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Gestational diabetes is associated to the development of brain insulin
resistance in the offspring
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Abstract
Gestational diabetes mellitus (GDM) is defined as a form of glucose intolerance. Evidences for late metabolic and behavioral
consequences to offspring born from GDM are emerging. More recent and concerning evidences point to detrimental effects of
GDM on the behavior and cognitive capacity of the offspring. We aimed to review what is known about the consequences of
GDM to brain and behavior of the offspring. A research was made in PubMed using the words gestational diabetes, insulin
resistance, memory, cognition, brain, and offspring. The most relevant papers according to citations and with results suggesting
that hyperglycemia in pregnancy is associated with inflammation and some mechanisms which are potentially involved with the
late brain insulin resistance and its consequences in the GDM’s offspring brain were selected. An increased risk of developing
neuropsychiatric disorders to offspring from GDMmothers has been suggested. Transient intra-uterine exposure to high glucose
levels can interfere with neuronal integrity, survival and connectivity to offspring’s brain. Fighting neuroinflammation during
gestational period may avoid susceptibility for neurodegenerative disorders in the offspring.
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Introduction

Gestational diabetes mellitus (GDM) is defined by the
American Diabetic Association [1] as a glucose intolerance
triggered during the second and third trimesters of pregnancy
in previously normoglycemic women. Thus, hyperglycemia
during pregnancy is a hallmark of GDM [2]. Diabetes in preg-
nancy is the most important metabolic condition occurring in
approximately 10% of all pregnancies in developing countries
like Brazil and India, and reaching greater incidence in devel-
oped countries such as USA [3, 4]. Family history of obesity
or diabetes, non-white race, and maternal age are risk factors
for developing GDM [5, 6].

GDM is related to several detrimental effects on the off-
spring, including an increased risk of congenital
malformations and inflammation that affect several organs

and tissues, including the central nervous system (CNS)
[7–9]. The immediate consequences of GDM to infants in-
clude macrosomia, neonatal hypoglycemia, hypocalcemia,
and respiratory distress syndrome at birth [10]. The most com-
mon morbidity is macrosomia occurring in 30% of infants
who were exposed to fetal hyperglycemia [11]. Maternal fac-
tors that contribute to fetal macrosomia include obesity and
elevated concentrations of lipids and amino acids [12].

There is also an increase of inflammation markers in GDM
mothers such as higher plasma levels of tumor necrosis factor
alpha (TNF-α) [13]. GDM contributes to offspring neuroin-
flammation and influences neuronal distribution in the brain,
as well as neural stem cell (NSC) proliferation and apoptosis
during embryogenesis, possibly contributing to cognitive def-
icit, behavioral changes, and memory loss in the adult life [9,
14, 15].

Learning and memory deficits are related to inflammation
and changes in insulin signaling in the brain. Brain insulin
resistance (IR) is present in diseases related to cognitive im-
pairment, including neurodegenerative disorders, such as
Alzheimer’s disease, and sepsis [16–19]. However, while the
effect of brain IR is well documented in neurodegenerative
diseases, the effect of insulin and its receptors on molecular
mechanisms in inflammation, memory, and cognition in the
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offspring of GDM is poorly understood, and very few studies
in literature are underlying the theme [7–9, 14, 15, 20–26].

This review aims to provide an overview about how intra-
uterine exposure to hyperglycemia during GDM influences
the development of brain IR in the offspring, analyzing puta-
tive mechanisms or inflammation that could contribute to be-
havioral alterations and cognitive decline seen in adult off-
spring. A research was made in PubMed using the words
gestational diabetes, insulin resistance, memory, cognition,
brain, and offspring. The most relevant papers according to
citations about GDM suggest hyperglycemia in pregnancy is
associatedwith inflammation and putativemechanisms, which
are potentially related to consequences to offspring brain.

Shared mechanisms between insulin
resistance in type 2 diabetes and GDM

Insulin is a peptide hormone produced by β cells of the pan-
creas. It controls glucose metabolism and it is mainly secreted
in response to the rise of circulating nutrients that occur im-
mediately after food ingestion [27]. Thus, the elevation of the
insulin level does not avoid the development of insulin resis-
tance in muscle and adipose tissues [28, 29].

Physiological intracellular insulin signaling begins with the
binding of insulin to its receptor in the surface of cells. Insulin
receptors are formed by two alpha (α) and two beta (β) sub-
units. Insulin binding to its cell surface transmembrane recep-
tor stimulates protein kinase activity of the β subunit. This
leads to a conformational alteration of the molecule and to
the insulin receptor phosphorylation in tyrosine residues
[30]. Insulin receptors activate many intracellular substrates
of which the most important are part of the insulin receptor
substrate (IRS) family [31, 32]. IRS-1 and IRS-2 are directly
related to glucose control in brain and peripheral tissues.

When insulin is bound to its receptor, the receptor phos-
phorylates IRS in tyrosine residues. Impaired kinase activity
of insulin receptors appears to play an important role in insulin
resistance in T2DM [32, 33]. The phosphatidylinositol-3-
kinase (PI3-K) is an important compound in insulin signaling
pathway. PI3-K is activated by IRS and consists of two sub-
units: p110 which has a catalytic subunit and the p85 regula-
tory subunit. The binding of IRS to the SH2 domains of the
p85 subunit of PI3-K activates the associated catalytic domain
[34].A number of receptors for growth factors and many
oncoproteins work as intracellular binding sites for proteins
containing SH2 domains such as PI3-K [35–37].

IR occurs when there is a failure in the activation or inhi-
bition of IRS-1 and IRS-2 or if there is a reduced activation of
other proteins such as activated kinase tyrosine (AKT) [36]. In
peripheral tissues, inhibition of IRS-1 does not cause hyper-
glycemia but it leads to insulin resistance and growth retarda-
tion [32]. Reduced sensitivity to insulin induces β cells to

increase the production of this hormone in order to maintain
glycemia in the normal range. Besides the increasing of insu-
lin, the tissue gets more resistant to it, favoring the return of
the hyperglycemia [1, 38]. IRS-2 inhibition leads to hypergly-
cemia and hyperinsulinemia in the peripheral tissues.

There are differences in the IR mechanisms described in
T2DM and GDM. During gestation, there are compensatory
mechanisms such as hypertrophy and hyperplasia of β pan-
creatic cells to keep normoglycemic levels for the mother and
the offspring [39, 40]. In GDM, these compensatory mecha-
nisms tend to fail, leading to hyperglycemia, IR, and DNA
damage to β pancreatic cells of the mother, rendering them
more susceptible to develop obesity, diabetes, and neurode-
generative disorders later in life. Although, these events are
well established in rodents, the compensatory alterations that
happen in human β pancreatic cell during pregnancy remain
controversial [39, 40].

Hyperglycemia in GDM is responsible for causing modifi-
cations in genes involved in proliferation and differentiation
of NSC of the offspring, and these changes may favor in adult
life oxidative stress and metabolic disturbance [14, 41].

Long-term consequences of GDM

For many years, GDM was considered to be a transient condi-
tion, which ruled out investigation of whether it was related to
long-lasting consequences to either the mother or the fetus [7, 9].
It is known that mothers who develop diabetes during gestation
are at increased risk of developing T2DM later in life due to the
induction of metabolic changes and DNA damage to β pancre-
atic cells [42]. Risk of adverse maternal, fetal, and neonatal out-
comes is increased as a function of maternal hyperglycemia [2,
42]. A study made by Cheung and Byte [42] with females who
developed diabetes during pregnancy reviewed earlier studies
examining the prevalence of GDM and risk of subsequent dia-
betes through an epidemiological tool known as population eti-
ological fraction. They found over 31% of women who had
GDM developed T2DM later in life and concluded that effective
measures to prevent this situation are necessary and could have a
significant impact over population health.

Infants born from diabetic mothers also show an increased
risk of becoming obese and developing T2DM later in life [2].
The magnitude of fetal-neonatal risks and the reduction on neu-
ronal activity and neurogenesis are proportional to the severity of
maternal hyperglycemia [10, 43]. Besides changes inmetabolism
in the offspring of diabetic mothers, there are also morphological
and functional alterations in hypothalamic structures caused by
abnormal hormone levels [44]. Catecholaminergic system con-
tributes to changes in the hypothalamus of the offspring affecting
the neurodevelopment and promoting metabolic alterations such
as an impaired leptin sensitivity [45, 46]. These changes can
happen during pregnancy or lactation and are associated with
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obesity in adulthood, and also to brain changes [44, 45, 47].
More recent and concerning evidences point to detrimental ef-
fects of GDM on the behavior and cognitive capacity of the
offspring [9, 20]. An increased risk of developing neuropsychi-
atric disorders in children from GDM mothers has also been
suggested [9]. Due to the need of new researches in this field
and the difficulty of doing human biochemical research in chil-
dren’s brain, studies using experimental models are necessary to
indicate possible ways to avoid or inhibit offspring brain damage
or metabolic alterations in the offspring.

GDM impairs the development of CNS and causes cogni-
tive and behavioral abnormalities in the offspring [48]. Studies
using animal models have shown that GDM influences the
behavior and fetal phenotype [9, 11]. An original research
made with rats induced to diabetic pregnancy by a single
intraperitoneal streptozotocin (STZ) injection (30–35 mg/
Kg) showed that GDM’s offspring at 60 days of age presented
increased anxiety levels when exposed to challenging situa-
tions, including the social interaction test and the elevated plus
maze, and also revealed hyperactivity in the open-field test
[49]. Identical results were seen when evaluating the offspring
of a transgenic model for metabolic syndrome and correlating
these behavior changes with hippocampal inflammation [50].

Changes in brain structure can occur in fetuses from GDM
mothers resulting in increased susceptibility to autism and
schizophrenia later in life [51]. More recently, a study made with
humans analyzed children born from multiethnic mothers diag-
nosed with maternal diabetes at 26 weeks of gestation revealed a
strong association between GDM and increased risks of devel-
oping autism in the offspring [23].

A review also pointed to an increased risk of schizophrenia
in GDM offspring due to the classic mechanisms of maternal
diabetes such as hyperglycemia, oxidative stress, alterations in
lipid metabolism, and mitochondrial structure affecting mem-
ory and cognition [52].

There are a few studies about how hyperglycemia and
hyperinsulinemia effect the developing brain in humans
[31, 53, 54]. A research conducted by Linder and colleagues
(2015) assessed the influence of maternal metabolism in the
development of the fetal brain through fetal magneto enceph-
alography, a modern technique to evaluate fetal brain activity.
They determined fetal brain postprandial activity to be slower
in the offspring of women with GDM. Their results indicated
that maternal diabetes affects brain development and leads to
CNS IR in the fetuses [53–55].

Evidence for interference of GDM in insulin
signaling pathways in the offspring’s brain

Insulin has an important neuroprotective role and also modulates
synapse plasticity mechanisms [56]. Insulin signaling also con-
trols synapse density with consequent regulation of circuit

function and plasticity [57–59]. Insulin receptors have been de-
scribed in several brain structures, but those with the highest
density include the hippocampus and cerebral cortex, where they
were found to regulate memory and cognition [60].

Interestingly, for a long period of time, the brain was con-
sidered insensitive to insulin, and the CNS would not be
insulin-dependent within this old concept [61]. However, it
has been demonstrated that systemic metabolic expenditure
and energetic homeostasis in the CNS are insulin-dependent
and that neurons in the hippocampus, hypothalamus, and oth-
er brain regions that are sensitive to the presence of insulin are
directly related to activities such as ingested food control and
the energy expended for example [61]. Subjects with diabetes
have a pre-disposition to develop cognitive deficits and show
a greater chance of dementia, Alzheimer’s disease, and
Schizophrenia [17, 18, 61].

The reduced activation of insulin pathway is proposed to
have negative effects on GDM’s offspring cognition and
memory [62]. Insulin and insulin-like growth factor-1 (IGF-
1) are important in the development of these functions, and
diabetes during pregnancy strongly influences the regulation
of the receptors of insulin and IGF-1 [20, 22]. Alterations in
IGF-1 gene expression and epigenetic regulation in hippocam-
pus increase the risk for dementia to the offspring of maternal
diabetes [22]. Recent studies in rodents revealed that retarda-
tion of fetal dendritic development in GDM is associated with
IGF-1 signals [63].

Evidences suggest that the inhibition or malfunctioning of the
IRS-1 is themain cause ofmemory loss and cognition failure due
to brain IR [11, 22]. The reduction of the expression of the insulin
receptors is related to memory loss and cognitive deficits at the
brain [64]. Unfortunately, these molecular mechanisms of brain
IR are not described in the GDM offspring, and most of what is
known about brain IR comes from researches involving chronic
neurological disorders such as Alzheimer’s or Parkinson’s dis-
eases, among others [18, 48, 65].

Hyperinsulinemia and hyperglycemia in several brain
areas could not be associated with changes in glucose
transporter (GLUT) expression in the past decade [66].
Most of the past studies analyzing glucose transporters evalu-
ated GLUT4 expressions which are present in peripheral tis-
sues, but not in the brain [66] which expresses mostly GLUT1
transporting glucose across the blood-brain barrier and into
the astrocytes and GLUT3 that carries glucose into neurons
[67, 68]. However, a recent study evaluating middle-aged rats
under a high-fat diet revealed that an increase in GLUT1 is
associated with tissue damage in the hippocampus [69].
Expression levels of GLUT1 in cell membranes are normally
increased by diminished glucose levels in hypoxia and re-
duced by increased glucose levels being widely distributed
in fetal tissues [70]. It has been hypothesized that higher levels
of GLUT1 expression are correlated with hypoxia, blood-
brain barrier disruption, and may actually be a compensatory
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response to energy demands by the cells [71]. GLUT1 expres-
sion has also been described as a measure of how glucose
enters endothelial cells and in neural stem cells when in a
hypoxia situation [69]. Although these studies were not done
under GDM conditions, they provide molecular evidences of
the role of hyperglycemia, hypoxia, and inflammation in the
brain, and there are a few studies showing evidence of their
effect over maternal diabetes [69].

A recent meta-analysis [54] evaluated maternal diabetes
and the cognitive performance in the offspring. Exclusion
criteria were no control group population, the presence of
any pathology in the offspring, and pre-clinical researches.
The studies analyzed were made in humans and involved
6140 infants, and they found that children born from GDM
and between 1 and 2 years old had lower scores in psychomo-
tor and cognitive development.

Putative mechanisms involved in long-term
consequences to brain function in GDM
offspring

Morphological changes in the brain of the GDM offspring
occur, most of the times, in the embryonic state and may have
long-term consequences [51]. Hyperglycemia present in
GDM pregnant is thought to generate a choric hypoxia state
in the fetus [9]. These metabolic maternal changes affect
neurodevelopment in many different ways such as a reduced
myelination [72], neuron distribution [73] and connectivity at
cortex [9], neurogenesis in hippocampus and cortex [74], and
neuron apoptosis [56].

In the presence of hypoxia, the fetus needs to maintain the
iron plasma level, and its supply does not attend its demand.
Human babies born from mothers with GDM possess iron
content estimated in just 40% of normal [25, 56]. Iron plays
an important role in neurotransmitter synthesis, neurogenesis,
and myelination [75, 76]. Iron deficiency leads to hippocam-
pal changes which compromise its normal functions and result
in behavioral alterations similar to those seen in schizophrenic
patients [77]. Other neurodegenerative disorders that devel-
oped in fetuses originated from maternal diabetes which
may be related to iron deficiency and hypoxia as results from
the hyperglycemia and hyperinsulinemia present in this con-
dition [77]. It is also common in fetal iron deficiency to the
offspring manifesting higher levels of irritability and a depres-
sive behavior [78].

Hypoxia and iron deficiency can also contribute to an in-
crease in the inflammatory burden incurred by the fetus [79].
Iron deficiency, hypoxia, and higher TNF-α levels are factors
which can be triggered for the changes in glycemia leading
to possible neurocognitive sequelae in offspring of diabetic
mothers [25].

Metabolic alterations occur in GDM [25] such as higher
plasma TNF-α levels [13] and increase in total blood glucose
in the dams [20] and can influence neuron development of the
offspring [80].Recently, a study showed that alterations in
glyoxalase 1, a detoxifying enzyme and its pathway, lead to
increased levels of circulating methylglyoxal, which causes a
reduction in embryonic mice cortical neural precursor cells
causing long-lasting alterations in adult neurons, such as a
diminished number of mature neurons and the reduction of
neurogenesis, affecting behavior and cognition during the an-
imal’s whole life [9]. The inflammation of the CNSmay begin
due to infection, toxic metabolites, or brain injury, and the
immune response depends mainly on glial cells [9].

A maternal pro-inflammatory state can
influence the brain development
in the offspring

Microglia and astrocytes are glial cells directly related to neu-
roinflammation influencing memory and cognition [81, 82].
Usually, when having an exacerbated activation of microglia
and astrocytes, a diminished activity of PI3-K insulin pathway
and consequently a higher inhibition of insulin receptors and
substrates are observed [81, 83, 84]. Even knowing the impor-
tance of microglia and astrocytes in inflammation, there are no
studies evaluating their roles during all brain stages of devel-
opment, starting from the embrionary period until adult life in
GDM offspring. Hyperglycemia during pregnancy can con-
tribute to a maternal pro-inflammatory state that can influence
the brain development in the offspring [20, 24].

Microglia and astrocytes are responsible for producing and
increasing the TNF-α levels having a harmful impact in the
developing brain [82, 85].It has been shown that increased
brain levels of TNF-α lead to peripheral and brain IR [64].
Higher plasma levels of TNF-α might cross placenta and
could cause morphological alterations in the offspring’s brain
[64]. A study revealed that circulating TNF-α concentrations
may inhibit the insulin production [13, 86].

It is already known that inflammation plays an important role
in generatingmorphological changes in offspring and/or worsen-
ing the IR consequences in offspring from GDM leading to
severe brain alterations such as an abnormal distribution of neu-
rons in the cortical areas and a reduced neurogenesis [7, 9]. A
study published recently by Vuong and colleagues [87] provides
evidence that in rats, maternal obesity associated with GDM
influences microglial activation and neuroinflammation in new-
born offspring. GDM was induced in female Sprague-Dawley
rats using a high-fat and sucrose diet for 6 weeks prior mating,
throughout gestation and lactation, while lean control dams were
fed a low-fat diet. The dams experienced increased weight gain
during pregnancy and starting mid-gestation developed
hyperinsulinemia and moderate hyperglycemia. Offspring of
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GDM dams presented impaired recognition memory in the ob-
ject recognition test, associated with reduced synaptophysin ex-
pression in CA1 and dentate gyrus (hippocampus areas).
Increased levels of pro-inflammatory cytokines interferon gam-
ma, IL-1α, IL-4, and TNF-α were also observed in the brain of
the neonatal offspring of GDM dams. Finally, the microglial
morphological transformation and astrogliosis observed in the
GDM offspring persisted into young adulthood. GDM appears
to conditionmicroglia to a neuroinflammatory environment such
that resulted in derangement of the hippocampal CA1 pyramidal
neurons and cognitive impairments in young adulthood [87].

Serum maternal oxidative stress canals can induce or con-
tribute to the development of a pro-inflammatory state and is
associated with increased rates of perinatal problems [88–91].
Oxidative stress happens when the levels of reactive oxygen
species (ROS) present within a tissue are greater than can be
counteracted by the antioxidants present at the same tissue
[88]. Pregnant women with GDM have increased level of
DNA damage. A recent study showed that markers of lipid
peroxidation and DNA oxidation are significantly increased in
GDM women compared to healthy group of patients which
indicates increased oxidative stress in GDM patients [89]. The
human placenta is susceptible to oxidative stress and oxidative
damage but methods of predicting pregnancy complications
are limited [88]. The usage of biomarkers of oxidative stress in
pregnancy for clinical applications must be detectable in bio-
logical fluids and be highly stable [92]. Some multiple
markers of oxidative stress are known such as protein car-
bonyls and superoxide; ROS production provokes oxidation
of lipids such as polyunsaturated fatty acids (PUFAs) and
advanced glycation end-products (AGEs) [88].

Changes in the antioxidant levels of enzymes contribute to
the development of oxidative stress in maternal diabetes [93].
An antioxidant is a molecule that inhibits the oxidation of
other molecules. Oxidation is a chemical reaction that

produces free radicals and leads to chain reactions that might
damage cells [94]. Diet [95], medicine intake [96], and
physical exercise influence the antioxidant levels, and cells
are protected from oxidative stress by an interacting network
between antioxidant enzymes [94]. A study made by Aziz and
colleagues [93] with rats induced to maternal diabetes
through a combination of different methods such as being
fed with high-fat sucrose diet, and receiving a single intraper-
itoneal injection of streptozotocin (35 mg/Kg) and nicotin-
amide (120 mg/Kg) on gestational day 0 showed reduced
activity of some antioxidant enzymes. The authors analyzed
the superoxide dismutase, which catalyzes the breakdown of
the superoxide anion into oxygen and hydrogen peroxide [97];
catalase, which catalyzes the conversion of hydrogen peroxide
to water and oxygen [98]; and glutathione peroxidase, whose
main role is to prevent the organism from oxidative damage
[99], and their levels were significantly reduced in the dams
induced to maternal diabetes [93]. This study highlight that
impaired antioxidant condition can be linked with maternal
diabetes stress.

Another marker of oxidative stress can be the receptor for
AGEs (RAGE), which can trigger a pro-inflammatory path-
way, and is associated with the risk of developing psychiatric
disorders [13]. RAGE alterations have been described as im-
portant for GDM-induced offspring changes in the CNS [20].
Maternal diabetes was induced in rats during mid-pregnancy
by STZ creating a pro-inflammatory state, which was trig-
gered by RAGE signaling. Primary hippocampal neurons in
culture obtained from the offspring showed an altered
excitability and a hyperpolarized membrane-resting potential.
As NF-kB, a pro-inflammatory transcription factor, is in-
creased by RAGE, Western blots were performed with hippo-
campus samples, and its levels were found to be significantly
higher in the offspring of STZ-treated dams. In early adult-
hood, offspring of GDM animals had reduced anxiety-like
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Fig. 1 GDM consequences in the offspring’s brain. GDM is caused by
hyperglycemia during pregnancy that leads to maternal serum
inflammation and embrionary inflammation, which can influence the
offspring’s brain development. One of the possible mechanisms that
could be responsible for these changes in the embryo, and our

hypothesis is that the microgliosis and astrogliosis during embrionary
period would lead to an elevation of the TNF-α expression. In adult
life, offspring born from diabetic mothers would be more susceptible to
develop brain IR and consequently neurodegeneration to be revealed by
the early cognition impairment and memory loss
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behavior, and altered object place preference revealed in be-
havior tests. These results suggest a disturbance in hippocam-
pal development and alteration in behavior mediated by in-
creasing levels of RAGE in fetal brain caused by hyperglyce-
mia during pregnancy [20].

A recent study investigated another possibility of influenc-
ing the CNS development of the offspring through changes in
the expression of genes responsible for regulating apoptosis in
the hippocampus of neonate Wistar rats born to mothers who
were induced to diabetes with a single intraperitoneal injection
of STZ [56]. The study evaluated male offspring at P0, P7, and
P14 and revealed that maternal hyperglycemia may cause dis-
turbances in the expression of Bcl-2 and Bax genes, two ex-
tremely important genes in apoptosis regulation. The authors
suggest that these disturbances may be the reason for the
anomalies in cognition and behavior observed in offspring
born to diabetic mothers.

Conclusions

The embryo exposure to GDM induces neuroinflammation
[87], derangement of hippocampal neurons [9], and cognitive
changes [20]. The offspring brains can suffer the conse-
quences of inflammatory mechanisms during gestation lead-
ing to brain IR [87]. Failure in brain insulin signaling in the
GDM offspring might explain in part the delay in cognitive
development, and this hypothesis has never been evaluated
properly (Fig. 1). Cognitive decline and memory loss in
adults, especially at mild age or third age, might be a conse-
quence of an embryo exposition to inflammation during a
gestational period.

Lifestyle intervention is necessary and requires a scientific
basis for applying these possible interventions in order to achieve
and deliver results from an economic and effective perspective in
the fight against IR [54].An effective strategy to prevent and
combat hyperglycemia and IR during GDM is the adoption of
a balanced diet associated with physical exercises, which will
favor the better functioning of insulin-dependent and non-
insulin-dependent pathways, contributing to increased insulin
sensitivity and glucose uptake [21]. Lifestyle intervention in
pregnant women who were obese has shown to reduce plasma
levels of inflammation markers [100].

Hyperglycemia that occurs in GDM stimulates an inflam-
matory state that can lead the fetus to brain IR driving them to
develop memory loss and cognition impairment [101]. The
data reviewed suggests therapies using inhibitors of inflam-
mation pathways could be used in order to reduce inflamma-
tion avoiding these embryo malformations during GDM. This
would contribute to the inhibition of memory loss and cogni-
tive deficit in the offspring diminishing the long-lasting effects
of the GDM. Finally, we suggest that blocking TNF-α signal-
ing at different stages of embryo development could be an

effective approach, as this pathway seems to mediate several
alterations that affect cognition [9, 20]. The development of
effective anti-inflammatory therapies is of great relevance to
prevent the long-lasting effects of GDM over the offspring’s
brain.
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