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Abstract

Gestational diabetes (GD) is the glucose intolerance that occurs during pregnancy. Mothers who develop diabetes during gestation
are at increased risk of developing type 2 diabetes mellitus (T2DM) later in life, and the risk of adverse fetal and neonatal outcomes
are also increased as a function of maternal hyperglycemia. Infants who are exposed to fetal hyperglycemia show an increased risk
of becoming obese and developing T2DM later in life. Due to the need of new research on this field, and the difficulty of performing
studies in human brain, studies using experimental models are necessary to suggest possible ways to avoid or inhibit offspring brain
damage or harmful metabolic alterations. Here, it was made a review about the characteristics of the main animal models of GD, and
what are the consequences to the brain and behavior of the offspring. In many experimental models, either by pharmacological
induction, diet manipulation, or in the use of transgenic animals, glycemic conditions are severe. S961, a selective insulin receptor
antagonist, revealed an increased fasting blood glucose level and glucose intolerance during mid-gestation, which returned to basal
levels postpartum in mice. GD contributes to offspring neuroinflammation, influences neuronal distribution in central nervous
system (CNS), and apoptosis during embryogenesis, which in turn may contribute to changes in behavior and memory in adult life
and aging. The usage of animal models to study GD allows to examine extensively the characteristics of this condition, the
molecular mechanisms involved and the consequences to the brain and behavior of the offspring.
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Introduction United States of America (Desisto et al. 2014). For many

years, GD was considered to be a transient condition, ruling

Gestational diabetes (GD) is defined by the American
Diabetes Association (ADA) as a form of glucose intolerance
with onset or first recognition during pregnancy (ADA 2014).
GD is the most important metabolic condition during preg-
nancy, and occurs in more than 15% of all pregnancies in the
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out investigation of whether it was related to long-lasting con-
sequences to the mother or the fetus (Agha-Jaffar et al. 2016).
It is known that mothers who develop diabetes during gesta-
tion are at increased risk of developing type 2 diabetes
mellitus (T2DM) later in life, and the risk of adverse fetal
and neonatal outcomes are also increased as a function of
maternal hyperglycemia (Sharpe et al. 2005).

The immediate consequences of GD to infants in-
clude neonatal hypoglycemia, hypocalcemia, respiratory
distress syndrome at birth, but the most common mor-
bidity is macrosomia occurring in 30% of infants (Frias
et al. 2007). Moreover, infants who are exposed to fetal
hyperglycemia show an increased risk of becoming
obese and developing T2DM later in life (ADA 2014).
GD is related to several detrimental effects to the off-
spring, including an increased risk of congenital
malformations and inflammation that affect several or-
gans and tissues (Mills et al. 1979), including the cen-
tral nervous system (CNS) (Golalipour et al. 2012).
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Due to the need of new research on this field, and the
difficulty of performing studies in brains of children and adult
subjects, studies using experimental models are necessary to
indicate possible ways to avoid or inhibit offspring brain dam-
age or harmful metabolic alterations (De Sousa et al. 2020f).
The aim of this study was to review some of the characteristics
of the main animal models of GD and what are the conse-
quences to the brain and behavior of the offspring.

Characteristics of the main animal models of GD

Since the first experimental models of GD were developed
(Carlson and Drennan 1911; Markowitz and Soskin 1927,
Cuthbert et al. 1936) many alternative models have been cre-
ated (Yang et al. 2016; Vuong et al. 2017) with the purpose of
studying this condition deeply. Most of them use rodents (Yao
et al. 2015), but there are also models of GD induction devel-
oped in dogs (Fall et al. 2010), pigs (Kobayashi et al. 2004),
sheep (Bergman et al. 1971) and primates (McCurdy et al.
2009). Among the main genetic models of GD, there is a
classic model to study diabetes and obesity called db/+ female
mice, which had the leptin receptors deleted characterized by
the inability to suppress the feeding behavior (Chen et al.
1996). Diet manipulation making usage of high-fat diet
(HFD) is also a common way to produce diabetes or GD
(McCurdy et al. 2009). In addition, there are a variety of
chemical compounds used to produce diabetes either through
[3-cell death or failure such as streptozotocin (STZ), which
after entering the beta (3) cells of the pancreas carried by a
specific glucose transporter, GLUT2, takes them to failure by
the damage caused to deoxyribonucleic acid (DNA) leading to
cellular necrosis and apoptosis by alkylation (Murata et al.
1999). The usage of many other chemicals to induce GD is
very common, such as aloxan, which is also taken to 3 cells
by GLUT?2 and favors apoptosis by promoting oxidative stress
(Szkudelski 2001), and methylation (Yang et al. 2016) to pro-
duce GD, but diabetes and obesity are persistent characteris-
tics to the dams in these models.

Intra-uterine glycemic conditions in animal models of
GD

Animal models of GD currently available involve severe and
irreversible hyperglycemia and hyperinsulinemia, making
them distant from the effects of GD in humans (Markowitz
and Soskin 1927; Bergman et al. 1971; Szkudelski 2001,
McCurdy et al. 2009; Yang et al. 2016). In many GD exper-
imental models, either by pharmacological induction
(Chandna et al. 2015), diet manipulation (Vuong et al.
2017), or transgenic animals (Yang et al. 2016), glycemic
conditions are severe. However, there is a substance that has
been used in rodents to induce T2DM that is S961 (Schéaffer
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et al. 2008), and recently our group developed the first GD
model using S961 in Swiss mice.

S961 is a single chain biosynthetic peptide of 43 amino
acids (Vikram and Jena 2010) that acts as a selective and high
affinity insulin receptor antagonist, and its activity has been
shown both in vitro and in vivo (Schaffer et al. 2008; Vikram
and Jena 2010). S961 induces hyperinsulinemia, insulin-
resistance and depletion of energy stores in rats (Vikram and
Jena 2010), and mice (De Sousa et al. 2019). Nevertheless, the
effects of S961 usage to induce GD in experimental models to
evaluate the offspring behavior and cognition has not been
entirely documented yet. There is a recent study from our
research group that was able to develop a new model of GD
using S961 and revealed an increased fasting blood glucose
level and glucose intolerance during mid-gestation, which
returned to basal levels postpartum (De Sousa et al. 2019).
The authors also showed, in this same study, that the dams did
not develop obesity during the gestational period. These re-
sults happened because S961 is not acting directly in 3 pan-
creatic cells, and for this reason is not causing severe hyper-
glycemia that remains postpartum (Fig. 1.).

It is important to emphasize that S961 has a dose dependent
effect (Yietal. 2013). S961 exhibited partial agonistic effects
at low doses, in the 1-10 nM range, where it could be seen
many different effects, such as S961 significantly increased
cell proliferation L6-hIR cells, which are used in assays to
stimulate insulin receptors and AKT phosphorylation, and in
MCF-7 cells, a breast cancer cell line (Knudsen et al. 2012). It
was also reported that at 2.5 nmol/week or 5 nmol/week no
disruption of insulin signalling that leads to insulin resistance
can be seen in vitro and in vivo, while concentrations ranging
between 10 nmol/week and 20 nmol/week led to insulin
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Fig. 1 S961 action on the insulin receptors. S961 acts as a selective and
high affinity insulin receptor antagonist. Thus, S961blocks the binding of
insulin to its receptor
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resistance, glucose intolerance, and hyperglycemia in both
conditions (Yi et al. 2013). At higher concentrations S661
totally inhibits the action of the hormone insulin, both in cel-
lular assays and in vivo experiments in rats (Schéiffer et al.
2008), and mice (Yi et al. 2013; De Sousa et al. 2019). In
conclusion, S961 presents high affinity and selectivity for
the insulin receptor and can be used in concentrations over
10 Nm for at least 1 week to trigger insulin resistance and
hyperglycemia in both in vivo and in vitro experiments
(Schéffer et al. 2008).The first study to use S961 to develop
a new model of GD was published in 2019 by our group,
where we used an intraperitoneal injection at the concentration
of 17 nmol/week during 2 weeks (De Sousa et al. 2019). The
authors successfully developed a new GD model mimicking
many different features of GD. However, new studies testing
different doses and approaches to the usage of S961 in animal
models of GD are necessary.

Despite all this, during implantation, organogenesis and
fetal development, the induction of GD can cause changes in
the neonate that affects the adult life of the offspring (Fu et al.
20006; Liao et al. 2004). These microenvironmental changes
during GD within the placenta contribute to fetus develop-
mental abnormalities (Chandna et al. 2015). A recent study
using different types of animal models of GD showed that a
Glo1-methylglyoxal pathway is always perturbed in this con-
dition contributing to the dysregulation of neural precursors in
the developing murine cortex, which lead to long-lasting al-
terations in adult neurons of the offspring (Yang et al. 2016).
Higher hyperglycemia was kept in the animals who were born
from a GD pregnancy and changes in behavior were also
related to the offspring with higher glycemic levels.

The importance of the evaluation of maternal
behavior in animal models of GD

The environment in which the neonate lives early in life is
determined by the mother who is responsible for maintaining
the survival of the fetus. The first source of comfort, cleanli-
ness and nourishment is the mother who determines the de-
velopment of physiological systems that will modulate the
neonate’s behavior, being determinant for the development
of the brain architecture after birth. Modifications in the
mother-infant relationship different behaviors and responses
to stress can affect offspring (Huot et al. 2004). Thus, the
interaction between mother and offspring is essential for the
behavioral development and somatic growth (Reis et al. 2014;
Moussaoui et al. 2016).

Changes in maternal behavior have been associated to af-
fect the hypothalamic pituitary adrenal (HPA) axis in both
sexes, male and female pups, and intestinal barrier function
in male offspring (Moussaoui et al. 2016). Interestingly, pos-
itive outcomes in the offspring born from dams who exercised

before and during pregnancy resulted in the promotion of
physical activity in adult offspring (Eclarinal et al. 2016).
The impact of changes of maternal behavior on pups affects
brain development and may contribute to disease in adulthood
or during aging (Reis et al. 2014). Animals born from diabetic
mothers are more prone to develop obesity and T2DM
(Silverman et al. 1995; Buchanan et al. 2012). A life based
on a sedentary lifestyle or exposure to HFD can lead to the
development of obesity (Sousa et al. 2019), and glucose intol-
erance (De Sousa et al. 2020a, c¢). However, offspring born
from diabetic mothers who are exposed HFD can develop
obesity earlier (El Hajj et al. 2014; De Sousa et al. 2019).

The consequences of GD to the brain and behavior of
the offspring

GD contributes to offspring neuroinflammation and influ-
ences neuronal distribution in CNS (Yang et al. 2016; De
Sousa et al. 2017), and apoptosis during embryogenesis(Liu
et al. 2015), which in turn may contribute to changes in be-
havior (Chandna et al. 2015) and memory (Yang et al. 2016;
de Sousa 2018a) in adult life and during aging. Learning and
memory deficits have been associated to inflammation and
changes in insulin signaling in the brain which have been well
documented in neurodegenerative disorders and different con-
ditions, such as Alzheimer’s disease (Improta-Caria et al.
2020), and sepsis (Neves et al. 2016). Evidences suggest that
inhibition or mal functioning of the phosphatidylinositol 3
kinase (PI3K) pathway in the CNS can have a negative effect
on memory and cognition (de Sousa 2018b; De Sousa et al.
2020d), and can be caused due to a greater activation of gly-
cogen synthase kinase 3 (GSK3) (Kaluski et al. 2017; De
Sousa et al. 2020b).There are two isoforms of GSK3, alpha
(GSK3 ) and beta (GSK33), with the latter being involved in
energy metabolism and neuronal apoptosis (Plyte et al. 1992).
However, the changes in memory and cognition in the off-
spring of GD, and the molecular mechanisms are poorly un-
derstood with a few studies in literature addressing the theme
[15,17,18].

A study published by Vuong et al. (2017) provided evi-
dence that maternal obesity associated to GD in rats influences
neuroinflammation and microglial activation in the newborn
offspring (Vuong et al. 2017). GD 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. Offspring
presented impaired recognition memory in the object recogni-
tion test, associated to increased levels of pro-inflammatory
cytokines like interleukin 13 (IL-1f3) and tumor necrosis fac-
tor alpha (TNF-x), and also showed a reduced synaptophysin
expression in different hippocampus areas, such as CA1 and
dentate gyrus, which is related to neurogenesis. Finally, the
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Fig. 2 Gestational diabetes consequences to the oftspring. There are
higher chances to the offspring born from a diabetic gestation to
develop T2DM, obesity, impaired cognition, memory loss and mood
disorders from birth until aging

microglia morphological transformation observed in the GD
offspring persisted into young adulthood.

Another recent study investigated the development of in-
flammation in the CNS of the offspring through changes in the
expression of genes responsible for regulating apoptosis in the
hippocampus of neonate Wistar rats born to dams who were
induced to diabetes with a single intraperitoneal injection of
STZ (Chandna et al. 2015). The study evaluated male off-
spring at PO, P7, and P14 and revealed that maternal hyper-
glycemia may cause disturbances in the expression of Bcl-2
and Bax genes, two extremely important genes in apoptosis
regulation. The authors suggest that these disturbances may be
related to the anomalies in cognition and behavior observed in
offspring born to diabetic mothers. Basically, hyperglycemia
during pregnancy would contribute to a maternal pro-
inflammatory state that can influence the brain development
in the offspring affecting cognition as a result of disturbances
in apoptosis regulation (Fig. 2.).

The molecular mechanisms that involve beneficial or negative
adaptations in the brain mediated by glucose-related genes are
partially understood. It has been showed that cyclic adenosine
monophosphate (cAMP), protein kinase A (PKA), cAMP-
element binding protein (CREB), and brain-derived neuro factor
(BDNF) are some of the genes involved with neuroprotection
and memory preservation in mice (Wrann et al. 2013; Lourenco
et al. 2019), while excessive expression of glial fibrillary acid
protein (GFAP) and ionized calcium-binding adapter molecule 1
(IBA-1) are involved with neuroinflammation, cognitive decline,
memory loss and changes in behavior (De Sousa et al. 2020e).
Future studies are necessary in order to better understand the
changes nn these genes and their relation to changes in cellular
and morphological mechanisms in the brain of the dams and
offspring in GD, and others conditions and pathologies.

Conclusions

The usage of animal models to study GD allows to examine
extensively the characteristics of this condition, the molecular
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mechanisms involved, and the consequences to the brain and
behavior of the offspring. A full understanding of the causes
and consequences of GD in humans remains controversial,
and the development of GD animal models that facilitate
translation from basic research to clinical practice would be
extremely useful, and may even impact public health policies.
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