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| 1. Introduction

Gestational Diabetes Mellitus (GDM) is a transient condition characterized by carbohydrate intolerance, hyperglycemia,
peripheral insulin resistance, insufficient insulin secretion or activity, endothelial dysfunction, and low-grade inflammation
during pregnancy, frequently with the first onset between 24 and 28 weeks of gestation [LI. Although it is a transient, GDM
effects can last beyond the perinatal period and impact the health of mother and fetus in both short- and long-term Z=14],

In 2017, it was estimated that 21.3 million births (16.2%) worldwide were affected by hyperglycemia during pregnancy,
with GDM contributing 86.4% of these cases B8, Furthermore, an increase in the prevalence of GDM effects is expected
due to the parallel increasing rate of pre-gestational obesity and excessive weight gain during pregnancy.

It is well accepted that a key event in the onset of GDM is the maternal peripheral insulin resistance. During normal
pregnancy, there is a transient and physiological state of decreased insulin sensitivity, necessary to prioritize fetal glucose
uptake. In response, -cells proliferate and synthesize more insulin as a mechanism to counteract insulin resistance and
favor euglycemia. However, before pregnancy, some women have a first pancreatic hit by GDM risk factors such as pre-
gestational overweight, obesity, hypercaloric diet, personal or familiar antecedent of GDM, advanced maternal age, or
presence of insulin resistance disorders such as polycystic ovarian syndrome WU, Wwith pregnancy, these women are
exposed to a second pancreatic hit: the insulin resistance associated with early pregnancy. These two hits lead to GDM
development because of inadequate compensatory changes in B-cell mass activity and proliferation due to a more
pronounced insulin resistance condition, particularly during the second and third trimester of pregnancy EIE. This
transient metabolic stress on the pancreas during pregnancy, partially explains why GDM is associated with a higher risk
of post-partum development of Type 2 Diabetes Mellitus (T2DM) in the mother and fetus [0,

The American College of Obstetricians and Gynecologists (ACOG) recognizes two types of GDM. GDM Class 1 (A1GDM)
patients respond to diet intervention (low glycemic index meals with low simple sugar and high fiber content) and exercise.
GDM Class 2 (A2GDM) patients need pharmacologic treatment to achieve target glucose levels. For A2GDM, the first-line
therapy recommended by the American Diabetes Association (ADA) is insulin, preferentially short-acting insulin (i.e.,
Lispro or Aspart), and long-acting insulin (i.e., Glargine or Detemir) I However, other Societies including ACOG,
German Diabetes Association, German Society of Gynecology and Obstetrics, and The Society for Maternal-Fetal
Medicine recommend metformin instead 2 Recent studies showed a lower risk for preeclampsia, macrosomia,
neonatal hypoglycemia, and hypertensive disorders as well as better outcomes in maternal weight gain and glycemic
control. No difference was observed in rates of caesarean section, neonatal respiratory distress and preterm birth
compared to insulin treatment alone L34SNl There is insufficient evidence on the long-term effects of prenatal
exposure to metformin (especially because it crosses the placenta). Two recent studies showed no difference in growth
and development in children of metformin-treated and insulin-treated mothers over a four-year period 2828 More long-
term studies are needed to understand the long-term effects of metformin during pregnancy.

As it would be expected, hyperglycemia and GDM disturb placental ultrastructure and morphophysiology since the early
stages of the disease. Reported placental abnormalities in GDM patients include increased placental weight, intimate
glycogen deposits, increased number of syncytial knots, villous edema, and larger syncytial area and volume for favoring
nutrient uptake [2A2122023]  Histopathologic analysis of GDM placentae indicates enhanced angiogenesis and high
vasculogenesis rate evidenced by increased villous vascularity often associated with thickened immature villi capillaries



and signs of placental hypoperfusion 24231 There has also been reported increased fibrinoid necrosis, chorangiosis, and
ischemia (2211261 Additionally, GDM syncytiotrophoblasts present an exaggerated mitochondrial dysfunction accompanied
by a lower rate of glycolysis, oxidative phosphorylation, and ATP synthesis, which indicates a compromised metabolic
supply and therefore placental overstress [Z128 | jpid metabolism of the placenta is also distorted in GDM with evidence
of larger lipid droplets, higher triglyceride accumulation, and fatty acid transporter expression 2829, This is all indicative of
modification of the endocrine, immune, angiogenic, and antioxidant functions by placentae in GDM mothers.

| 2. Role of Placenta in the Endocrine Milieu of GDM

The endocrine system is the earliest system developing during intrauterine life. From the stage of two-blastomeres, the
embryo begins to secrete the beta-fraction of the human chorionic gonadotrophin (B-hCG), which has been suggested to
be a product of mRNAs previously stored in oocytes BB | ater, by 6 days post-fertilization, the trophectoderm
establishes its endocrine phenotype through the de novo synthesis of B-hCG. The early placenta then turns on its
hormonal switch and maintains secretion of a broad panel of hormones with central activities in the maintenance of
pregnancy, fetal growth, and development. These include somatostatin, placental lactogens, placental growth hormone
(PIGF), gonadotropin-releasing hormone, corticotropin-releasing hormone, thyrotropin-releasing hormone, progesterone,
and estradiol besides other growth factors such as the Insulin-like growth factor 1 and 2 (IGF-I and IGF-I1) 221,

Inherent to its secretory phenotype, the placenta is also a target of hormonal biological activity because it expresses most
receptors for these hormones and growth factors. Therefore, placental hormones act in endocrine, paracrine, and
autocrine pathways in the Maternal-placental-fetal-unit (MPFU).

In the context of GDM, diverse hormonal actors take part in the beginning or progression of the hyperglycemic, insulin
resistance, oxidative stress, and the meta-inflammatory state of this disease. Three years ago, Madhusmita Rout and
Sajitha Lulu proposed a network of maternal and placental genes and their potential impact on the transport of nutrients
from mothers with GDM to their babies B3, Through diverse in silico tools analyzing the interaction of
gene/protein/miRNA/transcription factors, they described an important dysregulation of certain placental hormones,
including leptin, insulin/IGF-1 and their receptors, and the placental growth hormone receptor. Recently, other hormonal
candidates that might play a role in the pathophysiology of GDM have been described through comprehensive
bioinformatics, gene analysis, ROC analysis, and RT-PCR, including B-hCG, oxytocin receptors, binding proteins of IGF-I,
and some cytochromes involved in the steroidogenic pathway 241351,

2.1. The Insulin and IGF-I/IGF-1l Axis and Molecular Pathways Primarily Disturbed in GDM Placentae

Insulin resistance is one of the first alterations in the pathogenesis of GDM. Insulin acts through two known receptor
isoforms: insulin receptor A (IR-A) and insulin receptor B (IR-B). These are heterodimer receptors composed of an
extracellular a-subunit that binds to insulin, and an intracellular B-subunit that binds to the insulin receptor substrate 1
(IRS-1). Both isoforms are transcripts of the same INS gene. However, the IR-A product lacks a sequence of 36
nucleotides in the C-terminal of the a-subunit as a result of alternative splicing of exon 11. In contrast, IR-B is the result of
the full transcription of the INS gene B8I37: this explains the differences in their activities. Insulin has a higher affinity for
IR-A than for IR-B. In addition, IR-A activates the Ras-Raf-mitogen-activated protein kinase (MAPK) cascade, whereas IR-
B activates the phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt) signaling.

The study of the cellular pathways activated by insulin began around 33 years ago 28!, Since then, diverse research
papers have scrutinized these cellular cascades, and finally, in 1995, the role of PI3K and Akt in the glycemic control and
other metabolic activities of insulin was described B9 After IR-B binding to insulin, PI3K binds to tyrosine-
phosphorylated IRS proteins, leading to the formation of phosphatidylinositol (3,4,5)-triphosphate (PIP3). Downstream
effects of PIP3 lead to activation of 3-phosphoinositide dependent protein kinase (PDK)1 and the subsequent activation of
a variety of kinases, of which Akt 1-3 is the best-studied 4l Main metabolic activities of insulin are related to Akt
phosphorylation: (i) increased glycogen synthesis by inactivation of glycogen synthase kinase-3 (GSK3) a/p and activation
of glycogen synthase [: (i) Decreased transcription of gluconeogenic genes in liver and autophagy genes in muscle, by
phosphorylation of forkhead box (FOX) transcription factors 2 (iii) stimulated protein synthesis and suppression of
autophagy by phosphorylation of tuberous sclerosis 2 (TSC2) and the 40 kDa proline-rich Akt substrate (PRAS40) which
leads to activation of mTORC1 143144l (jv) increased glucose uptake by phosphorylation of TBC1 domain family member
1/Akt substrate of 160 kDa (TBC1D4/AS160) which regulates trafficking and translocation of GLUT4 cytoplasmic vesicles
to the plasma membrane 42, In line with their metabolic effects, IR-B is preferentially expressed by classical insulin-
sensitive cells such as hepatocytes, adipocytes, and myocytes, which have important roles in glucose, lipid, and protein
metabolism.



On the other hand, activation of IR-A induces the Grb-2/Erk 1/2 MAPK pathway related to cell growth, differentiation, and
survival processes 48!, This isoform is predominantly expressed in cancer tissues, the brain, hematopoietic cells, and the
placenta 58],

Although the human placenta expresses both insulin receptors, IR-A is expressed at higher levels than IR-B 24, This
differential ratio is probably related to the need for tight control of the crucial proliferative and pro-differentiation pathways
during pregnancy. On the other hand, there are redundant placental pathways to help in the vital fetoplacental glucose
transfer, besides insulin/IR-B mediated GLUT-4 translocation 48149 as occurs in insulin-dependent tissues. During the
first trimester of pregnancy, IR-A is expressed more in the apical membrane of syncytiotrophoblasts whereas at term IR-B
is concentrated in endothelial cells of the villi microvasculature 29,

In Figure 1, we summarize the disturbed molecular pathways in GDM placentae. Immunohistochemical and blotting
studies showed that GDM placentae have a lower total protein expression of IR-A, PIP3, and IRS-1 in comparison to
placentae from uncomplicated pregnancies. Interestingly this occurs independently of the metabolic control of the disease
which implies profound and sustained effects in placenta signaling networks BH52 Also, it seems that the obesogenic
environment is an additional regulating factor of insulin signaling among GDM placentae, involving IRS-2, PI3K, and
GLUT4, the most sensitive targets to obesity 53], Additionally, it has also been reported that GDM placentae have a
pronounced phosphorylated pattern of IR and IRS-1 proteins, accompanied by hyperphosphorylation of STAT-3, MAPK 1-
3 (Erk 1/2), and Akt 431 Altogether, these data suggest that GDM primes the placenta to overstimulate the insulin
signaling to compensate sustained exposure to hyperglycemia. The deficit in the total protein levels of these mediators
results in insufficient placental glucose uptake, and consequently in a hyperglycemic state B8IEZ1. Although, other authors
did not observe differences in the total protein levels of placental IR and IRS-1 2458l Considering these inconsistencies,
we believe more studies are needed to clarify insulin signaling in GDM placentae and to understand how placental
imbalance in these signaling pathways results in higher levels of inflammatory cytokines, adipokines and oxidative
reactive species, insulin resistance, and vascular disorders, all of which prevail in the local placenta and peripheral tissues
of GDM mothers.
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Figure 1. Main molecular pathways disturbed in GDM placentae. In this schematic, we highlight in red main molecules
reported as overexpressed/overactivated in GDM placentae, whereas downregulation is highlighted in green. High
expression of phospho-IR-A and phospho-IR-B has been reported in the GDM placenta. After insulin binding, IR-A
phosphorylates IRS-1 and recruits Scheme 2. and Grb2 proteins which induce the GTPase activity of Ras, and then a
GDP is exchanged by a GTP. This initiates a subsequent cascade of phosphorylations of Raf, MEK, and Erk 1/2. Finally,
overexpressed phospho-Erk proteins translocate to the nucleus and recognize SRE sites favoring active transcription of c-
fos and Elk-1. FOS proteins have been implicated as regulators of cell proliferation, survival, differentiation, and
transformation. This pathway mediates increased placental weight and increased fetal growth in GDM. Additionally,
increased levels of free IGF-I resulting from low IGFBPs serum concentrations also activate IR-A signaling as well as
IGF1R and are related to proliferative effects. IGF-I excess has been also implicated in macrosomia and excessive
placental growth in GDM women. On the other hand, after insulin binding to IR-B, phospho-IRS-1 activates PI3K and
leads the formation of PIP3 from PIP2. Then, PIP3 activates Akt which mediates diverse metabolic effects; one of them
includes GLUT4 translocation from endosomes to the cellular membrane through TBC1D4 signaling. High expression of
GLUT1 and GLUT9, and probably GLUT4, mediates high glucose uptake in the GDM placenta, which can also participate



in fetal and placental growth through an excess of this energetic substrate. Finally, GDM placentae present high
expression of leptin and its receptor. High expression of phospho-leptin receptor recruits JaK-2 protein and activates STAT
3 or 5 proteins. Then, STATs dimerize and translocate to the nucleus and recognize GAS sites and provoke transcription
of VEGF, MMP-2, MMP-9, TNF-q, IL-1q, IL-1(3, IFN-a, IFN-y, among others, which exacerbate the inflammatory placental
milieu and contribute to stimulating the angiogenic process. Additionally, activation of the leptin receptor can also crosstalk
with MAPK and Akt pathways. Sustained overactivation of all these pathways finally leads to clinical insulin and leptin
resistance. GAS: Gamma-activated sequence. GDM: Gestational diabetes mellitus; GLUTs: Glucose transporters;
IGFBPs: IGF-I binding proteins; IGF-I: Insulin-like Growth Factor 1; IGF1R: IGF-I receptor; INS: Insulin; IR-A: Insulin
receptor type A; IR-B: Insulin receptor type B; LEP: Leptin; LR: Leptin receptor; SRE: Serum response elements.

Another system that can cross-react with insulin signaling is the IGF-I axis. The system consists of two ligands IGF-I and
IGF-II, two receptors IGF-1R and IGF-2R, six IGF binding proteins (IGFBP 1-6), and four insulin-like growth factor binding
protein-related peptides IGFBP-rP1-4 BB These growth factors mainly regulate growth and metabolism throughout the
life cycle, but its activity is critical during intrauterine life for mammalian development. They provide a signal to cells to
indicate that adequate nutrients are available, and therefore to enhance cellular protein synthesis, to favor hypertrophy,
and to stimulate cell division €9,

Insulin and IGF-I present a relatively low homology of 34% (BLAST alignment: CAA40342.1 and AAN39451.1), but their
receptors are highly homologous, around 57% (BLAST alignment: CAA28030.1 and AAA59452.1). These similarities in
their structures generate promiscuous interactions between them. IGF-Il binds to IR-A with an affinity close to that of
insulin, but it does not bind to IR-B €1, Additionally, random hybrids of IR-A/IR-B and hybrids of IRs/IGF-1R have been
reported in the placenta [B8I6263] |GF-1R/IR hybrids bind IGF-1 and IGF-II with high affinity but bind insulin with a
relatively low affinity (64,

Given the structural similarities between components of the IGFs/Insulin axis, it is not surprising that these hormones
share signaling pathways. IGF-I binds to IGF-1R and activates two main cascades: (i) PI3K/Akt pathway via IRS-1
phosphorylation which predominantly leads to metabolic effects; (i) Ras-Raf-MAPK pathway via SHC domain proteins
which control cellular growth and differentiation 2. On the other hand, IGF-1I binds with high affinity to IGF-2R, also
known as the cation-independent mannose 6 phosphate receptor. This interaction targets IGF-1I for its lysosomal
degradation and consequently, IGF-2R sequesters IGF-II, controlling the circulating levels of this hormone. Therefore, the
biological activity of IGF-II is exclusively derived from its binding to IR-A or IGF-1R, considering that it does not bind to IR-
B, as mentioned before 63,

The placenta synthesizes all components of the IGF axis from early stages at 7 weeks of gestation. IGF-I was more
expressed in the second and third trimesters of pregnancy in comparison with early pregnancy, and it was expressed by
practically all placental cells except syncytiotrophoblasts. Whereas IGF-Il was profusely expressed by cytotrophoblasts,
mesoderm core, basal plate, columnar cytotrophoblasts, amnion, and chorion. IGF-IR was expressed ubiquitously in the
placenta, except in Hofbauer cells. All six IGFBPs were expressed in decidua basalis and parietalis (€8],

One key insulin-like action of IGF-1 is related to glucose metabolism 4. Biomedical and clinical studies indicate that IGF-I
is a hypoglycemic factor that increases glucose uptake in different kinds of cells, including euglycemic trophoblasts (68169
79 However, deeper studies are needed to confirm its metabolic effects in the GDM milieu. In contrast, IGF-Il seems to

present a hyperglycemic effect since overexpression of IGF-II in pancreatic B-cells results in the development of T2DM
[71]

Excessive fetal growth and weight is a common complication from GDM newborn babies. Macrosomia has been
explained by two central modulators: hyperglycemia and activation of the IGF-I axis. Maternal hyperglycemia increases
energetic substrate availability and then stimulates excessive growth and adiposity in GDM mothers 2. In fact, an
increased concentration of glucose transporters GLUT1 and GLUT9 has been observed in GDM placentae, which favors
an increased placental and fetal D-glucose uptake BB2I73174] (see Figure 1).

Concerning IGF-I signaling, different serum components of the pathway have been measured in GDM patients in the last
20 years. In a recent meta-analysis developed by Dr. Wang’s group, in which they analyzed 12 independent studies, they
found GDM was consistently associated with higher maternal IGF-I levels in mid-gestation (2029 weeks) and late-
gestation (>30 weeks), whereas serum IGF-II did not present significant changes between GDM and control mothers €9,
Interestingly, most data show significantly lower cord levels of IGFBP1, IGFBP2, IGFBP3, IGFBP-6 or IGFBP-rP1 1551(73]
78] and lower maternal levels of IGFBP1 and IGFBP2 B3l All IGFBPs bind both IGF-I and IGF-II with similar affinities
(except IGFBP-6 which is essentially IGF-II specific 1), Their metabolic effects are related to inhibition of IGF-I signaling



by sequestrating it into a circulation reservoir. Consequently, diminished levels of IGFBPs and IGFBP-rPs result in higher
cord blood levels of free-IGF-I in GDM patients (2. Further, the research group of Dr. Sciacca identified an increased
phosphorylation pattern of IGF-1R in placentae from metabolic uncontrolled mothers with GDM and T2DM B8, These
changes support a persistently activated IGF-I signaling in GDM placentae by increased activity of free-IGF-I (see Figure
1).

It is well known that the growth hormone (GH)-IGF-I axis is the major regulator of longitudinal growth along life. In
addition, significant and positive correlations between the birth weight of newborns from GDM mothers and maternal
serum IGF-I or molecules of the IGF-I signaling in GDM placentae have been described B8  Therefore,
overactivation of IGF-1 signaling may be one critical factor involved in the development of macrosomia in babies from
GDM mothers. Other morphologic changes in the placenta are also related to macrosomia, including broader intervillous
spaces, increased terminal villus volume, a large proportion of immature villi, and a larger syncytiotrophoblast surface
allowing higher amounts of glucose to cross the placenta 29211,

One additional hypothesis in excessive fetal weight gain in GDM is related to IR/IGF-1R hybrids. A high proportion of
these hybrids has been reported in skeletal muscle and adipose tissue of T2DM patients [E3IBAB1 and in placentae from
insulin-resistant women 2, |R/IGF-1R hybrids increase the binding sites for IGF-I and IGF-II, favoring IGF signaling,
proliferation, and anabolic processes, as has been previously published in cancer models 3], However, this hypothesis,
which deserves to be further explored, has not so far been studied in the placentae of mothers with GDM.

2.2. The Role of Pancreatic B-Cells and Lactotroph Hormones in GDM

In a healthy pregnancy, insulin resistance increases between 50% and 60% in the third trimester, compared to the pre-
pregnancy period 4, This physiologic resistance is needed to ensure adequate delivery of glucose to a fast-growing
fetus. In response, the mother needs to expand her capacity for insulin secretion which is achieved by an increase in -
pancreatic cell mass and number, finally leading to a euglycemic pregnancy. The lactotroph hormones prolactin (PRL) and
human placental lactogens participate in cell-specific 3-cell responses to counteract the physiological insulin resistance
developed during pregnancy. These pancreatic adaptations occur before the onset of insulin resistance in pregnancy &,

The maternal decidua is the main extra-pituitary source of PRL synthesis [B3l88] although columnar trophoblasts and
villous cytotrophoblasts of the placenta can also synthesize it to a lesser extent B3l[7 On the other hand, placental
lactogens are exclusively synthesized during pregnancy by fetal syncytiotrophoblasts and include human placental
lactogen (hPL), human chorionic somatomammotropin A and B (hCS-A and hCS-B), and the placental growth hormone
(PGH). Evolutionary studies indicate that placental lactogens are closely related in their chemical structure to the human
Growth Hormone (GH) as a result of three duplications and one deletion in the GH gene B8, Derived from this structural
homology, lactogens share with GH their binding capacity to both somatogenic and lactogenic receptors B4, GH binds
primordially to the hGH receptor and acts as a somatogen, whereas PRL and hPL bind to the prolactin receptor (PRL-R)
and act as lactogens. PRL-R is a member of the cytokine receptor superfamily which presents 3 structural regions: an
extracellular ligand-binding domain, a hydrophobic transmembrane domain, and an intracellular signaling domain. Multiple
promoters and alternative splicing of the PRLR gene generate several isoforms which vary exclusively in their intracellular
domains and potential recruitment of signaling mediators 29, After ligand binding, PRL-R dimerizes which leads to the
trans-phosphorylation of tyrosine residues present in Janus kinase 2 (JaK-2). This is followed by recruitment of signal
transducers and transcription activators (STATs) -1, -3, or -5 which dimerize and migrate to the nucleus to enhance the
expression of PRL-dependent genes 2. During pregnancy, the binding of hPL or PRL to the long isoform of PRL-R in
pancreatic [-cells activates the JaK-2/STAT-5 pathway which results in metabolic adaptations of these cells characterized
for higher transcription of GLUT-2, glucokinase, insulin, survivin, cyclin D2, and Bcl6é genes 22, GLUT-2 favors glucose
uptake by pB-cells, then glucose is phosphorylated by glucokinase and enters glycolysis/Krebs cycle/oxidative
phosphorylation to increase ATP production. Higher ATP/ADP ratio blocks ATP-sensitive potassium channels, K*
accumulation depolarizes B-cells, and voltage-gated calcium channels become activated. The resultant rise in intracellular
Ca?* triggers insulin secretion 93!, Additionally, transcription of survivin, cyclin D2 and Bcl6 genes increases cell mitotic
divisions, avoids apoptosis, and stimulates the expansion of pancreatic islets during normal pregnancy 24, Beta-cell
proliferation is also dependent on the downstream serotoninergic effect of both, PRL and hPL 23], hPL is more potent than
PRL to increase insulin secretion and B-cells proliferation, whereas GH has lower potency 281971 We now know that the
morphologic changes in pancreatic -cells related to pregnancy occurs largely through hPL and PRL action, but Hepatic
Growth Factor (HGF), Epidermal Growth Factor (EGF), vitamin D, progestins and estrogens are also implicated [28129][100]
(201] (see Figure 2).
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Figure 2. Role of placenta in the immunoendocrine dysregulations occurring in gestational diabetes mellitus.
Hyperglycemia during pregnancy compromises the correct physiology of diverse organs, and particularly the placenta.
Pregestational obesity is characterized by an excessive TG accumulation and changes in IR expression and signaling in
adipose tissue, as well as in skeletal muscle cells. These changes in insulin-dependent tissues lead to insulin resistance.
Then, adipose tissue secretes high levels of leptin and inhibits those of adiponectin. Leptin activation of JaK-2/STAT 3/5
pathway results in increased cytokine production contributing to peripheral metainflammation. Due to insulin resistance
and altered IR signaling, women suffer chronic hyperglycemia. Clinical and biomedical studies indicate there is a positive
regulatory loop between hyperglycemia and metainflammation, in which hyperglycemia induces placental and peripheral
synthesis of pro-inflammatory cytokines, chemokines, and adipokines. Metainflammation also alters GLUT and IR
expression which worsen hyperglycemia status. The synthesis of placental hormones is altered by hyperglycemia.
Deficient synthesis of PRL and calcitriol (the active form of vitamin D) has been reported in GDM placentae, whereas hPL
synthesis is increased. These placental hormonal changes, and probably estrogens and progestins, compromise
pancreatic gene expression of GLUT2, glucokinase, insulin, survivin, cyclin D2, and Bcl6; all these genes are related to b-
cells proliferation and survival. Because of reduced b-cells expansion, hyperglycemia worsens. Additionally, deficient
synthesis of calcitriol abates placental expression of antimicrobial peptides related to innate defense, increasing mother
and fetus vulnerability to infections in the perinatal period. Another endocrine dysregulation is derived from IGF-I
overactivation in the placenta, which explains increased placental growth and glucose uptake. The establishment of a
chronic inflammatory milieu in the placenta results in: (i) Increased production of pro-inflammatory cytokines, chemokines,
and adipokines; (ii) Increased placental infiltration of M1 macrophages, cytotoxic neutrophils, and T cells; (iii) Deregulated
production of pro-angiogenic and anti-angiogenic factors; and (iv) Increased lipid peroxidation and synthesis of ROS
precursors. Even if angiogenesis is induced, vessels in the placenta are thickened and immature. Overall, altered vessels
formation, hyperglycemia, and oxidative stress induce endothelial dysfunction. Furthermore, the serum inflammatory
profile is evidenced by high levels of pro-inflammatory cytokines, chemokines, and adipokines as well as a higher
presence of cytotoxic monocytes, neutrophils, and T cells. Hyperglycemia and over-activation of IGF-I signaling results in
increased fetal growth which may contribute to macrosomia. Finally, hyperglycemia and oxidative stress produce
pancreatic overstress in the fetus, causing an increased risk for T2DM development later in life. Experimental and clinical
evidence indicates that GDM fetuses present a marked neural pro-oxidative environment which may lead to neural, motor
and behavior disturbances. AMPs: antimicrobial peptides; GDM: Gestational diabetes mellitus; GLUT: Glucose
transporter; hPL: human placental lactogen; IGF-I: Insulin-like Growth Factor 1; IR: Insulin receptor; N: Neutrophils; PRL:
Prolactin; ROS: Reactive oxygen species; T: T lymphocytes; T2DM: type 2 Diabetes mellitus; TG: triglycerides; VD:
vitamin D.

Pregnancy is considered a physiologically hyperprolactinemic state, in where PRL potentiates glucose-stimulated insulin

secretion and -cell mass. However, exacerbated hyperprolactinemia, as occurs with a prolactinoma, is related to insulin

resistance 222, |n GDM, blood levels of hPL are higher than in normal pregnancies and correlate with increased placental



weight, macrosomia, hyperglycemia, insulin resistance, and altered values in an Oral Glucose Tolerance Test (OGTT) 202

[204] ' |n contrast, GDM mothers present similar or even lower levels of PRL than normal pregnant women [0l This
relative contradiction seems to indicate that a delicate balance of PRL and hPL during pregnancy is needed to achieve
adequate pancreatic B-cells proliferation and to avoid insulin resistance 2%, |n a diabetic mouse model, low- and high-
PRL treatment induced B-cell proliferation; however, low PRL levels reduced hepatic insulin resistance whereas high PRL
exacerbated it and elevated apoptosis of B-cells 1971, A DNA sequencing study also supports the critical role of PRL-R in
the control of glucose metabolism in GDM patients. In particular, two single nucleotide polymorphisms in the PRLR gene
were associated with a 2-fold risk for developing GDM 293, The study of physiological control of pancreatic B-mass
expansion by lactotroph hormones still needs to be enlarged in the context of GDM and their co-interactions with
estrogens/progestins hormones, inflammation, and obesity.

3. Hyperglycemia-Induced Metainflammation in GDM Alters Placental
Immune Cells Population Favoring an Inflammatory Cytokine Signature
and an Imbalance in Adipokines and Defense Peptides

The persistent exposure to hyperglycemia in GDM mothers results in a systemic response of inflammation named
metainflammation 2081209 Thjs term defines a sustained low-grade inflammatory state characterized by an increase in
serum levels of pro-inflammatory cytokines and tissue macrophage infiltration in the absence of tissue damage.
Metainflammation in the context of GDM is favored by metabolic disorders such as maternal obesity or excessive weight
gain, which induce inflammatory pathways leading to insulin resistance 29, This persistent inflammatory state in GDM

mothers has been associated with an increased risk for diabetes, obesity, and other poor outcomes and diseases in their
offspring [M][l_ﬂlmm

Several clinical studies in GDM patients have demonstrated alterations in a broad profile of inflammatory mediators,
including lower serum levels of anti-inflammatory interleukin (IL)-10 and adiponectin, higher serum levels of pro-
inflammatory TNF-a and IL-6, increased maternal serum adipokines (chemerin, leptin, omentin, visfatin, and the fatty acid-
binding protein 4 FABP-4), Thl cytokines (INF-y, IL-2, IL-18) and chemokines (CXCL16, IL-8) [113][L16][117]{118][119][120]
Intracellular signaling of these inflammatory mediators is related to a worse fetal prognosis, such as preterm delivery and

premature rupture of membranes (1211,

3.1. The Role of Immune Cells in GDM Placentae

It is well known that hyperglycemia affects innate immunity and that there is a diabetes mellitus-dependent vulnerability to
infections 1221, This scenario affects the correct function of innate immune cells as well as Toll-like receptor (TLR)—
dependent responses at the MPFU, including alterations in the immune functions of monocytes/macrophages, dendritic

cells, NK cells, granulocytes, and Hofbauer cells.

Similar to what is seen in adipose tissue, obesity and GDM predispose to macrophage, granulocyte, and T lymphocyte
infiltration into the placenta [120]1223][124] ' |ndeed, the placenta expresses mRNA for CD68, CD14, EMR-1, and TCRa
(immune cell infiltration markers), which are known to be increased in GDM placentae 12311241 Macrophages infiltrated in
GDM placentae present an M1 phenotype with a strong inflammatory response characterized by high expression of IL-6,
TNF-q, IL-1pB, IL-8, and the monocyte chemoattractant protein 1 (MCP-1) [12011123]

Hofbauer cells are fetal macrophages immersed in placental villous and present an anti-inflammatory profile (M2). In a rat
model of GDM, Hofbauer cells switched their M2 profile towards M1 (pro-inflammatory) and induced the oxidative stress
pathway 1251, |n this regard, Hofbauer cells when treated with high glucose switch their profile to an M1-type, triggering
inflammatory pathways 2221 similarly to macrophages in a high-glucose environment 1281, However, in human placenta
from GDM women, Hofbauer cells seem to preserve their M2 phenotype despite a hyperglycemic environment 2221, M2
macrophages play a relevant role in tissue remodeling during placental development, so further studies are needed to
understand the effect of GDM on these cells.

Neutrophil activity is also altered in GDM. Neutrophils seem to be significantly activated, forming a high number of
neutrophil extracellular traps (NETs). Under normal circumstances, these web-like structures represent an additional
mechanism of the innate immune system to protect us from invading microorganisms. However, in pathological conditions
such as diabetes and cancer, platelets may also get trapped, contributing to the pathological effects of NETs, which
include damage to the endothelium and thrombotic events. Notably, numerous neutrophil infiltrates have been detected in
the placentae of GDM-patients (128, |n addition, elevated neutrophil-derived products including nucleosomes, neutrophil
elastase, and free DNA have been found in the plasma of diabetes mellitus patients 122, Elevated first-trimester

neutrophil count has also been associated with the development of GDM and adverse pregnancy outcomes 139, |n the



placenta, extracellular traps formation may be triggered by infection (e.g., by bacteria or their products) or by inflammation
(e.g., preeclampsia and GDM). Notably, extracellular traps comprise a vast array of molecules with antimicrobial activity,
such as elastase, cathepsin G, defensins, myeloperoxidase, hCTD, and bacterial permeability-increasing protein, which
explain their bactericidal effect 1311 However, the involvement of these immune structures in some noninfectious,
autoimmune, and inflammatory processes grants further studies to understand their participation in GDM pathophysiology.

Regarding NK cells, diverse comprehensive reviews have described the critical participation of NK cells, particularly
decidual NK cells with CD56bright/superbright and CD16- phenotype, in pregnancy development 1321331 However, few
original articles have revised the role of these cells in GDM pathophysiology. A higher percentage of cytotoxic NK cells
(CD16+ CD56dim) was observed in maternal serum of overweight GDM patients and placental extravillous tissue in

comparison with euglycemic women [1191[134]

3.2. Major Placental Cytokines in GDM

The placenta presents not only an active endocrine function, but also an important immune-modulatory action
characterized by the synthesis of diverse cytokines, chemokines, and adipokines, as well as their receptors. The
implication of pro-inflammatory cytokines in GDM pathology has been demonstrated in numerous studies [£33](136][137][138]
Gene microarray experiments in GDM placentae showed increased expression of genes for stress-activated and
inflammatory responses, with upregulation of interleukins, leptin, and TNF-a receptors and their downstream molecular

adaptors (1391,

Undoubtedly, the signaling of NFkB is the main regulator of inflammatory pathways in normal and GDM placentae. After
TNF-a binding with their receptor TNFR1, the adaptor protein TRADD is recruited and associated with the death domain
of TNFR1. TRADD acts like platform binding for TRAF2 and RIP adaptor proteins which eventually activate the TAK1
kinase to phosphorylate and activate the IKK complex formed by the catalytic subunit IKKa and IKKf, and the regulatory
subunit NEMO. The IKK complex phosphorylates the IkB proteins that are constitutively bound to NFkB, keeping this
factor in the cytosol. The serine phosphorylation of IKB proteins promotes their ubiquitination and proteolytic degradation
by the proteasome, free allowing the nuclear translocation of NFkB 120141 The NFkB upregulates target genes that
encoded pro-inflammatory cytokines, inducing a chronic inflammatory loop that contributes to the development of insulin
resistance.

NFkB can be activated by endogenous molecules released during tissue damage and oxidative stress, including debris
from apoptotic, saturated fatty acids, heat shock proteins, advanced glycation products (AGEs) which are recognized by
the TLR-4 receptor 142 |n GDM and maternal hyperglycemia there is a positive association with an increase of TLR-4
and NFkB signaling in the placenta 24311441 T| R-4-induction of NFkB signaling in the placenta is an important mechanism
that is altered during gestational diabetes; however, further studies are needed to elucidate the involvement of innate
immunity in trophoblast functionality.

Clinical clamp assays and in vitro studies of placental perfusion demonstrate that TNF-a is the most significant
independent predictor of insulin sensitivity in GDM patients, indicating close crosstalk between the immune and endocrine
axis 145 This immune interaction was corroborated in clinical association studies of GDM/obesity and maternal
circulating levels of TNF-a and IL-6; this positive association remained after adjustment for total adipose mass [1361146](147]
(24811491 cyrrently, it is known that cytokines such as TNF-a and IL-6 favor insulin resistance through inhibition of the
insulin signaling cascade. Activation of the c-Jun N-terminal kinase (JNK) and IkB kinase (IKK) pathway targeted by TNF-
a, increases serine phosphorylation of the IRS-1 and blocks normal tyrosine kinase activity of the IR 159, On the other
hand, IL-6 can activate the mammalian target of rapamycin (MTOR) which phosphorylates IRS-1 in serine residues, in a
similar manner as TNF-a. Another molecular signaling of insulin resistance mediated by IL-6 is related to STAT-3
activation and the consequent activation of the Suppressor of Cytokine signaling (SOCS), which inhibits tyrosine
phosphorylation of IRS-1. Both serine phosphorylation and blocked tyrosine phosphorylation of IRS-1 by inflammatory
mediators impaired insulin action and subsequent insulin-regulated glucose uptake 51,

IL-1B is another important inflammatory mediator that has been shown to be increased in the placentae of obese mothers
and with GDM L19I52I1158] | 3 first-trimester trophoblast cell line (Sw.71), high glucose levels (25 mM) increased
trophoblast production of uric acid, which activated the inflammasome pathway, and positively regulated IL-1(3 release
(1541 |n mouse models for GDM, an increase in uterine and placental IL-1f levels and impaired glucose tolerance has
been observed. In contrast, treatment with an anti-IL-1p antibody improved glucose tolerance in GDM mice 133, Results
obtained from in vitro models of hyperglycemia support the clinical data of the inflammatory environment in the placenta of
women with GDM and provide evidence of the consequences that this generates on the anatomy and functionality of the
placenta. Exposure of placental trophoblast cells to high concentrations of glucose (25 and 50 mM) significantly induced



the secretion of cytokines and chemokines such as TNF-a, IL-1B, IL-6, IL-8, GRO-a, RANTES, and G-CSF (154]
Furthermore, high glucose concentrations suppress trophoblast viability and proliferation in vitro. These effects were
mediated by the increase in miR-137, which in turn decreases the expression of the protein kinase activated by AMP
(PRKAAL), positively regulating the placental secretion of IL-6 1281 and upregulating Bax/Bcl-2, COX-2, and caspase 9
expression 1571,

It is well known that the migration of extravillous trophoblast into the maternal decidua and their interaction with
endothelial cells from uterine spiral arteries are critical processes in placental development. In this sense, in vitro studies
support an active intercommunication between trophoblasts and endothelial cells. The first-trimester trophoblast exposed
to hyperglycemia (25 mM) induces the release of exosomes which in turn induces the endothelial release of IL-4, IL-6, IL-
8, INF-y, and TNF-a 581 Together, the placental alteration of matrix metalloproteases, pro-angiogenic, and anti-
angiogenic factors, as well as the shift towards a pro-inflammatory environment can explain the peripheral endothelial
dysfunction in GDM [38l1159][160] ' Alsg, this endothelial imbalance may help to explain the observed high vasculogenesis
rate, and capillary immaturity in GDM placentae 2221l a5 will be discussed later in this review.

3.3. Altered Production of Adipokines by the GDM Placenta

Adipokines are bioactive polypeptides whose dysfunction is involved in inflammation, obesity, insulin resistance, and
cardiovascular diseases 181, Although adipokines have been described as secretion products of adipose tissue, the

placenta can synthesize adipokines such as chemerin, omentin-1, visfatin, leptin, and adiponectin-like adipose tissue &
135

Leptin acts as a regulator of satiety and energy expenditure in the central nervous system 162, Maternal plasma leptin
levels increase in the first and second trimester of pregnancy and return to pre-pregnancy levels after delivery 183l The
placental synthesis of leptin is regulated by the different placental hormones such as B-hCG and estradiol [1641165]
Several studies have shown that the secretion of leptin by the placenta exerts autocrine actions stimulating the

proliferation and survival of trophoblast cells 28, Also, leptin increases placental lipid catabolism and vasodilation,

possibly increasing the availability and transport of nutrients thus favoring fetal growth 2671,

Regarding GDM, most researchers reported an increase in plasma and placental leptin levels [112I168IL69[170] \yhile other
researchers did not observe a difference compared to healthy pregnancies 7. In vitro evidence has shown that insulin
induces leptin expression in trophoblast cells 262, |t has been found that maternal hyperglycemia in GDM regulates the
leptin levels in umbilical cord blood generating macrosomia in the baby and increasing their risk of obesity in the future
lasg]

An increase of leptin and leptin receptor expression was found in the GDM placentae 172, contributing to the increased
placental weight gain observed in GDM, along with the IGF-I axis as described before (see Figure 1). The binding of
leptin with its receptor activates the signaling pathways MAPK, PI3K, and JaK-STAT which are also shared by IR B4, |n
GDM placentae, the basal phosphorylation of STAT-3, MAPK 1/3, and Akt are increased, causing resistance to
subsequent stimulation with Leptin or Insulin in vitro, suggesting crosstalk between insulin and leptin signaling in the
human placenta 24!,

In explants of the placenta, leptin significantly increases the release of IL-1B, IL-6, TNF-a, and prostaglandin E2 (PGE2)
(1731 Similarly, leptin stimulates IL-6 secretion in trophoblast cells /475 This increase in the production of pro-
inflammatory cytokines evokes a chronic inflammatory milieu that in turn improves leptin release in the placenta,
generating a vicious inflammatory loop 2781,

Adiponectin is the second most studied adipokine. This peptide improves the IR signaling, makes lipid oxidation more
efficient, inhibits the gluconeogenesis and the TNF-a signal in adipose tissue 1. Adiponectin circulating levels increase
during the first and second trimesters of normal pregnancy and later decrease post-partum 28 Unlike leptin, low levels of
adiponectin were found in maternal GDM serum compared to women with normal glucose tolerance L7189 |t has been
proposed that this decrease in serum adiponectin levels may serve as an early predictive factor for GDM development.

In terms of human placentae from pregnancies complicated with GDM, a significant downregulation of adiponectin mRNA
and an upregulation of adiponectin receptor 1 (ADIPOR1) has been reported 281, |n the same study, it was observed that
the cytokines INF-y, TNF-a, and IL-6 differentially regulate the expression of adiponectin receptors (ADIPOR1 and
ADIPOR?2), as well as the expression and secretion of adiponectin. The researchers observed that placental adiponectin
suppressed MAPK phosphorylation, particularly ERK1/2 and p38 that are essential for the onset of trophoblast
differentiation, implantation, and placentation 81, Furthermore, there is in vitro evidence that adiponectin promotes the



trophoblast invasion by augmenting Matrix metalloproteinase (MMP)-2 and -9 production, and downregulating TIMP-2
MRNA expression 182 Whereas adiponectin increases insulin sensitivity and modulates the invasion of trophoblasts, this
adipokine could limit fetal and placental growth. Recent studies suggest that hypomethylation of the adiponectin gene in
the placenta correlates with maternal insulin resistance and hyperglycemia, and with fetal macrosomia [183l1184] Secretion
and expression of other placental adipokines have been described in women with GDM and obesity. Some studies
showed an increase in many of these adipokines while others found no changes compared to women with normoglycemia
(177 More studies are needed to understand the impact of these adipokines on the development of GDM in the human.

3.4. Placental Innate Defense-Peptides in GDM

Regarding the innate immune system of the MPFU, the placenta, trophoblasts cells, decidual cells, stromal cells, and fetal
membranes can produce several antimicrobial peptides, including human B-defensin (HBD)-1, HBD-2, HBD-3 and HBD-4,
S100 proteins, human cathelicidin (hCTD) and human neutrophil peptides 1-4 (HNP 1-4) [185][186][187][188][189][190][191]
Moreover, the placenta also produces histones capable to neutralize certain bacterial endotoxins 222, The main function
of these defense peptides is to rapidly kill invader microorganisms; however, these multifunctional, amphipathic molecules
also participate in angiogenesis, cell migration, and immune system modulation (1231,

At this time, there is scarce information about the effect of diabetes and/or glucose levels on human placental
antimicrobial peptides. In human amniotic epithelial cells, the high glucose culture medium is known to downregulate
HBD2 production 1241 |n other cell types such as macrophages, high glucose levels inhibit hCTD expression. However, in
Mycobacterium tuberculosis-infected macrophages, hCTD levels increased as mycobacterial burden augmented,
irrespective of the hyperglycemic environment 2251, Similarly, in a rat model of diabetes, lower levels of defensin BD1 have
been found, but interestingly, they could be restored by insulin. On the contrary, defensin BD2 levels were found
significantly higher than in non-diabetic animals, which was interpreted as the result of a glucose-dependent increased
inflammatory state 1961 | ijkewise, in biopsies from diabetic foot ulcers, all studied defensins (HBD1-4) were
overexpressed while hCTD was decreased in comparison to healthy skin. Remarkably, when an infectious agent was
present, a significantly lower hCTD expression was observed. The authors concluded that the amount of antimicrobial
peptide present in these diabetic tissues was not able to efficiently contain the infection 24,

Altogether, these results suggest that high blood glucose differentially regulates the expression of innate immune system
components and that there seems to be an interaction between this hyperglycemic state and other assaults that may
occur in diabetes, namely inflammation and infection. A particularly interesting case is that of hCTD, which is of primordial
importance, especially for intracellular infections. In the human placenta, and similarly as in the cases just described,
there is a differential inflammation-dependent regulation of hCTD and HBDs. Indeed, bacterial LPS endotoxin stimulated
HBD2 and S100A9 mRNA levels, while significantly repressed basal and calcitriol-dependent hCTD expression 1981,
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