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The global epidemics of obesity during pregnancy and excessive gestational weight gain (GWG) are major public health problems
worldwide. Obesity and excessive GWG are related to several maternal and fetal complications, including diabetes (pregestational
and gestational diabetes) and intrauterine programming of insulin resistance (IR). Maternal obesity (MO) and neonatal IR are
associated with long-term development of obesity, diabetes mellitus, and increased global cardiovascular risk in the offspring.
Multiple mechanisms of insulin signaling pathway impairment have been described in obese individuals, involving complex
interactions of chronically elevated inflammatory mediators, adipokines, and the critical role of the endoplasmic reticulum (ER)
stress-dependent unfolded protein response (UPR). However, the underlying cellular processes linking MO and IR in the offspring
have not been fully elucidated. Here, we summarize the state-of-the-art evidence supporting the possibility that adverse metabolic
postnatal outcomes such as IR in the offspring of pregnancies with MO and/or excessive GWG may be related to intrauterine
activation of ER stress response.

1. Introduction increasing prevalence of this nutritional problem is associated
with many diet-related chronic diseases, including diabetes
mellitus, cardiovascular disease, stroke, hypertension, and
certain cancers. In pregnancy, obesity is associated with
various perinatal morbidities [3], including diabetes (preges-

tational and gestational), cesarean delivery, gestational hyper-

The global epidemic of overweight and obesity is defined
by the World Health Organization (WHO) as abnormal or
excessive body fat accumulation that presents a risk to health.
WHO defines normal weight, overweight, and obesity as

a body mass index (BMI, calculated as ratio of weight in
kg/height in mz) of 18.5-24.9, 25-29.9, and 30 or greater,
respectively. Obesity is further categorized by BMI into class
1(30-34.9), class II (35-39.9), and class III or extreme obesity
(>40) [1]. BMI data from the WHO show that 43% of
countries with recent nutritional information reported that
half or more of their adult population has a BMI > 25 [2]. The

tension and preeclampsia, congenital anomalies, macrosomia
(birthweight > 4000 g), and maternal or fetal mortality [4, 5].

In addition to the perinatal complications of obesity dur-
ing pregnancy, increasing epidemiological evidence suggests
persistent and deleterious effects of maternal obesity (MO) on
the offspring and through intrauterine programming [6, 7].
However, the underlying mechanisms that could explain a



potential link between MO and risk of problems such as
insulin resistance (IR) in the offspring remain unclear. In
overweight and obese individuals, nutrient excess is associ-
ated with a chronic inflammatory [8, 9] and cellular stress
[10] signaling network involved in the adaptive response
to persistent overload of glucose, amino acids, and free
fatty acids (FFA) [11]. Adipose tissue produces circulating
bioactive substances named adipokines (such as leptin,
adiponectin, and resistin) and inflammatory markers (such
as interleukin (IL) 6 and tumor necrosis factor o (TNF-«)
[12]). These molecules are also implicated in the etiology of
obesity-induced IR, based on common activation of stress-
responsive proteins including c-Jun-NH2-terminal kinase
(JNK), the inhibitor of nuclear factor kappa B (IKK), protein
kinases C (PKC), and R (PKR) [12-14]. Growing evidence
indicates that the cellular stress linking obesity and increased
circulating and subcellular markers of IR implies a crucial role
of the endoplasmic reticulum (ER) stress response [15-22].
The present review summarizes the findings supporting the
hypothesis that adverse metabolic postnatal outcomes such as
IR in the offspring of pregnancies with obesity and/or exces-
sive gestational weight gain (GWG) are related to intrauterine
programming and activation of the ER stress response.

2. Postnatal Effect of Maternal Obesity on
the Offspring

Obesity and excessive GWG are recognized as independent
risk factors for maternal and fetal complications [4, 5, 23].
Since the first publication by the Institute of Medicine in
1990 of GWG recommendations [24], there has been a
70% increase in the prevalence of prepregnancy obesity in
the USA [4]. A large percentage of obese individuals will
experience comorbidities during their life span, including the
fertile age. Among the major general medical comorbidities
are hypertension, cardiovascular disease, diabetes mellitus,
hyperlipidemia, metabolic syndrome (a clinical condition
associated with central obesity, hypertension, dyslipidemia,
and IR), thromboembolic events, and cancer. In pregnancy,
obesity is associated with various perinatal morbidities,
including diabetes (pregestational and gestational), cesarean
delivery, gestational hypertension and preeclampsia, con-
genital anomalies, macrosomia (birthweight > 4000 g), and
maternal or fetal mortality [4, 5]. Prepregnancy obesity and
excessive GWG have been implicated in an intergenera-
tional “vicious cycle” of obesity [25]. Overweight or obese
pregnant women have an increased probability of delivering
macrosomic daughters, who are more likely to become obese
themselves and deliver large neonates [26, 27]. In fact, GWG
and birthweight are directly associated with BMI and risk
of obesity in adolescence [28-30]. Based on these results,
Oken et al. proposed that GWG guidelines should account
for these influences of maternal nutrition on child weight [31].
The reported relationship was independent of other parental
characteristics, potentially mediating peripartum factors, and
abnormal dietary behaviors in the child, suggesting a role for
the intrauterine environment in long-term offspring weight
regulation. Interestingly, the association between maternal
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GWG and increased risk of adiposity in the offspring has been
shown to emerge as early as 3 [31] or 7 years of age [32].

Considering the high prevalence of obesity in pregnancy
and its association with gestational diabetes, there is an
increasing interest in exploring the potentially negative influ-
ence of maternal overnutrition and elevated birthweight on
the risk of disease in childhood and adulthood [25, 26, 41, 42].
Thus, it has been reported that children of obese women are
more likely to develop IR later in life [43, 44]. Fraser et al.
showed a detailed association of GWG and prepregnancy
weight with offspring cardiovascular risk factors at the age of
9, in a large cohort of mother-offspring pairs from the Avon
Longitudinal Study of Parents and Children (ALSPAC) [33].
In these studies, women who gained excessive weight during
gestation were more likely to have offspring with greater BMI,
waist size, fat mass, leptin, systolic blood pressure, C-reactive
protein, and IL-6 levels and lower high-density lipoprotein
cholesterol and apolipoprotein A levels (Table 1). Additional
analysis demonstrated that excessive prepregnancy weight
was also independently associated with greater offspring
adiposity and adverse cardiovascular risk factors (Table 1)
[34-38, 45, 46]. Epidemiological studies revealed that MO
increases the incidence of metabolic syndrome in children
[41, 47]. Moreover, the effect of MO on the susceptibility to
obesity in offspring seems to be independent of gestational
diabetes, as obese women with normal blood glucose have
neonates with increased adiposity [39]. Interestingly, the
same group has shown that MO is related to metabolic com-
promise already apparent at birth, characterized by reduced
insulin sensitivity and increased serum inflammatory mark-
ers [26, 40]. Hence, maternal prepregnancy obesity and
excessive GWG are independently related to an increased
risk of obesity, IR, and very early markers of cardiovascular
disease in the offspring. This evidence shifted our attention
towards the gestational period as an extremely important
intervention target in prevention of the obesity epidemic and
its associated consequences such as IR and cardiovascular
risk.

Ample evidence has indicated differential contributions
of genetic and environmental factors in the development of
noncommunicable diseases, such as obesity, diabetes mel-
litus, or cardiovascular diseases. In the case of obesity, the
demographic shift of populations towards a fatty phenotype
over a relatively short period of one or two generations argues
against a major genetic contribution in favor of environ-
mental or epigenetic mechanisms. In line with the concept
of greater relevance of environmental factors, recent reports
suggest that the prevention of childhood and adult obesity
may need to begin even before conception [48-51]. Since
pregnancy is a critical period of life, ethical considerations
limit our ability to perform detailed mechanistic studies in
humans. Therefore, animal models have been developed to
address multiple questions in reproductive medicine.

Several animal models are used to study the mechanisms
linking the altered prenatal environment in MO with the
increased risk of obesity and other metabolic consequences
in the developing offspring [52, 53]. Feeding animals a high
fat diet (HFD) is a common model of overnutrition in
pregnancy. Pups from rats on HFD during pregnancy and
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TaBLE 1: Cardiovascular risk factors in offspring of pregnancies with maternal obesity.
Parameters Effect Maternal obesity Offspring age (years) Reference
Blood pressure Increased cGWG %2 (33, 34]
ePPW Neonates, 6, 17 [35-38]
Body fat Increased eGWG ? [33]
ePPW Neonates, 6 [37-40]
BMI Increased GWG %21 [33, 34]
ePPW 6,17 (36, 37]
IL-6 Increased GWG 0 [33]
ePPW Neonates [40]
CRP Increased eGWG 9 [33]
Abdominal fat Increased GWG o [33]
ePPW 6 137]
Leptin Increased eGWG ? (331
ePPW Neonates [40]
HDL Decreased GWG 0 (33]
ePPW 6 137]
ApoAl Decreased eGWG 9 [33]
Insulin Increased ePPW 6 [37]
HOMA-IR Increased ePPW Neonates [40]

ePPW, excessive prepregnancy weight; eGWG, excessive gestational weight gain; BMI, body mass index; IL-6, interleukin 6; CRP; c-reactive protein; HDL:
high-density lipoprotein; ApoAl: apolipoprotein A-I; HOMA-IR: homeostasis model assessment for insulin resistance.

lactation, for instance, were shown to be heavier, fatter, and
more hyperglycemic and moreover had higher hepatic lipid
content at weaning than pups from rats fed a control diet [54].
In a similar mouse model, chronic maternal overnutrition
was associated with hyperphagic behavior, reduced locomo-
tion, increased adiposity, nonalcoholic fatty liver disease, and
IR in the offspring at 3 and 6 months of age [55, 56].

Rodent models genetically predisposed to obesity are
also used to evaluate the effects of MO. Genetically nor-
mal offspring of obese Agouti mouse dams, for example,
were heavier than offspring from controls [57]. Interestingly,
although adult weight did not differ between groups, female
offspring of obese Agouti mothers had reduced 3-pancreatic
cell function and altered glycemic homeostasis [57]. Another
transgenic model of maternal obesity is the heterozygous
leptin receptor-deficient mouse (Lepr (db/%)) [58]. The
pregnant Lepr (db/") female is characterized by overeating,
increased weight gain during pregnancy, and spontaneous
development of gestational diabetes. Moreover, wild-type
offspring show increased fetal growth and postnatal markers
of hepatic insulin resistance, suggesting the occurrence of
fetal programming [58]. Several research groups have been
working to understand the mechanisms by which intrauter-
ine metabolic alterations lead to particular phenotypes and
influence susceptibility to obesity and metabolic diseases. The
molecular mediators and signaling pathways that could be
related to offspring metabolic phenotype (such as obesity and
IR) are not fully elucidated. However, multiple inflammatory
cytokines, hormones such as leptin or adiponectin, and nutri-
ents such as glucose, free fatty acids (FFA), and triglycerides

could be implicated in a mechanistic explanation of the
increased metabolic risk in the offspring of MO [6, 14].

During normal intrauterine life, maternal insulin [59]
and human insulin analog lispro (Humalog) [60, 61] are
unable to cross the placenta, whereas maternal glucose is
actively transferred to the fetus [62]. The developing human
fetal pancreas responds to a glucose load by producing
insulin, which acts as a fetal growth hormone in addition
to its hypoglycemic effects. This is the basic concept of the
“Pedersen’s hyperglycemia-hyperinsulinism hypothesis” [63]
to explain why offspring of diabetic mothers exhibit relatively
higher birthweight [64, 65]. Maternal overnutrition produces
maternal hyperglycemia, which increases fetal insulin secre-
tion in a way similar to that observed in gestational dia-
betes [64-66]. Therefore, secondary fetal hyperinsulinemia
is believed to be involved in the intrauterine programming
of obesity and diabetes [41]. Prospective studies indicate that,
at 6 years of age, as at birth, the greatest increase in weight-
to-height ratio (relative obesity) was seen in children who
experienced the greatest exposures to insulin in the uterus
(as judged by amniotic fluid insulin concentration) [59].
Furthermore, animal studies show that systematic insulin
administration to rats during pregnancy produces increased
fetal growth [67], hyperinsulinemia, and impaired glucose
tolerance [68].

Leptin may be implicated in the metabolic impairment
observed in the offspring of MO and diabetes, as elevated
circulating levels of this hormone are found in maternal
and neonatal serum in association with these conditions
[69]. However, in spite of the fact that placental transfer of



leptin has been demonstrated in vivo [70], it is believed that
umbilical levels of this circulating peptide are a marker of
neonatal adiposity more than a modulator of fetal growth
[69]. Several inflammatory cytokines are elevated in obese
pregnant women [71] and have been postulated to be poten-
tial mediators of metabolic programming.

Consequently, the literature strongly suggests that altered
metabolic phenotypes such as obesity and IR observed in the
offspring of obese mothers could be partially explained by
multiple mediators. It is likely that a model encompassing
the multifactorial contributions of nutrient (such as glucose,
fatty acid, and amino acid) and hormone (such as insulin and
leptin) signals between the obese mother and the developing
fetus would best describe the true mechanisms involved. The
general question addressed in this review is how these factors
induced by maternal obesity could modify insulin-dependent
metabolic homeostasis in the offspring.

3. Insulin Resistance Mechanisms

Insulin is a key endocrine hormone that controls whole-body
glucose, lipid, and protein homeostasis [72]. It also controls
several other important processes such as cell growth, cell
proliferation, survival, and differentiation [73]. Insulin medi-
ates its biological effects via activation of insulin receptors
A (IR-A) and B (IR-B) [74, 75] in major insulin target
tissues [76], including human umbilical vein endothelial cells
(HUVEC) [64] and human placenta microvascular endothe-
lium (hPMEC) [65]. Subsequently, binding of insulin to IR-A
and/or IR-B promotes its autophosphorylation and activation
of the insulin receptor substrate family 1-4 (IRS1-4) [77, 78].
Phosphorylated IRS-1 (P-IRS-1) can bind adaptor proteins
by linking its Src Homology 2 domain (SH2), such as p85
(regulatory subunit of phosphatidylinositol-3 or PI;K) and
growth factor receptor-bound protein 2 (Grb-2). Thus, when
the SH2 domain of p85 binds to IRS-1-P, the catalytic subunit
pl10 of PI;K is activated. In the same way, binding of SH2
domain of Grb-2 to P-IRS-1 activates the associated factor
Son of sevenless (SOS). Next, activation of PI;K generates
lipid mediators such as inositol triphosphate (IP;), which
in turn initiates a cascade of signaling events dependent
on protein kinases. These protein effectors include the IP-
dependent kinase 1 (PDK-1) and protein kinase B (Akt) [79].
Depending on the cell type, the insulin signaling pathway
culminates in a series of different effects, such as glucose
transporter that mediates the uptake in mediated uptake in
liver cells [79] or activation of nitric oxide (NO) production
in HUVEC [64] and hPMEC [65] in normal pregnancies. In a
similar phosphorylation pathway cascade, activation of Grb-
2/SOS involves activation of GTP-binding proteins Ras/Raf
and mitogen-activated protein kinases (MAPK) [77]. Because
both MO [27] and gestational diabetes [80] have been
associated with decreased insulin sensitivity and increased
IR status in the offspring, we will analyze how those insulin
signaling mechanisms could be impaired in pregnancy.

IR is defined as a pathophysiological condition of under-
responsiveness to normal insulin concentrations in target
tissues such as adipose, muscle, liver, or cardiovascular tis-
sues. Impaired insulin action is caused by reduced expression
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and/or function of its complex cellular response machinery
[78]. Postreceptor defects in the intracellular insulin signaling
pathway at different levels (such as in the mitochondria)
may explain IR [81]. Whereas the insulin pathway branch
dependent on PI;K has been thought of as being responsible
for the metabolic and vasodilator effects in response to insulin
stimulation, the Grb-2/SOS branch has been associated with
the mitogen and vasoconstrictor actions of insulin [73, 78,
82]. Hence, abnormal predominance of the insulin derived
from Grb-2/SOS signaling branch over the PI;K pathway has
been associated with altered insulin effects on multiple tissues
(such as liver, muscle, fat, and blood vessels). Interestingly,
stress-activated protein kinases that phosphorylate IR or IRS-
lin serine or threonine residues are associated with inhibition
of PI;K signaling and promotion of IR at metabolic and
vascular levels [78].

In overweight and obese individuals, nutrient excess is
associated with a chronic inflammatory and cellular stress
signaling network involved in the adaptive response to per-
sistent overload of glucose, amino acids, and FFA [11, 83, 84].
Circulating levels of adipokines (such as leptin, adiponectin,
and resistin) and inflammatory mediators (such as IL-6
and TNF-«) are directly related to total body fat [12, 85].
These adipokines in turn are associated with autocrine and
paracrine cell signaling alterations in response to obesity. All
of these circulating products are implicated in the etiology
of IR mediated by activation of stress-responsive proteins
such us JNK, IKK, PKR, and PKC [12, 83, 85]. In fact,
TNFa and FFA are potent activators of JNK, and increased
concentrations of these mediators could explain the elevated
function of this stress cascade in HFD and genetically
obese mouse models [86]. Research which focused on the
metabolic consequences of cellular stress in the context of IR
development in obese individuals involves a crucial role for
the ER stress response [15-20].

4. Endoplasmic Reticulum (ER)
Stress Response

The ER is a complex intracellular membranous network that
is essential for the synthesis and processing of secretory and
membrane proteins [87]. It is highly sensitive to alterations in
cellular environmental changes. It works as a quality control
station that allows for transit of correctly folded proteins
to the Golgi apparatus and retains unfolded or misfolded
proteins [88]. Consequently, ER plays a key role in the general
cellular response to altered environmental conditions, such
as nutrient overload or deprivation, abnormal increase in
synthesis of secretory proteins, expression of mutant or mis-
folded proteins, and microbial infections [88, 89]. All of these
“stressor signals” can lead to disruption of ER homeostasis
and accumulation of unfolded proteins in the lumen, a
condition called ER stress. In order to adapt ER function to
this stress, a highly conserved signaling pathway called the
unfolded protein response (UPR), or the ER stress response,
is activated [87, 89-91]. The activated UPR reduces the
translocation of new proteins into the ER lumen and increases
retrotranslocation and degradation of misfolded proteins,
recovering the folding capacity of the ER. This integrated ER
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stress response is characterized by transcriptional activation
of multiple UPR-responsive genes mediated by inositol-
requiring enzyme 1 alpha (IRElx) and activating transcrip-
tion factor 6 (ATF6), promoting a general decrease in trans-
lation initiation and a selective translation of several specific
mRNAs mediated by PKR-like ER-associated kinase (PERK)
[87].IREl«, PERK, and ATF6, transmembrane proteins local-
ized on ER surface, are referred to as UPR sensors. These pro-
teins are normally bound by the ER chaperone immunoglob-
ulin binding protein BiP/GRP-78 at intraluminal domains.
When immature proteins (also bound by BiP) exceed ER
folding capacity, less BiP is available for binding to the UPR
sensors. As a consequence, without BiP binding, PERK and
IRE-1x autooligomerize and undergo autophosphorylation,
leading to the activation of downstream signaling. A key
mediator of the UPR is the mRNA encoding to X-box DNA
binding protein 1 (XBP1), which is cleaved by the cytosolic
endoribonuclease motif of activated IRE-l«, allowing for
translation of its mRNA and consequently the generation
of XBPI, a potent transcription factor. Moreover, activated
PERK leads to an attenuation of general protein synthesis
through inhibitory serine phosphorylation of eukaryotic
translational initiation factor 2« (eIF2«). Interestingly, serine
phosphorylation of e[F2« also results in specific translation of
ATF4, another nuclear UPR mediator. Moreover, the release
of ATF-6 from BiP binding frees this UPR sensor to be
translocated to the Golgi, where it completes its activation
as a functional transcription factor. All of these transcription
factors (XBP1, ATF4, and ATF6) are translocated to the
nucleus where they are able to stimulate the expression of
multiple genes implicated in the final adaptive effects of
UPR. In this context, it has been reported that transcrip-
tional stimulation of adaptive genes depends on availability
of specific ER stress response elements (ERSE), unfolded
protein response elements (UPRE), or amino acid response
elements (AARE) in the promoter region. Under normal
conditions, the UPR pathway functions as a physiological
adaptive mechanism. In contrast, when the primary stimulus
is too persistent or severe, the ER stress response can lead
to irreversible cell damage and programmed death through
stimulation of proapoptotic transcription factor growth arrest
and DNA damage-inducible gene 153 (GADDI153, also called
C/EBP homologous protein or CHOP) [87, 89-91].

The UPR is considered an efficient cellular mechanism
of adaptation to multiple physiological conditions, but it
has also been implicated in the physiopathology of various
diseases [86, 88-90]. Despite the fact that first descriptions
of UPR elements (such as BiP and IRE1l) were associated
with genes upregulated by glucose starvation, the ER stress
response pathway is also evoked by the nutrient overload
observed in diabetes mellitus and obesity. Currently, it is
widely accepted that UPR plays a key role in the pathogenesis
of diabetes due to its participation in pancreatic 3-cell loss
and peripheral IR [17, 18, 20, 92]. Moreover, the UPR stimu-
lates the transcription of glucose-regulated proteins that may
provide a protective function by increasing cellular capacity
related to uptake and use of glucose. Nonetheless, during
chronic hyperglycemia or nutrient excess, 3-cells are exposed
to high levels of immature insulin accumulated in the ER

lumen, which may induce cell death through UPR-related
mechanisms [17]. Hence, the ER stress response would play a
dual role, acting as a beneficial regulator under physiological
conditions or triggering f-cell dysfunction and apoptosis
under a chronic stress environment.

Interestingly, it has been reported that HFD and obesity
induce ER stress in the liver, which suppresses insulin
signaling via JNK activation, establishing a potential link
between obesity and IR [15, 88]. Moreover, liver cells exposed
to pharmacological triggers of ER stress response show IR
profiles characterized by serine phosphorylation of IRS-1and
suppression of insulin-induced Akt phosphorylation. Since
these alterations in the insulin pathway are blocked by inhibi-
tion of JNK, ER stress may promote a JNK-dependent serine
phosphorylation of IRS-1, which in turn inhibits insulin
receptor signaling. Further experiments confirm crucial roles
for IREl as a promoter and XBP1 as an inhibitor of ER
stress-associated insulin resistance in obesity [15, 93]. In
addition, it has been reported that preventing ER stress in
obese and diabetic mice with chemical chaperones (such as 4-
phenyl butyric acid and taurine-conjugated ursodeoxycholic
acid, TUDCA) was associated with restoration of insulin
sensitivity at systemic and tissue levels (liver, muscle, and fat)
(15, 94]. All of these results suggest that treating individuals
exposed to an obesity-related condition with ER stress-
alleviating compounds could be used as a new therapeutic
tool to prevent or reverse the deleterious effects of obesity,
insulin resistance, and pro-inflammatory markers.

5. Link between Inflammation and
ER Stress-Related Insulin Resistance

The classic function of the immune system is defense against
infections by detecting pathogen-associated molecular pat-
terns (PAMPs), such as bacterial and viral components. How-
ever, immune cells are also able to sense damage associated
with damage-associated molecular patterns (DAMPs), such
as extracellular nucleotides and cytoplasmic and nuclear
components [95]. After activation, immune cells use differ-
ent mechanisms for cell-to-cell communication, including
cytokines, which are mainly soluble proteins that can pro-
mote pro- or anti-inflammatory responses [96]. Cytokines
are produced not only by immune cells but also by almost all
cells and activate immune response during injury or infec-
tion. Abnormal release of cytokines can promote develop-
ment and progression of various pathological conditions with
diverse etiologies [96]. Moreover, obese individuals exhibit
high levels of several pro-inflammatory cytokines, which
promote an inflammatory state related to tissue damage [97,
98]. Currently, there is a rising interest regarding the role
of inflammation during obesity, especially in cases where
exercise and dietary treatment are insufficient to restore
the nutritional state [99]. This situation is likely due to a
chronic pro-inflammatory response, mediated by various
pro-inflammatory cytokines that promote modulation of T
cell function toward the Thl phenotype and macrophage
differentiation toward a deleterious M1 phenotype. In con-
trast to this effect, the predominance of anti-inflammatory
cytokines in healthy nonobese individuals shifts T cell and



macrophage polarization toward Th2 and M2 phenotypes,
respectively [100]. After TNF-« was described as a major
pro-inflammatory cytokine expressed in adipose tissue and
with a relationship to IR in murine models of obesity [101],
a rising number of studies showed that the immune system
contributes to the sensing of metabolites and nutritional
status in the whole body [84].

Inflammation has been related to ER stress development;
nevertheless, controversy remains as to whether this cellular
stress response promotes or prevents progression of several
diseases [102]. Under obesity conditions, ER stress may have
a deleterious effect associated with the pro-inflammatory
state and induction of IR [20]. Interestingly, other pro-
inflammatory cytokines directly affect both function and
viability of f-pancreatic insulin-producing cells [103]. The
adverse effects of TNF-«, IL-1f3, and interferon y (IFN-y) are
prevented when f-cells are treated with anti-inflammatory
cytokines (IL-4, IL-10, and IL-13), showing that these
molecules may modulate insulin serum levels, which in
turn affect metabolic control at different levels. In addition,
pro-inflammatory cytokines induce upregulation of ATF4
mRNA in B-pancreatic cells by disrupting Ca®" signaling
[104, 105]. Thus, because ATF4 is a classical effector of the
PERK signaling cascade, a direct link between ER stress and
inflammation has been proposed.

Indeed, ER stress is linked to cytokines because activation
of ATF6 and cAMP-responsive element-binding protein hep-
atocyte specific (CREBH) is the main factor responsible for
release of TNF-a, IL-1/3, and IL-6 [102]. Adipose tissues from
murine obesity models show increased mRNA levels of pro-
inflammatory cytokines, which are restored to normal levels
after treatment with TUDCA, a chemical chaperone that
inhibits ER stress [106]. In addition, activation of ER stress-
related protein PKR has been described in cells exposed
to TNF-« [107], showing a direct induction of ER stress
through this cytokine. In the same way, it has been suggested
that IFN-y may directly induce ER stress, because IFN-y
also activates PKR [108]. Furthermore, interferon regulatory
factor 7 (IRF-7) was found to be a positive regulator of
weight gain in a murine model [109], suggesting an obesity-
related negative feedback cycle, depending on the interferon
pathway. Moreover, PKR is involved in secretion of IL-13
and IL-18 [110], although the latter cytokine seems to prevent
obesity and IR in mice [111]. We hypothesize that the final
effect on insulin signaling may depend on the interaction
among different pro- or anti-inflammatory cytokines and ER
stress proteins at the systemic or microenvironmental level.
Surprisingly, recent evidence has shown that insulin may
increase ER stress markers in adipose tissue [112]. Therefore,
this interesting new evidence suggests that ER stress may
occur after development of IR, reinforcing the hypothesis
regarding an obesity-inflammation-ER stress vicious cycle.

Unlike pro-inflammatory cytokines, anti-inflammatory
molecules have been linked with prevention of ER stress
development. Indeed, the major anti-inflammatory cytokine
IL-10 has been related to impaired ATF6 nuclear transloca-
tion induced by both TNF-« [113] and tunicamycin [114], sug-
gesting that mechanisms involved in ER stress inhibition by
IL-10 may be independent of stress response. Thus, whether
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other anti-inflammatory cytokines, such as IL-4 or IL-13, are
able to inhibit or prevent ER stress should be addressed. For
example, it has been reported that IL-6 also inhibits obe-
sity-induced ER stress in the rat hypothalamus [115]. Simi-
larly, other anti-inflammatory agents, such as omega-3 fatty
acids, may also produce insulin sensitization and antidiabetic
effects (such as restoration of Akt signaling) through G
protein-coupled receptor 120 (GPR120) [116]. Accordingly, it
is possible that omega-3 fatty acids or other fatty acids may
also inhibit ER stress.

Unexpectedly, a pro-inflammatory cytokine named
resistin showed chaperone activity and was able to inhibit
ER stress. Interestingly, this study demonstrated that resistin
was retained inside the cell to inhibit ER stress, suggesting
that soluble and cellular resistin may have different effects and
cellular targets [117]. Klotho protein also promotes differen-
tial cellular effects in terms of insulin function and inflam-
mation depending on the circulating or intracellular fraction
of this aging suppressor protein [118, 119]. Intravenous admin-
istration of the soluble extracellular domain of Klotho, which
is also found in the blood, binds to its putative receptor and
inhibits the insulin pathway [120]. Furthermore, intracellular
but not the secreted form of Klotho protein has an anti-
inflammatory effect over retinoic acid inducible gene I (RIG-
I) signaling and inhibits IL-6 and IL-8 release [121]. Recent
evidence has also shown that overexpression of Klotho is able
to inhibit chemically-induced ER stress [122]. The hypothe-
sis of differential action depending on target location opens
a new fleld for the study of cytokines, showing that soluble or
intracellular cytokines may differentially modulate cellular
responses in both physiological and pathophysiological con-
ditions.

In the context of pregnancy, cytokines may significantly
affect the metabolic state, which in turn promotes IR and
a pro-inflammation condition associated with MO. Impor-
tantly, cytokine-induced fetal programming has been pro-
posed in rats after maternal exposure to both TNF-« and IL-
6 treatment, associated with increased fetal growth and IR
in the offspring [123]. Moreover, IL-6 seems to play a pivotal
role in the transference of a pro-inflammatory state from the
mother to the fetus, as umbilical cord blood levels of IL-
6 from obese mothers are higher than those from normal
pregnancies [40]. This finding is also related to increased
macrophage infiltration of placental tissue, associated with
elevated pro-inflammatory markers in response to MO [124].
Interestingly, while pro-inflammatory cytokines can induce
ER stress in placental tissue, an anti-inflammatory response
may restore normal insulin sensitivity. Accordingly, adminis-
tering an anti-inflammatory flavonoid named quercetin [125]
during pregnancy and lactation significantly decreases ER
stress activation in the offspring [126], suggesting that it may
be possible to modulate the prenatal environment, preventing
ER stress and its deleterious consequences.

Additional mechanisms related to cellular stress and/or
inflammatory responses (such as maternal psychological
environment, dietary behavior, and infections) could affect
intrauterine development, highlighting the role of new play-
ers in obesity and immune system abnormalities associated
with deleterious metabolic outcomes, both at the maternal
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and at the fetal levels. For example, PKR, which is an
ER stress-dependent protein kinase, is also activated by
viral infections and is characterized by inflammatory, IR,
and ER stress responses [107]. In fact, inhibition of PKR
has been associated with decreased expression of ER stress
markers and improved insulin sensitivity in obese/diabetic
mice, involving reduction of inflammation [127]. This finding
suggests that PKR may play a key role as a pharmacological
target in metabolic diseases under obesity conditions. Mental
stress during pregnancy should also be considered as an
initial risk factor related to obesity and IR development
[128]. Neuroendocrine interactions with important roles in
depression and sickness [129] are associated with impaired
anorexigenic signaling and obesity tendencies in fetuses
from mothers with MO [130]. Thus, it may be relevant
to also consider inflammation-related processes, such as
infection or mental stress during pregnancy, as potential risk
factors contributing to fetal programming of metabolic dis-
eases.

The balance between pro- and anti-inflammatory
immune cell phenotypes may be modulated to avoid the dele-
terious immune imbalance that provokes metabolic alter-
ations in pregnancies complicated by obesity. The complex
interactions among multiple inflammatory mediators and
the ER stress response should be considered in the study of
fetal IR development attributable to MO (Figure 1).

6. Fetal Programming of Insulin Resistance by
Maternal Obesity-Dependent ER Stress

As compared to normal pregnancy, MO is associated with an
exaggerated lipid mobilization (increased plasma cholesterol

intraperitoneally injected IL-6; ihIL-6 =

intrahypothalamically injected IL-6).

and triacylglycerol) and abnormal accumulation of fat in the
liver, pancreas, and placenta [40, 131]. In addition, obesity
in pregnancy is related to increased IR [132], higher levels
of inflammatory markers, and impaired endothelial function
[71, 124, 133]. Moreover, maternal metabolic abnormalities
associated with overnutrition during pregnancy may be
transmitted to the fetal circulation, since fetal offspring from
HFD-fed pregnant nonhuman primates showed increased
markers of metabolic disorders associated with obesity, such
as hepatic oxidative stress and nonalcoholic fatty liver disease
(NAFLD) [134]. In this study, offspring of HFD pregnant
animals also exhibited elevated hepatic expression of glu-
coneogenic enzymes and transcription factors, in addition
to increased levels of plasma glycerol and liver triglycerides
[134]. Consequently, these results suggest that stressor effects
related to nutrient excess from maternal overfeeding are
mimicked in fetal plasma and can produce fat-related liver
disease in the offspring. Nevertheless, although ER stress
has been implicated in conditions from hepatic steatosis to
NAFLD [135], there is no evidence regarding the potential
role of the endoplasmic reticulum in the pathological process
described in the fetal liver from murine MO models. On
the other hand, increasing epidemiological evidence has
suggested intrauterine programming of IR in offspring from
obese pregnant woman, evaluated both at an early neonatal
stage and in young adulthood. Nevertheless, the mecha-
nistic link between MO and offspring IR remains unclear.
Since IR has been described as a keystone in physiopathol-
ogy pathways associated with metabolic diseases such as
diabetes and cardiovascular complications, the potential
therapeutic target of ER stress during the early neonatal
period or during pregnancy may be relevant to obstetric
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hypothetical and unknown mechanisms in our model.

and postnatal outcomes. Accordingly, potential crosstalk
between insulin signaling and ER stress pathways on human
fetal cells exposed to maternal obesity is proposed (Fig-
ure 2).

Regarding the nutritional programming hypothesis, sig-
nificant data have shown increased cardiometabolic risk in
offspring from both under- and overnutrition in pregnancy.
In overfed pregnant mouse models, fetal liver shows excessive
lipid and fatty acid accumulation associated with activation of
JNK, an oxidative stress, inflammatory, and apoptosis marker
[134]. Hence, JNK activation and apoptosis are described as
part of the ER stress pathway related to both IR and diabetes
in response to obesity in various models. Therefore, it is pos-
sible that future interventions focused on preventing obesity-
derived ER stress in pregnancy may target avoidance of IR
development in fetal tissues. Although McCurdy et al. showed
that prepregnancy diet normalization partially attenuated
development of fatty liver disease in fetal offspring, there is
no evidence regarding the potential beneficial effect of this
nutritional intervention on fetal UPR or insulin sensitivity.
Specific therapeutic interventions with chemical chaperones
such as bile acids have shown improved hepatic insulin
response in obese individuals [136]. However, although some
bile acids are currently used in cases of icteric cholestasis of
pregnancy [137], it remains unclear whether this treatment
will be useful in preventing insulin resistance in the offspring
of pregnancies with MO.

7. Conclusions

MO and neonatal IR are associated with long-term devel-
opment of obesity, diabetes mellitus, and increased global
cardiovascular risk in the offspring, involving deleterious
mechanisms of intrauterine programming. Nevertheless, the
entire signaling link among these conditions has not been
fully elucidated. Recent evidence suggests that obesity-related
ER stress may play an important role in the development
of IR, associated with unfolded protein response (UPR) and
inflammatory mediators. We propose a potential mechanism
of MO-dependent ER stress response on human fetal cells,
involving inflammatory cytokines such as TNF-«, IL-18, IL-
6, and/or IFN-y, and activation of PERK, eIF2«, PKR, ATF4,
and ATF6. Understanding this phenomenon may provide
crucial information that would clarify the potential beneficial
effects of new therapeutic tools to prevent the deleterious
consequences associated with MO, inflammatory markers,
and IR in the offspring.
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