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Introduction
According to the World Health Organization (WHO), heart disease, 
stroke, diabetes, cancer, and chronic lung disease that fall under 
the non-communicable diseases (NCDs) category collectively ac-
count for 74 % of all death throughout the world (WHO 2022). It 
also states that 86 % of people suffering from NCDs die premature-
ly or before reaching 70 years of age in low-income or middle-in-
come countries [1]. The major factors that predispose the organ-
ism towards NCD include alcohol, tobacco, physical inactivity, and 
unhealthy diet [1]. Metabolic syndromes (MetS) are associated with 
various risk factors such as elevated blood pressure, elevated fast-
ing plasma glucose (FPG), atherogenic dyslipidemia, and obesity 
which prone individuals to the development of NCDs including type 
2 diabetes (T2D) and cardiovascular disease [2]. Metabolic disease 

research is more focused on the Developmental Origins of Health 
and Disease (DOHaD) hypothesis formulated by Barker and col-
leagues in the 1980s [3, 4]. DOHaD hypothesis explains that the 
late onset of diseases in offspring may stem from the conditions 
associated with pregnancy [3, 4]. Studies in both animal models 
and humans have shown that lifestyle factor during intrauterine or 
postnatal life has a prolonged influence on the offspring’s health 
across generations [5]. Various reports have stated that offspring 
health is related to the epigenetic environment during embryonic/
fetal development [6]. It is now well known that nutrition, micro-
nutrients, macronutrients, micro minerals or trace elements, and 
phytochemicals can influence the epigenetic pattern either by re-
modelling chromatin structure or by influencing the availability of 
methyl groups [7]. In this review, we have discussed the epigenetic 
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ABStR Act

Maternal obesity is associated with fetal complications predis-
posing later to the development of metabolic syndrome during 
childhood and adult stages. High-fat diet seems to influence 
individuals and their subsequent generations in mediating 
weight gain, insulin resistance, obesity, high cholesterol, dia-
betes, and cardiovascular disorder. Research evidence strong-
ly suggests that epigenetic alteration is the major contributor 
to the development of metabolic syndrome through DNA 
methylation, histone modifications, and microRNA expression. 
In this review, we have discussed the outcome of recent studies 
on the adverse and beneficial effects of nutrients and vitamins 
through epigenetics during pregnancy. We have further dis-
cussed about the miRNAs altered during maternal obesity. 
Identification of new epigenetic modifiers such as mesenchy-
mal stem cells condition media (MSCs-CM)/exosomes for ac-
celerating the reversal of epigenetic abnormalities for the de-
velopment of new treatments is yet another aspect of the 
present review.
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 influence of diet, vitamins, and lifestyle factors during pregnancy 
and its outcome on the development and/or prevention of MetS in 
offspring. Further, we have also shed light on the miRNAs modu-
lated during maternal obesity as well as reported the findings to 
screen the maternal obesity biomarkers using stem cells as a model 
system. Lastly, we have also discussed MSCs paracrine secretion as 
epigenetic modifiers for combating the disorders associated with 
maternal obesity.

Implication of high fat diet and maternal obesity on 
epigenetics and metabolic syndrome
High-fat diet and maternal obesity cause short-term as well as long-
term complications in offspring, including weight gain, and meta-
bolic change, predisposing them to obesity, diabetes, dyslipidemia, 
hypertension, psychiatric disorders, and cardiovascular diseases 
[8]. Recent studies have provided cues about epigenetic mecha-
nisms as the plausible candidate linking dietary intake and MetS 
[9–12]. Zhang et al. reported that maternal high-fat diet (MHFD) 
displayed glucose intolerance and insulin resistance in offspring. 
They further observed hypermethylation in the insulin receptor 
substrate 2 (Irs2) gene and hypomethylation of mitogen-activated 
protein kinase kinase 4 (Map2k4) gene and subsequently their de-
creased and increased expression, respectively, in the liver of off-
spring, which is associated with the development of diabetes in 
later life [9]. A study demonstrated a decrease in the expression of 
genes such as Acaa2, Acsl1, and Cox7a1 implicated in the thermo-
genesis and fatty acid oxidation due to hypermethylation in the 
brown adipose tissue (BAT) of the 16-week offspring born to dams 
fed on HF diet before and during pregnancy and lactation indicat-
ing the long term disorder of excessive energy intake [10]. Peng et 
al. revealed that offspring born from female mice fed on an HF diet 
before pregnancy followed by pregnancy and lactation exhibited 
glucose intolerance and hepatic steatosis. These offspring showed 
altered lipid homeostasis, methionine cycle, and abnormal one-car-
bon metabolism, which was associated with DNA hypermethyla-
tion and l-carnitine depletion and deactivated AMPK signalling and 
downregulation of PPAR-α and fatty acid oxidation genes [11]. Fur-
ther, the same group observed that MHFD displayed exacerbated 
non-alcoholic fatty liver disease (NAFLD) phenotype in the off-
spring, which was induced by post-weaning HF diet and prevented 
by maternal one carbon supplement. They identified a differential-
ly methylated region on Prkca, Plcb1, Dgkh, and Dgki, which was 
recovered by one carbon supplement [12]. Another group found 
that MHFD aggravated obesity in HF-fed female offspring with the 
increase in their weight, accumulation of more fat, and elevated 
leptin levels in the serum of adults, which was associated with the 
dysregulated gene expression and thousands of DNA methylation 
changes in hearts and livers, which was shown to affect the genes 
related to mitochondria, immune response and RNA processing. 
Further, they observed that between one-quarter and one-third of 
differentially expressed genes exhibited differentially methylated 
regions linked with maternal diet [13]. Recently, Penn et al. showed 
that MHFD resulted in a decrease in the 5hmC DNA methylation 
and an increase in 5-formyl cytosine (5fC) in two cell-stage embry-
os. They observed that 1.4 mM α-ketoglutarate resulted in a de-
crease in 5mC level in two cell embryos while 14.0 mM α-ketoglu-
tarate led to an increased 5hmC:5mC ratio suggesting a link 

 between metabolic intermediate and MHFD as well as indicating 
that MHFD might be influencing offspring metabolic state during 
early development [14].

Studies performed on primates have shown that a MHFD, which 
comprises 32–35 % fat as compared to control (13–14 % fat) in-
creases fetal liver triglycerides and correlates with non-alcoholic 
fatty liver disease (NAFLD), which often leads to T2D and obesity. 
These changes were accompanied by the hyperacetylation of 
H3K14, H3K9, and H3K18 along with the depletion of fetal histone 
deacetylase 1 (HDAC1) and upregulation of key genes such as 
GPT2, DNAJA2, and Rdh12 and downregulation of Npas2 in the off-
spring born from mother fed on high fat diet [9, 10, 15, 16]. A re-
cent study using a rat model has revealed that MHFD results in re-
duced H3K27me3, H2Ak119ub1, and DNA methylation levels with 
the concomitant decrease in the expression of enhancer of zeste 
homolog2 (EZH2) and DNMT3B enzymes. These alterations were 
associated with the upregulation of the genes involved in cardiac 
pathogenesis such as six homeobox 1 (Six1), isllimhomeobox 1 
(Isl1), and mads box transcription enhancer factor 2, polypeptide 
C (Mef2c) [11, 17]. Research on non-human primates has shown 
that in utero MHFD-induced NAFLD in fetuses is associated with in-
creased H3K14ac and decreased SIRT1 expression with diminished 
histone deacetylase activity. Furthermore, MHFD resulted in the 
deregulated expression of various genes such as PPARA, PPARG, 
SREBF1, CYP7A1, FASN, and SCD regulated by SIRT1 and implicat-
ed in NAFLD. These epigenetic changes were abrogated by diet re-
versal (14 % fat) during breeding and gestation suggesting diet as 
an epigenetic modifier [12, 18]. Moody et al., demonstrated that 
offspring born to HF dams were able to remodel hepatic epigenome 
when subjected to a postweaning control diet [19]. It has been re-
ported that a paternal high-fat diet (PHFD) and MHFD comprising 
62 % fat resulted in the downregulation of adiponectin and upreg-
ulation of leptin gene in offspring along with weight gain, increased 
blood pressure, glucose, insulin, total triglyceride level thus predis-
posing the offspring towards the development of metabolic syn-
drome including T2D [13, 14, 20, 21]. The differential expression 
of adiponectin and leptin was associated with the decreased level 
of acetyl H3K9 and increased expression of dimethyl H3K9 in the 
promoter region of the adiponectin gene and increased monome-
thyl H4K20 levels in the promoter region of the leptin gene sug-
gesting HFD influence epigenetic markers. However, they found 
that control diet (CD) (12 % fat) consumption for two to three gen-
eration was able to abolish the epigenetic effect caused by PHFD 
and MHFD indicating epigenetic reversal using a control diet is a 
slow process [13, 14, 20, 21]. A study revealed that 5hmC modifi-
cation on hypothalamic anorexigenic neuropeptide proopiomel-
anocortin (POMC) negatively correlates while 5mC modification 
positively correlates with the body weight of offspring born from 
HFD and control-fed dams. POMC expression in obese offspring 
was mediated by two-step epigenetic inhibitory mechanism where 
CpG methylation was associated with histone post-translational 
modification. Increased CpG methylation at the POMC promoter 
caused methyl-binding domain 1 (MBD1) to bind 5mC which then 
interacted with SET domain bifurcated 1 methyltransferase and re-
sulted in the bimethylation of H3K9 residue thereby reducing 
POMC expression, which may alter offspring feeding regulation 
[22]. Further it was shown that offspring of HFD dams showed 
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 hypermethylation in POMC promoter, which was associated with 
weight gain and the standard chow diet from weaning was unable 
to reprogram hypermethylation suggesting that diet is not able to 
reverse all epigenetic alteration and require a dire need for the 
screening additional epigenetic modifiers for using as combina-
tional therapy to prevent the disease state [23].

Maternal obesity also influences epigenetic processes associat-
ed with disease conditions in later life. Maternal obesity and diabe-
tes influence chromatin marks including DNA methylation, histone 
modification, and miRNAs in sperm and oocytes [24]. Gestational 
diabetes induces epigenetic alterations that can predispose off-
spring to various disease conditions including cardiovascular dis-
orders, metabolic disorders, and obesity in later life [25, 26]. A 
study found that gestational diabetes is associated with the low 
level of DNA methylation at CpG1 and CpG2 in the melanocortin 4 
receptor (MC4R) gene on the fetal side of the placenta indicating 
it might have implications in fetal growth and metabolism [27]. 
Another group observed that maternal obesity resulted in epige-
netic changes in adiponectin and leptin genes and subsequently 
their downregulation in the human third-trimester placenta [28]. 
It is already known that adiponectin and leptin gene expression is 
controlled by histone modifications and thus suggesting its impli-
cation on fetal metabolism and development [20, 21]. Alba-Linares 
et al. found that maternal obesity and maternal obesity with ges-
tational diabetes led to abundant DNA methylation alteration dur-
ing the first six months of child development into the genes includ-
ing CPT1B, FN3K, SLC35F3, and SLC38A4 involved in the metabo-
lism of fatty acids, mitochondrial bioenergetics, and postnatal 
development processes [29].

Influence of caloric restriction on epigenetics and 
metabolic syndrome
Caloric restriction is one of the possible interventions to reduce 
obesity and diabetes. Caloric restriction without malnutrition was 
shown to prevent the impaired lipid metabolism and insulin resist-
ance in gestational diabetes offspring [30]. Various studies showed 
that caloric restriction (CR) without malnutrition influences DNA 
methylation pattern, gene expression, and chromatin structure 
[31–33]. Hernandez-Saavedra et al. demonstrated that CR without 
malnutrition alters the epigenetic pattern by modulating the ex-
pression of genes involved in immune-metabolic processes and ex-
erts beneficial effects by delaying the onset of chronic diseases [31]. 
It was observed that maternal low protein and post-weaning high-
fat diet is associated with chromatin remodelling of hepatic genes 
and obesity in offspring suggesting a need for early intervention 
for the prevention of MetS [34]. However, it is yet to evaluate the 
pathways regulated by CR without malnutrition through the epi-
genetic mechanism in combating metabolic diseases. Moreover, 
most key biological processes including inflammation, metabolism, 
fatty acid oxidation, and oxidation stress are driven by the epige-
netic modifications for early life programming and thus require the 
identification of epigenetic modifiers that can reverse the epige-
netic abnormalities associated with maternal obesity. Caloric re-
striction with malnutrition has a detrimental effect on the offspring, 
leading to insulin resistance and the development of T2D [35]. It 
also indicates that a low-caloric diet with malnutrition and a high-

fat diet both predispose the offspring towards metabolic disorders 
and it would be imperative to check if they share a common mech-
anism or what epigenetic window defines the propensity of off-
spring towards metabolic disorders. Persico et al. showed a de-
crease in the expression of the H3K4me3 mark in the liver tissue of 
mice fed on a low-calorie diet as compared to a high-fat diet indi-
cating distinct mechanisms controlled by caloric restriction and 
high-fat diet [36].

Impact of maternal dyslipidemia on future 
cardiometabolic health in the offspring
It is also important to note that maternal lipidomic profile contri-
bute to the development of offspring DNA methylation and suggest-
ing the importance of lipid fraction in assessing the methylation 
pattern in offspring [37]. Comparison of lipidomic profile between 
the first-trimester maternal plasma (M1) and delivery maternal 
plasma (M3) showed that M3 saturated lysophosphatidylcholine is 
associated with differential methylation at 45 loci and M3 saturat-
ed lysophosphatidylethanolamine with 18 differential methylation 
loci [37]. A negative correlation between the maternal lipid profile 
including four phospholipids, four lysolipids, and a fatty acid was 
observed with newborn methylation [38]. A study exemplified that 
high total cholesterol, low-density lipoprotein cholesterol, low 
high-density lipoprotein cholesterol, and triglycerides were linked 
with 11 significant differential methylated CpGs in the placenta, 
which play a role in lipid metabolism and were related to dyslipi-
demia pathways and cardiometabolic disease [39]. High triglycer-
ides were found to be related with decrease methylation of 
cg02785814 (ALX4) and its downregulation in the placenta [39]. 
Guay et al. illustrated that maternal total cholesterol changes were 
associated with the DNA methylation variation in the LDLR and LRP1 
loci in the placenta, which were correlated with newborn cord blood 
leptin and triglycerides levels [40]. These studies indicate that ma-
ternal dyslipidemia can lead to cardiometabolic disease in offspring 
through epigenetic alteration in the placenta and offspring and pla-
cental lipid transfer. It was observed that arachidonic acid supple-
mentation before mating and during the entire pregnancy corre-
sponded with a decrease in the liver Scd1 promoter methylation of 
offspring, which was negatively correlated with the weight [41]. 
Rudolph et al. observed that a low ratio of omega-6 to omega-3 (n-
6/n-3) polyunsaturated fatty acid (PUFA) in the maternal diet was 
associated with smaller adipocytes in pups, hypermethylation of 
Pparγ2 and its decreased expression along with the downregula-
tion of Fabp4, and Plin1, several lipid metabolism mRNAs and up-
regulated adiponectin level which led adults resistant to diet-in-
duced obesity with the improved metabolic condition [42]. These 
research findings demonstrate that the ratio of PUFA in the mater-
nal diet regulate adipose tissue development and metabolic pro-
gramming and may have a consequence for the development of 
metabolic disease in later life through epigenetic modifications.

Implications of folate, vitamin B12 intake on 
epigenetics and MetS during pregnancy
Folate also called vitamin B9 is an important methyl carrier and is 
needed for the generation of nucleotides and methionine [43]. Hu-
mans are unable to synthesise folate and Vitamin B12 and thus 
need to obtain them from the diet [44]. Previous findings have sug-
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gested that offspring born from vitamin B12 deficient mothers 
showed higher triglycerides, total cholesterol, insulin resistance, 
TNF-α and IL-6, and lower leptin and adiponectin levels predispos-
ing them towards the development of metabolic syndrome 
[45, 46]. It was shown using a mice model that vitamin B12 and 
folate deficiency resulted in decreased global DNA methylation in 
maternal tissue of F1 generation, and increased global DNA meth-
ylation in fetal tissue of F2 generation. In addition, folate deficien-
cy led to increased global DNA methylation in the placenta of the 
F1 generation [47]. Moreover, vitamin B12 deficiency is also found 
to be associated with increased miR-221 levels in both F1 and F2 
generation [47].

It was found that folate and vitamin B12 deficiency results in de-
creased expression of IGF2R in the placenta of the F1 generation, 
and fetal liver of the F2 generation of mice due to a reduced his-
tone modification and increased DNA methylation [48]. Sinclair et 
al. (2007) revealed using a sheep model that less intake of methio-
nine, folate, and vitamin B12 resulted in an altered DNA methyla-
tion pattern of 4 % of 1400 CpG islands in the offspring, which was 
associated with weight gain increased BP, immune response and 
insulin resistance in later life [49]. A study demonstrated that defi-
ciency of folate, vitamin B12, and methionine in pregnancy caused 
alteration in the methylation pattern in the promoter region of 
1032 genes involved in glucose and lipid metabolism, mitochon-
drial metabolism, ER stress, and the nervous system indicating it 
may affect the development of offspring [50]. Cho et al. revealed 
that methyl vitamins and folate alter hypothalamic gene expres-
sion and DNA methylation along with leptin and insulin receptor 
signalling dysfunction in the offspring of dams fed on high methyl 
vitamins [51]. It was found that folate and vitamin B12 deficiency 
during pregnancy leads to decrease body weight and an increase 
in central body mass, plasma-free fatty acids and myocardial hy-
pertrophy in offspring through regulating the expression of SIRT1 
and PRMT1 as well as due to the hypomethylation of PGC-1a [52]. 
Park et al. observed that obesity and maternal folate deficiency is 
associated with neural tube defect (NTD) due to hypomethylation 
of genes at CpG sites [53]. In the human cohort study, vitamin B12 
supplementation was shown to regulate the expression of T2D-as-
sociated genes including FTO, SIRT1, TCF7L2, and CREBBP/CBP 
through miR-21 methylation [54]. Cho et al., found that high folate 
diet alters POMC methylation in rats along with weight gain and 
lower glucose response to insulin [55]. These studies suggest that 
folate and vitamins levels are associated with T2D and neurologi-
cal disorders through altering epigenetic mechanism. However, it 
is yet to validate whether vitamin B12 and folate alteration during 
pregnancy is associated with these defects in offspring or not in 
order to understand the DoHaD hypothesis and for the develop-
ment of early intervention therapies.

Influence of physical activity on epigenetics and 
maternal obesity
A study stated that vigorous physical activity has a beneficial effect 
on the risk of MetS while sedentary physical activity increases the 
risk of the development of MetS [56]. A survey of 24 178 Korean 
individuals was conducted to determine the influence of physical 
activity on metabolic syndrome and found that physical activity 
reduces the occurrence of metabolic syndrome [52, 57]. Recently, 

several studies have stated the beneficial effect of exercise through 
the epigenetic mechanism on the prevention and treatment of 
MetS and T2D [58–60]. It was shown using a mice model that phys-
ical exercise was able to restore altered glucose metabolism in off-
spring induced by a maternal high-fat diet through increasing 
H3K4me3 levels at the promoter region of glucose metabolic genes 
[61]. It was found that DNA methylation altered at 379 sites anno-
tated to 370 genes in cord blood of offspring following physical ac-
tivity of mothers with maternal obesity with or without a Mediter-
ranean-like diet suggesting exercise has wide control on the meth-
ylation pattern of genes [62]. Among these, 17 methylation sites 
were found to be associated with body weight and 22 methylation 
patterns were related to offspring BMI z scores and early growth 
during the first 3 years of life [62]. Claycombe-Larson et al. ob-
served that exercise reduced the risk for the development of T2D 
and obesity in offspring induced by postnatal HF by increasing H3K9 
demethylases (KDM4C) and reducing H3K9me2 [63]. HF dams that 
were exercised during pregnancy were able to restore the dysreg-
ulated glucose metabolism in offspring caused by HFD through re-
storing H3K4me3 methyltransferase level and WD repeat-contain-
ing 82 (WDR82) carbonylation level and by suppressing reactive 
oxygen species [64]. The maternal exercise was also able to reduce 
the metabolic impairment of offspring induced by MHFD by elim-
inating the Pgc-1α promoter hypermethylation at CpG-260 
[65, 66]. Axsom and Libonati presented a systematic review of the 
impact of parental exercise on the epigenetic modifications in off-
spring where they observed from different studies that maternal 
exercise was able to reverse HFD-associated methylation patterns 
in offspring. These differentially methylated genes were related to 
oxidative metabolism and glucose transport [67]. Maternal exer-
cise was shown to increase Prdm16 promoter DNA demethylation 
and ameliorated BAT development and prevent the development 
of obesity in offspring upon induction by a high-energy diet [68]. 
These investigations show that exercise during pregnancy exerts 
beneficial effect on the metabolic status of offspring through epi-
genetic reprogramming.

Influence of air pollution on epigenetics and 
maternal obesity
Air pollution is a complex mixture of gases and particulate matter 
generated by industries, commercial and traffic [69–71]. The air 
pollution produced by traffic includes particulate matter [a mixture 
of black carbon, absorbed metals and polyaromatic hydrocarbons 
(PAHs), nitrogen oxides, and sulfur dioxide] that contribute signif-
icantly to the urban environment [71–73]. It has been stated by 
various reports that air pollution potentiates the risk for the devel-
opment of cardiovascular disease, T2D, and metabolic abnormali-
ties [74–77]. A study found that prenatal exposure to fine particu-
late matter (PM2.5) and ozone (O3) is associated with differentiat-
ed methylated regions in cord blood implicated in pathways 
associated with immune function, inflammation, neurologic disor-
ders, and cardiometabolic diseases [78]. Another study demon-
strated that pregnant women living close to the major roadway (re-
lated to traffic pollution) delivered offspring with lower birth weight 
associated with hypomethylation of placental LINE1 [79]. Higher 
PM leads to the hypermethylation of hydroxysteroid 11-β-dehy-
drogenase 2 (HSD11B2), which is associated with elevated fetal 
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cortisol and reduced growth [80, 81]. These reports indicate that 
air pollution mediates its action in promoting MetS through epige-
netics mechanisms.

MiRNAs modulated during maternal obesity
MiRNAs primarily exhibit 22 nucleotide lengths and are known as 
small non-coding RNAs that participate in gene regulation mech-
anisms [82]. They interact with the 3′UTR region of mRNAs in most 
cases and participates in gene suppression and translation repres-
sion [82]. Several reports have also demonstrated their binding to 
the 5′UTR region and promoter region and upregulating gene ex-
pression in certain cases [82]. The placenta microenvironment is 
crucial for the development of the fetus and abnormal placental 
function is associated with intrauterine growth restriction and ad-
verse health outcomes for offspring [83]. Kennedy et al., identified 
the set of miRNAs including miR-876, miR-155, let-7c, miR- 216a, 
and miR-629 that regulate the placental cellular dynamics such as 
proliferation and differentiation through regulating various signal-
ling pathways including TGF/β, calmodulin signalling, notch signal-
ling, EGF/R, FGF/R, and IGF/R implicated in the formation and main-
tenance of placenta suggesting their role in the programming of 
fetal health [83]. These miRNAs may have a role in modulating the 
obese microenvironment of the placenta during maternal obesity. 
Several circulatory miRNAs are associated with gestational diabe-
tes (GDM) include miR-29a-3p, miR-29b-3p, miR-16–5p, miR-330–
3p, miR-17–5p, miR-19a/b-3p, miR-223–3p, miR-155–5p, miR-
125-a/b-5p, miR-210–3p, and miR-132. Among these, miR-29a-3p 
and miR-29b-3p were upregulated before the development of GDM 
while miR-16–5p and miR-330–3p were elevated during late ges-
tation [84]. Tryggestad et al. found a set of seven miRNAs includ-
ing miR-30c-5p, miR-126–3p, miR-130b-3p, miR148a-3p, miR-
452–5p, miR-let-7a-5p, and miR-let-7g-5p, which were upregulat-
ed in human umbilical vein endothelial cells (HUVECs) of infants of 
women with GDM. Among these, miR130b and miR140a were 
shown to downregulate the expression of AMPKα1, which was as-
sociated with a decrease in fat oxidation that may predispose the 
offspring to metabolic disease in future [85]. Diabetes exposure 
during pregnancy was associated with the downregulation of miR-
148a-3p and miR-29a-3p by 40 % and 26 %, respectively, in the HU-
VECs of infants. Diabetes mellitus (DM) exhibited a differential ef-
fect on the expression of miR-126–3p in the placenta by birth 
weight where the expression of miR-126–3p was decreased with 
lower birth weight while DM exerting no influence on miR-126–3p 
at higher birth weight [86]. A study recognised a set of 20 miRNAs 
differentially expressed in the saliva of obese pregnant women as 
compared to normal-weight pregnant women. Among these, hsa-
miR-505 and hsa-miR-616 were downregulated while hsa-miR-618, 
hsa-miR-206, hsa-miR-376a, hsa-miR-517c, hsa-miR-133a, hsa-
miR-1285, hsa-miR-635, hsa-miR-551b, hsa-miR-548b-5p, hsa-
miR-1256, hsa-miR-302c, hsa-miR-184, and hsa-miR-548c-5p were 
upregulated in obese pregnant women. These miRNAs were found 
to be associated with the TGF-β signalling pathway, fatty acids bi-
osynthesis/metabolism, lysine degradation, and ECM-receptor in-
teraction pathways through miRNA pathway enrichment analysis 
indicating the susceptibility of offspring towards metabolic disor-
der [87]. Zhao et al. observed 23 circulatory miRNAs including miR-
15b, MiR-31, miR-122, miR-125b, miR-142, miR-130b, and miR-

519d that were associated with obesity and weight gain [88]. Simi-
no et al. found that micro RNA let-7a was upregulated in offspring 
born from the obese dam and associated with hepatic metabolic 
disturbances [89]. Recently, the same group identified that expres-
sion of miR-122, miR-370, and let-7a was altered in the liver of off-
spring born from an obese dam and partial hepatectomy normal-
ised the expression of altered genes as well as miRNA levels 
post-surgery suggesting the possible reversal of epigenetic alter-
ation through regenerative therapy [90]. Huang et al., observed 
increased expression of miR-122 in the adipose tissue-derived ex-
osomes and regulating adipogenesis through VDR, SREBF1, perox-
isome proliferator-activated receptor gamma, lipoprotein lipase, 
and adiponectin. They further found that miR-122 could alleviate 
obesity in obese males by controlling VDR/SREBF1 axis [91]. A study 
showed that miR-506–3p increases glucose uptake and regulate 
genes including PI3K, AKT, IRS1, and GLUT4, which are the key com-
ponent of the PI3K/AKT insulin signalling pathway and thus play 
role in modulating insulin resistance [92]. It was found that 
12-month-old offspring of obese dams had increased body weight 
and fat mass and exhibited an elevated level of hepatic miR-582–
3p and miR-582-5p [93]. Zhou et al. characterised the exosomes 
from the adipose tissue of an obese sow and found they regulate 
endothelial cell migration and angiogenesis through miR-221 im-
plicated in placental dysplasia during gestation [94]. A study ana-
lysed peroxisome proliferator-activated receptor (PPAR)-γ expres-
sion in cells of offspring from obese and overweight mothers and 
uncovered its relation with miRNAs [95]. They found miR-378 and 
triglyceride enhance the expression of (PPAR)-γ while high glucose 
decreases its expression. They further observed that offspring born 
from overweight mothers exhibited downregulated miR-155 and 
miR-221 and upregulated miR-146a while offspring born from 
obese mothers showed downregulated miR-155, miR-221, and 
miR-1301. They also revealed miR-146a, miR-155, and miR-378a 
upregulated in overweight mothers and miR-378a upregulated in 
obese mothers suggesting epigenetic marks for obesity may be es-
tablished during intrauterine development [95]. A study identified 
a set of three miRNAs including miR-16-5p, -29a-3p, and -134-5p 
that were upregulated in normal glucose tolerance women who 
later developed gestational diabetes suggesting the predictive bi-
omarkers of gestational diabetes [96]. Using an ovine model of ma-
ternal obesity, reduced expression of miRNA let-7g was shown to 
be linked with increased intramuscular adipogenesis and inflam-
mation during fetal development [97]. Using C. Elegans as a model 
system, Garcia-Segura et al. identified 13 upregulated miRNAs in-
cluding miR-34-3p, the family of miR-35-3p to miR-41-3p, miR-39-
5p, miR-41-5p, miR-240-5p, miR-246-3p and miR-4813-5p and two 
downregulated miRNAs including let-7-3p and miR-85-5p during 
starvation, and most of them involved in the development and met-
abolic process indicating they might act as predictive markers for 
obesity [32]. Furthermore, it was observed in pregnant women with 
pregestational overweight/obesity or gestational obesity that re-
duced expression of microRNAs such as miR-100, miR-1285, miR-
296, and miR-487 is associated with metabolic parameters and pre-
dictor for prenatal and postnatal growth [98]. A recent study has 
demonstrated a sex-specific alteration in microRNA and gene ex-
pression in offspring exposed to gestational diabetes and maternal 
obesity in utero[99]. A study stated that the downregulation of 
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 miR-133 in maternal and fetal is associated with type 2 diabetes 
[47]. Another study reported that the knockdown of miR-133 is as-
sociated with cardiac hypertrophy [100]. Lino et al. found that miR-
22 was upregulated in middle-aged mice fed on HFD and its dele-
tion attenuated weight gain and glucose imbalance and prevented 
white adipose tissue senescence [101]. Numerous miRNAs includ-
ing miR-15 and let 7 family members are required for neonatal 
heart development and dysregulated expression of miR-195 (a miR-
15 family member) is associated with heart abnormalities and ar-
rest of the cell cycle at premature stage [102, 103]. These studies 
suggest that several miRNAs including miR-133 and let-7 family 
members are associated with several pathologies with metabolic 
disorders and thus can be used as biomarkers to screen metabolic 
diseased conditions. These findings indicate that miRNAs can be 
used as early predictive biomarkers for the identification of meta-
bolic disorders however further studies are needed to explore all 
miRNAs associated with disease conditions to design a miRNA 
screen tape for the identification of particular metabolic disorders. 
These studies also implicate the importance of miRNAs in main-
taining the healthy status of an organism. However, whether these 
miRNAs can be substituted through stem cell therapy to prevent 
or ameliorate the metabolic disease condition would be another 
area of research.

Stem cells as an in vitro model to study MetS in 
offspring
So far most of the studies on metabolic obesity have been conduct-
ed mainly using rodent model systems, which implicate a dire need 
to check whether these findings recapitulate in humans. Various 
biological phenomenon including metabolism, neurological net-
work, physiological processes, drug metabolism as well as human 
genetic and epigenetic diversity is widely different in humans from 
animal models thus posing a dire need for the establishment of a 
human-based model system [104]. In recent years, research has 
also been focussed on the stem cells isolated from extra-embryon-
ic tissues in demarcating the mechanism involved in pediatric obe-
sity. Baker et al. (2017) observed a difference in the energy metab-
olism and gene expression profile in myocytes and adipocytes gen-
erated from umbilical cord-derived mesenchymal stem cells 
(UC-MSCs) from offspring born to normal and obese mothers. They 
observed maternal obesity led to the downregulation of various 
insulin-dependent energy-sensing pathways, including PI3K and 
AMPK in UC-MSCs. Further, they also noted the correlation between 
maternal obesity and upregulation of the mitochondrial respirato-
ry chain and downregulation of mitochondrial biogenesis in UC-
MSCs indicating a change in metabolic and gene expression profile 
in offspring [105]. Using rhesus macaques as a model system, it 
was found that a maternal high-fat diet is associated with reduced 
B cell differentiation and induction of the pro-inflammatory pro-
cess in fetal bone marrow [106]. Hu et al. found using rats that a 
maternal high-fat diet led to increased body weight and neuronal 
network alteration in offspring through reduced neural stem cell 
proliferation and premature neuronal differentiation during post-
natal hippocampal development [107]. It would be worthwhile to 
explore the differentiation propensity of human MSCs/iPSCs de-
rived from the umbilical cord of offspring born from obese moth-

ers to various cell types/progenitors to explore epigenetic biomark-
ers and screen the bioactive compounds/epigenetic modifiers to 
restore regenerative capacity/repair of tissue/organ during early 
development to prevent the later development of metabolic dis-
orders. Boyle et al. 2016 demonstrated an increased propensity of 
UC-MSCs derived from fetal born to obese mothers to form adipo-
cytes correlated with decreased beta-catenin suggesting altered 
signalling in infant MSCs implicated in lineage commitment [108]. 
The same group in another study revealed reduced fatty acid oxi-
dation (FAO) and dysregulated AMPK activity in MSCs isolated from 
infants born to obese mother (ob-MSCs). These changes corre-
sponded to increased adiposity and hypermethylation of genes 
PRKAG2, ACC2, CPT1A, and SDHC involved in FAO regulation in ne-
onatal [109]. Laffaldano et al. observed lower glycolytic capacity, 
basal glycolysis, mitochondrial respiration rate, ATP-linked respira-
tion and maximal respiration in MSCs isolated from the umbilical 
cord and amniotic membrane of the placenta of obese females 
after delivery suggesting altered metabolism in offspring and its 
predisposal towards metabolic disorders due to maternal obesity 
[110]. It was found that maternal free fatty acid level, triglyceride 
content and leptin positively correlate with increased mTOR and 
insulin signalling in hUC-MSCs [111]. The above studies clearly 
show that maternal obesity influences the MSCs population of the 
umbilical cord and dysregulation of the mitochondrial pathway. 
Various studies have reported a cross-talk between epigenetics and 
mitochondrial metabolism [112, 113]. Mitochondrial functions are 
controlled by nuclear DNA and mitochondrial DNA and both are 
susceptible to epigenetic modification. It is thus important to de-
termine the epigenetic signature that controls mitochondrial func-
tion and drives metabolic disorders. These epigenome signatures 
can further be used to screen the susceptibility of offspring for meta-
bolic disorders using stem cells as a model system. This also raises 
a possibility that dysfunction of MSCs under obese conditions 
might be associated with MetS in offspring in later life probably due 
to their decreased regenerative and repair capacity. A study found 
that HFD-induced maternal obesity led to the increased expression 
of senescence-related genes and PPARγ in embryonic mouse osteo-
genic calvarial cells through H3K27 acetylation and suppressed 
bone development in offspring. These results were recapitulated 
in hUC-MSCs isolated from the umbilical cord of offspring of obese 
and lean mothers after delivery highlighting the importance of 
mesenchymal stem cells as a candidate to diagnose/screen the de-
fects/dysregulation associated with maternal obesity [114]. A study 
reported that sirt1 regulates sphingolipid homeostasis and neural 
differentiation through c-myc-SMPDL3B [115]. Comparative study 
between rat embryonic rat osteogenic calvarial cells (EOCCs) and 
human MSCs isolated from the umbilical cord of obese mother 
showed decreased glucose metabolism and insulin resistance and 
increased senescence signalling suggesting UC-MSCs recapitulat-
ed the finding of rat model system [116]. Several studies have sug-
gested using animal models that various pathways including me-
tabolism, inflammation, insulin resistance, and oxidative stress are 
driven by an epigenetic mechanism. It would be worthwhile to 
check if stem cells recapitulate the same phenomenon and to what 
extent epigenetic modifiers can reverse or prevent the develop-
ment of metabolic syndromes. Furthermore, these studies suggest 
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that stem cells can be used as an in vitro model system for model-
ling the consequence of maternal obesity in offspring reducing the 
animal dependency on the same.

Moreover, the breakthrough in the discovery of human induced 
pluripotent stem cells (hiPSCs) has paved the way to model disease 
in a culture dish with a bulk supply of cells and generation of organs 
in a dish in a 3D microenvironment to mimic in vivo organ devel-
opment and disease conditions as well as drug screening [104]. 
hiPSCs are sequentially directed to external cues to mimic the stag-
es of internal organ development with the formation of organ buds 
and later organoids containing multiple cell types, ECM and inter-
action among them [104]. These organoids can be generated from 
the diseased patient cell types and biopsies and resemble more 
closely to the organs and conditions found inside the human body 
thus holding profound interest to study the disease condition [104]. 
A study showed that histone demethylase JMJD2A is associated with 
the expression of genes related to hypertrophy in cardiomyocytes 
derived from induced pluripotent stem cells [117]. hiPSCs can be 
derived from bone marrow blood and umbilical cord blood where 
the former is of the mother’s origin while the latter signifies fetal 
origin. They can be used as an in-vitro model system to screen the 
pathophysiology of maternal obesity in mother and offspring by 
differentiating into various cell types or tissues or organoids such 
as cardiomyocytes, islets-like clusters, hepatocytes, etc. (▶Fig. 1).

Can MSCs paracrine secretion act as epigenetic 
modifiers to reverse epigenetic alteration of 
metabolic disorders?
MSCs are known to mediate their action by paracrine secretion; 
therefore it is essential to study the secretome profile of MSCs under 
obese conditions and their influence on fetus growth. It is already 
known that maternal obesity is associated with altered levels of nu-
trients, hormones, and growth factors including insulin, adiponec-
tin, leptin, proinflammatory cytokines, IGF-1, and lipids. These 
changes modulate placental function that alters the nutritional sup-
ply to the fetus and predisposes the offspring for the  development 
of MetS in later life [118, 119]. The placenta is also a rich source of 

MSCs [120], it would be important to study the influence of above 
mentioned maternal obesity factors on the secretory properties of 
placental MSCs and their role in fetal development due to the ther-
apeutic potential of paracrine secretion and their regulation by the 
epigenetic mechanism for the reversal of disease conditions. Recent-
ly, Kotikalapudi et al. showed that human placental MSCs were able 
to restore insulin level, glucose level, Glut4 expression, and dysreg-
ulated cytokines through the PI3K-Akt pathway in WNIN/GR-Obese 
rats suggesting the clinical importance of placental MSCs and its se-
cretome [120]. A study suggests that repeated administration of 
human MSCs and MSCs lysate improved obesity-related MetS such 
as glucose intolerance, inflammation, NAFD, and nonalcoholic ste-
atohepatitis in obese mice indicating the therapeutic potential of 
MSCs [121]. However, Meng et al. found increased expression of se-
nescent markers in MSCs isolated from adipose tissue of pigs fed with 
an obese diet and their regulation by micro RNAs including miR27b 
through the MAPK pathway suggesting that obesity influences the 
morphological changes in MSCs and raises the question for their ef-
ficacy in treating metabolic disorders [122]. However, MSCs medi-
ate their action through paracrine secretion, it is, therefore, worth-
while to check whether MSCs condition media obtained by precon-
ditioning of MSCs in vitro can be used for ameliorating maternal 
obesity-related disorders.

MSCs secrete various paracrine factors such as vascular en-
dothelial growth factor (VEGF), insulin-like growth factor (IGF-1), 
fibroblast growth factor-2 (FGF-2), hepatocyte growth factor 
(HGF), transforming growth factor b (TGF-b), keratinocyte growth 
factor (KGF), brain-derived neurotrophic factor (BDNF), nerve 
growth factors, interleukins (IL-1b, IL-6, and IL-8), and C-C ligands 
(CCL-2, CCL-5, and CCL-23), etc. [123]. A study showed that hepat-
ocyte growth factor-mediated global DNA methylation changes by 
upregulating the expression of DNA methyltransferase 1 (DNMT1) 
in HGF-treated normal liver cells (HL-7702 cells) and correlated with 
hepatocellular carcinoma (HCC) [124]. Fu et al. showed that FGF2 
is important for Dnmt3b expression using blastocyst and embry-
onic stem cells (ESCs) as a model system [125]. A group showed 
that interleukin-1b induces the DNA methylation pattern that is 
associated with inflammation and the development of gastric dis-
eases. Furthermore, the pro-inflammatory cytokine IL-6 was shown 
to regulate the expression of DNMT3B and DNMT1 enzymes [126]. 
Interestingly, the above-mentioned factors are the important com-
ponent of MSCs paracrine secretion suggesting the suitability of 
MSCs condition media as an epigenetic modifier. In addition to var-
ious growth factors and cytokines, MSCs also secrete extracellular 
vesicles (EVs) as secretomes that actively participate in the repair 
and regeneration process [127, 128]. The content of EVs includes 
miRNA, long non-coding RNA (lncRNA), tRNA, growth factors, pro-
teins, and lipids [129]. MSCs-derived EVs are known to exhibit var-
ious miRNAs including miR-125a, and miR-494 with angiogenic 
potential suggesting that these might also be important for main-
taining placental function and development of offspring [130, 131]. 
Besides this, it is possible to modify the MSCs paracrine secretion 
through genomic modification and test its efficacy as the epige-
netic modifier. It would be interesting to check to what extent MSCs 
secretome/EVs can act as epigenetic modifiers for preventing the 
complications and disorders associated with maternal obesity due 
to epigenetic alterations in offspring.

▶Fig. 1 Stem cells as an in-vitro model system for maternal obesity.
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Conclusion and future direction
Maternal obesity increases the risk for the development of various 
MetS including cardiovascular diseases and T2D in offspring. Life-
style factors such as diet can modify the methylation pattern of 
DNA and alter gene expression which can cause or reduce meta-
bolic disorders. However, epigenetic reversal using control diet is 
a slow process. Therefore, further studies are required to identify 
the epigenetic modifiers that can accelerate the reversal of epige-
netic alteration and prevent the development of MetS in offspring. 
MSCs exosomes harbour growth factors, lipids, proteins and miRNA 
which have impact on regulating the metabolic, inflammatory, res-
piratory processes implicated in the development of MetS. It would 
be interesting to check whether MSCs can be used to produce ex-
osomes with desired factors important to modulate the dysregu-
lated signalling pathway and ameliorate maternal obesity related 
disorders in offspring. Further research would be needed for the 
development of method of injection or supplementation of these 
exosomes to pregnant mother or obese individual. Recently, we 
hypothesised whether mesenchymal stem cells (MSCs) can act as 
epigenetic modifiers upon systemic or local transplantation [132]. 
Therefore, it would be worthwhile to check whether MSCs-condi-
tion media (MSCs-CM) or exosomes can act as epigenetic modifi-
ers to reverse the pathophysiology of maternal obesity by altering 
epigenetic marks (▶Fig. 2). It would be also interesting to screen 
the bioactive compounds, which can preserve the molecular and 
secretory properties of MSCs to enhance their therapeutic value. 
Furthermore, iPSCs can also serve as an in-vitro model system to 
screen epigenetic modifiers such as MSCs-CM/exosomes for an epi-
genetic reversal for metabolic genes implicated in MetS formation. 
This will help to define health recommendations and the develop-
ment of new therapeutic targets for the treatment of MetS in off-
spring and adulthood.

Acknowledgements
SS and RB contributed to the concept, data collection and analysis 
of the manuscript. SS wrote the manuscript.

Conflict of Interest

The authors declare that they have no conflict of interest.

References

[1] World Health Organization. Noncommunicable diseases progress 
monitor 2022. World Health Organization; Geneva, Switzerland: 
2022

[2] Simmons RK, Alberti KG, Gale EA et al. The metabolic syndrome: 
useful concept or clinical tool? Report of a WHO expert consultation. 
Diabetologia 2010; 53: 600–605

[3] Barker DJ, Osmond C. Low birth weight and hypertension. BMJ 1988; 
297: 134–135

[4] Barker DJP, Osmond C, Winter PD et al. Weight in infancy and death 
from ischaemic heart disease. Lancet 1989; 334: 577–580

[5] Sales VM, Ferguson-Smith AC, Patti ME. Epigenetic mechanisms of 
transmission of metabolic disease across generations. Cell Metab 
2017; 25: 559–571

[6] Laker RC, Wlodek ME, Connelly JJ et al. Epigenetic origins of 
metabolic disease: the impact of the maternal condition to the 
offspring epigenome and later health consequences. Food Sci Hum 
Wellness 2013; 2: 1–11

[7] Ramirez-Alarcon K, Sanchez-Agurto A, Lamperti L et al. Epigenetics, 
maternal diet and metabolic programming. Open Biol J 2019; 7: 
45–51

[8] Yang H, Chen N, Fan L et al. Pre-weaning exposure to maternal 
high-fat diet is a critical developmental window for programming the 
metabolic system of offspring in mice. Front Endocrinol (Lausanne) 
2022; 13: 816107

▶Fig. 2 MSCs secretome can act as epigenetic modifier.

672

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Sharma S, Bhonde R. Dilemma of Epigenetic Changes … Horm Metab Res 2023; 55: 665–676 | © 2023. Thieme. All rights reserved.

[9] Zhang Q, Xiao X, Zheng J et al. A maternal high-fat diet induces DNA 
methylation changes that contribute to glucose intolerance in 
offspring. Front Endocrinol (Lausanne) 2019; 10: 871

[10] Zhang Q, Xiao X, Zheng J et al. Maternal high-fat diet disturbs the 
DNA methylation profile in the brown adipose tissue of offspring 
mice. Front Endocrinol (Lausanne) 2021; 12: 705827

[11] Peng H, Xu H, Wu J et al. Maternal high-fat diet disrupted one-carbon 
metabolism in offspring, contributing to nonalcoholic fatty liver 
disease. Liver Int 2021; 41: 1305–1319

[12] Peng H, Li J, Xu H et al. Offspring NAFLD liver phospholipid profiles 
are differentially programmed by maternal high-fat diet and maternal 
one carbon supplement. J Nutr Biochem 2023; 111: 109187

[13] Keleher MR, Zaidi R, Shah S et al. Maternal high-fat diet associated 
with altered gene expression, DNA methylation, and obesity risk in 
mouse offspring. PLoS One 2018; 13: e0192606

[14] Penn A, McPherson N, Fullston T et al. Maternal high-fat diet changes 
DNA methylation in the early embryo by disrupting the TCA cycle 
intermediary alpha ketoglutarate. Reproduction 2023; 165: 347–362

[15] Aagaard-Tillery KM, Grove K, Bishop J et al. Developmental origins of 
disease and determinants of chromatin structure: maternal diet 
modifies the primate fetal epigenome. J Mol Endocrinol 2008; 41: 
91–102

[16] Esler WP, Bence KK. Metabolic targets in nonalcoholic fatty liver 
disease. Cell Mol Gastroenterol Hepatol 2019; 8: 247–267

[17] Blin G, Liand M, Mauduit C et al. Maternal exposure to high-fat diet 
induces long-term derepressive chromatin marks in the heart. 
Nutrients 2020; 12: 181

[18] Suter MA, Chen A, Burdine MS et al. A maternal high-fat diet 
modulates fetal SIRT1 histone and protein deacetylase activity in 
nonhuman primates. FASEB J 2012; 26: 5106–5114

[19] Moody L, Chen H, Pan YX. Postnatal diet remodels hepatic DNA 
methylation in metabolic pathways established by a maternal 
high-fat diet. Epigenomics 2017; 9: 1387–1402

[20] Masuyama H, Mitsui T, Nobumoto E et al. The effects of high-fat 
exposure in utero on the obesogenic and diabetogenic traits through 
epigenetic changes in adiponectin and leptin gene expression for 
multiple generations in female mice. Endocrinology 2015; 156: 
2482–2491

[21] Masuyama H, Mitsui T, Eguchi T et al. The effects of paternal high-fat 
diet exposure on offspring metabolism with epigenetic changes in 
the mouse adiponectin and leptin gene promoters. Am J Physiol 
Endocrinol Metab 2016; 311: E236–E245

[22] Marco A, Kisliouk T, Tabachnik T et al. DNA CpG methylation 
(5-methylcytosine) and its derivative (5-hydroxymethylcytosine) alter 
histone posttranslational modifications at the pomc promoter, 
affecting the impact of perinatal diet on leanness and obesity of the 
offspring. Diabetes 2016; 65: 2258–2267

[23] Marco A, Kisliouk T, Tabachnik T et al. Overweight and CpG 
methylation of the Pomc promoter in offspring of high-fat-diet-fed 
dams are not “reprogrammed” by regular chow diet in rats. FASEB J 
2014; 28: 4148–4157

[24] Ou XH, Zhu CC, Sun SC. Effects of obesity and diabetes on the 
epigenetic modification of mammalian gametes. J Cell Physiol 2019; 
234: 7847–7855

[25] Dalfrà MG, Burlina S, Del Vescovo GG et al. Genetics and epigenetics: 
new insight on gestational diabetes mellitus. Front Endocrinol 
(Lausanne) 2020; 11: 602477

[26] Sinha N, Lydia Walker G, Sen A. Looking at the future through the 
mother’s womb: gestational diabetes and offspring fertility. 
Endocrinology 2021; 162: bqab209

[27] Franzago M, Porreca A, D’Ardes M et al. The obesogenic 
environment: epigenetic modifications in placental melanocortin 4 
receptor gene connected to gestational diabetes and smoking. Front 
Nutr 2022; 9: 879526

[28] Nogues P, Dos Santos E, Jammes H et al. Maternal obesity influences 
expression and DNA methylation of the adiponectin and leptin 
systems in human third-trimester placenta. Clin Epigenetics 2019; 
11: 20

[29] Alba-Linares JJ, Pérez RF, Tejedor JR et al. Maternal obesity and 
gestational diabetes reprogram the methylome of offspring beyond 
birth by inducing epigenetic signatures in metabolic and 
developmental pathways. Cardiovasc Diabetol 2023; 22: 44

[30] Li T, Chen K, Liu G et al. Calorie restriction prevents the development 
of insulin resistance and impaired lipid metabolism in gestational 
diabetes offspring. Pediatr Res 2017; 81: 663–671

[31] Hernandez-Saavedra D, Moody L, Xu GB et al. Epigenetic regulation 
of metabolism and inflammation by calorie restriction. Advances in 
nutrition (Bethesda, Md) 2019; 10: 520–536

[32] Garcia-Segura L, Abreu-Goodger C, Hernandez-Mendoza A et al. 
High-throughput profiling of caenorhabditis elegans starvation-
responsive microRNAs. PLoS One 2015; 10: e0142262

[33] Unnikrishnan A, Jackson J, Matyi SA et al. Role of DNA methylation in 
the dietary restriction mediated cellular memory. Geroscience 2017; 
39: 331–345

[34] Miyoshi M, Saito K, Jia H et al. Maternal protein restriction and 
post-weaning high-fat feeding alter plasma amino acid profiles and 
hepatic gene expression in mice offspring. Foods 2022; 11: 753

[35] Ong TP, Ozanne SE. Developmental programming of type 2 diabetes: 
Early nutrition and epigenetic mechanisms. CurrOpin Clin NutrMetab 
Care 2015; 18: 354–360

[36] Persico G, Casciaro F, Marinelli A et al. Comparative analysis of 
histone H3K4me3 distribution in mouse liver in different diets reveals 
the epigenetic efficacy of cyanidin-3-O-glucoside dietary intake. Int  
J Mol Sci 2021; 22: 6503

[37] LaBarre JL, McCabe CF, Jones TR et al. Maternal lipodome across 
pregnancy is associated with the neonatal DNA methylome. 
Epigenomics 2020; 12: 2077–2092

[38] Tindula G, Lee D, Huen K et al. Pregnancy lipidomic profiles and DNA 
methylation in newborns from the CHAMACOS cohort. Environ 
Epigenet 2019; 5: dvz004

[39] Ouidir M, Zeng X, Workalemahu T et al. Early pregnancy dyslipidemia 
is associated with placental DNA methylation at loci relevant for 
cardiometabolic diseases. Epigenomics 2020; 12: 921–934

[40] Guay SP, Houde AA, Breton E et al. DNA methylation at LRP1 gene 
locus mediates the association between maternal total cholesterol 
changes in pregnancy and cord blood leptin levels. J Dev Orig Health 
Dis 2020; 11: 369–378

[41] de la Rocha C, Rodríguez-Ríos D, Ramírez-Chávez E et al. Cumulative 
metabolic and epigenetic effects of paternal and/or maternal 
supplementation with arachidonic acid across three consecutive 
generations in mice. Cells 2022; 11: 1057

[42] Rudolph MC, Jackman MR, Presby DM et al. Low neonatal plasma 
n-6/n-3 PUFA ratios regulate offspring adipogenic potential and 
condition adult obesity resistance. Diabetes 2018; 67: 651–661

[43] Ducker GS, Rabinowitz JD. One-carbon metabolism in health and 
disease. Cell Metab 2017; 25: 27–42

[44] LeBlanc JG, Milani C, de Giori GS et al. Bacteria as vitamin suppliers to 
their host: a gut microbiota perspective. CurrOpinBiotechnol 2013; 
24: 160–168

[45] Kumar KA, Lalitha A, Pavithra D et al. Maternal dietary folate and/or 
vitamin B12 restrictions alter body composition (adiposity) and lipid 
metabolism in Wistar rat offspring. J NutrBiochem 2012; 24: 25–31

673

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Sharma S, Bhonde R. Dilemma of Epigenetic Changes … Horm Metab Res 2023; 55: 665–676 | © 2023. Thieme. All rights reserved.

Review

[46] Yajnik CS, Deshpande SS, Jackson AA et al. Vitamin B12 and folate 
concentrations during pregnancy and insulin resistance in the 
offspring: the Pune Maternal Nutrition Study. Diabetologia 2008; 51: 
29–38

[47] Mahajan A, Sapehia D, Thakur S et al. Effect of imbalance in folate 
and vitamin B12 in maternal/parental diet on global methylation and 
regulatory miRNAs. Sci Rep 2019; 9: 17602

[48] Mahajan A, Sapehia D, Bagga R et al. Different dietary combinations 
of folic acid and vitamin B12 in parental diet results in epigenetic 
reprogramming of IGF2R and KCNQ1OT1 in placenta and fetal tissues 
in mice. Mol Reprod Dev 2021; 88: 437–458

[49] Sinclair KD, Allegrucci C, Singh R et al. DNA methylation, insulin 
resistance, and blood pressure in offspring determined by maternal 
periconceptional B vitamin and methionine status. Proc Natl Acad Sci 
U S A 2007; 49: 19351–19356

[50] Chen G, Broséus J, Hergalant S et al. Identification of master genes 
involved in liver key functions through transcriptomics and 
epigenomics of methyl donor deficiency in rat: relevance to 
nonalcoholic liver disease. Mol Nutr Food Res 2015; 59: 293–302

[51] Cho CE, Pannia E, Huot PS et al. Methyl vitamins contribute to 
obesogenic effects of a high multivitamin gestational diet and 
epigenetic alterations in hypothalamic feeding pathways in Wistar rat 
offspring. Mol Nutr Food Res 2015; 59: 476–489

[52] Guéant JL, Elakoum R, Ziegler O et al Nutritional models of foetal 
programming and nutrigenomic and epigenomic dysregulations of 
fatty acid metabolism in the liver and heart. Pflugers Arch 2014; 466: 
833–850

[53] Park HJ, Bailey LB, Shade DC et al. Distinctions in gene-specific 
changes in DNA methylation in response to folic acid 
supplementation between women with normal weight and obesity. 
Obes Res Clin Pract 2017; 11: 665–676

[54] Yadav DK, Shrestha S, Lillycrop KA et al. Vitamin B12 supplementation 
influences methylation of genes associated with Type 2 diabetes and 
its intermediate traits. Epigenomics 2018; 10: 71–90

[55] Cho CE, Sánchez-Hernández D, Reza-López SA et al. High folate 
gestational and post-weaning diets alter hypothalamic feeding 
pathways by DNA methylation in Wistar rat offspring. Epigenetics 
2013; 8: 710–719

[56] Salonen MK, Wasenius N, Kajantie E et al. Physical activity, body 
composition and metabolic syndrome in young adults. PLoS One 
2015; 10: e0126737

[57] Lee J, Kim Y, Jeon JY. Association between physical activity and the 
prevalence of metabolic syndrome: from the Korean National Health 
and Nutrition Examination Survey, 1999-2012. Springerplus 2016; 5: 
1870

[58] Grazioli E, Dimauro I, Mercatelli N et al. Physical activity in the 
prevention of human diseases: role of epigenetic modifications. BMC 
Genomics 2017; 18: 802

[59] Antoun E, Kitaba NT, Titcombe P et al. UPBEAT Consortium. Maternal 
dysglycaemia, changes in the infant's epigenome modified with a 
diet and physical activity intervention in pregnancy: Secondary 
analysis of a randomised control trial. PLoS Med 2020; 17: e1003229

[60] Kusuyama J, Alves-Wagner AB, Makarewicz NS et al. Effects of 
maternal and paternal exercise on offspring metabolism. Nat Metab 
2020; 2: 858–872

[61] Kusuyama J, Makarewicz NS, Albertson BG et al. Maternal exercise-
induced SOD3 reverses the deleterious effects of maternal high-fat 
diet on offspring metabolism through stabilization of H3K4me3 and 
protection against WDR82 carbonylation. Diabetes 2022; 71: 
1170–1181

[62] Jönsson J, Renault KM, García-Calzón S et al. Lifestyle intervention in 
pregnant women with obesity impacts cord blood DNA methylation, 
which associates with body composition in the offspring. Diabetes 
2021; 70: 854–866

[63] Claycombe-Larson KJ, Bundy A, Lance EB et al. Postnatal exercise 
protects offspring from high-fat diet-induced reductions in 
subcutaneous adipocyte beiging in C57Bl6/J mice. J Nutr Biochem 
2022; 99: 108853

[64] Kusuyama J, Makarewicz NS, Albertson BG et al. Maternal exercise-
induced SOD3 reverses the deleterious effects of maternal high-fat 
diet on offspring metabolism through stabilization of H3K4me3 and 
protection against WDR82 carbonylation. Diabetes 2022; 71: 
1170–1181

[65] Laker RC, Altıntaş A, Lillard TS et al. Exercise during pregnancy 
mitigates negative effects of parental obesity on metabolic function 
in adult mouse offspring. J Appl Physiol 1985; 2021: 605–616

[66] Laker RC, Lillard TS, Okutsu M et al. Exercise prevents maternal 
high-fat diet-induced hypermethylation of the Pgc-1α gene and 
age-dependent metabolic dysfunction in the offspring. Diabetes 
2014; 63: 1605–1611

[67] Axsom JE, Libonati JR. Impact of parental exercise on epigenetic 
modifications inherited by offspring: a systematic review. Physiol Rep 
2019; 7: e14287

[68] Son JS, Zhao L, Chen Y et al. Maternal exercise via exerkine apelin 
enhances brown adipogenesis and prevents metabolic dysfunction in 
offspring mice. Sci Adv 2020; 6: eaaz0359

[69] Philip S, Martin RV, van Donkelaar A et al. Global chemical 
composition of ambient fine particulate matter for exposure 
assessment. Environ Sci Technol 2014; 48: 13060–13068

[70] Reşitoğlu İA, Altinişik K, Keskin A. The pollutant emissions from 
diesel-engine vehicles and exhaust aftertreatment systems. Clean 
Technol Environ Policy 2015; 17: 15–27

[71] Xing J, Mathur R, Pleim J et al. Observations and modeling of air 
quality trends over 1990-2010 across the Northern Hemisphere: 
China, the United States and Europe. Atmospheric. Chem Phys 2015; 
15: 2723–2747

[72] Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet 
2014; 383: 1581–1592

[73] US EPA O. Ground-level ozone basics. US EPA. 2015 [cited 2019 Mar 
18] 

[74] Hamanaka RB, Mutlu GM. Particulate matter air pollution: effects on 
the cardiovascular system. Front Endocrinol (Lausanne) 2018; 9: 680

[75] Yang BY, Qian ZM, Li S et al. Ambient air pollution in relation to 
diabetes and glucose-homoeostasis markers in China: a cross-
sectional study with findings from the 33 communities Chinese 
health study. Lancet Planet Health 2018; 2: e64–e73

[76] Rajagopalan S, Al-Kindi SG, Brook RD. Air Pollution and 
Cardiovascular Disease. J Am Coll Cardiol 2018; 72: 2054

[77] Wei Y, Zhang JJ, Li Z et al. Chronic exposure to air pollution particles 
increases the risk of obesity and metabolic syndrome: findings from a 
natural experiment in Beijing. FASEB J 2016; 30: 2115–2122

[78] Starling AP, Wood C, Liu C et al. Ambient air pollution during 
pregnancy and DNA methylation in umbilical cord blood, with 
potential mediation of associations with infant adiposity: The Healthy 
Start study. Environ Res 2022; 214: 113881

[79] Kingsley SL, Eliot MN, Whitsel EA et al. Maternal residential proximity 
to major roadways, birth weight, and placental DNA methylation. 
Environ Int 2016; 92–93: 43–49

[80] Cai J, Zhao Y, Liu P et al. Exposure to particulate air pollution during 
early pregnancy is associated with placental DNA methylation. Sci 
Total Environ 2017; 607–608: 1103–1108

[81] Ohn M, Jaffe A, Selvadurai H. Persistent growth effects of inhaled 
corticosteroids. J Paediatr Child Health 2016; 52: 964–966

[82] Catalanotto C, Cogoni C, Zardo G. MicroRNA in control of gene 
expression: an overview of nuclear functions. Int J Mol Sci 2016; 17: 
1712

674

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Sharma S, Bhonde R. Dilemma of Epigenetic Changes … Horm Metab Res 2023; 55: 665–676 | © 2023. Thieme. All rights reserved.

[83] Kennedy EM, Hermetz K, Burt A et al. Placental microRNAs relate to 
early childhood growth trajectories. Pediatr Res 2022; 94: 341–348

[84] Dinesen S, El-Faitarouni A, Dalgaard LT. Circulating microRNAs 
associated with gestational diabetes mellitus: useful biomarkers?  
J Endocrinol 2022; 256: e220170

[85] Tryggestad JB, Vishwanath A, Jiang S et al. Influence of gestational 
diabetes mellitus on human umbilical vein endothelial cell miRNA. 
Clin Sci (Lond) 2016; 130: 1955–1967

[86] Shah KB, Chernausek SD, Teague AM et al. Maternal diabetes alters 
microRNA expression in fetal exosomes, human umbilical vein 
endothelial cells and placenta. Pediatr Res 2021; 89: 1157–1163

[87] Mandò C, Abati S, Anelli GM et al. Epigenetic profiling in the saliva of 
obese pregnant women. Nutrients 2022; 14: 2122

[88] Zhao H, Shen J, Daniel-MacDougall C, Wu X et al. Plasma MicroRNA 
signature predicting weight gain among Mexican-American women. 
Obesity (Silver Spring) 2017; 25: 958–964

[89] Simino LAP, Panzarin C, Fontana MF et al. MicroRNA Let-7 targets 
AMPK and impairs hepatic lipid metabolism in offspring of maternal 
obese pregnancies. Sci Rep 2021; 11: 8980

[90] Simino LAP, Fontana MF, de Fante T et al. Hepatic epigenetic 
reprogramming after liver resection in offspring alleviates the effects 
of maternal obesity. Front Cell Dev Biol 2022; 10: 830009

[91] Huang XY, Chen JX, Ren Y et al. Exosomal miR-122 promotes 
adipogenesis and aggravates obesity through the VDR/SREBF1 axis. 
Obesity (Silver Spring) 2022; 30: 666–679

[92] Zhong FY, Li J, Wang YM et al. MicroRNA-506 modulates insulin 
resistance in human adipocytes by targeting S6K1 and altering the 
IRS1/PI3K/AKT insulin signaling pathway. J Bioenerg Biomembr 2021; 
53: 679–692

[93] Mennitti LV, Carpenter AAM, Loche E et al. Effects of maternal 
diet-induced obesity on metabolic disorders and age-associated 
miRNA expression in the liver of male mouse offspring. Int J Obes 
(Lond) 2022; 46: 269–278

[94] Zhou Y, Xia M, Cui C et al. Circulating Exosomal miR-221 from 
Maternal Obesity Inhibits Angiogenesis via Targeting Angptl2. Int  
J Mol Sci 2021; 22: 10343

[95] Gaytán-Pacheco N, Lima-Rogel V, Méndez-Mancilla A et al. Changes 
in PPAR-γ expression are associated with microRNA profiles during 
fetal programming due to maternal overweight and obesity. Gynecol 
Obstet Invest 2021; 86: 415–426

[96] Sørensen AE, van Poppel MNM, Desoye G et al. The DALI Core 
Investigator Group. The predictive value of miR-16, -29a and -134 for 
early identification of gestational diabetes: a nested analysis of the 
DALI cohort. Cells 2021; 10: 170

[97] Yan X, Huang Y, Zhao JX et al. Maternal obesity downregulates 
microRNA let-7g expression, a possible mechanism for enhanced 
adipogenesis during ovine fetal skeletal muscle development. Int  
J Obes 2013; 37: 568–575

[98] Carreras-Badosa G, Bonmatí A, Ortega FJ et al. Dysregulation of 
placental miRNA in maternal obesity is associated with pre- and 
postnatal growth. J Clin Endocrinol Metab 2017; 102: 2584–2594

[99] Joshi A, Azuma R, Akumuo R et al. Gestational diabetes and maternal 
obesity are associated with sex-specific changes in miRNA and target 
gene expression in the fetus. Int J Obes (Lond) 2020; 44: 1497–1507

[100] Carè A, Catalucci D, Felicetti F et al. MicroRNA-133 controls cardiac 
hypertrophy. Nat Med 2007; 13: 613–618

[101] Lino CA, de Oliveira Silva T, Lunardon G et al. Ablation of miRNA-22 
protects against obesity-induced adipocyte senescence and 
ameliorates metabolic disorders in middle-aged mice. Mech Ageing 
Dev 2023; 11: 111775

[102] Kuppusamy KT, Jones DC, Sperber H et al. Let-7 family of microRNA is 
required for maturation and adult-like metabolism in stem 
cell-derived cardiomyocytes. Proc Natl Acad Sci U S A 2015; 112: 
E2785–E2794

[103] Porrello ER, Johnson BA, Aurora AB et al. MiR-15 family regulates 
postnatal mitotic arrest of cardiomyocytes. Circ Res 2011; 109: 
670–679

[104] Kim J, Koo BK, Knoblich JA. Human organoids: model systems for 
human biology and medicine. Nat Rev Mol Cell Biol 2020; 21: 
571–584

[105] Baker PR 2nd, Patinkin Z, Shapiro AL et al. Maternal obesity and 
increased neonatal adiposity correspond with altered infant 
mesenchymal stem cell metabolism. JCI Insight 2017; 2: e94200

[106] Sureshchandra S, Chan CN, Robino JJ et al. Maternal Western-style 
diet remodels the transcriptional landscape of fetal hematopoietic 
stem and progenitor cells in rhesus macaques. Stem Cell Rep 2022; 
17: 2595–2609

[107] Hu X, An J, Ge Q et al. Maternal high-fat diet reduces type-2 neural 
stem cells and promotes premature neuronal differentiation during 
early postnatal development. Nutrients 2022; 14: 2813

[108] Boyle KE, Patinkin ZW, Shapiro AL et al. Mesenchymal stem cells from 
infants born to obese mothers exhibit greater potential for 
adipogenesis: The Healthy Start BabyBUMP Project. Diabetes 2016; 
65: 647–659

[109] Boyle KE, Patinkin ZW, Shapiro ALB et al. Maternal obesity alters fatty 
acid oxidation, AMPK activity, and associated DNA methylation in 
mesenchymal stem cells from human infants. Mol Metab 2017; 6: 
1503–1516

[110] Iaffaldano L, Nardelli C, D’Alessio F et al. Altered bioenergetic profile 
in umbilical cord and amniotic mesenchymal stem cells from 
newborns of obese women. Stem Cells Dev 2018; 27: 199–206

[111] Chaves AB, Zheng D, Johnson JA et al. Infant mesenchymal stem cell 
insulin action is associated with maternal plasma free fatty acids, 
independent of obesity status: The Healthy Start Study. Diabetes 
2022; 71: 1649–1659

[112] Lopes A FC. Mitochondrial metabolism and DNA methylation: a 
review of the interaction between two genomes. Clin Epigenet 2020; 
12: 182

[113] Matilainen O, Quirós PM, Auwerx J. Mitochondria and epigenetics – 
crosstalk in homeostasis and stress. Trends Cell Biol 2017; 27: 
453–463

[114] Chen JR, Lazarenko OP, Zhao H et al. Maternal obesity impairs 
skeletal development in adult offspring. J Endocrinol 2018; 239: 
33–47

[115] Fan W, Tang S, Fan X et al. SIRT1 regulates sphingolipid metabolism 
and neural differentiation of mouse embryonic stem cells through 
c-Myc-SMPDL3B. Elife 2021; 10: e67452

[116] Chen JR, Lazarenko OP, Blackburn ML et al. Maternal obesity 
programs senescence signaling and glucose metabolism in 
osteo-progenitors from rat and human endocrinology 2016; 157: 
4172–4183

[117] Rosales W, Lizcano F. The histone demethylase JMJD2A modulates the 
induction of hypertrophy markers in iPSC-derived cardiomyocytes. 
Front Genet 2018; 9: 14

[118] Kelly AC, Powell TL, Jansson T. Placental function in maternal obesity. 
Clin Sci (Lond) 2020; 134: 961–984

[119] Howell KR, Powell TL. Effects of maternal obesity on placental 
function and fetal development. Reproduction 2017; 153: R97–R108

[120] Kotikalapudi N, Sampath SJP, Sinha SN et al. Human placental 
mesenchymal stromal cell therapy restores the cytokine efflux and 
insulin signaling in the skeletal muscle of obesity-induced type 2 
diabetes rat model. Hum Cell 2022; 35: 557–571

675

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Sharma S, Bhonde R. Dilemma of Epigenetic Changes … Horm Metab Res 2023; 55: 665–676 | © 2023. Thieme. All rights reserved.

Review

[121] Lee CW, Hsiao WT, Lee OK. Mesenchymal stromal cell-based 
therapies reduce obesity and metabolic syndromes induced by a 
high-fat diet. Transl Res 2017; 182: 61–74.e8

[122] Meng Y, Eirin A, Zhu XY et al. Micro-RNAS regulate metabolic 
syndrome-induced senescence in porcine adipose tissue-derived 
mesenchymal stem cells through the P16/MAPK pathway. Cell 
Transplant 2018; 27: 1495–1503

[123] Park WS, Ahn SY, Sung SI et al. Strategies to enhance paracrine 
potency of transplanted mesenchymal stem cells in intractable 
neonatal disorders. Pediatr Res 2018; 83: 214–222

[124] Xie CR, Sun H, Wang FQ et al. Integrated analysis of gene expression 
and DNA methylation changes induced by hepatocyte growth factor 
in human hepatocytes. Mol Med Rep 2015; 12: 4250–4258

[125] Fu W, Yue Y, Miao K et al. Repression of FGF signaling is responsible 
for Dnmt3b inhibition and impaired de novo DNA methylation during 
early development of in vitro fertilized embryos. Int J Biol Sci 2020; 
16: 3085–3099

[126] Balakrishnan A, Guruprasad KP, Satyamoorthy K et al. Interleukin-6 
determines protein stabilization of DNA methyltransferases and 
alters DNA promoter methylation of genes associated with insulin 
signaling and angiogenesis. Lab Invest 2018; 98: 1143–1158

[127] Phinney DG, Pittenger MF. Concise review: MSC-derived exosomes 
for cell-free therapy. Stem Cells 2017; 35: 851–858

[128] Kong H, Liu P, Li H et al. Mesenchymal stem cell-derived extracellular 
vesicles: the novel therapeutic option for regenerative dentistry. 
Stem Cell Rev Rep 2023; 19: 46–58

[129] Fullerton JL, Cosgrove CC, Rooney RA et al. Extracellular vesicles and 
their microRNA cargo in ischaemic stroke. J Physiol 2022. DOI: 
10.1113/JP282050

[130] Nakamura Y, Miyaki S, Ishitobi H et al. Mesenchymal-stem-cell-
derived exosomes accelerate skeletal muscle regeneration. FEBS Lett 
2015; 589: 1257–1265

[131] Liang X, Zhang L, Wang S et al. Exosomes secreted by mesenchymal 
stem cells promote endothelial cell angiogenesis by transferring 
miR-125a. J Cell Sci 2016; 129: 2182–2189

[132] Sharma S, Bhonde R. Genetic and epigenetic stability of stem cells: 
Epigenetic modifiers modulate the fate of mesenchymal stem cells. 
Genomics 2020; 112: 3615–3623

676

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

https://doi.org/10.1113/JP282050
https://doi.org/10.1113/JP282050

