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Abstract
The results of different human epidemiological datasets provided the impetus to introduce the now commonly accepted 
theory coined as ‘developmental programming’, whereby the presence of a stressor during gestation predisposes the growing 
fetus to develop diseases, such as metabolic dysfunction in later postnatal life. However, in a clinical setting, human lifespan 
and inaccessibility to tissue for analysis are major limitations to study the molecular mechanisms governing developmental 
programming. Subsequently, studies using animal models have proved indispensable to the identification of key molecular 
pathways and epigenetic mechanisms that are dysregulated in metabolic organs of the fetus and adult programmed due to 
an adverse gestational environment. Rodents such as mice and rats are the most used experimental animals in the study 
of developmental programming. This review summarises the molecular pathways and epigenetic mechanisms influencing 
alterations in metabolic tissues of rodent offspring exposed to in utero stress and subsequently programmed for metabolic 
dysfunction. By comparing molecular mechanisms in a variety of rodent models of in utero stress, we hope to summarise 
common themes and pathways governing later metabolic dysfunction in the offspring whilst identifying reasons for incon-
gruencies between models so to inform future work. With the continued use and refinement of such models of developmental 
programming, the scientific community may gain the knowledge required for the targeted treatment of metabolic diseases 
that have intrauterine origins.
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Developmental programming of metabolic 
disease

Metabolic syndrome was characterised by the World Health 
Organization (WHO) in 1998 as a disease diagnosed by the 
presence of insulin resistance in addition to two other cri-
teria, namely obesity, hyperlipidemia, hypertension and 
microalbuminuria [1]. In modern societies, this non-com-
municable disease has risen in prevalence, with approxi-
mately one in four people being afflicted worldwide [2, 3]. 
Mutations in metabolic genes, as well as life-style factors 
such as calorie-dense diets and sedentary lifestyle are con-
sidered as main risk factors for developing the metabolic 
syndrome [4–6]. However, an often-overlooked risk factor 

for the development of metabolic syndrome, is the qual-
ity of one’s environment during gestation. Exposure to a 
suboptimal in utero environment due to a pregnancy com-
plication or maternal nutrient deficit or surplus has been 
associated with the development of cardio-metabolic dys-
function in the offspring in later postnatal life [7–10]. This 
paradigm is known as the ‘Developmental origins of health 
and disease hypothesis’ and was first proposed by Barker and 
colleagues in 1986. Using birth and death records of men 
from Hertfordshire, England, Barker and others provided 
epidemiological evidence associating reduced birthweight, 
a surrogate for poor intrauterine nutrition and an increased 
rate of adult mortality from ischaemic heart disease [11]. 
These findings were also extended to demonstrate similar 
associations of poor intrauterine nutrition with adult rates 
of glucose intolerance and type 2 diabetes [12]. Studies of 
other human cohorts have since then also associated a vari-
ety of pregnancy complications such as maternal obesity, 
gestational diabetes and alcohol consumption to poor off-
spring metabolic health [13–15]. This association may be 
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observed even when there is no birthweight change and may 
be exposed or exacerbated by unhealthy lifestyle choices, 
such as the consumption of a high calorie diet postnatally 
[16, 17].

The method by which early life exposures affect later 
metabolic health is thought to be mediated via epigenetic 
processes affecting the structure and function of offspring 
tissues. However, these processes are difficult to examine 
in a clinical setting and require the use of animal models. 
Animal models offer several advantages: gestational vari-
ables can be controlled or precisely altered, and the process 
of developmental programming studied in a comparatively 
shorter time than in humans. Indeed, numerous animal mod-
els of prenatal adversity have been developed in several spe-
cies. Sheep, pigs, rabbits and guinea pigs are amendable 
to environmental manipulation and chronic instrumentation 
and previous reviews have highlighted their usefulness in 
studying developmental programming [18–21]. Mice and 
rats also offer advantages in the study of developmental 
programming due to the ease of maternal manipulation, 
availability of molecular tools (including gene manipula-
tion) and short gestation and lifespan. However, rodents 
and humans vary in the temporal development of metabolic 
organs. For instance, white adipose tissue is present from 
birth in humans, but not rodents, even though brown adipose 
tissue is present in both. The development of the liver and 
the endocrine pancreas commences and completes earlier 
in gestation in humans than in mice [22–25]. Moreover, 
pancreatic beta cells are functional (i.e. exhibit glucose-
stimulated insulin secretion) in humans from early gesta-
tion, whereas this only occurs in mice after birth [26–28]. 
However, many genes and signalling pathways governing 
the development of metabolic organs are shared between 
humans and mice. Moreover, several key maturational and 
metabolic events in fetal organs, such as a switch from a 
glycolytic to a gluconeogenic role in the liver occur around 
the time of birth in both species [24, 29]. In rodent metabolic 
organs that continue to develop and differentiate postnatally, 
environmental conditions during the lactational window can 
also contribute to the programming. Moreover, in the case 
of the white adipose tissue, which develops postnatally in 
rodents, alterations associated with gestational perturbations 
are likely secondary to programmed changes in the endo-
crine system occurring prenatally. The aim of this review 
is to summarise the findings from rodent models that show 
the involvement of changes in molecular pathways and the 
epigenetic mechanisms influencing these in offspring pro-
grammed for metabolic dysfunction as a result of an adverse 
in utero environment.

Rodent models of developmental 
programming

Several models of developmental programming have 
been developed in mice and rats. The impact of maternal 
nutrient imbalance (total caloric restriction, high-fat diet 
and protein restricted diet), inhalation hypoxia, uterine 
ligation, stress (psychological), glucocorticoid exposure 
(dexamethasone administration), diabetes (streptozotocin 
treatment) and alcohol intake on offspring metabolic phys-
iology are shown in Table 1. Of the reviewed studies, the 
majority were undertaken on male offspring. However, 
when offspring of both sexes were studied, sexual dispari-
ties in metabolism and molecular pathways with maternal 
manipulations have been identified (Table 1). These mod-
els have clinical relevance as undernutrition, specific nutri-
ent deficiencies, obesity and diabetes are seen in women in 
both developed and developing countries and are associ-
ated with an increase in the propensity of their offspring 
to develop metabolic disease in later life [30–33]. In addi-
tion, hypoxia is a main cause of fetal growth retardation 
in women living at a high altitude, as well as those at 
sea level with sleep apnoea or exposed to environmental 
pollution or tobacco smoke [34–37]. Reductions in utero-
placental blood flow can be seen in human pregnancy com-
plications and despite the warnings of health impacts on 
the unborn child, alcohol may still be consumed by women 
during pregnancy [38, 39]. Finally, endogenous glucocor-
ticoids are increased by maternal stress and synthetic glu-
cocorticoids are administered to women with asthma or 
at risk of preterm birth [40–42]. However, regardless of 
the type of maternal insult during pregnancy, changes in 
offspring metabolism are linked to alterations in structure 
and molecular profile of key metabolic organs, namely 
the pancreas, liver, skeletal muscle and white adipose tis-
sue (Table 1). Moreover, it is important to note that other 
maternal manipulations, including exposure to endocrine 
disruptors (bisphenol A), arsenite, nitric oxide synthase 
inhibitors (NG-nitro-L-arginine methyl ester), lipopolysac-
charide, caffeine, vitamin D and iron deficiency, micro-
biota alterations, disruptions in the circadian rhythm, ciga-
rette smoke and air pollutants (diesel exhaust particles) 
have also been linked to metabolic aberrations in rodent 
offspring, but are reviewed elsewhere [43–59].

Pancreatic insulin production

Offspring exposed to in utero stress frequently show an 
altered capacity to produce insulin. Hence, defects in 
the endocrine pancreas are thought to at least partially 
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contribute to the programming of perturbed glucose han-
dling in these offspring. For instance, rat offspring exposed 
to maternal undernutrition and protein restriction show 
decreased pancreatic insulin expression in line with their 
hypoinsulinaemic state [62, 66, 70, 90]. Moreover, off-
spring from maternal undernutrition and protein restric-
tion show glucose intolerance at 3 weeks and 4 months, 
respectively [62, 90]. In pups from undernourished dams, 
the reduction in insulin expression can be seen as early as 
on day 0 (at birth) and may be due to enhanced pancreatic 
expression of ghrelin [66, 70], a known inhibitor insulin 
synthesis [155]. Conversely, adult offspring from moth-
ers fed a high-fat diet have increased pancreatic insulin 
expression [103], in agreement with their hyperinsuli-
naemic profile [62, 156–163]. An upregulation of pan-
creatic insulin production may although be secondary to 
programmed changes in peripheral insulin sensitivity or 
hepatic insulin clearance in the offspring from high-fat 
diet-fed mothers ([164, 165] and described below).

In models of maternal nutrient perturbation, programmed 
changes in offspring insulin production may also be attrib-
uted to alterations in pancreatic islet mass. For instance, 
adult offspring exposed to a maternal high-fat diet in utero 
have an increase in pancreatic β cell mass in accordance 
with their elevated circulating insulin concentration [103]. 
Conversely, a reduction in β cell mass and proliferation 
has been observed in embryos and adult offspring exposed 
to protein restriction and undernutrition in utero [66, 91, 
129, 166]. Decreased β cell mass is also observed in the 
offspring of mothers treated with dexamethasone or have 
diabetes (due to streptozotocin treatment) or uterine artery 
ligation during gestation [116, 129, 144]. In the case of 
maternal dexamethasone treatment, this is associated with 
diminished pancreatic insulin secretion [129]. Reductions in 
the expression of transcription factors important for β cell 
neogenesis, namely pancreatic and duodenal homeobox 1 
(Pdx-1) and Maf bZip transcription factor A (Maf-a) have 
been observed in the fetus and adult offspring subjected to 
maternal protein restriction, undernutrition, uterine artery 
ligation and dexamethasone treatment [62, 66, 90, 91, 117, 
119, 129, 166]. Similarly, other regulators of pancreatic 
islet cell development, namely Nk6 homeobox 1 (Nkx6-1), 
paired box 6 (Pax6) and neuronal differentiation 1 (Neuro 
d1) are downregulated in 7-day-old offspring exposed to 
maternal undernutrition or dexamethasone administration 
[62, 129]. Offspring of dams fed a high-fat diet also dem-
onstrate changes in Pdx-1 expression, although this is sex-
dependent; females showed increased and males showed 
decreased pancreatic Pdx-1, with a concomitant increase 
or decrease in pancreatic islet area, respectively [115]. A 
similar sexual disparity is also observed in the offspring of 
maternal protein restriction, with only males displaying a 
decrease in pancreatic islet mass [85]. The expression of 

factors involved in protein synthesis, cell senescence and 
cell cycle control have also been implicated in the program-
ming of the offspring pancreas. For instance, a reduction 
in the mechanistic target of rapamycin (mTOR) pathway, 
which regulates protein synthesis, as well as markers of cel-
lular senescence, namely cyclin dependent kinase inhibitor 
1A (p21) and cyclin dependent kinase inhibitor 2A (p16), 
are upregulated in the pancreas of adult offspring exposed 
to maternal protein restriction during pregnancy [87, 91]. 
Moreover, in offspring from streptozotocin treated dams 
there is a reduction in the abundance of cell cycle regula-
tors, namely cyclin dependent kinase 4 (Cdk4) and E2f1 in 
the pancreas [143]. In these offspring from diabetic dams, a 
reduction in the major subunit of the ATP-sensitive potas-
sium channel, Kir6.2 is also observed alongside reductions 
in the expression of the ion channels ATP binding cassette 
subfamily C member 8 (Abcc8), calcium voltage-gated chan-
nel subunit alpha1 C (Cav1.2) and calcium voltage-gated 
channel subunit alpha1 E (Cav2.3) [143, 145].

Increased oxidative stress and reduced mitochondrial 
function are also implicated in the defective pancreatic 
formation and function in offspring programmed by an 
adverse gestational environment. For instance, the mito-
chondrial uncoupling protein, Ucp2 and cellular energy 
(ATP) content of islets are decreased in offspring exposed 
to maternal undernutrition or a high-fat diet during gesta-
tion [67]. Interestingly, the reduction in Ucp2 expression in 
response to maternal undernutrition is sex-dependent, with 
only males showing a downregulation in this gene. Despite 
this sexual-disparity in Ucp2 expression, the islets of both 
male and female offspring failed to increase ATP content in 
response to glucose [67]. Islet ATP content is also reduced 
in the pancreas of offspring from rat mothers with uterine 
artery ligation; however, this is accompanied by increased 
abundance of the mitochondrial antioxidant enzyme, man-
ganese superoxide dismutase (MnSOD) [116]. An increase 
in cytokines, such as interleukin 1-1a (Il1-1a) and colony 
stimulating factor 3 (Csf3) is also seen in the pancreas of 
offspring from a maternal high-fat diet [105]. There are 
also programmed changes in the ability of the pancreas to 
metabolise glucose as a result of a maternal dietary insult 
during pregnancy however the nature of this effect depends 
on the insult and offspring sex. For instance, the expression 
of the glucose transporter, Glut2 is reduced in the islets of 
female offspring from mothers fed a high-fat diet, increased 
in female offspring from mothers fed a low-protein diet and 
elevated in male offspring from mothers undernourished 
during pregnancy [67, 85]. There are also alterations in the 
sensing and handling of glucose in the pancreas of offspring 
exposed to maternal undernutrition or alcohol intake in 
utero, as indicated by a reduction in glucagon and glucoki-
nase (Gck) expression, respectively [62, 67]. Moreover, in 
islets of offspring exposed to a maternal high-fat diet, there 
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are programmed changes in the abundance of insulin sig-
nalling pathway components, with reduced insulin receptor 
substrate 1(IRS1), phosphatidylinositol 3-kinase (PI3K) and 
phosphorylated protein kinase B (p-AKT) [103]. Thus, sev-
eral molecular pathways involved in pancreatic development, 
insulin production and glucose handling are programmed 
by exposure to a suboptimal in utero environment, although 
the specific nature of effects can be partly dependent on off-
spring sex.

Hepatic insulin sensitivity

As a site for glucose uptake, storage and production, the 
liver plays a vital role in maintaining whole body glucose 
homeostasis. As such, a reduction in hepatic insulin sensi-
tivity is associated with the development of the metabolic 
syndrome. Hepatic insulin sensitivity can be indicated by 
the levels of the insulin receptor, its downstream signalling 
proteins and genes governing glucose and lipid handling. In 
rodents, maternal protein restriction or high-fat diet during 
pregnancy are associated with reduced liver expression of 
insulin receptor (INSR), IRS1 and insulin like growth fac-
tor 1 receptor (IGF1R) in the fetus and adult offspring [96, 
104, 109]. There are also reductions in the abundance of 
AKT proteins (total and activated/phosphorylated) in the 
liver of offspring exposed to hypoxia during gestation that 
are exposed by feeding a high-fat diet postnatally [122, 124]. 
The levels of the INSR and phosphorylated AKT are instead 
elevated in the liver of offspring exposed to maternal protein 
restriction [76, 80], even though these offspring are insulin 
resistant [80]. Together, these findings illustrate that there 
can be a disconnect between hepatic and body insulin sen-
sitivity. Moreover, changes in the insulin signalling pathway 
in the liver may serve to compensate for programmed defects 
in offspring metabolism as a result of an adverse gestational 
environment.

Hepatic gluconeogenesis

Dysregulations in the pathways controlling hepatic gluco-
neogenesis are frequently implicated in the development of 
metabolic disease [167, 168]. For instance, there are altera-
tions in the expression and activity of phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phosphatase 
(G6Pase), which are two key enzymes involved in gluconeo-
genesis [169]. Increased expression of PEPCK and G6Pase 
by the liver is generally observed in rodent offspring of 
mothers exposed to undernutrition, protein restriction, alco-
hol, psychological stress, dexamethasone or streptozotocin 
treatment [62, 77, 78, 88, 93, 126, 127, 131, 132, 137, 140, 
149, 151, 152, 154]. In some cases, the nature of the effect is 

determined by offspring sex (Table 1). For instance, PEPCK 
expression and concomitant hyperglycaemia are increased 
in male, but not female offspring exposed to dexametha-
sone in utero [131]. Furthermore, there are sex-dependent 
changes in the expression of hepatic gluconeogenic genes 
including the transcription factor forkhead box o1 (Foxo1) 
in the offspring exposed to maternal high-fat diet, diabetes 
or alcohol [103, 140, 154]. In another study, female offspring 
exposed to alcohol prenatally showed increased hepatic glu-
coneogenesis in association with an elevated expression of 
genes including, phosphatase and tensin homolog (Pten) and 
telomere repeat binding factor 3 (Trb3) [150]. Conversely, 
male offspring from mothers exposed to inhalation hypoxia 
have decreased hepatic gluconeogenic capacity (as indicated 
by G6Pase expression), in line with their hypoglycemic state 
[123]. Hepatic glucokinase (Gck) expression is, however, 
decreased in offspring of both sexes exposed to maternal 
alcohol intake or protein restriction during gestation [77, 
78, 151]. Together, these data indicate that the programmed 
changes in offspring hepatic gluconeogenesis are dependent 
on the type of maternal manipulation, as well as offspring 
sex.

In addition to alterations in gluconeogenesis, proteins 
involved in glucose uptake/transport, namely protein kinase 
C (PKC) and glucose transporter (GLUT) [170, 171], are 
frequently altered in the liver of offspring subjected to a 
suboptimal intrauterine environment. For instance, PKCζ 
is increased in the liver of rodent offspring exposed to 
maternal undernutrition or high-fat diet, but is unchanged 
or decreased in those from hypoxic dams [61, 109, 122]. 
Moreover, offspring from hypoxic dams and that are fed a 
high-fat diet from weaning show elevated hepatic PKCθ 
abundance in accordance with their greater sensitivity to 
develop metabolic syndrome [124]. Similarly, offspring 
exposed to maternal alcohol intake during gestation and then 
fed a high-fat diet after weaning, show upregulated hepatic 
Glut2 expression, with a corresponding increase in plasma 
glucose [154]. Overall, adverse in utero environments can 
program defects in liver glucose handling in the offspring 
with consequences for metabolic physiology.

Hepatic lipid metabolism

In offspring exposed to suboptimal maternal environments 
including undernutrition, protein restriction, high-fat diet, 
hypoxia and dexamethasone treatment, hepatic and cir-
culating lipids, such as cholesterol are increased [61, 68, 
69, 73, 74, 76, 86, 89, 99, 108, 109, 111, 122, 124]. Dys-
regulated hepatic lipid metabolism and an increase in cir-
culating lipids are associated in the development of meta-
bolic disease. As such, key transcription factors involved 
in hepatic lipid metabolism, namely sterol regulatory 
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element-binding protein 1 (SREBP1) and the peroxisome 
proliferator-activated receptor (PPAR) ligands (PPARα, 
PPARγ and PPARδ), are thought to play a critical role. 
Indeed, mice genetically deficient in PPARγ develop insu-
lin resistance [172] and PPAR agonists such as rosiglita-
zone and pioglitazone are widely used in the treatment of 
type 2 diabetes [173]. Neonates and adults from under-
nourished or dexamethasone-exposed dams show reduced 
hepatic PPARγ expression [73, 133]. There is also a reduc-
tion in hepatic PPARα in offspring exposed to maternal 
undernutrition [73]. However, offspring exposed to mater-
nal low-protein or high-fat diets or psychological stress 
display increased expression of both Pparα and Pparγ 
[79, 92, 108, 138]. The liver X receptor alpha (LXR-α) 
is a transcription factor that increases lipogenic enzyme 
expression and reduces gluconeogenesis [174, 175]. In the 
liver of offspring exposed to maternal protein restriction, 
Lxr-α is decreased in association with increased G6Pase 
expression [88]. However, in offspring exposed to mater-
nal undernutrition, hepatic Lxr-α is instead increased and 
is associated with enhanced expression of the lipogenic 
gene, Lpl [69]. There is also an increase in the expression 
of lipolytic genes, namely Srebp1c, fatty acid synthase 
(Fas), and hepatic lipase, in the liver of fetal and adult off-
spring exposed to maternal undernutrition or alcohol [73, 
74, 154]. The increase in hepatic lipolysis is consistent 
with the elevated hepatic triglycerides and lipid content 
observed in these offspring [73, 74]. Conversely, a reduc-
tion in Srebp1c is observed in adult offspring exposed 
to a low-protein diet in utero regardless of sex, despite 
only male offspring displaying hyperinsulinemia [95]. In 
response to a maternal low-protein during gestation, there 
is a decrease in the expression of cytochrome P450 family 
7 subfamily A (Cyp7a1), a gene involved in the metabolism 
of cholesterol, in the fetal liver [79, 86, 89]. Postnatally, 
hepatic Cyp7a1 expression continued to be altered; how-
ever, the nature of the change was dependent on whether 
the maternal protein restriction was or was not extended 
into the lactational period; Cyp7a1 expression was instead 
restored to normal or increased in the offspring of mothers 
fed a normal protein diet during lactation but remained 
decreased in offspring of mothers fed the low-protein diet 
in lactation [86]. Changes in hepatic cholesterol handling 
were likely responsible for the aberrant levels of choles-
terol in the plasma and liver of these offspring, with most 
pronounced effects observed in those from mothers who 
were protein restricted both during gestation and lacta-
tion [86, 89]. Thus, a poor intrauterine environment can 
program defects in the lipid handling of the liver of off-
spring. Moreover, adverse environmental conditions that 
continue into the lactational period may propagate or 
amplify changes in offspring metabolic physiology that 
were programmed in utero.

Hepatic inflammation

Impairments in lipid handling can be associated with the 
activation of inflammatory pathways in the liver that also 
contribute to the pathogenesis of metabolic disease. In 
offspring exposed to maternal protein restriction, activa-
tion of c-jun N-terminal kinase (JNK), a protein involved 
in inflammatory signalling is increased in the liver and 
linked to a decreased expression of Cyp7a1 and hepatocyte 
nuclear factor 4α (HNF4α) [89]. An increase in JNK acti-
vation is also observed in the liver of offspring exposed to 
a maternal high-fat diet [106, 107]. Tumour necrosis factor 
alpha (TNFα) activates the phosphorylation of JNK [176, 
177], and increased hepatic Tnfα is also seen in offspring 
exposed to maternal protein restriction [89]. This effect 
is observed as early as on embryonic day 20 in the fetus 
and maintained until adulthood [89]. Exposure to maternal 
dexamethasone treatment is also associated with activa-
tion of inflammatory pathways the offspring liver, with 
elevated expression of the inflammatory markers, Cd36 
and Tnfα observed postnatally [65, 133]. Activation of 
JNK phosphorylation also occurs through glucocorticoid 
signalling and as such, changes in glucocorticoid produc-
tion and activity have been implicated in the development 
of insulin resistance [178]. Thus, its perhaps not surprising 
that in studies of maternal protein restriction, stress and 
dexamethasone treatment, the expression of the glucocor-
ticoid receptor (Gr) and the enzyme involved in converting 
inactive cortisone to cortisol (11βHsd1), are increased in 
the liver (as well as adipose and skeletal muscle) of adult 
offspring in association with both enhanced inflammatory 
state and impaired glucose tolerance [88, 92, 93, 130, 135, 
138]. Moreover, 11βHsd1 is up-regulated in the adipose 
of male offspring in response to maternal dexamethasone 
treatment [134] and intrauterine glucocorticoid over-expo-
sure due to the administration of carbenoxolone, an inhibi-
tor of placental 11βHDS2 causes hyperglycaemia in male 
offspring [179, 180]. Thus, adverse gestational environ-
ments can program changes in glucocorticoid signalling 
and inflammatory pathways in the liver of the offspring 
and contribute to impaired glucose homeostasis.

Hepatic development

The upregulation of inflammatory markers in the offspring 
exposed to maternal high-fat diet or dexamethasone treat-
ment is associated with the development of fatty liver 
(hepatic steatosis) in the offspring [99, 108, 133, 181]. 
The development of hepatic steatosis in offspring exposed 
to a maternal high-fat diet is also related to a reduction in 
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the expression of antioxidant defence genes, such as Cu/
Zn superoxide dismutase (Sod1) and glutathione peroxi-
dase-1 (Gpx1) and an increase in genes involved in the cel-
lular senescence pathway, such as p16 [99]. Due to a poor 
environment during gestation, there may also be greater 
sensitivity of the offspring to develop diet-induced hepatic 
steatosis postnatally. Indeed, offspring exposed to maternal 
alcohol intake during pregnancy have a greater propen-
sity to develop liver steatosis with a high-fat diet after 
weaning [154]. There are also alterations in liver morphol-
ogy in response to maternal hypoxia, undernutrition and 
high-fat diet, with a reduction in offspring liver size being 
observed [182–184]. A maternal high-fat diet or diabetes 
(via streptozotocin treatment) is additionally associated 
with increased expression of the cell cycle inhibitor, cyclin 
dependent kinase inhibitor 1A (Cdkn1), and a reduction 
in the developmental gene, Wnt1 in the liver of exposed 
offspring [100, 101, 140].

Insulin-like growth factor 1 (IGF1) is produced by the 
liver and acts in an autocrine/paracrine manner to promote 
offspring growth [185, 186]. In offspring from mothers with 
uterine artery ligation, poor fetal and postnatal growth are 
associated with the decreased hepatic expression and circu-
lating levels of IGF1 [121]. Conversely, in offspring exposed 
to a protein restriction, high-fat diet or alcohol prenatally, 
hepatic IGF1 and IGF acid-liable subunit (ALS), as well as 
circulating IGF1 are increased and likely drive the postnatal 
catch up growth seen [68, 82, 154]. Exposure to maternal 
protein restriction, undernutrition, a high-fat diet or diabe-
tes in utero, is also associated with programmed changes 
in the expression of the IGF binding protein, Igfbp1 in the 
offspring liver; however, the specific nature of the impact 
depends on the maternal insult and study age [68, 82, 140]. 
The IGF1 axis is also implicated in the regulation of insulin 
sensitivity and fat and carbohydrate metabolism [187, 188]. 
Thus, programmed changes in the IGF1 system as a result 
of poor intrauterine environment could contribute to growth 
and metabolic health outcomes in the offspring.

Adipose lipid metabolism and morphology

Alterations in adipocyte differentiation and lipogenesis 
are associated with the development of metabolic disease 
and changes in PPAR expression are implicated in this 
pathogenic process [62, 189]. Reduced PPARγ expression 
is observed in the adipose tissue of rodent offspring as a 
result of maternal undernutrition and a high-fat diet dur-
ing pregnancy [71, 112, 113]. The observed reduction in 
PPARγ expression is dependent on sex, with only male off-
spring from a maternal high-fat diet being affected [112]. 
However, PPARγ and PPARα expression are upregulated in 
the adipose tissue of offspring in other studies of maternal 

undernutrition and high-fat diet, as well as in response to 
protein restriction or dexamethasone treatment during gesta-
tion [62, 114, 134]. Moreover, the expression of PPAR target 
genes, namely Srebp1, Fas, Lpl, hepatic lipase and stearoyl-
CoA desaturase-1 (Scd1) are upregulated in the adipose of 
offspring exposed to maternal undernutrition, a high-fat 
diet or stress [84, 112–114, 136]. Variations in offspring 
adipose Ppar expression between studies may relate to the 
timing and specific nutritional manipulation utilised, the fat 
depot studied, the age and sex of the offspring, whether birth 
weight was reduced and/or followed by catch-up growth, as 
well as whether obesity and insulin resistance also ensued in 
the model. Nonetheless, changes in offspring adipose Ppar 
expression were associated with an increase adipocyte size 
[63, 71] and body adiposity in offspring exposed to mater-
nal undernutrition, protein restriction or high-fat diet during 
gestation [71, 84, 106, 107, 112].

Through the interaction of PPARγ with CCAAT/enhancer 
binding proteins (C/EBPβ/ and C/EBPα), adipocyte dif-
ferentiation occurs [190]. Consistent with an upregulation 
of PPAR expression and adiposity, C/Ebpα expression is 
increased in the adipose of offspring born from mothers fed 
high-fat diet during pregnancy [112, 114]. However, there 
is also an augmented expression of zinc finger protein 423 
(Zfp423), a transcription factor crucial in adipogenic lin-
eage commitment in the adipose of fetuses derived from 
obese mothers fed a high-fat diet from prior to and during 
pregnancy [102]. Exposure to maternal undernutrition or 
dexamethasone treatment in utero is related to upregulated 
expression of the preadipocyte marker, Dlk1, in the white 
adipose tissue of offspring postnatally [62]. Collectively, 
these studies indicate that an insult during in utero devel-
opment can advance white adipocyte differentiation in the 
offspring. Maternal undernutrition during pregnancy is also 
associated with the browning of white adipose tissue in off-
spring, as indicated by an increase in mitochondrial uncou-
pling protein 1 (Ucp1) and neuropeptide Y (Npy) expression 
[75]. Together, these data suggest that molecular pathways 
governing adipocyte differentiation and overall adipose mor-
phology can be dysregulated in offspring exposed to in utero 
stressors.

Adipokines such as leptin and adiponectin are implicated 
in the control of lipid storage, as well as insulin sensitiv-
ity. Importantly, adipokines are shown to be altered in the 
adipose of offspring as result of an adverse environment in 
utero. For instance, offspring from mothers fed a high-fat 
diet show increased leptin and reduced adiponectin (Adi-
poq) expression in their white adipose tissue [110, 112]. 
Moreover, the expression of another adipokine, apelin, is 
increased in the white adipose of offspring exposed to under-
nutrition in utero and exacerbated by a postnatal high-fat diet 
[64]. Conversely, maternal undernutrition, alcohol exposure 
or dexamethasone treatment during gestation is associated 



4877Molecular mechanisms governing offspring metabolic programming in rodent models of in utero…

1 3

with decreased leptin and increased Adipoq expression in the 
white adipose tissue of offspring [62, 75, 146]. Adipokines 
are also known to induce inflammation and contribute to the 
pathogenesis of metabolic disease [191]. Indeed, offspring 
from high-fat diet-fed or diabetic mothers show enhanced 
expression of inflammatory markers, like JNK and Tnfα in 
their white adipose tissue [106, 107, 144]. Thus, adipocyte 
development, adipokine production and inflammatory state 
are programmed by, and likely contribute to, the develop-
ment of insulin resistance frequently observed in offspring 
subjected to a suboptimal intrauterine environment.

Adipose and skeletal muscle insulin 
resistance

In addition to the liver, the adipose tissue and skeletal mus-
cle respond to insulin and play a key role in maintaining 
glucose homeostasis in the body. Moreover, there are altera-
tions in the insulin sensitivity of these tissues in the off-
spring as a result of maternal manipulation during gestation. 
For instance, maternal protein restriction during gestation 
is associated with increased InsRβ in the white adipose of 
adult offspring and increased glucose tolerance [83, 109]. 
Conversely, exposure to a maternal high-fat diet is associ-
ated with increased INSRβ and p85 in the skeletal muscle 
and unaltered insulin sensitivity in adult offspring [109]. 
Moreover, INSR levels are decreased in the muscle, liver and 
adipose tissue in offspring exposed to maternal dexametha-
sone, ethanol exposure, diabetes or a high-fat diet in utero, 
although glucose tolerance was not altered in some instances 
[63, 109, 120, 128, 139, 148]. Generally, a decrease in total 
and activated AKT are observed in the adipose and muscle 
of offspring exposed to maternal hypoxia, high-fat diet or 
undernutrition during pregnancy [71, 98, 122, 125]. Mater-
nal alcohol intake during gestation is also linked to altered 
levels of both total and activated AKT in the adipose tissue 
of offspring; however, the specific effect is dependent on 
the offspring sex and resulting metabolic phenotype [151, 
153]. As evident from the aforementioned studies, different 
imposed maternal manipulations can program alterations 
in skeletal muscle and white adipose tissue insulin signal-
ling in both male and female offspring. However, how these 
molecular alterations relate to changes in glucose and insulin 
dynamics in the offspring in vivo, is less clear.

Adipose and skeletal muscle glucose uptake

The skeletal muscle and adipose tissue are key metabolic 
organs involved in the uptake and storage of glucose through 
the action of insulin [171]. In offspring exposed to mater-
nal undernutrition, protein restriction or alcohol during 

gestation, the abundance of PKCζ is decreased in the muscle 
and adipose [63, 80, 147]. Moreover, the mRNA expression, 
abundance and/or translocation of the insulin-sensitive glu-
cose transporter, GLUT4, is reduced in the skeletal muscle 
and white adipose tissue of offspring exposed to undernutri-
tion, hypoxia or alcohol in utero [60, 71, 122, 146, 147]. In 
the case of maternal undernutrition, this effect may be influ-
enced by offspring sex [72]. Indeed, Glut4 expression is spe-
cifically decreased in the muscle of female rats exposed to a 
maternal undernutrition or low-protein diet during gestation 
[60, 94]. However, GLUT4 abundance is decreased in the 
muscle of male rats from diabetic dams but increased in the 
adipose tissue [139, 141, 142]. The abundance of the insulin-
independent glucose transporter, GLUT1 is increased in the 
skeletal muscle of offspring in response to maternal under-
nutrition or uterine ligation [60, 118]. Thus, it is evident 
that poor maternal environments during gestation program 
perturbations in the uptake of glucose by skeletal muscle and 
adipose tissue in the offspring; however, these effects may 
also be dependent on offspring sex.

In addition to glucose uptake, there are programmed 
changes in the mitochondrial capacity in the skeletal mus-
cle and white adipose tissue of the offspring in response 
to a suboptimal intrauterine environment. For example, a 
maternal low-protein diet during pregnancy is associated 
with reduced sirtuin protein 3 (Sirt3) expression and mito-
chondrial respiration in the skeletal muscle of offspring 
[81]. There is also an increase in Ucp3 expression, a greater 
density of type II muscle fibres and a reduction in the rate 
of fatty acid oxidation in the soleus muscle of offspring 
exposed to a maternal low-protein diet [81, 97]. Expression 
of mitochondrial electron transfer complexes are reduced 
in the muscle of offspring from high-fat diet-fed dams [98]. 
Moreover, Ucp1 is increased and mitochondrial biogenesis 
reduced (indicated by the lower expression of PPARG coac-
tivator 1 alpha, Pgc1a) in the white adipose tissue of off-
spring from dams undernourished during gestation [71, 75]. 
A reduction in Pgc1α is also observed in the liver of female 
offspring from mothers exposed to stress [135]. Thus, poor 
maternal nutritional intake or stress during pregnancy can 
lead to programmed changes in the mitochondrial capacity 
of metabolic tissues in the offspring. Such changes in mito-
chondrial capacity would be expected to mediate alterations 
in metabolic fitness of the offspring.

The role of epigenetic mechanisms 
in the programming of the fetus

The term epigenetics, meaning “above the gene”, is used to 
describe phenotypic modification as a result of changes in 
gene expression without an alteration to the DNA sequence 
[192]. In the context of the developmental programming 



4878 E. R. Christoforou, A. N. Sferruzzi-Perri 

1 3

field, epigenetic alterations serve as a useful mechanism 
for the fetus to adapt to a changing environment in utero. 
However, epigenetic alterations occurring during gestation 
may be detrimental after birth where the postnatal environ-
ment, including nutrient availability, may be different to 
that prenatally. The most described epigenetic alterations 
to gene expression include DNA methylation, posttransla-
tional histone modification and small noncoding RNA. The 
involvement of changes in DNA methylation, histone modi-
fications and small noncoding RNAs in mediating changes in 
the function of metabolic tissues in offspring programmed as 
a result of environmental manipulation during gestation are 
summarised in Tables 2, 3 and 4, respectively. However, it 
is important to note that the three types of epigenetic altera-
tions are not distinct from one another. Instead, they often 
occur simultaneously and influence one another in the devel-
opmental programming of offspring metabolic phenotype.  

Alterations in DNA methylation in response 
to in utero stressors

DNA methylation occurs when methyl groups are added to 
DNA, usually on the 5′-position of cytosine residues of a 
CpG island. The resulting heterochromatin condensation 
from DNA methylation is thought to be associated with a 
decrease in gene transcription [205]. However, DNA meth-
ylation is more complex than this, with increased methyla-
tion also associated with increased gene expression [206]. 
Alterations in DNA methylation are catalysed by the DNA 
methyltransferase enzymes (DNMTs), of which there are 
three types, DNMT1, DNMT3A and DNMT3B [207, 208]. 
The most studied epigenetic alteration in the developmental 
programming field is the methylation level of promoters of 
genes involved in lipid and glucose handling (Table 2).

Alterations in the methylation status of genes involved 
in hepatic development have often been reported in off-
spring exposed to nutrient perturbations during gestation. 
For instance, neonates from high-fat diet-fed mothers who 
subsequently showed reduced hepatic size and growth, dis-
played hypomethylation and increased expression of Cdkn1a 
in their liver [100]. Moreover, offspring from dams fed a 
low-protein diet during gestation showed increased meth-
ylation of the Igf2/H19 imprinting control region (ICR) in 
line with enhanced Igf2 expression in the liver. This was 
related to increased H19 and Igf2 expression in these day 0 
male offspring [196]. Another study which showed a similar 
alteration in the Igf2/H19 ICR upon maternal low-protein 
diet also illustrated insulin resistance and increased adi-
pose expansion in offspring, implicating modifications in 
Igf2/H19 methylation in adipose growth [193]. Moreover, 
alterations in the methylation of metabolic genes, includ-
ing those for the insulin signalling pathway, such as PI3Ks, 

occur in the liver of offspring exposed to a maternal high-fat 
diet [202]. Offspring of mothers exposed to a low-protein 
diet during gestation show decreased methylation, associ-
ated with lower Dnmt1 expression and increased hepatic Gr 
expression [93]. This reduction in Gr promoter methylation 
can also be observed in the grand-offspring (F2 generation) 
[209]. A maternal low-protein diet during pregnancy is also 
associated with the hypermethylation of the promoter for the 
Lxr-α gene, which encodes a nuclear receptor involved in 
fatty acid and cholesterol metabolism in the fetal liver [197]. 
Moreover, hypoxia during pregnancy causes modifications 
of histone H3, which surrounds the G6Pase gene promoter 
and is associated with a reduction of G6Pase levels in off-
spring with metabolic consequences, such as decreased cir-
culating glucose [123]. In addition to alterations in glucose 
metabolism, fetal nutrient and oxygen deprivation achieved 
through maternal uterine artery ligation also has an impact 
on the pancreatic islets of offspring, with altered DNA meth-
ylation being linked to changes in the expression of genes 
involved in insulin secretion, islet proliferation and reduced 
islet mass [203, 204]. In the pancreas of offspring from dia-
betic mothers a reduction in the ion channels Abcc8, Cav1.2 
and Cav1.3 is associated with the hypomethylation of these 
genes [145].

Alterations in DNA methylation also dictate the expres-
sion of genes involved in lipid metabolism in offspring 
born to mothers with suboptimal nutrition during preg-
nancy. A high-fat diet in utero causes epigenetic altera-
tions in offspring adipocytokine genes in the visceral 
white adipose depot, with the hypermethylation of adi-
ponectin and leptin receptor and hypomethylation of leptin 
observed. Such alterations in methylation of adiponectin 
and leptin receptors are associated with increased plasma 
triglycerides and cholesterol [110]. Conversely, exposure 
to a maternal low-protein diet in utero is associated with 
a decrease in methylation of the leptin gene promoter in 
adipose tissue [198]. Gestational hypoxia also causes 
hypermethylation of the adiponectin gene promoter with 
concomitant decrease in adiponectin levels in male off-
spring, who are more susceptible to metabolic syndrome in 
adulthood, as indicated by hyperleptinaemia and decreased 
insulin sensitivity. It additionally alters the methylation 
patterns of genes involved in metabolic regulation, includ-
ing methionine degradation and cysteine biosynthesis in 
white adipose tissue of offspring exposed to maternal 
hypoxia in utero [125, 210]. An increase in the expres-
sion of the inflammatory marker, Tnfα is associated with 
a reduction in the methylation of its promoter in offspring 
from dams with diabetes [144]. Altered Pgc1α expres-
sion in the skeletal muscle of offspring exposed to protein 
restriction in utero is associated with the hypermethylation 
of its promoter [194]. Moreover, in offspring exposed to 
a maternal high-fat diet, hypermethylation of the Pparγ 
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promoter or Pparγ gene is observed in the liver and adi-
pose, respectively [113, 199]. In contrast, a reduction in 
Pparα promoter methylation is seen in the liver of off-
spring exposed to a maternal low-protein diet during ges-
tation [195]. In offspring exposed to a maternal protein 
restriction, the alterations in PGC1α and PPARγ meth-
ylation are associated with reduced glucose tolerance and 
increased circulating triacylglycerols, respectively [194].

The expression of key genes involved in adipocyte differ-
entiation are also impacted by changes in methylation caused 
by poor maternal environments. For instance, methylation is 
reduced in association with increased expression of Zfp423 
in the fetus by a maternal obesogenic diet [102]. As men-
tioned previously, Zfp423 is involved in adipogenic lineage 
commitment and changes to its methylation and expression 
by a maternal obesogenic diet were coupled to advanced 
adipogenesis in the offspring at weaning and impaired 
expansion capacity with the introduction of a high-fat diet 
postnatally [200]. A prenatal low-protein diet is also associ-
ated with altered adipocyte differentiation; however, this was 
associated with increased methylation and expression of the 
Igf2 gene in the offspring adipose tissue, as well as elevated 
adiposity [193]. There was no interactive effect on adiposity, 
and Igf2 gene methylation and expression in the offspring 
exposed to a maternal low-protein diet, by superimposing a 
high-fat diet postnatally [193].

Identifying the role of changes in genome methylation 
in animal models of offspring metabolic programming is 
critical in understanding how to reverse or prevent such 
programming from occurring. The provision of a methyl 
donor supplement to the mothers fed a high-fat diet prevents 
the changes in offspring adipose tissue DNA methylation 
and expression of genes, including Fas, leptin and Pparγ 
[201]. The supplement also mitigates the negative metabolic 
outcomes such as insulin resistance that are induced in the 
offspring by maternal high-fat diet [201]. Moreover, methyl 
donors also normalise the methylation level of the leptin 
gene promoter and reduce offspring leptin concentrations 
as a result of maternal protein restriction [211]. Changes in 
the expression and methylation patterns of genes involved 
in fatty acid metabolism upon methyl-donor group supple-
mentation further demonstrate the importance of methyla-
tion as an epigenetic regulator of offspring programming 
[201, 211]. Maternal intake of folate, a vitamin which is a 
methyl group donor, has also been studied for its ability to 
restore normal levels of DNA methylation in offspring tis-
sues that arise as a result of developmental programming. 
For instance, in a model of maternal protein restriction, 
folate supplementation largely ameliorates the alterations 
in genome-wide methylation [212], methylation of the H19/
Igf2 ICR [196] and Pparα and Gr gene methylation and 
expression in the offspring [92]. These findings suggest that 
maternal folate supplementation during pregnancy may have 

benefit in mitigating negative epigenetic modifications medi-
ating programming effects in offspring tissues as a result of 
in utero insults.

Alterations in histone modifications 
in response to in utero stressors

In the nucleus of eukaryotic cells, DNA is packaged into 
nucleosomes by wrapping around an octameric histone com-
plex comprised of two copies of H2A, H2B, H3 and H4 
histones [222]. Acetylation, methylation, phosphorylation, 
ubiquitination, sumoylation, glycosylation and ADP-ribo-
sylation occur at the amino termini of histones. Such post-
translational modifications alter chromatin structure and the 
accessibility of transcription factors and DNA binding ele-
ments, thus regulating gene expression [223, 224]. The two 
most common post-translational modifications are acetyla-
tion and methylation, whereby acetylation of lysine within 
the H3 histone activates transcription through inhibition of 
the secondary and tertiary nucleosome structure and thus, 
results in chromatin decondensation [225]. Conversely, the 
methylation of arginine and lysine residues cause chromatin 
condensation and transcriptional repression [226]. Moreo-
ver, post-translational modifications include the addition of 
marks which activate transcription (H3K9ac, H3K4me3) or 
marks which repress transcription (H3K27me3, H3K9me2) 
[227].

Histone alterations appear to mediate the effects of sub-
optimal gestational environments on offspring pancreatic 
development and function (Table 3). In offspring exposed 
to reduced uteroplacental blood flow during gestation, the 
reduced islet Pdx-1 expression is associated with a decrease 
in acetylation of H3 and H4 histones in the fetus and altered 
methylation of the Pdx-1proximal promoter in adult dia-
betic offspring [117]. These epigenetic modifications in the 
exposed offspring could be reversed by using a glucagon-
like peptide-1 analogue, exendin-4 (Ex-4), which restored 
histone acetylation and normalised DNA methylation in 
the islets at the corresponding ages [221]. A maternal low-
protein diet also impacts β cell function in adult offspring 
through changes in histone modifications. In particular, the 
decreased expression of the transcription factor, hepatocyte 
nuclear factor 4-α (Hnf4α) in offspring pancreatic islets, 
is associated with decreased active and enriched repressive 
histone marks at regulatory regions of the gene [213].

Histone alterations also play a critical role in the pro-
gramming of offspring insulin-regulated glucose uptake and 
metabolism in skeletal muscle. For instance, the alterations 
in Glut4 expression in the muscle seen specifically in female 
rats exposed to a maternal low-protein diet or undernutrition 
during gestation is related to changes in histone acetylation 
and methylation at the Glut4 promoter [72, 94]. Moreover, 



4885Molecular mechanisms governing offspring metabolic programming in rodent models of in utero…

1 3

in the muscle of female and not male offspring, exposure to 
a maternal low-protein diet during gestation is associated 
with increased H3 and H4 histone acetylation, as well as 
expression of the C/Ebpβ, a transcription factor involved in 
the control of skeletal muscle carbohydrate and amino acid 
metabolism [215]. In female offspring exposed to maternal 
protein restriction, the alterations in histone modifications 
at the Glut4 and C/Ebpβ promoters is coupled to increased 
glycogen content of the skeletal muscle [94]. Together, these 
studies indicate that changes in histone modifications under-
lie sex-related differences in the programming of offspring 
skeletal muscle in response to maternal malnutrition.

Alterations in the expression of genes involved in hepatic 
development and gluconeogenesis in offspring programmed 
by a poor intrauterine environment are also mediated by 
histone modifications. For instance, in offspring of dams 
with maternal uterine artery ligation, reduced hepatic Igf1 
expression is related to alterations in the H3 histone meth-
ylation in both sexes and disrupted H3 acetylation in females 
specifically [121]. Moreover, the decreased hepatic Wnt1 
expression in pups from dams fed a high-fat diet is linked to 
altered acetylation of the H4 histone at the Wnt1 promoter 
[101]. The liver of pups born from high-fat diet-fed dams 
also have alterations in histone modifications and these are 
associated with increased expression of the gluconeogenic 
genes, Pck1 [216] and Pepck [217]; however, the latter effect 
is only observed in female offspring [217]. In female off-
spring exposed to alcohol prenatally, enhanced expression 
of the Pten and Trb3 by the liver is associated with a reduced 
acetylation [150]. Furthermore, in offspring from dams fed a 
low-protein diet, reduced hepatic Cyp7a1 expression is asso-
ciated with repressive histone modifications of its promoter 
and an increase in circulating cholesterol in these offspring 
[86].

Alterations in histone modifications influence fatty 
acid metabolism gene expression in the adipose tissue of 
offspring born to dams with nutritional alterations during 
gestation. As previously mentioned, an in utero high-fat 
diet programs alterations in adiponectin, leptin and Pparγ 
expression in the adipose tissue of offspring. Decreased adi-
ponectin and increased leptin expression in the offspring 
adipose tissue is associated with altered levels of acetyl 
H3K9 and dimethyl H3K9 at their gene promoters [220]. 
A reduction in Pparγ2 gene expression in the adipose of 
offspring born to obese dams is also associated with histone 
modifications; with adult offspring displaying a reduction 
in the active mark, H3AC, at the Pparγ2 promoter [113]. 
Histone modifications also occur in the adipose tissue of 
offspring born to dams fed a low-protein diet and given 
a high-fat diet postnatally. In particular, the reduction in 
expression of the beige adipocyte marker fibroblast growth 
factor 21 (Fgf21) in these offspring is associated with an 
increase in histone methyltransferase G9a [214, 219, 220]. 

Thus, histone modifications are implicated in the program-
ming of offspring adipose tissue function, lipid metabolism 
and phenotype.

The reversal or prevention of changes in histone modifica-
tions in offspring tissues as a consequence of developmental 
programming has been achieved through maternally admin-
istered interventions. For instance, preconception weight 
loss in obese mice prevents the changes in lysine acetyltrans-
ferase expression and associated reduction in glucokinase 
expression in the fetal liver [218]. In addition, administration 
of constitutive androstane receptor (CAR) ligand (normally 
used to improve insulin sensitivity in the context of obesity) 
to dams fed a high-fat diet during gestation ameliorates the 
changes in acetyl H3K9 and dimethyl H3K9 that are associ-
ated with the adiponectin and leptin gene promoters and 
normalises circulating concentrations in the offspring [219]. 
These data suggest that in a clinical setting, maternal weight 
loss and ligands like CAR may offer additional benefit, by 
mitigating the epigenetic modifications and consequent 
negative metabolic outcomes in the offspring.

Alterations in small noncoding RNA 
in response to in utero stressors

Non-coding RNAs are major regulators of gene expression 
[240–242]. In general, non-coding RNAs have been catego-
rised based on their size and include miRNAs (~ 22 nt), piR-
NAs (24–30 nt), snoRNAs (60–300 nt) and long non-coding 
RNA (lncRNAs) (> 200 nt) [243]. miRNAs play a critical 
role in the epigenetic control of gene expression through 
regulating DNA methylation and histone modification [244]. 
Moreover, lncRNAs are involved in genomic imprinting and 
DNA methylation. For instance, methylation of the pater-
nally inherited allele of the H19 lncRNA supresses its tran-
scription [245]. Furthermore, lncRNAs affect the function of 
miRNAs and vice versa. For example, H19 contains binding 
sites for the let-7 family of miRNAs and influences their 
availability [246]. In addition to regulating the expression 
of genes governing biological processes, non-coding RNAs 
have been implicated in the development of metabolic dis-
ease [247, 248]. However, the role of non-coding RNAs in 
developmental programming of metabolic disease has been 
comparatively less studied, with most studies to date looking 
at the role of miRNAs.

miRNAs are critical in the programming of insulin pro-
duction in offspring exposed to in utero stress (Table 4). 
Alterations in the levels of the pancreatic islet-specific 
miRNA-375, which regulates genes involved in pancreatic 
islet expansion, occur in response to insulin resistance and 
contribute to the development of type 2 diabetes in vivo 
[248–251]. The abundance of miRNA-375 is higher in 
the islets of rat foetuses and adult offspring exposed to a 
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maternal low-protein diet in utero [229]. Elevated miRNA-
375 levels are associated with impaired islet Pdx-1 expres-
sion, proliferation and insulin secretion and the devel-
opment of diabetes in these offspring [229]. Moreover, 
normalizing miR-375 levels in the islets derived from adult 
offspring of protein-restricted dams restores their capacity 
to secrete insulin and proliferate in vitro [229]. Changes in 
miRNA expression are also implicated in the development 
of peripheral insulin resistance in offspring exposed to an 
obesogenic diet in utero. In particular, the decrease in the 
insulin signalling protein, IRS1, in the adipose tissue of 
offspring exposed to a maternal high-fat diet is linked to 
an upregulation of miR-126 [233].

Pathological processes relating to metabolic dysfunc-
tion such as altered lipid storage and subsequent lipotoxic-
ity and insulin resistance are also regulated by miRNAs 
in the adipose tissue. For instance, an upregulation of 
miR-483-3p is observed in the white adipose of adult rats 
exposed to a maternal low-protein diet [230]. In vitro, 
miR-483-3p inhibits adipocyte differentiation and lipid 
accumulation through reducing growth differentiation 
factor-3 (Gdf3) expression, and in turn, Fabp4 and Pparγ 
[230]. Defects in the formation of brown adipose tissue in 
the fetus may also contribute to the later development of 
poor lipid handling and genesis of metabolic syndrome as 
a result of poor conditions during in utero development. 
For instance, defects in brown tissue formation, mitochon-
driogenesis and mitochondrial capacity in fetuses from 
obese mouse mothers is associated with an upregulation of 
miR-204-5p, which negatively regulates Pgc1α and Sirt1 
expression [239]. Thus, miRNAs are implicated in key 
metabolic alterations to offspring adipose tissue, namely 
reduced browning and increased lipid accumulation.

Alterations in lipid metabolism in the liver of offspring 
exposed to poor gestational conditions may also be partly 
induced by alterations in miRNA levels. In the liver of 
adult offspring of mothers given a high-fat diet or exposed 
to caloric restriction during gestation, miR-122 levels are 
decreased in association with increased expression of genes 
involved in lipid synthesis (e.g, Pparα, Pparβ, Scd1) and 
fatty acid oxidation (e.g, Pgc1α and Cpt-1α) and an associ-
ated reduction in hepatic triglycerides [228, 234–236]. In 
offspring from mothers fed a high-fat diet during gestation, 
the reduction in hepatic miR-122 expression is not prevented 
by cross-fostering to mothers fed a control diet during lacta-
tion [237]. In offspring of mothers given a low-protein or 
high-calorie diet during gestation, the hepatic inflammation 
observed appears to be mediated by dysregulated expression 
of several miRNAs that contribute to the increased expres-
sion of Tnfα and Il-6 genes [232, 238]. Together, these 
studies highlight that miRNAs may serve as valuable thera-
peutic targets to prevent the developmental programming 

of metabolic syndrome in offspring exposed to adverse ges-
tational environments.

Whilst the role of other of non-coding RNAs species in 
the programming of offspring metabolic disease has been 
less studied, lncRNAs have been shown to regulate several 
metabolic pathways including gluconeogenesis and fatty 
acid metabolism [252, 253]. Moreover, in offspring exposed 
to a low-protein diet in utero, defective β cell expansion is 
associated with the decreased expression of the lncRNA, 
H19 [231]. In part, the association between H19 expres-
sion and β cell expansion is thought to be related to loss 
of H19-mediated inhibition of Let-7, a negative regulator 
of PI3K-AKT signalling [231]. Together, these results indi-
cate the importance of lncRNA in influencing metabolic 
processes in the programming of offspring phenotype.

Conclusions and future directions

This review focused on the contribution of suboptimal 
maternal environments (in utero stress) to the developmen-
tal programming of offspring metabolic health via changes 
in key metabolic tissues in the first generation. Data from 
rodent models show that in utero stress can lead to epi-
genetic changes in key metabolic organs, which impact 
growth, morphology, insulin sensitivity, nutrient handing, 
metabolism and inflammation with consequences for the 
metabolic physiology of the offspring (Fig. 1). However, 
the placenta is the interface between the mother and fetus 
and mediates maternal insults imposed through the regula-
tion of fetal nutrient provision. Thus, although not addressed 
in the current review, the placenta will have contributed to 
the programming of offspring metabolic disease as a result 
of in utero stress (reviewed in [254–256]). Moreover, half 
of the placental and fetal genome derives from the father. 
A significant paternal contribution to the developmental 
programming of offspring metabolism has recently come 
to light, with paternal exposure to alcohol or a high-fat or 
low-protein diet also programming adult offspring metabo-
lism [257–259]. The mechanisms by which this occurs have 
been reviewed elsewhere [260–264] and above all highlight 
the need to also consider paternal environmental exposures 
when elucidating the mechanisms underlying the program-
ming of metabolic disturbances in the offspring. Further-
more, the transmission of metabolic dysfunctions has been 
observed across subsequent generations even in the absence 
of further insults and normal environmental conditions via 
epigenetic processes (discussed previously; [265–267]). 
Moreover, in utero stressors can also program defects in the 
function in other systems that may interact with the meta-
bolic system of the offspring, including the reproductive, 
neuroendocrinological, microbiome and vasculature systems 
[268–274]. To date, the contribution of alterations in the 
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methylome of fetal and adult tissues to the programming of 
offspring metabolic phenotype has been most widely studied 
although other epigenetic factors, such as histone modifica-
tions and non-coding RNA are also emerging as key players 
in this process and require further investigation. However, 
other mediators such as modification to mitochondrial DNA 
(which are normally inherited from the mother), de novo 
point mutations in the germline or somatic cells and vertical 
transmission of microorganisms to offspring can contribute 
to the developmental programming of metabolic syndrome 
postnatally [116, 275–277].

Undeniably, studies in rodent models have been useful in 
showing causation between specific gestational insults and 
offspring outcomes by selectively manipulating a variable in 
a controlled way. Indeed, the studies in this review illustrate 
that in many instances a variety of maternal manipulations 
imposed on rodents act to perturb the same metabolic path-
ways, as postulated by the gatekeeping hypothesis [278]. 
However, it is important to note that in some instances, there 
are inconsistencies in the changes observed for molecular 
pathways in the same, let alone different rodent model of in 
utero stress, making it challenging to draw firm conclusions 
on the commonality of pathways involved. Moreover, studies 
have typically been limited by not considering offspring sex 
or only studying the outcomes of in utero stress on the male 
offspring (due to challenges faced by the need to control for 
the influence of the oestrus cycle on metabolic function in 
females). Indeed, in the few studies that have studied both 
female and male offspring, sexually-dimorphic metabolic 
outcomes of developmental programming have frequently 
been observed and may be attributed to a variety of fac-
tors, including the effect of sex chromosome-linked genes 
in the placenta, as well as sex differences in the temporal 
development of metabolic organs and fetal and adult levels 

of hormones like corticosterone/cortisol and sex steroids 
[279–283]. Thus, to further address the molecular mecha-
nisms underlying the developmental programming of off-
spring metabolic health, we recommend that both male and 
female offspring are studied in future work. Differences in 
strain, husbandry, control diet composition, severity and 
duration of the insult, cross fostering techniques and stand-
ardisation of litter size postnatally, are also parameters that 
have been shown to influence metabolic health outcomes 
[284–288]. For instance, methods to impose “maternal 
stress” in rodent models of programming range from saline 
injection, to swimming and physical restraint, which are 
likely to have differing impacts on raising endogenous cor-
ticosterone/cortisol in the mother. Whilst in most studies, 
the maternal insult is confined to the gestational period, in 
some instances, insults are continued into the lactational 
period. As such it is difficult to discriminate whether the 
programming of offspring metabolic physiology is occurring 
during gestation or lactation and studies should be designed 
to more directly address this in future work. Furthermore, 
future studies should be aimed at more accurately depicting 
clinical settings, where changes in prenatal environment can 
be due to a variety of causes, operating at different times in 
gestation, which may together impact and drive resulting 
offspring metabolic outcomes. Moreover, future research 
may also benefit from developing diagnostic criteria to grade 
metabolic health at certain ages and stages of the disease 
process in rodent species, as is done in a clinical setting. 
However, taken together, rodent models have undoubtedly 
provided significant insight into understanding the ontog-
eny and molecular mechanisms by which offspring meta-
bolic health may be programmed by exposure to in utero 
stress. Further, with their continued use, rodent models may 
provide the knowledge needed to improve or prevent the 

Fig. 1  The effect of in utero stressors on epigenetic, gene expression and structural alterations in metabolic organs of offspring. Δ, change in; 
HFD, high-fat diet
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propagation of metabolic diseases that are reaching epidemic 
proportions in many countries across the world.
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