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Abstract: Type 2 Diabetes Mellitus is an increasing public health problem that poses a severe social
and economic burden affecting both developed and developing countries. Defects in insulin signaling
itself are among the earliest indications that an individual is predisposed to the development of insulin

resistance and subsequently Type 2 Diabetes Mellitus. To date, however, the underlying molecular
mechanisms which result in resistance to the actions of insulin are poorly understood. Furthermore, it
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has been shown that maternal obesity is associated with an increased risk of obesity and insulin re-
sistance in the offspring. However, the genetic and/or epigenetic modifications within insulin-sensitive
tissues such as the liver and skeletal muscle, which contribute to the insulin-resistant phenotype, still
remain unknown. More importantly, a lack of in-depth understanding of how the early life environ-
ment can have long-lasting effects on health and increased risk of Type 2 Diabetes Mellitus in adult-
hood poses a major limitation to such efforts. The focus of the current review is thus to discuss recent
experimental and human evidence of an epigenetic component associated with components of nutri-
tional programming of Type 2 Diabetes Mellitus, including altered feeding behavior, adipose tissue,
and pancreatic beta-cell dysfunction, and transgenerational risk transmission.
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1. INTRODUCTION

The concept of a developmental origin of health and dis-
ease (DOHaD) is indisputably part of scientific, clinical and
health policy activities that aimed to understand and reduce
the risk of non-communicable diseases [1]. Attention was
drawn to the critical periods in development, especially for
obesity, which might have a serious effect on offspring phys-
iology, sometimes even before a mother is aware that she is
pregnant. Additionally, these effects appear to inherit across
several generations [1].

In past years, studies used to focus more on small babies
and maternal undernutrition. However, during the last dec-
ade, the interest in maternal obesity and the future life of the
big babies increased dramatically.

Evidence shows that the worldwide prevalence of obesity
doubled since 1980 and it seems that obesity generates obe-
sity, and so the cycle continues which, unfortunately, sets the
ground for other diseases such as Type 2 Diabetes Mellitus
(T2DM) [2].
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T2DM is a worldwide chronic disease, which is caused
by insulin resistance. Obesity and a sedentary lifestyle in-
crease the risk of developing this disease over time [3].
Although usually, T2DM occurs after middle age, it is now
rapidly diagnosed in younger patients and even in teenagers
[4]. Both genetic and environmental factors play an im-
portant role in the process and an increasing number of stud-
ies show that the risk of developing T2DM can be influenced
not only by the current adult lifestyle but also by conditions
in fetal and neonatal programming (Figs. 1 and 2) [5].

Additionally, the application of ‘omics technology’ for
the systematic characterization of expression and structure
holds great potential for learning physiological roles of dif-
ferent factors, epigenetic regulations and determining their
impact on disease pathology and developmental biology [6].
Thus, the aim of this review is to survey current strategies
employed in the early life such as fetal and neonatal
programming of insulin resistance and T2DM and discuss
future technological and scientific challenges, and potential
opportunities presented in this area of studies.

2. DEVELOPMENT OF BETA-CELL AND GENETIC
MODIFICATIONS LINKS THE PROGRAMMING OF
INSULIN RESISTANCE AND T2DM

Pancreatic and specifically beta-cell development and
their functions are crucial when considering the potential risk
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Fig. (1). Early life exposure to malnutrition, protein restriction, [IUGR: intrauterine growth restriction, bisphenol A, high fat diet, alcohol,
taurine deficiency, Gestational diabetes, and excessive weight during pregnancy may contribute to the beta cell dysfunction, decrease in beta
cell mass, pancreatic islet abnormalities and impaired insulin sensitivity that increase the risk of T2DM in adulthood. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).
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Fig. (2). Genetic and epigenetic modifications play a crucial role in the development of T2DM of the fetus later in life. The epigenetic modi-
fications interact with the intrauterine environment as well as maternal diet and genetic alterations. Hereditary factors such as the family his-
tory of disease and heritability of epigenetic changes, sex and maternal nutrition regulate the genetic process which may link to the develop-
ment of the T2DM. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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of developing T2DM. Beta-cell secretory dysfunction and
decreased beta-cell mass are the two main causes that induce
T2DM. Animal models have been established to study the
relations between fetal and early postnatal malnutrition and
susceptibility to diabetes later in life [7]. Several authors
summarized the molecular mechanisms of early program-
ming of the pancreas induced by maternal malnutrition [7].
Additionally, the role of mitochondria of beta-cell in mediat-
ing the impacts was emphasized in this review.

Green, et al. [8] summarized animal models of intrauter-
ine growth restriction and stated that all of the models have
shown a clear association between fetal growth restriction
and beta-cell dysfunction. In addition, the effects of timing
and duration of restricted nutrition on pancreatic morpho-
genesis and differentiation in different species expected to be
different. Overall, the review has presented that the beta-cell
dysfunction is likely depending on the species, timing, and
duration of fetal malnutrition and how the factors coincide
with fetal growth stages. Moreover, it is proposed that a
reduction in the availability of nutrients during fetal devel-
opment can program the endocrine pancreas and beta-cells.

Intrauterine growth restriction (IUGR) has been identi-
fied as a risk factor for T2DM and it seems to be linked to
decreased beta-cell growth/function [9]. However, results
from a study in mice embryos provided an IUGR-
independent rationale for reduced beta-cell growth and
T2DM development in adulthood; researchers’ explanation
has been related to the reduce p70 ribosomal protein S6 ki-
nase 1 (S6K1) signaling in pancreatic beta-cells [10]. S6K1,
a ribosomal protein, is a downstream effector in the mTOR
complex 1 signaling pathway. Researchers found that S6K 17"
mouse embryos had fewer and smaller beta-cells (and con-
tained less insulin) than wild-type embryos that S6K1 defi-
ciency yielded an IUGR phenotype [10]. Given these results,
it has been suggested that without S6K1, there is an
improper growth of beta-cells; it has also been suggested that
in regards to [IUGR, loss of S6K1 may be a cause rather than
a consequence [10]. Noticeably, S6K1 inhibitors are being
considered as a potential treatment option for T2DM, due to
their ability to increase insulin sensitivity [10]. Although
S6K1 deficiency is likely not a widespread issue in humans,
it is indeed interesting to contemplate its role in [IUGR, beta-
cell development, and potential development of T2DM.

One long-term consequence of IUGR may be an in-
creased risk of developing adult-onset T2DM [11]. Further-
more, the development of T2DM requires insulin resistance
and beta-cell dysfunction [12]. Therefore, it may follow that
IUGR is associated with the detrimental changes in pancreat-
ic beta-cells that eventually result in T2DM [13]. Multiple
mechanisms have been proposed to explain this link and one
of the key mechanisms considered as abnormal pancreatic
islet signaling which involves hepatocyte growth factor
(HGF) produced by endothelial cells and vascular endotheli-
al growth factor A (VEGFA) produced by beta-cells [13].
HGF and VEGFA are important for the function and vascu-
larity of pancreatic islets, and decreases in HGF and VEGFA
were observed in islets of IUGR models [13]. A recent re-
view article has elaborated on the evidence of supporting the
HGF-VEGFA pathway’s connection to IUGR and pancreatic
islet abnormalities implicated in T2DM [13].
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The growth of a fetus or offspring during gestation and
lactation is strongly dependent on the nutritional condition of
the moms [7]. Studies have shown that fetal growth re-
striction resulted from maternal malnutrition would increase
their risks of T2DM. Nevertheless, this effect would be dif-
ferent when the restriction happened at different stages of
growth [7]. To identify whether the period of gestation or
lactation would have a greater impact, Matveyenko, et al.
[14] compared the effects of prenatal and/or postnatal calor-
ic/growth restriction on beta-cell mass development. Wheth-
er or not there was a growth restriction after birth, the prena-
tal malnutrition negatively reduced beta-cell fractional area
and mass, and reduced rates of beta-cell replication in the
fetal pancreas. The results indicated that prenatal nutrition is
crucial for the early development of beta-cell mass and sus-
ceptibility to T2DM later in life. Evidence about the associa-
tion between fetal beta-cell dysfunction and low birth weight
as a result of malnutrition were reviewed [8]. Critical analy-
sis of different IUGR animal models was presented on how
beta-cell function mediates in different early life stages.
Additionally, animal studies described the associations be-
tween IUGR and the development of T2DM [8]. For
example, Nissen, ef al. [15] used a naturally occurring IUGR
piglet model to identify possible mechanisms during fetal
development. The results have shown that piglets with low
birth weight had a higher concentration of myoinositol and
D-chiro-inositol in plasma, which indicated impaired glucose
tolerance and insulin resistance in adulthood.

Glucocorticoids (GCs) are critical hormones mediating
the effect of malnutrition on beta cells. Possible mechanisms,
which, are in an attempt to discover new therapies for diabe-
tes patients, are already reviewed [3]. The review also point-
ed out the importance of a specific period on the GC pro-
gramming of beta-cell mass. Although late gestation has
been recognized as the period that most profoundly influ-
ences birth weight, the first or early second trimester is most
remarkable for GC-induced beta-cell dysfunction. Maternal
food restriction during pregnancy results in increased mater-
nal and fetal GCs, which impair B-cell development in rodent
models [16, 17]. Valtat et al. further elucidated the molecular
mechanism of peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha (PGC-1a), a coregulator of the
GCs receptor, and its role in pancreatic B-cell during fetal
life [18]. GCs promote the expression of PGC-la, which
represses the expression of pancreatic duodenal homeobox 1
(Pdx1) by binding of a GR/PGC-1a complex to the Pdx1
promoter region [18]. This study also showed that PGC-1a
overexpression during the fetal period, not from adult age,
impaired glucose tolerance, decreased glucose-stimulated
insulin secretion (GSIS), and altered B-cell function [18].
Another study demonstrated abnormal shape and size of the
mitochondria in B-cells and decreased expression of the
mtDNA-encoded COX I gene in islet cells induced by pro-
tein malnutrition [19]. Moreover, a decreased number of
insulin-secretory granules in B-cells, a decreased fraction of
B-cells in the islets, reduced number and size of pancreatic
islets, and a decreased insulin-secretory response in vivo
were observed. Further, in the study, all these changes in the
pancreas were restored by taurine supplementation [19]. Ad-
ditionally, abnormal development of beta-cell mass during
intrauterine and/or postnatal nutrient-restriction was ob-
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served [14]. After feeding dams with a low-calorie diet, they
found a reduction of beta-cell in fractional area and mass in
progeny that characterized by a reduced rate of beta-cell rep-
lication and decreased evidence of neogenesis. Therefore, it
is believed that the maldevelopment of beta-cell mass influ-
enced by maternal diet may indicate an increased risk of
T2DM later in adult life (Fig. 1) [14].

3. DIETARY EFFECTS ON DISEASE PROGRAM-
MING AND GENETIC VARIATIONS

Environmental factors, such as the diet of the mother
during pregnancy and/or lactation may influence the health
status of the offspring early on in their lives and also in
adulthood [20]. Altered maternal nutrition, can comprise
both undernutrition and overnutrition impacting disease sus-
ceptibility later in life during sensitive windows of the de-
velopment [21]. During the last decades, in many developed
societies, maternal and postnatal caloric intake was either
sufficient or excessive, and there is an increasing study ex-
amining fetal overnutrition that believed to produce a similar
offspring phenotype to that of undernutrition [21]. High-fat
diet (HFD) exposure is particularly pertinent because the
Western-style diet is widespread and may promote the de-
velopment of conditions like obesity and T2DM [20].

Proper nutritional status seems to be essential during de-
velopmental windows in life [22]. A review of how a mater-
nal HFD impacts offspring islets and beta-cell function has
been published [23]. Epigenetics may explain how the ef-
fects of HFD programming are passed on from mothers to
future generations, and the review article also delves into
potential mechanisms of high-fat programming in beta-cells
[23]. Cerf, M.E. elaborates on how an HFD leads to hyper-
glycemia and eventually insulin resistance and issues with
beta cells, such as beta-cell compensation, dysfunction, and
death [23]. The hypothesis suggests that these issues ulti-
mately may result in T2DM.

A high-fat diet during pregnancy and lactation can devel-
op the features of metabolic syndrome, especially increased
adiposity and impaired insulin and glucose tolerance in both
wild-type and GLUT+/- genotypes [24]. Genotype-
dependent effect of HFD was also observed; Heterozygous
deletion of GLUT4 increased systolic blood pressure, lead-
ing to hypertension and increased serum cytokines levels
compared to wild-type mice [24]. This implies the genetic
contribution to the metabolic phenotype in response to die-
tary factors.

A theory of early programming assumes that excessive
dietary intake during pregnancy may deteriorate the
functionality of the hypothalamus infundibular nucleus
which is responsible for food intake, primarily via leptin
resistance development [25]. A report focused on the fetal
overnutrition hypothesis suggested that offspring exposed to
overnutrition and diabetes in utero have greater birth weight
and greater weight for length during childhood [25].

Furthermore, genetics may also predispose people to de-
velop these diseases. For example, when obesity-prone
Wistar rats were fed an HFD during the perinatal period,
they became glucose intolerant when tested after 3 months
old [20]. These rats also tended to release more insulin,
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which suggests that insulin resistance is involved. In con-
trast, obesity-resistant Lou/C rats (an inbred strain of Wistar
rats) fed the same HFD during the same perinatal period,
were not glucose intolerant [20].

Adequate intake of particular micronutrients, such as
folic acid and vitamin B;, both are especially important for
women who are pregnant or lactating [26]. The importance
of these micronutrients may extend to long-term outcomes of
the offspring later in life, including the development of
chronic diseases like T2DM. However, in mice dams, which
fed a control diet, a folic acid supplemented the diet, or a
folic acid and vitamin B;, supplemented the diet, maternal
diet showed no effect on the glucose tolerance or blood glu-
cose levels in offspring on a control diet [27]. Notably, the
offspring of dams, which were fed a folic acid and vitamin
B, supplemented diet had significantly lower baseline plas-
ma insulin concentrations than the offspring of dams, which
fed a control diet [27]. More studies are required to address
the potential relationship between micronutrient intake and
biomarkers relevant to T2DM.

The possible link between prenatal/postnatal nutrient
restriction and the eventual development of T2DM is not
easy to elucidate in humans. However, retrospective cohort
studies in which the participants experienced famine near
birth can provide us with some clues [28]. Individuals born
in the years during and around the time of the Ukrainian
famine (1932-33) were more likely to develop T2DM
(at >40 years of age) if they were born in regions that suf-
fered extreme famine, compared to regions that did not
endure famine conditions [29]. It is important to keep in
mind, though, that retrospective cohort studies have severe
limitations, even though they may suggest the hypothesized
association; some are unable to fully take confounding
factors such as lifestyle. For instance, prenatal nutrient dep-
rivation has been linked to the development of T2DM in
adulthood. To reverse the metabolic perturbations, a recent
study examined the metabolic impact of postnatal nutrient
restriction overlaid to IUGR in a rat model [30]. IUGR
group showed an increase in subcutaneous and visceral
adiposity with insulin insensitivity and metabolic inflexibil-
ity, prior to the development of insulin resistance and dia-
betes; however, pre- and postnatal nutrient restriction group
remained lean and insulin sensitive, and active with meta-
bolic flexibility, suggesting that postnatal nutrient re-
striction superimposed on IUGR could prevent metabolic
perturbations by IUGR [30].

Among various dietary factors during pregnancy, mater-
nal alcohol consumption has many adverse effects on the
offspring [31-33]. In addition to the central nervous system
injury, a common manifestation of fetal alcohol spectrum
disorder may occur and, Dobson ef al. investigated that the
maternal ethanol exposure led to metabolic disturbances in a
guinea pig model [34]. Chronic prenatal ethanol exposure
showed IUGR-like manifestations including catch-up growth
before weaning, increased visceral, subcutaneous, and pan-
creatic adiposity in adulthood [34]. In addition, offspring
with fetal ethanol exposure showed a decrease in B-cell mass
and B-cell insulin-like immune positive area, implying im-
paired insulin production and/or secretion in pancreatic islets
[34].
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Many studies suggest that not only nutrient restriction but
norm caloric low protein diet and HFD during pregnancy
develop IUGR and catch-up growth [35, 36]. Berends et al.
showed that rats exposed to prenatal low protein diet (8%
protein, w/v) without caloric restriction and postnatal control
diet (20% protein, w/v) during lactation experienced IUGR
and catch-up growth [36]. Moreover, prenatal protein re-
striction resulted in reduced mRNA expression of insulin-
signaling genes (IRS-1, p110B, and Akt-2) in epididymal
adipose tissue without any differences in blood glucose and
insulin levels [36]. This implies that IRS-1 in adipose tissue
may be an early target of nutritional programming. Another
study showed that both protein-restricted and hypercholes-
terolemic dams had significantly reduced levels of specific
essential amino acids and litters with significant ITUGR [35].

The effect of low protein diet during pregnancy was in-
vestigated by Goyal et al. [37] and they showed IUGR in the
prenatal protein restriction group. However, the study ob-
served that blood glucose levels increased only in female
offspring subjected to prenatal protein malnutrition [37]. The
same study also showed that the pancreatic renin-angiotensin
system was upregulated in offspring exposed to prenatal pro-
tein restriction, which may be responsible for the program-
ming of hyperglycemia [37].

Epidemiological studies have linked small birth weight
and lack of breastfeeding to T2DM [38, 39]. To investigate
the underlying mechanism, McKnight et al. compared IUGR
formula-fed, normal weight formula-fed, and normal weight
suckled Yucatan miniature pigs [40]. IUGR pigs have shown
compensatory growth before maturity and had greater subcu-
taneous fat depth. Moreover, intravenous glucose tolerance
and insulin sensitivity test were not significant due to birth
weight or suckling. Remarkably, visceral adiposity was as-
sociated with several glucose tolerance outcomes [40].

Taurine is a non-protein amino acid but acts as a neuro-
transmitter in cholesterol excretion [41]. Studies have shown
that the lack of taurine in the fetus is a key factor in mediat-
ing pancreatic dysfunction induced by maternal malnutrition
[19]. However, the mechanisms underlying is elusive. In
addition to taurine’s pancreatic function, the role of the
mitochondria of beta-cells was further strengthened [19].
Retarded growth, abnormal shape and function of the pan-
creas with damaged insulin secretion ability and mitochon-
drial dysfunction were found in offspring from dams on a
low-protein diet [42]. Additionally, a study has shown that
by supplementing taurine on the maternal diet, these impacts
could be diminished [43]. Moreover, the authors explained
how the low protein diet changed fetal pancreatic function
and how the supplementation of taurine restored the changes
by focusing on mitochondria [43].

Recently, Vaiserman reviewed the consequences of early
life undernutrition exposure which was caused by both natu-
ral and man-made disasters on long-term metabolic health
and T2DM. In the review, it was mainly discussed that long-
term exposure to famine demonstrated a link between nutri-
tional intake in utero and impaired glucose intolerance, obe-
sity and atherogenic lipid profiles, which known to be a risk
factor for the development of T2DM [28]. Additionally, the
impact of HFD and high birth weight in early life program-
ming of T2DM has been examined [28].
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High birth weight (> 4000 g) showed an increased risk of
T2DM, similar to those with low birth weight (<2500 g) in-
dicated that there is a relationship between birth weight and
later-life risk of T2DM which found to be not linearly in-
verse but U-shaped [44]. Lately, a study reviewed fetal pro-
gramming of the metabolic syndrome and explained that
excessive body weight during pregnancy may be character-
ized by increased adipose tissue content in newborns and
infants predisposing the escalation of childhood obesity,
T2DM and cardiovascular diseases in adult life [45].
Heerwagen et al. also indicated that excessively developed
adipose tissue produces and secrets a vast amount of proin-
flammatory cytokines, which activate immunological reac-
tions leading to the development of insulin resistance in fetal
epigenetic programming [46]. Moreover, offspring of rats on
an HFD had increased pancreatic beta-cell mass, replication
and neogenesis, leading to hyperglycemia and T2DM in the
adult life [47]. However, in humans studies are limited and
epigenetic studies are required to further support.

Several other factors also play an important role in the
development of early life programming of T2DM. For in-
stance, exposure to an endocrine disruptor called bisphenol
A (BPA), which has shown to cause reproductive and meta-
bolic abnormalities in offspring, is particularly concerning
for pregnant mothers [48]. Since, pancreatic development is
similar between sheep and humans, sheep have been used for
several types of research in this field. Following an intrave-
nous glucose tolerance test, the acute insulin response, cu-
mulative insulin response, and insulin/glucose ratio response
were higher in the adult female sheep that were exposed to
BPA during the prenatal period [49]. There were also medi-
um to large decreases in the insulin sensitivity index for
three BPA treatments of various doses, but there was no ob-
served dose-response relationship for BPA [48]. Although
the insulin differences due to prenatal BPA exposure do sup-
port the idea that the maternal gestational environment im-
pacts the offspring in adulthood, these results do not provide
clear insight into the mechanisms or the overall risk of de-
veloping T2DM.

Ultimately, nutrient shortage during pregnancy, as well
as excessive dietary and chemical intake, can lead to an
elevated risk of T2DM and metabolic diseases. More genetic
and epigenetic studies are required to identify underlying
mechanisms in the early programming of T2DM.

4. GENETIC INTERFACE BETWEEN GESTATION-
AL DIABETES AND T2DM

Women who had Gestational Diabetes (GDM) are at
higher risk for developing T2DM post-pregnancy [50]. The
role of exposure to diabetes in utero on infant and childhood
growth has been examined [25]. Offspring of mothers with
GDM and T2DM had a significantly higher prevalence of
impaired glucose tolerance [51, 52]. Studies in newborns of
diabetic mothers have shown an increased insulin secretion
to a glycemic stimulus and beta-cell hyperplasia as they
mentioned that insulin resistance becomes an important fac-
tor, which still needs better clarification [24]. Kajantie, et al.
[53] showed that preterm birth before 35 weeks of gestation
is associated with an increased risk of T2DM later in adult
life.



458 Current Genomics, 2019, Vol. 20, No. 6

Interestingly, the sex of the baby in mothers with GDM
believed to impact the likelihood of developing T2DM [54].
Limited research has shown that mothers carrying a girl have a
higher long-term risk of developing the condition than those
who are carrying a boy [54]. This difference may be due to the
effect of fetal sex on maternal beta-cell function during preg-
nancy, but the precise mechanism for this difference is not
clear. However, in support of the beta-cell function theory, it
has been shown that women carrying a boy are more likely to
develop GDM [54]. This suggests that boys may alter the met-
abolic environment in a way that girls do not [54]. Hypergly-
cemia (due to the mother’s diabetic state) has been commonly
considered one cause of the offspring developing diabetes
[55]. However, hyperglycemia as a driving force for the de-
velopment of chronic diseases is still questionable [55]. Nota-
bly, to indicate the possibility that early life environmental
exposures in utero may increase the risk of developing T2DM,
more advanced studies are required.

Many studies have shown that GDM/maternal
overnutrition are risk factors for the development of T2DM
and obesity in offspring [S6]. GDM leads to an adverse in-
trauterine environment, contributing to the poor long-term
health of the offspring [57]. But the mechanisms underlying
the observation is unknown. Telomeres are known to be vital
for DNA replication and chromosomal integrity, and it
shortens with increased oxidative stress and DNA damage.
By studying cod blood from pregnant women, Cross, ef al.
[58] tried to find out the possible relations between GDM
and telomeres in the progeny. Telomerase activity increased
in GDM, while no changes in cord blood telomere length
were found. They assumed that the telomerase activity in-
creased as a response to telomere damage, however, no di-
rect evidence was shown that GDM predisposes offspring to
chronic diseases by mediating telomere activity [58].

Retinol-binding protein 4 (RBP4) is an adipokine mediat-
ing systemic insulin sensitivity. To test whether there is an
association between maternal plasma RBP4 concentration
and GDM, Mazaki-Tovi, et al. [59] conducted a cross-
sectional study. The results have shown that GDM resulted
in higher levels of RBP4 in either appropriate for gestational
age (AGA) or large for gestational age (LGA) neonates than
normal pregnant women who delivered an AGA neonate.
However, the highest concentrations were observed in LGA
newborns from women without GDM. It was indicated that
RBP4 may play a role in accelerating fetal growth in the
absence of GDM [59].

Maternal metabolic statue affects the fetal environment
and the early programming of T2DM during critical devel-
opmental stages [60]. To test whether impaired glucose tol-
erance in pregnancy will affect fetal insulin sensitivity or
beta-cell function, Luo, et al. [61] conducted a prospective
pregnancy cohort study. The results have shown that mater-
nal glucose intolerance may impair fetal insulin sensitivity
but not beta-cell function, and predispose progeny to in-
crease risks of T2DM.

5. GENETICS IMPACTS ON THE PROGRAMMING
OF INSULIN RESISTANCE

Genetics plays a role in the development of numerous
human diseases, such as T2DM [62]. ABCCS is a gene that
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encodes for a subunit of ATP-sensitive potassium (Katp)
channels, which are located in the membranes of multiple
cell types, including beta-cells; notably, the action of these
channels can be affected by glucose metabolism [63]. A re-
cent study on the Indian-American community showed that
those who were carriers of a loss-of-function variant
(R1420H) in the ABCCS gene had higher birth weights and
had a twofold increased risk of diabetes with a 7-year
younger age of onset [62]. The single study participant who
was homozygous for R1420H had been diagnosed with dia-
betes at age 3.5 years after having hyperinsulinemic hypo-
glycemia of infancy (HHI) after birth [62]. In this communi-
ty, it was found that a 3.3% carrier rate, given the
community population of ~14,000, suggests that 1/3,600
births will be R1420H homozygous [62].

Interactions between genes and diet play a critical role in
the early development of T2DM. Clinical studies have
shown that dysfunction of the insulin-like growth factor 1
receptor (IGF-1R) gene is associated with low birth weight
and postnatal growth [64]. On the other hand, HFD proposed
to combine with genetic factors to increase risks of T2DM
development later in life. But the question is will the loss of
the IGF-1R gene exacerbates the negative impacts of HFD
[65]. To address that, research established IGF-1R gene-
mutated mice (Igf! r+/_), and exposed both male and female
mice of gene-mutated type/wide type to HFD. Noticeably,
gender differences were found in the results of insulin re-
sistance and glucose tolerance. It was shown that the loss of
one Igf1r allele results in the loss of resistance to an HFD in
the female gender, which further indicates that female off-
spring with the gene loss would have higher risks of T2DM
in adulthood [65].

Maternal insulin resistance as the consequence of in-
creased adiposity can influence susceptibility to T2DM in
the progeny. Carmody, ef al. [66] were interested in interac-
tions between maternal IR and maternal consumption of
HFD on fetal development. Offspring from /nsr(+/-) or wide
type dams fed with either chow or HFD were obtained. The
results have shown that HFD is the major contributor to in-
creased body weight, adiposity, insulin resistance and tri-
glyceride phenotypes in the progeny. While the genetic fac-
tor maternal insulin resistance played a minor role in predis-
posing progeny to adiposity, though acted synergistically
with maternal HFD.

Dutch Famine Birth Cohort is a historical birth cohort
study composing of individuals born in Amsterdam around
the famine during World War II. This cohort supports the
fetal programming effects on many metabolic perturbations
due to IUGR [67]. Using this cohort, Botden et al. investi-
gate the role of SIRT1, a genetic factor related to fetal pro-
gramming during malnutrition [68]. SIRT1 is a nutrient-
sensing histone deacetylase and associated with the risk of
metabolic syndrome including T2DM [69, 70]. They showed
the significant interaction between two SNPs in SIRTI1
(rs7895833 and rs1467568) and the risk of T2DM when ex-
posed to prenatal malnutrition [68]. Minor allele carriers of
these two SIRT1 variants had a lower risk of T2DM than
non-carriers under prenatal famine [68].

Low birth weight restricted growth is associated with
T2DM. A human study that was conducted on differential
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Researches, which studied the modifications of specific target genes in fetal and early life programming has been summa-

Studies Gene of Interest

Genetic and Epigenetic Regulations

Physiological Outcome

Um, S.Hetal. (2015) | S6K1

Downstream effector in the mTOR complex 1 signaling

Deficiency yielded an intrauterine growth

pathway restriction phenotype
Valtat, B et al. (2013) PGC-1a Coregulator of glucocorticoids receptor and Pdx1 promoter | Overexpression during the fetal period
region impaired glucose tolerance and altered B-
cell function
Vuguin P.M et al. GLUT 4 Not cleared in the study Deletion of GLUT4 led to hypertension
(2013) and increased serum cytokines

Berends L. M et al. IRS-1, p110B, and

Prenatal protein restriction resulted in reduced mRNA

No differences are shown in blood glu-

(2013) Akt-2 expression of these insulin-signaling genes cose and insulin levels
Mazaki Tovi S et.al RBP4 Retinol binding protein is responsible for adipokine mediat- | Gestational Diabetes resulted in higher
(2010) ing systemic insulin sensitivity levels of RBP4 in which related to fetal

growth

Baier L. J. et al. (2015) | ABCCS8

Encodes for a subunit of ATP-sensitive potassium channels

Variation in the ABCCS8 gene showed
higher birth weights and an increased risk
of diabetes

Garg N. et al. (2011) IGF-1 Not cleared in the study

The loss of one Igf7r allele resulted in the
loss of resistance to a high-fat diet in the
female mice group

Guarente L (2006) and | SIRT1
Liang F.S et al. (2009)

Nutrient-sensing histone deacetylase

Associated with the risk of metabolic
syndrome including Type 2 diabetes

Cooper W.N et al. IGR2R, GTPL2-2
(2012) methylation alteration

2 methylated regions examined in cord blood showed DNA

IGR2R in girls and GTPL2-2 in boys
were reduced after micronutrient supple-
mentation

impacts of birth weight versus third-trimester growth veloci-
ty on adult metabolic phenotype showed a nongenetic asso-
ciation between low birth weight and high adult visceral and
subcutaneous fat accumulation but no insulin action was
observed. On the other hand, the third-trimester growth vis-
cosity found to be nongenetically inversely associated with
adult insulin action, not fat accumulation. In conclusion, the
authors assumed that reduced fetal growth during verses be-
fore the third trimester may define distinct adult trajectories
of metabolic characteristics influencing the risk of develop-
ing T2DM [71].

6. EPIGENETICS PROGRESS IN DEVELOPMENTAL
PROGRAMMING OF T2DM

Growing curiosity has emerged to study the early life
environment’s impact on epigenetic modifications in the
pancreatic beta cells which suggested to influence the func-
tion of insulin production [72]. Epigenetics is the alteration
in the regulation of genes that occur without any change in
the DNA sequence. Main epigenetic modifications are His-
tone modifications, DNA Methylation and microRNAs regu-
lations [73]. The epigenetic modifications are crucial in the
development of diseases because they alter the DNA acces-
sibility and chromatin structure and therefore regulate the
patterns of gene expression [74]. It has been proposed that
epigenetic alterations during embryological development
tend to have a greater phenotypic impact and are more stable

in relation to the length of their impact [75]. Heijmans et al.
showed that individuals who were prenatally exposed to
Dutch famine had, 6 decades later, less DNA methylation of
the imprinted insulin-like growth factor (/GF2) gene com-
pared with their unexposed, same-sex siblings [76].

Furthermore, poor nutrition at both the pre-natal and
post-natal life stages can cause epigenetic modifications in
pancreatic beta-cells [77]. Some modifications have been
shown to reduce the functionality of these cells, which may
lead to the development of T2DM [72]. A report that ex-
plored epigenetic changes in gene expression of pancreatic
processes indicated that nutrient-restriction may predispose
the progeny to T2DM programming later in life by the epi-
genetic regulations of genes controlling beta-cell mass and
function, and the cellular memory of these events in the pan-
creas [72].

Fetal IUGR increases its susceptibility to T2DM and is
associated with changes in gene expression. To test whether
epigenetic dysregulation mediates the cellular memory of
intrauterine events Thompson, et al. [78] generated the first
DNA methylation map in normal pancreatic islet cells to
identify the changes that occurred as a consequence of
IUGR. The results have shown that the epigenetic dysregula-
tion occurred preferentially near genes regulating processes
known to be abnormal in IUGR islets, which indicates that
epigenetic dysregulation is a strong candidate for propagat-
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ing the cellular memory of intrauterine events, causing
changes in expression of nearby genes and long-term suscep-
tibility to T2DM [78].

A series of studies investigated the effects of maternal
micronutrient supplementation on mother and child, by using
a completed randomized controlled trial of United Nations
international multiple micronutrient preparations (UNIM-
MAP) in rural Gambia [79-81]. Using this cohort, scientists
investigated the epigenetic alteration in infants when ex-
posed to periconceptional micronutrient supplementation
[82]. Notably, among 12 differentially methylated regions
examined in cord blood, methylation levels at two of the
differentially methylated regions, IGR2R in girls and
GTPL2-2 in boys, were reduced in micronutrient supplemen-
tation group [82]. Hence, it is assumed that these DNA
methylation alterations possibly may be linked to the disease
risk such as T2DM in the longer-term.

Moreover, /GF2 and HI19 fetal liver mRNA are pivotal
proteins involved in normal pancreatic cell function [83].
The relationship between T2DM and these genes has been
studied and it has been shown that /GF2 and HI9 genes are
epigenetically downregulated under the condition of intrau-
terine hyperglycemia mainly due to GDM. Additionally, the
hypermethylation of these imprinted genes related to the
reduction of the mRNA expression and later protein produc-
tion translation along with an increased insulin response dur-
ing feeding and decreased fasting insulin levels within pan-
creatic a-cells isolated from mice offspring of GDM mothers
when compared to control offspring [83]. Another research
studied the PDXI gene, which has a fundamental role in the
regulation of beta-cell growth, function, and production of
insulin similar to /GF2 and H19. The researchers showed
that reduced expression of PDXI contributed to the devel-
opment of T2DM in offspring that experienced IUGR during
embryological development. More importantly, it has been
discovered that under the condition of limited oxygen and
nutritional deficiency of the fetus, PDX1 promoter associat-
ed with the decreased acetylation of IUGR fetal islet cell H3
and H4 [84]. It has been discussed that without the histone
hyperacetylation beta-cell metabolic function may impair
[85].

Although recent epigenetic researches have shown that
exposure of the fetus to numerous abnormal intrauterine en-
vironment can increase the risk of developing T2DM, more
studies are required to clarify this relationship.

CONCLUSION

Type 2 diabetes is a rapidly increasing chronic disease,
which commonly diagnosed after 40 years. However, in the
last century, T2DM is effecting children and young adults
worldwide. It is believed that developing T2DM is basically
dependent on genetic and environmental factors. Recent ge-
netic and epigenetic studies revealed that early-life environ-
ments could have long-lasting effects on health and in-
creased risk of T2DM later in life (Table 1) [27, 86]. Many
epidemiological studies and animal studies showed that
environmental exposure during the early life stage is associ-
ated with metabolic disorders including T2DM [87-89].

Association between intrauterine growth factor, maternal
depression, an increased risk of developing GDM during

Kadayifci et al.

pregnancy, environmental factors and genetic/epigenetic
regulations has shown to be related to the dysregulation of
beta cells and insulin metabolism during the fetal and neona-
tal programming (Fig. 1). The association between low birth
weight and high risks of T2DM later in life has been well
established. Moreover, the results of the fetal programming
studies clearly pointed out the importance of the quality and
quantity of nutrition early in life as possible intervention
points, during pregnancy, and in early postnatal life. Howev-
er, the underlying mechanisms of these regulations are poor-
ly understood.

Ultimately, most of the studies reviewed in this article
supported the hypothesis that early life programming can
influence the later development of T2DM. However, there
are other relevant researches, which questions aspects of this
causative link [53]. Of course, it is important to point out
that the term ‘early life programming’ encompasses a wide
variety of factors, so it is possible that some factors do play a
role in future health outcomes such as T2DM, while others
do not and the challenge is to find those that truly do hold
significance, if they exist. Consequently, more epigenetic
and genetic studies are warranted for an in-depth understand-
ing of how the early life environment can have long-lasting
effects on T2DM in adulthood.
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