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Embryonic and foetal development are critical periods of development in which
several environmental cues determine health and disease in adulthood. Maternal
conditions and an unfavourable intrauterine environment impact foetal develop-
ment and may programme the offspring for increased predisposition to metabolic
diseases and other chronic pathologic conditions throughout adult life. Previously,
non-communicable chronic diseases were only associated with genetics and lifestyle.
Now the origins of non-communicable chronic diseases are associated with early-
life adaptations that produce long-term dysfunction. Early-life environment sets the
long-term health and disease risk and can span through multiple generations. Recent
research in developmental programming aims at identifying the molecular mecha-
nisms responsible for developmental programming outcomes that impact cellular
physiology and trigger adulthood disease. The identification of new therapeutic tar-
gets can improve offspring's health management and prevent or overcome adverse
consequences of foetal programming. This review summarizes recent biomedical
discoveries in the Developmental Origins of Health and Disease (DOHaD) hypoth-
esis and highlight possible developmental programming mechanisms, including
prenatal structural defects, metabolic (mitochondrial dysfunction, oxidative stress,
protein modification), epigenetic and glucocorticoid signalling-related mechanisms
suggesting molecular clues for the causes and consequences of programming of in-
creased susceptibility of offspring to metabolic disease after birth. Identifying mech-

anisms involved in DOHaD can contribute to early interventions in pregnancy or
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1 | INTRODUCTION

Foetal programming results from prenatal adaptations during
embryonic and foetal development to achieve a new develop-
mental balance, leading to a new physiological homeostatic
state. This foetal ability to adapt to different intrauterine en-
vironments increases the immediate survival and improves
success in an adverse environment increasing the chances of
survival to the organism. However, inapt interpretations or
postnatal environmental deviations can prime a mismatch be-
tween prenatal predictions and postnatal experience, making
disadvantageous that adaptation.

Several stimuli in the early stages of life are a consequence
of an impairment of the intrauterine environment by placental
and/or maternal conditions, such as obesity, undernutrition,
lack of vitamins or micronutrients, alcohol consumption,
smoking, a compromised vascular system, placental dysfunc-
tion, hormonal milieu (eg maternal stress), physical activity
and xenobiotic exposure among others. -3

Epidemiologic and experimental evidence suggests that
foetal programming can permanently affect organ structure
and physiological function predisposing to long-term dis-
ease, with an emphasis on chronic non-communicable dis-
eases, such as cardiovascular diseases (CVD) and diabetes
(Table 1).*7 The association between intrauterine environ-
ment and postnatal disease was first described by Barker,
whose hypothesis postulates that the foetus is programmed
by stimuli or insults during early life, determining adulthood
health and disease.®

The foetal stage is a critical period of rapid cell differen-
tiation in which organs and tissues are quickly developing.
Alterations in nutrient supply in early and late gestation can
affect foetal growth and tissue growth and maturation, com-
promising organ postnatal function independently of genetic
influence. These organ-specific modifications act to increase
short-term foetal survival at the cost of long-term adverse con-
sequences. The mechanisms involved are not well-defined,
but a relationship between altered structural development of
the organs and persistent cellular changes is assumed, even if
a latency period exist and disease only manifest in adult life.

Foetal programming alterations often lead to a homeo-
static state that presents lower metabolic plasticity and lower
adaptability to postnatal insults, predisposing to early devel-
opment of chronic disease (eg metabolic, cardiovascular and

early childhood, to re-set the metabolic homeostasis and break the chain of subse-

quent events that could lead to the development of disease.

ageing-related disease, Developmental Origins of Health and Disease (DOHaD), developmental
programming, malnutrition, metabolism, non-communicable diseases

endocrine disease).”"! Specific stimuli, mostly of maternal
origin, may affect foetal gene expression, which may lead to
foetal programming at any stage of development. Some alter-
ations induce temporary adaptations, while others can persist
throughout adult life or even generations.

The decreased foetal metabolic plasticity may persist
throughout offspring life, affecting both the metabolic-
endocrine regulation and cellular metabolism, including
modifying mitochondrial function. Mitochondria play a
critical role in postnatal metabolic maturation, especially in
the prenatal to postnatal transition associated with the rise
of oxygen circulating levels and increased energetic depen-
dence on mitochondrial bioenergetics. Thus, it is likely that
mitochondrial metabolic regulation and dysfunction play a
role in foetal programming, either by direct modulation of
the metabolism or through induction of cellular damage.
Recent data suggest a crosstalk between mitochondria and
epigenetics in several diseases, including cancer, proposing
a potential relationship between metabolic remodelling and
long-term regulation of gene expression. Whether this rela-
tion is observed throughout foetal development and/or plays
a role in metabolic disease programming is still an open
question.

The foetal metabolic remodelling may be also originate
by the compromised biological function of biomolecules
through modifications, such as glycation and oxidation. The
induced alterations may persist until adulthood or at least act
in foetal programming by promoting premature metabolic
dysfunction. Organ hypertrophy or hyperplasia as also being
described, as well as modification of the organ structure, vas-
cularization, innervation and juxtaposition that can perpet-
ually alter metabolism.'*"> Several molecular mechanisms
have also being proposed, including acute or chronic changes
in gene expression, through various avenues and abnormal
cell growth due to specific metabolic conditions.'*

This review aims to discuss foetal adaptations to a sub-
optimal intrauterine environment, to debate the mechanisms
that lead to a new prenatal physiological homeostatic state,
and how these alterations modulate offspring's future health
and disease. In this review, we specifically focused on foetal
adaptations in terms of (a) metabolic programming affecting
mitochondrial function and oxidative stress; (b) metabolite-
related irreversible protein modification; (c) long-term epi-
genetic remodelling of gene expression; and (d) endocrine
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TABLE 1 Major findings in foetal programming studies
Sample
Model Approach Tissue size Major findings
Four-week-old High-fat high-sugar diet Skeletal muscle n=4 Offspring exposed to maternal obesity showed
female C57Bl/6 decreased OXPHOS activity (especially
mice complexes II, III and V)
Female High energy diet Foetal tissue - Foetal tissues derived from maternal obesity
C57BL/6J mice (various) resulted in repressive histone methylation in the
Zfp423 promotor
Mice Mx1-Cre-expression Liver - Liver-specific Hdac3 knock out led to hepatocyte
Hdac3-null hypertrophy, a shift in carbohydrate and
lipid metabolism, and increased hepatic and
circulating triglycerides and cholesterol
Male and female  11p-HSD2**+" Placenta n=6-15 Low vascularization and reduced nutrient and
C57BL/6J mice amino acid transport in the placenta resulted in
IUGR offspring
C57Bl/6] mice Sodium butyrate Skeletal muscle n=5-10 Class I and Il HDAC inhibition led to
administration through improvement in obesity-induced metabolic
diet supplementation dysfunction, oxidative fibres number, and
mitochondrial function by PGC-1a gene
promoter exposure
C57BI1/6J mice Knockdown of the class Ila  Liver n=4-9 Hepatocyte's depletion of class I[la HDACs led to
HDACs FOXO hyperacetylation
Apolipoprotein E  Second-hand smoke, Heart (aortas) n=38 84 days old offspring of mothers exposed to
null mice carbon monoxide and second-hand smoke showed high levels of ROS
nicotine in utero exposure
Female and male ~ AGEs rich diet Various n=4 Offspring of mothers subjected to high-AGE or
C57BL/6 mice high-fructose diets during pregnancy showed
Male and female ~ Sweet sugar beverages diet  Various n=19-25 increased predisposition for weight gain,
cilsiine VWikiar with sucrose or HFCS-55 adiposity, liver fat, and insulin resistance
rats
Sprague-Dawley  50% of daily food intake Skeletal muscle - Increased HDAC1/4-related histone deacetylation
rats (11 g/day) and MEFA2A repression interactions in adult
TUGR might result in GLUT4 expression
perturbation
Female Wistar Daily subcutaneous Pancreas n=15 Rat offspring exposed to nicotine during foetal
rats nicotine bitartrate development showed augmented ROS levels
injection
Wistar rats Isoenergetic diets Liver Protein restriction during pregnancy resulted
containing casein and in the hypomethylation of individual CpG
folic acid dinucleotides in the glucocorticoid receptor and
peroxisome proliferator-activated receptor a,
resulting in increased mRNA expression
Female Wistar Dexamethasone Liver n=8-33 Permanent overexpression of
rats subcutaneous phosphoenolpyruvate carboxylase was induced
administration by increased glucocorticoid receptor expression,
potentiating glucose intolerance and insulin
resistance in adulthood
Female Wistar Calcium-deficient diet Liver n=25 A calcium-deficient diet resulted in

Rats

hypomethylation in specific CpG dinucleotides
of the Hsd11b1 and Nr3c1 genes promoter
region
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Reference

122

172

160

193

163

158

126

83

84

165

116

203

197

204

(Continues)
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TABLE 1 (Continued)
Sample
Model Approach Tissue size Major findings Reference
Sprague-Dawley  Diabetes induction Foetal tissue n=16-19 Maternal diabetes resulted in high levels of 73
rats with streptozotocin (various) (carboxymethyl)lysine in the embryos and low
administration via tail levels of vascular endothelial growth factor
vein
Wistar rats Diabetes induction with Heart n=>5-30 Newborns of streptozotocin-induced diabetic rats 7
streptozotocin injection showed high levels of AGEs and oxidative stress
and inflammatory markers
Wistar rats Isocaloric low protein (LP)  Skeletal muscle n=06-8 Increased levels of 4-hydroxynonenal, protein 123
(8%) diet tyrosination, and OXPHOS complexes II, 1I-
II1, and IV were observed in offspring born to
mothers on a caloric restriction diet
Sprague-Dawley  Intraperitoneal xylazine Liver and n="7 Increased levels of ROS in IUGR offspring of 15
rats and ketamine anaesthesia ~ pancreas dams due to hydroxynonenal regulated protein
and uterine arteries (B-cells) modification
ligation
Welsh Mountain ~ Foetal cortisol infusion or ~ Blood n=>5-6  Mammalian target of rapamycin and ribosomal 202
sheep maternal dexamethasone protein S6 kinase phosphorylated forms
treatment were decreased due to cortisol infusion while
dexamethasone treatment led to increased
GLUT4 expression
Romney ewes Undernutrition Blood n=6-8 Maternal undernutrition resulted in 205
hypomethylation of the glucocorticoid receptor
and proopiomelanocortin gene promoter in
offspring
Sheep Dexamethasone Heart (cardiac n=28-9  Steroid exposure during pregnancy led to higher 14
intravenous mitochondria) levels of mitochondrial superoxide production in
administration the offspring
Non-human High-fat energy diet Blood n=>5-22 Foetal baboons showed disrupted methionine and 138
primates folate cycles through a decrease in the levels of
(baboons) circulating intermediates
Non-human Western-style diet Skeletal muscle n=3-28 High levels of lipid peroxidation products, 18
primates (adult thiobarbituric acid reactive substance and
Japanese hydroxynonenol-modified proteins in offspring
macaques) of obese non-human primates
Human Overweight and obese Skin fibroblasts n =14 Offspring of obese women showed increased 127
women (criteria: maternal levels of superoxide and protein carbonylation,
age (18-35 years), concomitant with increased ROS and oxidative
singleton gestation stress levels
<34 weeks at time of
enrolment, normal foetal
anatomy, carrying a male
foetus)
Human Women with gestational Umbilical cord n=3-4 Gestational diabetes mellitus led to increased 128
diabetes mellitus mesenchymal levels of superoxide anion in the offspring's
stromal cells umbilical cord mesenchymal stromal cells
Human Individuals prenatally - n = 60-62 Prenatal exposure to maternal undernourishment 178

exposed to famine during
the Dutch Hunger Winter

(Epigenetics,
DNA)

resulted in lower DNA methylation patterns

of the imprinted IGF2 gene at 60 years old,
compared with same-sex siblings whose mothers
has a regular nutrition

(Continues)
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TABLE 1 (Continued)
Sample
Model Approach Tissue size Major findings Reference
Human Individuals born before - n =38-75 Small for gestational age individuals showed 180
<32 weeks of gestation (Epigenetics, different DNA methylation patterns in IGF2,
and/or with very low DNA) GNASAS, INSIF and LEP gene loci, compared
birth weight (<1.500 g) to infants born with appropriate weight for
in 1983 gestational age
Female Sprague  Total enteral excess Foetal tissue n="7 High birth weight was related to increased DNA 173
Dawley rats calories nutrition (various) methylation of the glucocorticoid receptor, while
prenatal exposure to gestational diabetes mellitus
indicated lower DNA methylation in MEST and
NR3C1
Human Mothers with dietetically Placenta n=57-88 182
treated, and with insulin-
dependent gestational
diabetes mellitus
Human Mothers with gestational Placenta n =460 181
diabetes mellitus
Human Young adults (23- Heart and n=16-32 Young adults showed decreased levels of B-cell 199
28 years) born preterm blood homeostasis, resultant from reduced insulin and
whose mothers received increased glucose levels
antenatal steroids
Human Unbalanced diet during Blood n =34 Specific methylation patterns in the promoter 206
pregnancy region of the HSD2, H19 and IGF2 gene were
related to increased blood pressure and obesity
Human Healthy nonsmoking Placenta n=3-6 AGESs accumulation and AGE receptor 7
pregnant women (trophoblasts) activation was associated with oxidative stress,
inflammation processes, low levels of hCG and
apoptosis in the first trimester
Human Prepubertal children born ~ Blood n=130  Overweight children with high and low birth 2

full-term and singleton
from mothers without
carbohydrate metabolism
alterations during
pregnancy

impairment of stress responses through cellular receptors
and/or messengers' breakdown, as potential mechanisms
linked to foetal programming to draw the complex network
that dictates the organism health and disease.

1.1 | Maternal influence on foetal
growth and birthweight

Epidemiological evidence indicates a clear relationship be-
tween term birthweight and offspring predisposition to early
or later life disease.*>0"10 Birthweight is widely used as a
marker of healthy foetal growth. This relationship is a re-
sult of the adverse foetal milieu challenge to the foetus.
Understanding the physiological mechanisms that imprint the
challenge to foetal programming outcome and its association
with future disease is critical for developing new therapeutic

weight had decreased levels of AGE receptor
soluble isoforms SRAGE and esRAGE, which
were associated with insulin resistance

approaches and breaking the disease intergenerational trans-
mission link (eg obesity, diabetes, CVD). Interestingly, foe-
tal growth potential is determined by placental development,
which, in turn, depends on maternal physiology rather than
genetics.'” Birthweight correlates better among siblings
with the same maternal origin rather than paternal, and it is
strongly associated with recipient weight rather than donor
weight in oocyte donation cases.' "1

The placenta plays a critical role in maternal-foetal inter-
action by regulating the foetal nutritional supply and com-
position. A normal placental function is critical to regulate
developmental programming.lg'22 Maternal physiology and
nutrition control placental development and function by epi-
genetic modulation of transporter expression and activity.zo’23
Lack or excess of maternal circulating nutrients and the resul-
tant effects on foetal nutrient delivery via the placenta are the
most studied challenges underlying foetal prog1ramming.23’24
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Glucose is the primary metabolic/energetic substrate for
the placenta and foetus, crucial for prenatal growth since
foetal gluconeogenesis is minimal.*! Glucose concentration
in the foetal circulation depends on maternal glucose circu-
lating levels and placental partial buffering.zl’zz‘25 Maternal
hyperglycaemia due to diabetes and/or obesity stimulates
foetal insulin secretion, favouring anabolic reactions (eg lipo-
genesis and protein synthesis) and increasing foetal glucose
consumption in insulin-sensitive cells (hepatocytes, myo-
cytes, adipocytes), leading to increased growth, rising glu-
cose requirements in late gestation and eventually inducing
insulin resistance.”® Maternal hyperglycaemia has been asso-
ciated with offspring obesity later in life.?” In contrast, ma-
ternal undernutrition, characterized by low maternal glucose
circulating levels, leads to intrauterine growth restriction
(IUGR).28’29 In these cases, due to low substrate availabil-
ity, the foetal metabolic rate is reduced to improve foetal
viability."! IUGR resulting from many causes, including ma-
ternal smoking, foetal anaemia, foetal hypoxia or placental
dysfunction, has been associated with increased incidence of
offspring's metabolic and CVD later in life 27230

Alterations in the maternal endocrine system can affect
foetal gene expression during development and interfere with
prenatal growth. Placental endocrine and metabolic activity
also impact foetal development through increased placental
mitochondrial oxidative/nitrative stress or inflammatory-
response pathways stimulation.®'*? Foetal and placental
insulin-like growth factor (IGF) 2 stimulates foetal growth,
whereas reduced IGF2 receptor expression acts as a growth
inhibitor.>® Additionally, IGF1 levels in umbilical cord
blood positively correlate with birthweight.*” Nutritional de-
ficiency during gestation can lead to foetal growth hormone
resistance, impair foetal growth and associate with future de-
velopment of diabetes, osteoporosis and CVD.*® It has been
demonstrated that maternal glucocorticoid secretion rises at
late ges.tation.39 Even though cortisol is partially inactivated
by 11p-hydroxysteroid dehydrogenase (11B-HSD) during
placental translocation to the foetal circulation, prenatal
exposure to increased maternal glucocorticoids associates
with low birthweight, resetting the offspring's hypothalamic-
pituitary-adrenal (HPA) axis and the predisposition for meta-
bolic disorders in adulthood.***!

1.2 | Maternal glucose metabolism and
influence on foetal organs growth

Altered nutrient availability can lead to non-genetic-related
organ structural dysfunction that compromises future func-
tion.? Poor maternal nutrition and low foetal glucose avail-
ability can result in hypoplasia of the endocrine pancreas
and decreased pancreatic p-cell mass.>*** This structural
defect results in insulin hyposecretion throughout foetal

development and foetal growth restriction, potentially lead-
ing to increased susceptibility to diabetes prevalence in adult
offspring. An impairment of pancreatic p-cell development
directly affects foetal, and postnatal endocrine pancreas func-
tion with secondary effects on the metabolic programming of
insulin sensitivity and cellular downstream signalling path-
ways in insulin-dependent organs (eg heart, liver, adipose
tissue).26’44

In contrast, maternal diabetes associates with larger foe-
tal pancreatic islets, foetal hyperinsulinemia and macroso-
mia.* Interestingly, the increase in foetal weight is mainly
a consequence of the increased weight of insulin-dependent
organs.** Functional hyperinsulinemia during brain develop-
ment affects the regulation of metabolism and homeostatic
energy regulatory systems due to the programming of the
hypothalamic metabolic regulation centres."” These findings
are consistent with the observation of an increased incidence
of obesity and diabetes among the offspring of diabetic moth-
ers.*® However, the detailed molecular mechanisms behind
this relationship remain undetermined.

In the setting of maternal undernutrition and ITUGR con-
ditions, foetal brain development is prioritized through foetal
blood redistribution to increase foetal Viability.29’47 In this sit-
uation, many other organs, especially post ductal such as the
kidney and liver, are vulnerable to growth restriction. Both
kidney size and nephron number decrease in the presence of
IUGR, compromising adult kidney function, glomerular fil-
tration rate, water accumulation predisposing to hypertension
after body weight increase.*®>" Liver function is also im-
paired by growth restriction. Birth abdomen circumference,
usually related to liver size, inversely correlates with adult
serum concentration of low-density lipoprotein (LDL) cho-
lesterol and fibrinogen, suggesting that a compromised liver
function in adulthood is a consequence of IUGR "2

Foetal heart development is highly dependent on nutri-
tional supply.”® The prenatal to postnatal transition results
in a switch from hyperplasic to hypertrophic cardiomyocyte
growth and loss of proliferative ability.54’55 The in utero pro-
gramming of cardiomyocyte number and maturation is criti-
cal for future heart function.® Maternal malnutrition results
in fewer cardiomyocyte number and inadequate maturation
already observed in early stages.57 Cardiomyocyte imma-
ture metabolism (mainly fuelled by the glycolytic pathway)
leads to foetal cardiac hypertrophy (different from the adult
hypertrophy-related increase in contractile elements) and may
persist throughout life.'" Maternal diabetes stimulates foetal
cardiomyocyte proliferation while inhibiting its maturation
through the pentose phosphate pathway.5 8 This leads to heart
hypertrophy due to a high number of cardiomyocytes with
lower contractile capability and the enrichment of apoptotic
cells induced by increased mitochondrial production of reac-
tive oxygen species (ROS).” Foetuses of obese sheep show
increased blood glucose and insulin, altered phosphorylation
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of AMP-activated protein kinase (AMPK) and other key
signalling pathways. Although the hearts' contractility of
foetuses from obese mothers was normal in the basal state,
impaired heart rate, left ventricular developed pressure was
observed in response to high workload stress. These find-
ings indicate poor cardiac reserve and adaptability increasing
the predisposition to later life insulin resistance and cardiac
dysfunction.60 In vitro function of isolated cardiomyocytes
in foetuses of obese sheep showed impaired cardiomyocyte
contractility through altered intracellular Ca®* handling,
overloading of foetal cardiomyocyte intracellular Ca’* and
aberrant myofilament protein composition.()1

In summary, the intrauterine environment can directly
influence the health status by changing the structural devel-
opment of the organs, altering cell number and maturation.
However, foetal programming may result from cellular alter-
ations that can predispose to disease later in life. Foetal nutri-
ent availability throughout gestation can affect the organism's
metabolic maturation and compromise foetal-neonatal transi-
tion at a cellular level. Beyond malnutrition by undernutrition
or obesity, it is important to bear in mind that offspring's dis-
ease programming can also occurs due to the nutrition qual-
ity. Unfortunately, this topic has been poorly studied.

2 | MECHANISM OF METABOLIC
DISEASE PROGRAMMING

2.1 | Early exposure to glycotoxins and
metabolic impairment in adult life

Maternal diet can expose the offspring to glycotoxins both
in foetal and neonatal stages. Glycotoxins are mainly formed
endogenously as a result of hyperglycaemia or exogenously
during cooking, especially fast dry-heat cooking, which in-
creases the rate of glycotoxins formation. Glycotoxins in-
clude irreversible products, such as advanced glycation
end-products (AGEs), and their precursors, such as methyl-
glyoxal (MG), a by-product of glucose and fructose metabo-
lism. MG modifies arginine and lysine residues of proteins
and DNA, forming AGEs.%"% As reviewed by Matafome
et al, 2017, AGEs may be formed physiologically through
modification of intracellular (cytoplasmic proteins and tran-
scription factors), circulating (haemoglobin, albumin or li-
poproteins) and extracellular matrix proteins, modifying the
activity of the proteasome and protein quality control path-
ways and increasing oxidative and nitrosative stress in dif-
ferent cell types.62 The formation of extracellular AGEs may
activate membrane receptors, such as RAGE, which triggers
intracellular inflammatory and oxidative pathways.66 Such
mechanisms are implicated in the degenerescence of insulin-
independent cells (endothelial cells, podocytes and neurons)
and diabetic complications (retinopathy, nephropathy and

WILEY-L7™

peripheral neuropathy).®> Moreover, glycotoxins have been
implicated in the pathophysiology of cardio- and cerebrovas-
cular and degenerative diseases and the long-term loss of -
cell viability and insulin resistance development. Although
lean models' findings were controversial, insulin resistance
was consistently observed in obese animal models with in-
creased glycosative stress, while AGE-restricted diets im-
prove insulin sensitivity in normal, overweighed and diabetic
patients.62 Although glycotoxins are associated with diabetes
complications and the deterioration of metabolic status, the
impact of early glycotoxin exposure since the perinatal pe-
riod is almost entirely unknown. Recent evidence has sug-
gested that such exposure may increase the risk of metabolic
dysregulation and related complications in adult life, becom-
ing pertinent to discuss the impact of the different sources
of newborn exposure to glycotoxins and later life metabolic
implications.

Women with GDM have increased serum and placental
levels of MG and AGEs such as carboxymethyllysine (CML),
being correlated with oxidative stress, inflammation, insulin
resistance and vascular disease.®”””" In human trophoblasts,
AGEs accumulation and RAGE activation were associated
with oxidative stress, inflammation, low hCG levels and
apoptosis in the first trimester, leading to implantation im-
pairment of placentation and embryonic development.’!
Accordingly, decreased levels of the soluble RAGE isoforms
(sRAGE and esRAGE) found in overweight prepubertal chil-
dren who had high (HBW) or low birthweight (LBW) were
correlated with insulin resistance.’

In animal models, higher CML levels in the embryos of
diabetic female rats were also associated with lower VEGF
levels.”? Similarly, newborns of STZ-induced diabetic rats
had higher content of AGE oxidative stress and inflammatory
markers in the heart and increased hippocampal RAGE ex-
pression, neuronal excitability and behavioural changes.M‘75
Comparably, gestational glyoxalase pathway disruption was
associated with premature neurogenesis, depletion of corti-
cal neural precursor cells and behavioural changes.76 On the
other hand, RAGE knockout prevented embryonic dysmor-
phogenesis in the offspring of diabetic rats.”’

AGEs are absorbed by the placenta, and AGE levels in
the blood of lactating mothers and in their infants were cor-
related.”®” Accordingly, high consumption of refined carbo-
hydrates and sugar-sweetened soft beverages consumption
during pregnancy correlate with offspring congenital heart
defects, newborn small for gestational age and increased risk
of offspring overweight.**®? In animal models, increased
predisposition for weight gain, adiposity, liver fat and insulin
resistance was observed in the progeny of females fed a high-
AGE or high-fructose diet during pre:gn21ncy.83’84

Recent studies demonstrated that breastfeeding is related
to overweight and glucose intolerance in children from dia-
betic mothers.*” These observations may suggest that AGE
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effects may also occur through lactation. Increased skin
AGE:s levels were found in infants of mothers with smok-
ing habits during lactation, showing that AGEs may transmit
through breastmilk.®® In animal models, increased glycotoxin
levels were observed in cows' milk maintained with a high
AGEs diet.* In a study by Francisco et al, the oral admin-
istration of MG to breastfeeding rats conducted to increased
milk glycotoxins content and impaired lipid profile and p-cell
function, and more adiposity in the of’fspring.88

Infant formulas are typically rich in sugars and proteins,
and their industrial production includes heat exposition, in-
creasing their AGEs, such as (carboxymethyl)lysine (CML),
for almost 35-fold higher than in the breastmilk of healthy
mothers.*?° Their absorption was confirmed in previous
studies demonstrating a correlation between formula AGEs
and their circulating levels and excretion in newborns.?!
Although not a consensual issue, the intestinal absorption
of AGE:s like pyrraline and CML was proven in adults, and
dietary AGE restriction was shown to reduce their plasma
concentration and renal excretion.””** Dietary AGEs were
also shown to change gut microbiota diversity in rats and
humans, reducing short-chain fatty acid-producing bacteria
and damaging colonic epithelial barrier.”® Although AGE
absorption in the neonatal gut has never been addressed, the
immaturity and permeability of the newborn's gut may also
allow glycotoxins absorption.97 Newborns’ orally delivered
MG was lethal in concentrations 4 times lower than in adult
male rats, suggesting an increased susceptibility to dietary
glycotoxins in newborns (531mg/kg vs. 1990 mg/kg).98

Mericq and colleagues (2010) showed a rapid increase
of serum CML and methylglyoxal derivatives in the infant's
blood after introducing infant formulas.” Conversely, exclu-
sive breastmilk feeding was shown to prevent the insulin re-
sistance associated with an AGEs-rich formula; however, the
mother's diet, including the cooking method, is also a critical
factor.””® In animal models, consumption of an AGEs-rich
formula during suckling increased CML accumulation in
renal tubular cells and increased levels of oxidative stress and
inflammation markers in adult life.'*1!

Increased perinatal exposure to glycotoxins may predis-
pose to the development of oxidative stress, inflammation
and insulin resistance, which may increase the risk of dia-
betes and other associated pathologies in adult life. Even in
type 1 diabetes, exposure to increased dietary AGE levels
during pregnancy and lactation deteriorates p-cell function in
the progeny, while maternal dietary AGE restriction reduced
T-cell inflammatory activity in the pancreas.'® Uncontrolled
diabetes may increase foetal exposure to high AGEs levels,
and proper glycaemic control should decrease such risk.
Recently, cut-off values for mothers' glycated albumin levels
during pregnancy were suggested to prevent neonatal com-
plications.lo3 The available evidence suggests that breastmilk
from mothers with diabetes or consuming a Westernized diet

is rich in MG and AGEs and may have a significant impact on
the health and development of the neonate, potentially con-
tributing to the development of cardiometabolic disorders in
adulthood, although more studies are necessary to clarify the
mechanisms involved. Available evidence also directly impli-
cates infant formulas' nutritional composition, increasing the
newborn's glycosative stress and disease propensity.

2.2 | Mitochondrial and
oxidative stress mechanisms as
programmers of offspring metabolism

Adequate mitochondrial function is essential to support both
the mother and the foetus' energetic demands during preg-
nancy.lo4 Foetal mitochondrial biology's modulation can
play an unfavourable role in foetal programming, contribut-
ing to the memory for offspring metabolic disease manifes-
tation.”””%!% Mitochondria function is greatly stimulated in
most cells in prenatal to postnatal transition due to the rise in
oxygen circulating levels.

Oxygen levels appears to impact this transition. Pregnant
mice exposed to hypoxia show decreased placental respiration
rates and reduced mitochondrial oxidative capacity, indicat-
ing that placental mitochondria are altered by the prevailing
environment in utero."’ Impaired mitochondrial function was
also described in the human placenta from obese women.'%

Postnatal mitochondrial dysfunction was reported for the
offspring of obese mothers, especially in organs with high
energetic requirements, such as the heart,107 skeletal mus-
cle,log’109 liver,110 hypothamalus,111 pamcreas,112 and adipose
tissue.'3 Indeed, mitochondrial dysfunction is common in
foetal and postnatal tissues due to different maternal stress-
ors, 0114115 116.117.118 resulting in an increased predisposition
for CVD,119 non-alcoholic fatty liver disease (NAFLD),'20
obesity and type 2 diabetes,'! making clear that mitochon-
drial function can be modulated in the foetal stage, with those
alterations likely to persist in postnatal life.?

The impact of maternal nutritional intervention during
pregnancy on foetal and offspring mitochondrial function
presents mixed results. For example, in a mice model of diet
induced-maternal obesity by high-fat high-sugar (HFHS)
the offspring exhibited decreased OXPHOS activity in
skeletal muscle, namely for complexes II, III and V.12 In
a rat model of maternal caloric restriction, Tarry-Adkins
et al showed an increase in OXPHOS activity, namely com-
plexes II, II-III and IV, in the offspring skeletal muscle and
increased levels of 4-Hydroxynonenal (HNE).123 This data
exemplify how mitochondrial response differs according to
animal model, maternal stress factor and offspring tissue
analyzed,124 raising the hypothesis that maternal stress ef-
fects on offspring metabolism and development is stimuli
and tissue-dependent.
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The programming of mitochondria during foetal develop-
ment affects its postnatal proper function. Mitochondrial dys-
function is related to metabolic modulation, and it may lead
to cellular oxidative stress since mitochondria are a source
of reactive species production, especially during metabolic
stress.!'* ROS are important signalling molecules and to-
gether with protein-function modulation by oxidative damage,
constitute a potential mechanism for mitochondrial memory
(Figure 1).!% ROS and reactive nitrogen species (RNS) par-
ticipate in cell defence mechanisms, metabolism, growth, and
differentiation. During pregnancy, ROS and RNS play a vital
role in foetal gene transcription and organogenesis, acting as
signalling molecules required for a successful gestation.'**
However, unbalanced increased ROS levels can damage mi-
tochondrial DNA (mtDNA), nuclear DNA and other cellular
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components. Thus, a disruption in this redox balance may act
as a foetal programming mechanism, as supported by differ-
ent animal models. Peterside et al demonstrated that HNE-
modified proteins were increased in pancreatic p-cells and
in the livers of rat offspring exposed to gestational IUGR,'?
while non-human primates born to obese mothers fed with a
high-fat diet (HFD) presented increased thiobarbituric acid
reactive substance (TBARS) and 4-HNE in skeletal muscle,
reflecting increased oxidative stress.' 18

Exposure to second-hand smoke or nicotine is also related
to programming of offspring metabolic disease, resulting
from oxidative stress. For example, nicotine exposure during
foetal development induced higher pancreatic ROS levels
later in rat offspring life, indicated by increased fluorescence
of 2°,7'-dichlorodihydrofluorescein diacetate (HZDCFDA).116
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The mitochondrial maternal imprinting for disease in the offspring. The hepatic mechanisms for the mitochondria-epigenetics

crosstalk in foetal programming influence metabolites on epigenetic regulation across two different maternal stress factors: maternal nutrient excess

leading to maternal obesity (MO) and maternal nutrient restriction leading to intra-uterine growth restriction IUGR). Alterations in mitochondrial

metabolism during foetal development impact neonatal and adult metabolism through direct programming of metabolic pathways, epigenetic

modulation of metabolic gene expression, and oxidative and nitrosative damage. The regulation of mitochondrial pools of different metabolites

impacts on cytosolic and nuclear pools, which regulate the enzymes responsible for the epigenetic profile. Mitochondrial redox state also impacts

on oxidative/nitrosative stress influencing lipid peroxidation, protein oxidation and antioxidant defence mechanisms in different tissues for MO and

IUGR
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In the same line, maternal exposure to second-hand smoke
led to increased ROS production in the aortas of mice 84 days
after birth, indirectly measured by aconitase enzymatic activ-
ity.126 In a sheep model, offspring exposed to steroids during
pregnancy showed higher levels of mitochondrial superoxide
production in the hearts.''*

Human studies corroborate these general findings in
animal models. For example, exposure to maternal obesity
increased ROS and oxidative stress, leading to increased su-
peroxide anion and protein carbonylation in offspring fibro-
blasts a few days after birth.'?” In another work, an increase
in superoxide anion production was verified in umbilical cord
mesenchymal stem cells extracted at birth, from mothers with
gestational diabetes mellitus (GDM).128

To counterpart higher concentrations of these oxidative
molecules, antioxidant defences, such as catalase, glutathione
system and superoxide dismutase, are produced in an attempt
to maintain the redox balance.'*> Oxidative stress occurs when
an imbalance between the overproduction of reactive species
or less active antioxidant capacity, or even a combination of
both occurrences is verified in a specific cellular compart-
ment.'?’ Thus, maternal stress factors could induce oxidative
stress (Figure 1), highlighting the possibility that oxidative
stress has a causative relation to mitochondrial programming
in utero. Consistently, animal models showed higher ROS
production and levels of oxidative stress biomarkers along
with an altered antioxidant capacity in offspring born to dif-
ferent sorts of maternal stress factors, for example nutrition
or smoking. The offspring of mice with MO showed impaired
antioxidant capacity, namely increased hepatic catalase levels
and decreased glutathione peroxidase 1 (GPx1) levels."*" In
piglets, increased activities of SOD and total antioxidant ca-
pacity were also detected in the offspring subjected to [UGR
throughout foetal development.131 MO during pregnancy in-
duced testicular and sperm oxidative stress in male offspring,
as suggested by the elevated MDA levels and reduced SOD
and GPx activities, which decreased the viability motility and
induced more abnormalities in sperm, compromising fertil-
ity.132 Interventions that impact mitochondria and oxidative
stress, such as antioxidants consumption and gestational
practice of physical exercise, could potentially revert delete-
rious foetal programming effects.!3313

Mitochondrial dysregulation in early life due to maternal
stress conditions could have severe consequences for the off-
spring later in life. Further studies are needed to clarify the
mechanisms by which mitochondria are imprinted for future
disease, depending on the tissue and maternal-induced intra-
uterine insult. The present knowledge suggests three possible
mechanisms of foetal programming involving mitochondria
in the complex metabolic network: direct programming
of mitochondrial function in utero, foetal dysregulation of
ROS signalling pathways and oxidative damage due to un-
balanced oxidative/antioxidant mechanisms. More profound

knowledge about these mechanisms could be relevant for
implementing an intervention, treatment or even prevention
strategies to avert disease in infants born to mothers with
stress factors.

Epigenetic modifications are other potential mechanisms
that lead to mitochondrial metabolic memory imprinting for
future disease.'”’ Physiological alterations have been de-
scribed in several metabolic-related pathways due to foetal
programming, including methionine and folate cycles,138
hepatic accumulation of triglycerides,m’139
lar levels of acetyl-CoA, a-ketoglutarate, among other me-
tabolites,'** all with implications in epigenetic regulation.
Therefore, exploring the mitochondria-epigenetics crosstalk
(Figure 1) could be noteworthy since it could unravel the
mechanisms by which mitochondria could induce and ac-
quire memory for disease.

and intracellu-

2.3 | Epigenetics programming resulting
from metabolic alterations

Epigenetics refers to mechanisms that can regulate gene ex-
pression without any alterations in the DNA sequence. These
mechanisms consist in modifications of chromatin, histones
and DNA, playing a central role in DNA packing. These dy-
namic chromatin structure modifications activate or repress
specific genes' transcriptional state through mechanisms
involving histone post-translational modifications or DNA
methylation."*' More recently, non-coding microRNAs were
described as key components of epigenetic control.'*?

The modulation of epigenetics profile is crucial during
foetal development to determine the biological fate and es-
tablish tissue-specific gene expression patterns.143 Therefore,
embryonic and foetal development is a period with high epi-
genetic plasticity, after which the epigenome is relatively
stable over time, and only a fraction presents modulation by
ageing and environmental stimuli, such as diet and physical
activity.l‘m'146 Moreover, epigenetic marks are mitotically
stable, emphasizing the importance of intrauterine milieu-
modulated epigenome in long-term gene expression and,
consequently, disease programming at adulthoood. 147

Oocyte DNA is hypomethylated before implantation and in
the morula stage, and starts to suffer methylation during em-
bryogenesis, regulating organogenesis and differentiation.'*
Methylation reduces gene expression and regulates epigene-
tic memory through single nucleotide alteration, most com-
monly 5-methylcytosine (SmC), typically in CpG islands.'*®
DNA methylation is regulated by ten-eleven translocation
(TET) enzymatic activity, which triggers the demethylation
process, and DNA methyltransferases (DNMTs: DNMT],
DNMT3A and DNMT3B) activity.'*”"'*” While DNMT1 is
responsible for the mitotic maintenance of DNA methylation
pattern, DNMT3A and DNMT3B regulate de novo DNA
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methylation.150 DNMTs require SAM as a methyl donor,
meaning that intermediate metabolism, including methionine
and folate cycles, is critical to DNA methylation.151 In op-
position, TETs enzymatic activity requires a-ketoglutarate,
Fe(II) and oxygen, while it is inhibited by succinate, fumarate
and 2—hydlroxyglutarate.149’15 % Maternal high-fat high-energy
diet disrupted methionine and folate cycles in foetal baboons
through the decrease of circulating intermediates.'*®

Histone acetylation is related to transcriptional activa-
tion, being regulated by histone acetyltransferases (HATSs)
and histone deacetylases (HDACsS) activities and acetyl-CoA
availability from intermediate metabolism. While high cel-
lular levels of acetyl-CoA promote histone acetylation, low
concentrations represent a slower cellular metabolism and
are associated with suppressing gene expression through de-
creased histone acetylation.153'155 Moreover, HDACs activity
requires NAD" as a cofactor and depends on available intra-
cellular pools and cellular metabolic rate.'*®

Histone modification associates with metabolism regula-
tion and metabolic disease including obesity and diabetes."”’
Class ITa HDACs phosphorylation by LKB1-dependent ki-
nases leads to cytoplasmatic sequestration, preventing his-
tone deacetylation. Class Il HDACs' dephosphorylation, as a
response to glucagon, allows the translocation to the nucleus
and proper function.'®® These mechanisms regulate hepatic
gluconeogenesis due to class ITa HDACs association with
G6pc and Pckl promoters.159 Hepatocytes class IlTa HDACs
depletion induces FOXO hyperacetylation, while the Hdac3
liver-specific knockout resulted in hepatocyte hypertrophy,
shifted carbohydrate and lipid metabolism, and increased he-
patic and circulating triglycerides and cholesterol. '€

HDAC: play an essential role in regulating skeletal mus-
cle metabolic gene expression.161 Class ITa HDAC represses
MEF2-dependent transcription by direct interaction in nu-
cleus and repression of metabolism-related genes including
PGC-1a, hexokinase-II, ATP synthase 3 and CPT-1." Class
I and II HDAC inhibition by sodium butyrate intake by obese
mice improved metabolic dysfunction, skeletal muscle oxi-
dative fibres number and mitochondrial function by PGC-1a
gene promoter cxposurc:.lf’3 Significantly, HDAC3 liver re-
cruitment has been associated with Rev-erba-regulated cir-
cadian gene expression regulation, thus regulating hepatic
lipid homeostasis.'®* Skeletal muscle HDAC1- and HDAC4-
related histone deacetylation and MEF2A repression were
proposed as mechanisms of GLUT4 expression perturba-
tion in IUGR adult female rat offspring predisposing to
diabetes.'®

Moreover, during an obesogenic pregnancy in mice, an
increased accumulation of triglycerides in the offspring's
livers was demonstrated, requiring increased levels of cy-
tosolic acetyl-CoA to promote de novo lipogenesis.130 This
factor could influence the activity of histone acetyltransfer-
ases.'® Thus, the histone acetylation could be mediated, in
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part, by the cytosolic levels of acetyl-CoA, as demonstrated
in MO Japanese macaque offspring, which showed higher
levels of triglycerides along with increased acetylation of
histone H3 in multiple residues, corroborating the previous
observations.'*

Histone methylation requires SAM and represents the bal-
ance between activities of histone methyltransferases (HTMs)
and histone demethylases (HDMs). Metabolite pools also
regulate HDMs activity: lysine-specific demethylases (LSD)
require FAD as a cofactor and Jumonji C domain demeth-
ylases (JMID) oc—ketoglutalrate.]6'7 HMTs depend on SAM
generations by cytosolic methionine-homo-cysteine cycle
and mitochondrial folate cycle, and ATP.'68 HMTSs, namely
SET domain lysine methyltransferases 7 (SETD7), inhibit
mitochondrial biogenesis through PGC-la and antioxidant
response activation NFE2L.2.'%

Increased histone methylation (H3K4me3) and acetyl-
ation (Histone 3) during terminal adipocyte differenti-
ation have been linked with PPARy and C/EBPa gene
expression, contributing to early adipogenesis and pre-
disposing for obesity.no’171 Repressive histone methyla-
tion (H3K27me3) in Zfp423 promoter, a key transcription
factor for adipogenic lineage commitment, was decreased
in foetal rodent tissues due to maternal obesity leading to
increased Zfp423 gene expression, promoting adipogenic
differentiation, programming adiposity and metabolic dys-
function later in life.!”>!'”? Besides that, a-ketoglutarate,
a TCA cycle intermediate, could interfere with histone
methylation through JMJD activity regulation. Decreased
hepatic a-ketoglutarate have been shown in a non-human
primate (NHP) model of MO offspring.140 This could ex-
plain the altered histone post-translational modifications
caused by maternal diet.'®

Epigenetics and metabolism crosstalk play an essential
role in health and disease.'”* Firstly, epigenetic modulation
of gene expression can programme cellular metabolism, the
balance between anabolic and catabolic pathways, and mi-
tochondrial OXPHOS through stoichiometric regulation of
complexes subunits expression.”s'177 Secondly, mitochon-
dria can control gene expression by the retrograde response
of the mitonuclear communication and regulate the epig-
enome through regulation of critical epigenetic metabolites
availability such as acetyl-CoA and S-adenosyl methionine
(SAM).175 Since mitochondria are sensitive to foetal pro-
gramming, the cellular energy status and mitochondrial
function are likely to play a critical role in epigenome
modulation.

During the Dutch Hunger Winter, individuals exposed
to maternal malnutrition still presented, after six decades,
lower DNA methylation of the imprinted IGF2 gene than
same-sex siblings with regular maternal nutrition.'” Other
genes also related to growth, development, and energy me-
tabolism presented DNA methylation alterations.'”” DNA
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methylation patterns were different in IGF2, GNASAS,
INSIGF and LEP gene loci compared to infants born with
small or appropriate weight for the gestational age.180 In
contrast, the glucocorticoid receptor gene's DNA methyla-
tion in the human placenta was increased with high birth-
weight, while decreased MEST and glucocorticoid receptor
NR3Cl1 genes were found in cord blood and placenta from
prenatal exposure to GDM. 81182

Epigenetic modulation is now accepted as a part of met-
abolic disease development and preservation. Whether these
epigenetic mechanisms could be imprinted throughout foe-
tal development due to the maternal environment and persist
until adult life, contributing to disease predisposition is not
entirely understood. Epigenome studies throughout the life
of offspring from a stressful intrauterine milieu can help to
understand epigenetic persistence assess whether the mem-
ory mechanisms are reversible and identify the most critical
periods in metabolic disease programming.
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2.4 | Glucocorticoid signalling during
pregnancy and metabolic stress: a link to
epigenetics

Glucocorticoids (GCs), also known as ‘stress hormones’,
have long been recognized to play critical functions in main-
taining organism homeostasis by regulating energy metabo-
lism, inflammation state and other biological processes.183
Synthetized by the adrenal glands, their secretion is tightly
controlled by the HPA axis (Figure 2). In response to en-
vironmental insults (eg malnutrition, stress, infection), the
hypothalamus releases a corticotrophin-releasing hormone
(CRH), stimulating the neurons in the anterior pituitary to
secrete the adrenocorticotropic hormone (ACTH), which
delivers the signal for GC secretion.'® GCs bind to the GC
receptor (GR) in target tissues, resulting in its translocation
to the nucleus to regulate the transcription of specific genes,
such as Pck, Igfbp1, G6pc, among others. 83185

Altered regulation of the HPA axis may be the cause or
the consequence of epigenetic regulation of gene expression,
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FIGURE 2 Glucocorticoid signalling during pregnancy, regulation and long-life implications. The physiological secretion of glucocorticoids

is controlled by the hypothalamic-pituitary-adrenal (HPA) axis, which is stimulated mainly during pregnancy (A). The placenta plays a vital role in

regulating cortisol levels that reach the foetus, expressing a vital enzyme, 11p-hydroxysteroid dehydrogenase 2 (11p3-HSD2), that converts cortisol

to its inactive form, cortisone (C). When subjected to stressful insults, the mother's HPA axis may undergo overstimulation, resulting in intrauterine

cortisol overexposure, dysregulation of 11B-HSD2 and consequent hyperactivity of the foetus HPA axis. These alterations could lead to pregnancy

adversities, such as preeclampsia, intrauterine growth restriction IUGR), hypertensive disorders and life-long repercussions caused by early

metabolic stress and potential epigenetic changes (B)
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which could control metabolic and mitochondrial function.
Time-dependent studies throughout foetal development are
critical to clear the temporal modulation of the pathways,
which enter then in a vicious cycle of adaptations and culmi-
nate in the programming of a new foetal physiological bal-
ance that may last the lifetime.

The maternal HPA axis undergoes remarkable adjustments
and stimulation during the challenging period of pregnancy.40
In early pregnancy, GCs are essential for implantation, decid-
ualization and preventing embryo rejection by cross-reaction
with the maternal immune system.183 Throughout gestation,
the maternal adrenal glands gradually become hypertrophic
due to the placental secretion of CRH.'® Consequently,
during the second and third trimesters, a peak in cortisol con-
centration occurs, leading to a 3- to 8-fold increase in total
serum levels.'s’ Concomitantly, the foetal adrenal glands
transiently produce cortisol from ~7 to 10 weeks of gestation,
increasing the production gradually in the third trimester.*'
Maternal malnutrition can affect cortisol metabolism and
modulate foetal exposure.lgg'192 GCs have an essential role in
foetal preparation to extra-uterine life, contributing to foetal
organ systems' maturation, particularly the respiratory and di-
gestive systems. In this regard, synthetic GCs are commonly
used in pregnancies with a significant risk for preterm deliv-
ery to accelerate lung maturation and improve the viability of
the newborn, 86188

Since maternal GCs can cross the placenta and reach
the foetus, GC trafficking must be tightly regulated. The
expression of 11B-HSD isoforms is responsible for GC
transport from the maternal to foetal circulation (Figure 2).
11B-HSD-1 isoform acts as a reductase and is responsible
for converting biologically inactive cortisone into its active
form, cortisol. 11B-HSD-1 is expressed in various maternal-
foetal interface tissues, except in the syncytiotrophoblast, in
which the expression of 11B-HSD-2 prevails. This enzyme
is responsible for the conversion of cortisol into inactive
cortisone.*™'® Therefore, 11p-HSD-2 acts as a physiolog-
ical shield to prevent excessive foetal exposure to maternal
cortiso] 40183186

In utero GC overexposure has been associated with preg-
nancy adversities, such as preeclampsia, hypertensive disor-
ders, and IUGR (Figure 2). Hsd11b2 null mice exhibited low
placental vascularization and reduced placental nutrient and
amino acid transport, resulting in an [TUGR environment.'*?
Correlations between reduced placental 11p-HSD-2 expres-
sion/activity and IUGR in human pregnancies have also been
established.'**'” This suggests that GC placental handling
might represent a mechanism through which the intrauterine
environment influences foetal development and, when dys-
regulated, results in foetal GC overexposure, which might
constitute an early stressor contributing to life-long program-
ming of diseases through increased activity of the offspring's
HPA axis.'”

This may result in the GR's differential expression in
the various tissues crucial for organ development and sev-
eral systems' homeostatic function, including the metabolic
system. Liver GR expression was higher in the offspring of
rats treated with dexamethasone, the most commonly used
synthetic GC, when administered in late gestation, induc-
ing permanent overexpression of the gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (PEPCK) and poten-
tiating glucose intolerance and insulin resistance in adult-

d.'’ Changes in the adipose tissue due to dexamethasone
198

hoo
exposure can potentiate insulin resistance development.
Furthermore, exposure to synthetic GCs during pregnancy
led to decreased levels of homeostasis model assessment for
[-cell function (HOMA-) in young adults due to lower insu-
lin and higher glucose levels.'”

Unfortunately, the majority, if not all, of the studies are
based on the evaluation of metabolic stress programming
by late gestation exposure to dexamethasone. 9197198199 1¢
is essential to consider that, in the current days, metabolic
syndrome is a great pandemic that affects people mostly
from developing and developed countries.’**?°! Malnutrition
is also problematic due to the emerging socio-economic
discrepancies observed in the last decades.””' Therefore,
the repercussions and perpetuation of lifestyle habits that
might increase GC levels, such as malnutrition and lack of
physical activity, deserve further attention from others, es-
pecially during pregnancy. Jellyman et al studied the effects
of dexamethasone and cortisol in the ovine foetus's skeletal
muscle and observed differences in the two treatments' met-
abolic responses. Cortisol infusion led to decreased levels
of mammalian target of rapamycin (mTOR) and ribosomal
protein S6 kinase (S6K) phosphorylated forms, while dexa-
methasone led to increased glucose transporter-4 (GLUT4)
expression,202 consistent with the observed hyperglycaemia
induced by maternal dexamethasone administration among
other studies.'?”!%®

Whether prenatal stress might compose a factor induc-
ing permanent changes in genes involved in the regulation
and modulation of the HPA axis and associated metabolic
responses through DNA methylation has been the recent
research focus (see section Epigenetics programming) in
animal models and humans. In the former, offspring of rats
subjected to a protein restriction diet during pregnancy pre-
sented hypomethylation of individual CpG dinucleotides in
the GR and peroxisome proliferator-activated receptor alpha
(PPAR-a) promoter, which regulates lipid metabolism, lead-
ing to increased mRNA expression in the liver.”* Liver tissue
of neonatal offspring of dams subjected to a calcium-deficient
diet showed hypomethylation in specific CpG dinucleo-
tides of the Hsd11bl and the GR gene (Nr3cl) promoter.204
Finally, maternal undernutrition in a sheep model was asso-
ciated with GR gene promoter hypomethylation in the foetal
hypothalamus and the proopiomelanocortin (POMC) gene,
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both intimately involved in hypothalamic energy balance
by regulation of food intake mechanisms.”” The data were
confirmed in humans. A study involving adult offspring of
mothers with an unbalanced diet during gestation established
associations between methylation patterns in the promoter
region of specific genes (HSD2, H19, IGF2) and increased
blood pressure and obesity.206

The role of GCs during pregnancy and foetal development
is critical to guarantee foetal survival. The ‘window’ and
length of GC exposure throughout gestation are specific, and
impairments in their regulatory system can lead to pregnancy
complications and the development of life-long diseases. 194,195
Furthermore, treatment with synthetic GCs and endogenous
GC overexposure may result in different metabolic responses.
Although advances are taking place in understanding the
specific triggers of foetal GC overexposure and driven reper-
cussions, how GCs directly affect foetal development and pro-
gramme the offspring of mothers subjected to stressful insults
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during gestation are still unclear. Coupled with the observa-
tions of epidemiological studies, the advances in epigenetics
and the use of animal models have a tremendous value to study
this matter and unravel the mechanisms through which GC
might contribute to foetal programming of metabolic stress
and consequent chronic diseases in adulthood.

3 | CONCLUSIONS

Metabolic, cardiovascular and endocrine disease incidence
have been increasing worldwide over the last decades. Even
though it is partially a consequence of some postnatal lifestyle
factors, including diet and lack of physical exercise, epide-
miological observations pointed out perinatal maternal stress-
ors and diet throughout gestation and lactation as factors that
change the intrauterine environment, compromising foetal
development and predisposing for future disease (Figure 3).
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FIGURE 3 Maternal foetal programming proposed mechanisms that predispose the offspring to long-term disease. The intrauterine

environment is mainly regulated by maternal status, such as nutrition and placental functionality. Alterations in maternal metabolism, immunity,

inflammation and endocrine system change the foetus's intrauterine environment by modulating the foetal nutrient supply. These maternal

alterations can imprint foetal tissues predisposing the offspring for disease, including obesity, diabetes, cardiovascular and neurological disease,

leading to an intergenerational cycle of metabolic disease transmission by two layers: the first one comprises the direct compromise of the foetal

tissues due to congenital defects, such as cardiac hypertrophy, hyper/hypoinsulinaemia and hepatic lipid accumulation; the second layer includes

foetal programming consequences, which can occur through cellular and molecular mechanisms, including metabolic programming, oxidative

stress, protein modification and endocrine dysregulation. All these alterations can trigger events in the future that predispose the offspring to disease
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Although significant knowledge has been accumulating
in the field, longitudinal studies regarding the memory-based
mechanisms that contribute to disease predisposition are still
missing and the identification of particular foetal program-
ming metabolic pathways is needed. We here described some
of the most likely potential mechanisms, namely mitochondrial
dysfunction, oxidative stress, endocrine impairment, glycation
and oxidation of biomolecules and epigenetic remodelling. A
combination of two or more of those mechanisms may influ-
ence foetal metabolic programming in the cell and tissue level,
being the outcome tissue and stimuli-dependent.

A deeper understanding of the memory-based mecha-
nisms stimulated in utero can contribute to break this inter-
generational disease transmission. Identifying the cellular
pathways and critical timepoints of their activation is essen-
tial to develop new therapeutic and strategic approaches to
prevent foetal programming of disease in specific temporal
windows. For effectively battle metabolic diseases, which
are a great burden of worldwide health, it is imperative to
contemplate the concerns involving early gestation, meta-
bolic programming and epigenetics. The implementation of
health strategies throughout critical phases of development,
comprising pregnancy, lactation and puberty, is crucial to
accomplish long-term consistent outcomes and prevent the
perpetuation of metabolic diseases.
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