understanding of the under-
lying mechanisms is still limited and future studies are needed 
to unravel this.

Evolutionary evidence indicates that humans now have 
higher BMIs than at any point in history, and technological 
advances that have made humans less active over time have 
contributed immensely in this regard. Physical activity that 
was the norm throughout the paleolithic through to the pre-
industrial periods started to decline with the industrial revolu-
tion.[243] Humans now have machines that have taken over their 
choirs from households ones to industrial activities involving 
heavy machinery. Cars and motorcycles have overtaken the use 
of other more manual methods of transportation. Office jobs 
that demand siting for long hours have also replaced farming 
and other physically demanding jobs. Long viewing hours in 
front of television also make people more sedentary. These 
phenomena have contributed to the growing burden of obesity, 
which is a strong determinant for the development of type 2 
diabetes, cardiovascular disease and other NCCDs.[244,245] Simi-
larly, obese individuals can program the health of their off-
springs leading to transmission of increased risk of NCCDs 
through successive generations, while exercise and weight loss 
can reduce the risks of and/or reverse NCCDs.[23,28,243,246] The 
level of physical activity of the hunter gatherer humans was 
partly the reason why they remained healthy in addition to 
the healthy dietary choices. In fact, O’keefe et al.[247] had sug-
gested that adopting a similar level of physical activity to that 
of the hunter gatherers throughout the entire life of an indi-
vidual, involving light-to-moderate activity targeting an energy 
expenditure of between 800 and 1200 kcal per day with occa-
sional bursts of high intensity exercise two to three times per 
week, for at least 20–30 min per session in a natural setting 
while socializing could dramatically reduce the harmful effects 
of obesity. This could potentially benefit subsequent genera-
tions by programing for a healthier epigenome.

3.6. Smoking, Alcohol, Pollutants, and Other 
Environmental Chemicals

During the preindustrial periods, there were indications that 
some humans chewed tobacco, but widespread smoking as 
we know it today may have only started fairly recently. There 
was an explosion of smoking in the 19th century that quickly 
spread around the world, which was driven largely by a need 
for social acceptance.[45] Increasing awareness, exorbitant taxes 
and other public health measures have help to reduce smoking 
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rates especially in some developed nations. About 54% of men 
and 25% of women were smokers in 1955, but by 1995, these 
rates had dropped to 28% in men and 23% in women.[28] How-
ever, the rates are still high around the world mostly in LMICs, 
and in some countries smoking remains the most important 
preventable cause of NCCDs.[248] The hazards of smoking to the 
individual’s health are now well acknowledged, and in addition 
second hand smoke is believed to have adverse health conse-
quences on those who do not smoke.[249] Already, it is well-doc-
umented that smoking during pregnancy directly affects the 
growing fetus adversely including the risk of low birth weight 
and increased risk for NCCDs as a result of the toxic effects 
of the chemicals present in tobacco, but more recent evidence 
points to contributions of epigenetic alterations (Table 2).[250] 
Thus, not only are the constituents of burnt tobacco directly 
responsible for the adverse effects of smoking, epigenetic alter-
ations induced by the chemicals released has now been shown 
to underlie some of the smoking-associated risks of developing 
NCCDs.[251] Interestingly, these epigenetic alterations may be 
heritable, and thus, paternal or maternal preconceptional his-
tory of smoking may therefore affect the health of offsprings 
later in adulthood.

Joehanes et al.[252] had demonstrated, by analyzing over 
16 000 blood samples from smokers, former smokers, and non-
smokers, that tobacco smoke induced long term lymphocyte 
DNA methylation changes in over 2600 CpG sites annotated 
to 1405 genes affecting pulmonary function, and risks of can-
cers, inflammatory diseases, and heart disease, which lasted 
over 30 years, although quitting was shown to reverse some of 
these effects within five years. Thus, such long lasting changes 
may underlie some of the harmful multigenerational effects 
of smoking. In addition to its long term epigenetic effects, 
maternal and paternal history have been associated with exten-
sive placental and cord blood DNA methylation changes that 
are thought to mediate some of the harmful multigenerational 
effects of smoking (Table 2).[103,253–261] However, the most com-
pelling evidence for the contribution of smoking to epigenetic 
modulation of disease risk is that from the Avon Longitudinal 
Study of Parents and Children (ALSPAC) cohort in which 
fathers who had started smoking around the prepubertal age of 
11 had male offsprings with significantly higher BMIs by age 
9. The implication is that these obese boys were at increased 
risk of adult obesity and other obesity-associated health prob-
lems including many NCCDs due to lifestyle choices of their 
parents. Epigenetic imprinting of genes in the Y chromosome 
around the time of puberty was thought to be responsible,[142] 
and changes in methylation levels of germ line or placenta may 
propagate the effects across generations.[250,262] Therefore, wide-
spread smoking and exposure to second hand smoke may not 
only impact on those directly exposed to it, but also the health 
of successive generations through epigenetic reprograming that 
alters the growth and risks of diseases in offsprings. There may 
even be a multiplier effect since offsprings of smokers are more 
likely to take up smoking,[263] because then they will already be 
at an increased risk of smoking-related NCCDs due to prenatal 
exposure and their choice of smoking will greatly compound 
such risks. Such phenomenon may have contributed to the 
explosion of chronic diseases around the world from the 19th 
century onward when widespread use of tobacco began.

Similarly, harmful use of alcohol is believed to be a fairly 
recent phenomenon, because the excessive intake of harmful 
levels of alcohol that is characteristic of modern times and 
associated with NCCDs far exceeds what any preindustrial 
human could have been able to obtain.[45] Excessive use of 
alcohol has been shown to cause adverse health effects, and 
when consumed during pregnancy it can cause fetal alcohol 
syndrome ranging from reduced birth weight, to impaired cog-
nitive and neuropsychological functions. Increasing body of 
evidence indicates that epigenetic alterations may underlie the 
changes characteristic of fetal alcohol syndrome.[264] Prenatal 
exposure to alcohol is demonstrated to induce extensive DNA 
methylation changes in human[265–267] and rodent offsprings 
(Table 2).[110,112,114,120,128,268–272] These effects are possibly trans-
mitted via methylation of the paternal germ line,[273] although 
alcohol-induced placental epigenetic changes suggest the 
involvement of the female germ line.[264] The rising harmful 
use of alcohol,[274] just as tobacco use,[275] imposes a huge 
public health burden, and may have contributed in shaping 
the history of some NCCDs in recent years. Moreover, chronic 
alcohol use in males has been shown to increase the chances of 
alcoholism in male offsprings.[276] Thus, just like tobacco use, 
children exposed to alcohol prenatally already have epigeneti-
cally predetermined increased risks of some NCCDs, and their 
subsequent use of alcohol will only worsen the problem.

Pollution is another major public health challenge with huge 
implications on health of many people especially in the LMICs. 
In a recent report, the WHO estimated that nine out of ten 
people globally are affected by poor air quality, which is respon-
sible for the deaths of over six million people annually.[277] 
These deaths have been attributed to NCCDs like cardiovas-
cular disease, chronic obstructive pulmonary disease, and lung 
cancer.[261] The growth of industrial and other commercial activ-
ities have greatly contributed to the problem of pollution since 
the beginning of the industrial revolution, and diseases associ-
ated with pollution have since been on the increase in heavily 
polluted communities. Additionally, environmental pollutants 
are commonly found in materials used by humans on a daily 
basis for agricultural and even domestic purposes. The harm 
associated with such chemicals has been a concern and some 
known environmental pollutants like dichlorodiphenyltrichlo-
roethane (DDT) have been banned in some countries like the 
US for their potential health effects, but they are still being 
used in other countries for agricultural purposes. Interestingly, 
recent data indicates that prenatal exposure to some of these 
pollutants could have huge consequences on transgenerational 
transmission of the risk of NCCDs (Table 2). For example, pre-
natal exposure to DDT increases the risk of obesity and other 
NCCDs via epigenetic alterations in both male and female germ 
lines.[278,279] Plastic derived compounds bisphenol-A (BPA), 
bis(2-ethylhexyl)phthalate (DEHP), and dibutyl phthalate (DBP) 
that are available in most homes have also been linked with 
increased risk of epigenetic transgenerational inheritance of 
adult NCCDs, which is mediated via changes in DNA methyla-
tion in sperm.[280–284] Other commonly available environmental 
and air pollutants including pesticides, agricultural chemicals, 
and others have also been shown to induce extensive epigenetic 
changes that are inherited transgenerationally with consequent 
increases in the risk of adult NCCDs.[285–292]
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From the beginning of the industrial revolution, humans 
have undoubtedly been exposed to a wide range of chemicals 
and environmental pollutants that could have programed the 
risk of many diseases in different communities. Moreover, at 
the beginning of the industrial revolution no legislations were 
available to control the industrial production of many pollutants 
or the use of chemicals to manufacture materials for domestic 
use as we have today. Therefore, such exposures could have 
compounded the human disease history.

4. Nature Versus Nurture: How Did We Get Here?

From the foregoing, it can be surmised that the current global 
burden of NCCDs may have been influenced by epigenetic fac-
tors inherited over time. There have been arguments that the 
inability to effectively curb the growing burden of chronic dis-
eases reflects the failure of national health systems to properly 
target intervention strategies against traditional risk factors.[10] 
However, it is likely that not only are national health systems 
inappropriately focusing on strategies that do not work but 
they may have been ineffective all this while because they are 
neglecting an important variable (ancestral epigenetic influ-
ences). Moreover, despite years of extensive studies and rec-
ommendations focusing on lifestyle and dietary factors aimed 
at curbing the growing trends of NCCDs,[2,3,13,23,24,26,35–38,41,42] 
success has been limited, suggesting a need to refocus efforts 
on other possible scientific facts contributing to the NCCDs 
burden for effective control.

Intrauterine epigenetic modifications due to nutritional 
factors are induced in order to optimize survival of the fetus 
during intrauterine life, but these changes are retained into 
adult life and when mixed with certain lifestyle factors amplify 
the risk of adult NCCDs.[31] In fact, there are indications that 
these epigenetic influences may be so potent as to modify the 
penetrance of a genetic mutation,[197] which in humans may 
explain the basis for the recent phenomenon observed with 
“genetic superheroes”;[293] adults were found not to exhibit 

disease phenotypes typical of genetic mutations that are com-
pletely penetrant for severe childhood Mendelian disorders like 
cystic fibrosis. Furthermore, the risk of death from coronary 
heart disease has long been strongly associated with a family 
history,[294] but a convincing genetic link has not been found 
that can appropriately explain these risks. Other NCCDs like 
type 2 diabetes and some cancers also have a strong family con-
nection but not genetic risk.[295] Epigenetic links may be the 
underlying connection; if ancestors of a certain family undergo 
lifestyles that increase risk of diseases that can especially be 
amplified by living certain lifestyles, it will appear as if genetics 
played a role, when in fact it was an epigenetic trait influencing 
disease risk in the family.

In the past, it had been suggested that the mismatch between 
present day diets and ancestral genome may have played a sig-
nificant role in the growing burden of metabolic diseases.[49,246] 
However, epigenetic evidence now suggests that the current 
burden of NCCDs may have very little to do with such mis-
match, but rather the burden of NCCDs as we have them cur-
rently may be related to cumulatively inherited epigenetic mod-
ifications that have made humans more prone to the NCCDs. 
We hypothesize, therefore, that ancestral influences including 
famine and specific nutrient deficiencies, which were common 
occurrences during the 19th and early 20th centuries may have 
epigenetically primed our genes, while more recent lifestyle 
choices including the increased consumption of unhealthy and 
highly processed energy dense diets, environmental and air pol-
lutants, increasingly sedentary lifestyles, alcohol and tobacco 
use, and other factors may have further compounded our inher-
ited risks and contributed cumulatively in programing present 
day humans to have varying risk profiles for NCCDs (Figure 1).

5. Future Recommendations

Epigenetic influences on adult risk of chronic diseases may 
be worse for the future generations if they inherit additional 
epigenetic alterations due to a combined effect of those from 
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Figure 1. Proposed cumulative effects of epigenetic influences and environmental factors on the chronic disease risk profiles. NCCDs: non-cmmuni-
cable chronic diseases; SSBs: sugar sweetened beverages. 
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our ancestors and the ones we are currently accumulating 
through unhealthy lifestyles. If the current trend continues, 
the future generation may have to pay for the sins of the past 
and present generations. Thus, there is a need to have deeper 
understanding on the whole range of epigenetic modifica-
tions present and how these influence disease outcome, which 
is what the Human Epigenome Project (HEP) is aimed at 
doing;[296,297] the HEP is a multinational project with a mandate 
to “identify, catalog, and interpret genome-wide DNA methy-
lation patterns of all human genes in all major tissues.”[298] 
Also, different studies have demonstrated epigenetic effects as 
a result of specific environmental factors, however, in reality 
multiple environmental factors are in play at any given point in 
an individual’s life.

Furthermore, future studies must look into the combined 
epigenetic effects of different environmental factors. Moreover, 
the effects of different environmental factors may not be addi-
tive, but the presence of one environmental factor could modify 
the effects of another factor. To effectively control the burden of 
NCCDs, there is a need to target and improve the health of pre-
conception adults (male and female) with a view to achieving a 
health status that negates adverse intrauterine epigenetics modi-
fications and postnatal health outcomes. Future research into  
the health of individuals needs to be integrated with not only 
their lifestyle choices but also those of their ancestors. Thus, 
the health of individuals must be closely viewed in relation to 
the health status of their ancestors, while present day humans 
must take into consideration the health of the future generation 
in making their lifestyle choices. Also, evidence suggests that 
epigenetic modifications could be prevented and/or reversed 
(Tables 2 and 3), indicating that measures can put in place and 
lifestyles can be modified with a view to improving health out-
comes of those at risk of NCCDs due to their previous environ-
mental exposures.

6. Conclusions

The world is experiencing an ever increasing burden of 
NCCDs, which have been traditionally associated with adop-
tion of unhealthy western lifestyle factors including the con-
sumption of energy dense and highly processed foods, physical 
inactivity, tobacco and alcohol use, exposure to environmental 
chemicals among others. There is increasing evidence that 
such environmental factors could induce epigenetic altera-
tions that are transmitted across several generations to pro-
gram the risk of adult NCCDs in those prenatally exposed. It 
was argued in this paper that the experiences of our ancestors 
likely starting around the time of the industrial revolution and 
those of our immediate parents may have cumulatively pro-
gramed us to have increased risks of NCCDs, thus the current 
huge burden and projected increases in the near future. Better 
understanding of epigenetic influences on chronic disease risk 
profiles could help in streamlining NCCDs control measures 
with consequent improved global health. Thus, integrating the 
health status of individuals with the lifestyle choices of their 
ancestors will provide deeper insights into individual risks and 
the overall impact of ancestral influences on the global burden 
of NCCDs.
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