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Abstract

Gestational diabetes mellitus (GDM) is a serious complication of pregnancy and is defined as a state of glucose intoler-
ance that is first diagnosed and arises during gestation. Although the pathophysiology of GDM has not yet been thoroughly
clarified, insulin resistance and pancreatic 3-cell dysfunction are considered critical components of its etiopathogenesis. To
sustain fetus growth and guarantee mother health, many significant changes in maternal metabolism are required in normal
and high-risk pregnancy accompanied by potential complications. Adipokines, adipose tissue-derived hormones, are pro-
teins with pleiotropic functions including a strong metabolic influence in physiological conditions and during pregnancy
too. A growing number of studies suggest that various adipokines including adiponectin, leptin, visfatin, resistin and tumor
necrosis factor o (TNF-a) are dysregulated in GDM and might have pathological significance and a prognostic value in this
pregnancy disorder. In this review, we will focus on the current knowledge on the role that the aforementioned adipokines

play in the development and progression of GDM.
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Introduction

Pregnancy is characterized by complex endocrine and meta-
bolic adaptations aimed at satisfying the increased energy
demands necessary for the development of the fetus [1].
One of the most important metabolic changes in pregnancy
regards the production of insulin, hormone that promotes
maternal nutrient storage to support the energy demands of
the fetus [2]. In the later stages of pregnancy, a state of insu-
lin resistance, promoted by the action of several hormones
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[2, 3], determines an increase in blood glucose that sup-
ports fetal growth thought the transport across the placenta;
although glucose levels rise, the greater secretion of insulin
ensures the maintenance of a normoglycemic state in the
majority of women [2, 3]. However, when f-cells are unable
to compensate for insulin resistance, gestational diabetes
mellitus (GDM) usually initiates [4]. GDM is a common
pregnancy complication associated to short- and long-term
healthy problems for both the mother and the fetus including
birth complication and type 2 diabetes mellitus, T2DM [5].
Several risk factors have been identified in the development
of GDM, including family history of GDM or T2DM, insu-
lin resistance, advanced maternal age, smoking and obesity
[6, 7]. Several organs including the brain, liver, muscles,
and placenta participate and cooperate in the development
and progression of GDM through hormonal regulation [8].
A crucial role in the pathogenesis of GDM seems to be also
played by adipose tissue (AT). Indeed, AT is considered an
endocrine organ that, through the production of adipokines,
regulates many biological functions and influences preg-
nancy as well as several pregnancy complications such as
GDM [9].

The aim of this review is to provide an overview of the
main adipokines secreted by AT that may possibly partici-
pate to GDM development.
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Adipose tissue role in the pathogenesis
of GDM

Beyond its role of energy storage, AT represents an
important endocrine organ that regulates many biologi-
cal functions through the production of hormones, known
as adipokines [9]. The endocrine function of AT appears
to influence not only the physiological pregnancies but
also pregnancy complications such as GDM. During a
physiological pregnancy, there is an increase in the AT
mass functional to the mobilization of fat to sustain the
fetus growth [10]. Several studies reported that GDM is
associated with hypertrophic adipocyte growth together
with a downregulated gene expression of insulin signal-
ing regulators [11]. In fact, hypertrophic growth of adi-
pocytes can compromise the functionality of AT causing
a dysregulated production of adipokines [12] which, in
turn contributes to impare insulin signaling inhibiting the
release of insulin from B-cells and promoting the onset of
GDM (Fig. 1) [13].

Adipokines are a family of proteins synthesized and
secreted by AT [14]. These adipocyte-derived hormones
take part in several metabolic functions; some of these are
mainly involved in the immune responses and in the modu-
lation of the inflammatory processes, while others primar-
ily regulate glucose and lipid metabolism [15]. Despite
the main site of adipokines production is the AT, during
pregnancy, placenta secretes several adipokines such as
adiponectin, leptin, resistin and visfatin which seem to
be involved in the regulation of maternal metabolism in

Fig.1 A simplified scheme of
maternal circulating levels of
the major adipokines involved
in physiological and GDM preg-
nancies. Several adipokines,
including adiponectin, leptin,

normal and pathological pregnancy conditions [16]. Adi-
pokines play a key role in numerous physiological pro-
cesses (regulation of energy consumption, inflammation,
modulation of the immune response, reproduction, and
angiogenesis) that influence the outcome of pregnancy
and fetal growth, thus representing important factors in
the pathogenesis of GDM [15]. Importantly, altered lev-
els of adipokines have also been detected in the umbili-
cal plasma, indicating an active role of these molecules
in fetal development and metabolism [17]. To date, it
is well known that adiponectin and leptin are the major
adipokines involved in the regulation of insulin sensitiv-
ity in pregnancy, while the involvement of the other adi-
pokines is still debated [18]. Recent studies demonstrated
that some adipokines such as resistin, visfatin and tumor
necrosis factor o (TNF-a) are dysregulated in GDM and
contribute to metabolic complications typical of this preg-
nancy disorder [19, 20]. Table 1 summarizes data about
adipokines in normal and GDM pregnancy.

Leptin

Leptin is a 16 kDa peptide that circulates in serum as a free
peptide or as a complex with a2-macroglobulin [21]. Lep-
tin is mainly synthesized and released by the white adipose
tissue (WAT), but is also produced by the gastrointestinal
system, skeletal muscle, breast, ovary, placenta, pituitary
gland, lymphoid tissue, mesenchymal stem cells and bone
[9, 22]. Brown adipose tissue (BAT) was also found to be a
source of leptin [23]. Leptin levels (ranging between 1 and
15 ng/mL) directly reflect the amount of energy stored in AT
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Table 1 Tissue expression and maternal circulating levels of the main adipokines during normal pregnancy and gestational diabetes mellitus

Adipokine  Normal pregnancy levels

GDM pregnancy levels Expression

Function References

Levels two to three times  Further increase
higher than in non-preg- 11
nant women; the peak
occurs around the 28th
week of gestation

Leptin

Maternal adipose tissue
Fetal adipose tissue
Placenta

Promotion of fetal
growth through greater
placental lipolysis and
transport of transplacen-
tal macronutrients
Increased availability of

[9, 22, 26, 30, 35]

fuel
Adiponectin Progressively reduced Further reduction Maternal adipose tissue Increased insulin-sensi- [16, 48-50, 57, 64]
levels 1 Placenta, primarly in tivity
syncytiotrophoblast Anti-inflammatory activ-
ity
TNF-o Higher levels than Further increase Maternal adipose tissue Aggravation of insulin [64, 76, 80, 81, 82, 83]
non-pregnant women, ™" Placenta resistance
particularly in third Regulation of placental
trimester development
Resistin Higher levels than Further increase Maternal adipose tissue Prevention of neonatal [85-89]
non-pregnant women, " hypoglycemia
particularly at the end of Increased hepatic glucose
pregnancy production
Visfatin Higher levels than non- Further increase Maternal adipose tissue Increased insulin-sensi- [92-95]
pregnant women; the ™" tivity
peak occurs between the Anti-inflammatory activ-
19th and 26th week of ity
gestation

The biological functions of the adipokines are also reported

and are proportional to fat mass [24]. During pregnancy, a
significant amount of leptin is produced by placental tissues
and is secreted into fetal-maternal circulation; furthermore,
leptin is present both in the amniotic fluid and in umbilical
cord blood, although at lower levels than in maternal blood
[25, 26].

Functionally, leptin is involved in many biological pro-
cesses including regulation of appetite, energy homeosta-
sis, insulin sensitivity, inflammation, immune response
and angiogenesis. Regarding the reproductive system, lep-
tin stimulates the secretion of the gonadotropin-releasing
hormone (GnRH), the follicle-stimulating hormone (FSH)
and the luteinizing hormone (LH) supporting fertility [18].
Leptin participates to the maintenance of energy homeosta-
sis increasing both secretion and sensitivity to insulin, thus
influencing glycogen synthesis and fatty acid metabolism
[27]. Leptin also suppresses the synthesis and release of the
neuropeptide oressigenous Y [24]. In obesity and related dis-
orders such as T2DM, leptin levels are dramatically reduced;
in leptin knowdown animal model, the deletion of the leptin
gene and/or its receptor determines constant and continu-
ous hunger, hyperphagia and early onset of severe obesity
[28]. The above-mentioned biological functions of leptin are
mediated by its interaction with its own receptor, expressed
throughout the body, known as Ob-Re receptor [29]. About
pregnancy, leptin is involved in the regulation of multiple
aspects of maternal metabolic homeostasis such as the

placentation process, the maternal—fetal exchanges, and the
regular growth of the fetus. From the early stages of preg-
nancy, maternal concentrations of leptin increase to levels
two or three times higher than those found in non-pregnant
conditions, revealing an important role of this adipokine
during gestation [8, 26]. The peak of leptin concentrations
occurs at the end of the second or at the beginning of the
third trimester; then, its levels remain elevated for the rest
of the gestation, while drastically decreasing after the birth
[30]. Several studies have shown that placental tissues, but
not the maternal AT, contributes in defining this increase in
leptin concentrations [30]. According to these data, Kinal-
ski et al. showed a noticeable decrease in leptin after birth,
indicating that the placenta is the main sources of elevated
circulating leptin levels in pregnancy and that the expression
of leptin in the placenta is independently regulated from that
produced by AT [31]. In addition, the fetus itself contributes
to the production of leptin starting from the second trimester,
although with a lesser extent than the placenta [32].

Functionally, the increase of leptin in maternal blood dur-
ing the second and third trimester of pregnancy is not associ-
ated with a decreased food intake or an increased metabolic
activity [33]. Interestingly, it has been shown that leptin
induces the production of chorionic gonadotropin in the
trophoblast cells, thus regulating placental growth, improv-
ing mitogenesis and stimulating the uptake of amino acids
[34, 35].
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When obesity occurs during the pregnancy, a resistance to
leptin is observed with a decreased availability of nutrients
for the fetus. This mechanism could explain some metabolic
disorders at fetal level and the decrease of fetal growth that
is observed in pregnancies complicated by obesity [36]. It
has also been shown that leptin plays a role in the regula-
tion of angiogenesis and motility of smooth muscle cells,
indeed, in endothelial cells of the umbilical vein, leptin
induces the phosphorylation of the vascular endothelial
growth factor receptor 2 (VEGFR 2), a fundamental pro-
cess for adequate fetal vascularization [37]. Leptin plays
a pro-inflammatory action influencing the pathogenesis of
various pregnancy diseases including GDM. Most of the lit-
erature data have associated hyperleptinemia with the devel-
opment and progression of GDM, while only few studies
have shown reduced or unchanged levels of this protein in
affected women [38]. Differences in leptin levels between
women with GDM and healthy ones could be due to a dif-
ferent expression of leptin receptors between the two groups.
Challier et al. found an increase in soluble leptin receptor
expression in the placenta of women with GDM, contrary
to transmembrane protein receptor levels [2]. The increase
in the soluble receptor determines a greater reuptake of lep-
tin, limiting its availability for the transmembrane receptor
[39]. This could affect the release of placental leptin and
lead to a decrease of protein levels in GDM patients [39].
In contrast to these results, other studies have reported a

decrease in soluble leptin receptor levels in GDM subjects
[39, 40]. Recently, Fatima et al. detected a five times higher
leptin levels in women with GDM than healthy controls and
observed a positive correlation with fasting blood glucose,
insulin resistance, and fetal weight [41]. Consistently, Xiao
et al. showed an increase of leptin concentration in women
with GDM compared to healthy ones [42]. It has been dem-
onstrated that hyperleptinemia is more frequent in women
with early onset of GDM compared to women with later
onset of the disease and it is associated with a decrease in
adiponectin/leptin ratio [43, 44]. Altogether, these studies
showing leptin levels significantly increased in GDM women
compared to control population suggest plausible role of lep-
tin as a predictor factor for the onset of GDM [45, 46]. On
the other hand, Thagaard et al. showed an inverse relation
between leptin and GDM in severely obese women, claiming
that the protein could not help in predicting the onset of the
disease [39]. However, the presence of obesity may represent
a confounding factor in defining the leptin as an early marker
of GDM. Figure 2 summarizes the effects of leptin in GDM.

Adiponectin

Cloned in 1990, adiponectin is an adipokine produced by
AT and abundantly secreted in serum (ranging between 5
and 30 pug/mL), representing 0.01% of total serum proteins
[48]. Adiponectin stimulates glucose consumption, inhibits
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Fig.2 Role of the main adipokines involved in GDM. Leptin, adi-
ponectin, TNF-a, resistin and visfatin are involved in the regulation
of various aspects of maternal metabolism during normal and GDM-
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lipolysis, and reduces hepatic glucose production with an
important insulin-sensitizing function [49]. Altogether these
functions result in anti-diabetic, anti-inflammatory and anti-
aterogenic effects [50]. Circulating levels of adiponectin are
inversely associated with glycemia, insulin sensitivity and
inflammation and is largely recognized as a marker for obe-
sity and metabolic-related diseases [51]. The adiponectin
gene, located on chromosome 3q27, encodes a protein of
244 amino acids that multimerizes to form complexes at
low (LMW), medium (MMW) and high molecular weight
(HMW); the oligomers assemble through the formation
of disulfide bridges and the hydroxylation of proline and
lysine [52]. Adiponectin performs its biological functions
through two transmembrane G-protein-coupled receptors:
AdipoR1 and AdipoR2 [53]. Adiponectin receptors are
widely expressed in many tissues with distinct expression
patterns and different affinity for adiponectin oligomers [53].
McDonald et al. demonstrated that AdipoR1 and AdipoR2
are abundantly expressed also in human cytotrophoblast
cells from term placentas [54].

In addition to the above receptors, adiponectin binds a
third receptor, T-cadherin, a glycosylphosphatidylinositol-
anchored extracellular protein lacking the intracellular
domain with high affinity for HMW and MMW oligomers
[55].

During pregnancy, adiponectin plays an important physi-
ological role in maternal, fetal, and placental metabolism
[56]. Generally, before the second trimester of pregnancy,
there is an increase in circulating levels of adiponectin which
progressively decrease with the advance of gestation [57].
The HMW oligomers are the most abundant circulating
isoform in both pregnant and non-pregnant women [58].
Several studies reported that adiponectin is produced in
abundance not only by AT, which for long time has been
considered as the only source of this protein, but also by the
placenta; the placental expression levels of adiponectin and
its receptors are differently modulated by other cytokines,
such as TNF-q, interferon-gamma (IFN-y), interleukin 6 (IL-
6) and leptin, that are crucial in the development of GDM
[59, 60]. Contrary to these results, few studies did not detect
adiponectin in placental tissues [58]. In addition to placenta,
the fetus also contributes to adiponectin production, in par-
ticular in the early stages of the development with a specific
production of HMW and LMW multimers [61]. Unlike non-
pregnant women, adiponectin levels during pregnancy are
not related to BMI, although a negative relationship between
first and second trimester levels of this protein and pre-gesta-
tional BMI has been observed [62, 63]. In pregnant women,
as for non-pregnant ones, maternal adiponectin improves
insulin sensitivity by stimulating glucose consumption in
skeletal muscles and reducing liver glucose production [64].
Functionally, adiponectin promotes the differentiation of the
trophoblast cells, indicating that this adipokine could play a

role in the formation of syncytiotrophoblast [65]. Contrary
to the insulin sensitizing effects, maternal adiponectin has
been shown to attenuate the signaling of insulin in the pla-
centa and to reduce the maternal—fetal transport of amino
acids, causing a decrease in fetal growth when produced at
high levels [66]. Literature data report that, unlike adults,
neonatal adiponectin positively correlates with some anthro-
pometric parameters [67]. In fact, cord blood adiponectin
levels positively correlate with fetal birth weight in both nor-
mal and diabetic pregnancies [68]. At birth, cord blood adi-
ponectin levels are 4- to 7-fold higher than those observed in
mothers [69]. The precise role of fetal adiponectin remains
in part to be clarified; data collected suggest that adiponectin
plays an important role in fetal intrauterine development and
growth during the early stages of life.

The role of adiponectin has been extensively inves-
tigated in many pregnancy-associated disorders such as
GDM. To date, GDM has been associated with a state of
hypoadiponectinemia with a particular, deficiency of HMW
oligomers [16, 70]. Indeed, many studies have reported
reduced levels of circulating adiponectin in women with
GDM compared with healthy ones [64]. Recently, this sig-
nificant reduction in adiponectin gene expression has also
been shown in affected women compared to healthy con-
trols, regardless of their BMI [71]. Interestingly, in GDM
women, adiponectin concentrations remain at low levels
even after delivery [46]. Several studies have shown that,
in early pregnancy, adiponectin levels decrease in GDM
women compared to healthy controls, indicating that its con-
centration could be a predictive factor for the development
of the disease already in the first trimester of pregnancy [39,
72]. Consistently, Lain et al. have shown that women with
low adiponectin concentrations during the first trimester of
pregnancy are 10 times more likely to develop GDM, while
Williams et al. reported a 4.6-fold increase in the risk of
developing GDM in women with low adiponectin concen-
trations [2]. Low adiponectin levels represent a predictive
factor of GDM even in women without the known risk fac-
tors [73]. The molecular mechanism for adiponectin down-
regulation is not clear but it is known that GDM is charac-
terized by an amplification of the inflammatory state during
pregnancy; this causes an increase in the circulating levels
of many inflammatory cytokines including TNF-a and IL-6
which are negative regulators of the adiponectin expression
[73]. It is to notice that fetuses of mothers with GMD show
significantly lower adiponectin levels than those of healthy
women and that the concentration of this adipokine remains
low even during the growth of children [74]. The hypothesis
is that low levels of this adipokine may further aggravate the
insulin resistance that characterizes GMD. Considering that
hyperinsulinemia during GDM may cause a further decrease
in plasma levels of this adipokine, improving adiponectin
levels in pregnant women could help improving insulin
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sensitivity and perinatal outcomes. Figure 2 summarizes
the main roles of adiponectin in GDM.

TNF-a

TNF-a is a pro-inflammatory cytokine mainly produced by
AT, monocytes and macrophages representing a key regula-
tor of the immune system and inflammation [76]. It is well
documented that TNF-a has a fundamental role in the devel-
opment of insulin resistance and the pathogenesis of T2DM
[77]. TNF-a inhibits the phosphorylation of insulin receptor
and its substrate, insulin receptor substrate-1, thus, promot-
ing insulin resistance. In addition, the expression of the glu-
cose transporter type 4 (GLUT 4) is reduced by the activity
of TNF-a in various tissues [64]. Treatment with TNF-o is
known to decrease adiponectin expression in human adipo-
cytes inactivating its insulin-sensitizing effects [78]. Thus,
it is clear that elevated TNF-a levels during gestation may
contribute to the reduced insulin sensitivity observed in
pregnancy. TNF-a secretion increases during pregnancy in
both normal and GDM women, particularly during the third
trimester [64]. Additionally, a significant increase in TNF-a
levels is reported in GDM mothers compared to healthy ones
[79, 80]. Murthy et al. have shown that GDM women with
elevated TNF-a levels are more likely to develop complica-
tions such as preeclampsia [2]. However, Rueangdetnarong
et al. reported an increase of TNF-« levels in the maternal
serum of GDM patients but not in cord blood, indicating
that the placenta could be a barrier for pro-inflammatory
cytokines [79]. According to Kirwan et al., the insulin-resist-
ance and reduced glucose tolerance associated with GDM
are precisely due to increased TNF-a levels rather than to
direct activity of placental hormones [81]. Regarding the
source of TNF-a secretion during pregnancy, the placenta
represents the main source of TNF-a, with a peak of pro-
duction in late gestation [82]. It seems that the increase in
TNF-a levels during late phases of pregnancy is mainly due
to placental activity rather than to secretion by other tissues
[64]. After delivery, TNF-o levels decrease rapidly, support-
ing the hypothesis that its increase in pregnancy is due to
placental secretion [83]. It seems clear that alterations in
TNF-a levels could be involved in the pathogenesis of GDM,
but the role of this adipokine is far from being elucidated.
Figure 2 summarizes the main roles of TNF-a in GDM.

Resistin

Resistin is a pro-inflammatory adipokine mainly produced
by AT [85, 86]. This adipokine is involved in the regulation
of insulin sensitivity and is known to be associated with obe-
sity and insulin resistance in T2DM interfering with insulin
function, affecting glycogen metabolism and decreasing glu-
cose uptake in skeletal muscle [87]. The role of resistin in
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the development of insulin resistance associated with GDM
remains unclear. During a physiological pregnancy, resistin
level increases, particularly around the third trimester and
probably contributes to the decrease of insulin sensitivity
[86]. Some studies report a significant increase in the level
of plasma and placental resistin in GDM patients compared
to healthy ones [88]. A recent study, reported that between
11 and 13 weeks of pregnancy, the level of plasma resistin is
increased in parturients who subsequently developed GDM,
indicating that the hyper-resistinemia could precede the
onset of the disease [20]. In addition, serum levels of resis-
tin could be a predictor of postpartum glucose intolerance
since the protein levels are higher in patients with GDM and
postpartum glucose intolerance compared to patients with
only GDM [89]. In contrast, other studies reported that there
is no difference in circulating resistin levels between GDM
patients and healthy controls and in the levels of umbilical
resistin in children of mothers with GDM compared to chil-
dren born from normal pregnancies [45, 91]. Lobo et al. have
shown that there is no difference in resistin levels between
women with early onset of GDM, women with standard
onset of GDM and healthy controls [2]. In conclusion, the
available data indicate that resistin in some way can influ-
ence insulin resistance during pregnancy but, most likely, it
has a secondary role in the pathogenesis of GDM. Figure 2
summarizes the main roles of resistin in GDM.

Visfatin

Visfatin is an adipokine highly expressed by the vis-
ceral adipose tissue (VAT). It has insulin-like effects and
reduces the hepatic glucose levels by promoting glucose
uptake in adipocytes and myocytes [92]. Literature data
report that pregnant women have higher visfatin levels
than non-pregnant women [93] with a peak between 19
and 26 weeks of gestation [94]. Regarding the role of vis-
fatin in the pathogenesis of GDM, the results of litera-
ture studies are very heterogeneous. Lu et al. reported an
increase in serum levels of maternal and umbilical cord
visfatin in women with GDM compared to healthy con-
trols [2]. They also showed that women with GDM with
high levels of visfatin were more likely to have adverse
outcomes, showing that visfatin could be a predictive
index of the onset of adverse outcomes [95]. According
to Souvannavong-Vilivong et al., the increase in serum
visfatin levels found in women with GDM could be a
compensatory mechanism to improve impaired insulin
function [20]. Liang et al. revealed a positive correlation
between perinatal levels of visfatin, weight gain and BMI
in women with GDM [44]. In a recent study, an increase in
the levels of visfatin was reported several weeks before the
onset of GDM, indicating that this adipokine could be a
potential biomarker for predicting the onset of the disorder
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[90]. On the contrary, Tsiotra et al. showed that circulat-
ing visfatin was significantly lower in GDM patients than
in healthy controls although there were no differences
in mRNA expression in AT and in the placenta [95]. In
contrast to these results, in other studies, no difference in
visfatin levels was found between mothers with GDM and
healthy mothers [96, 97]. A recent meta-analysis analyzing
the relationship between visfatin and GDM revealed that
this adipokine is associated with GDM through maternal
obesity, which represents one of the main risk factors for
the onset of the disease [98]. The heterogeneity of these
results do not allow elucidating the role that altered levels
of visfatin play in GDM. Figure 2 summarizes the major
roles of visfatin in GDM.

Conclusions

GDM is a glucose intolerance pregnancy disorder asso-
ciated with a higher risk of several short- and/or long-
term health problems for both the mother and offspring.
Although the pathophysiology of GDM has not yet been
fully elucidated, the available evidence suggests that the
amount of AT before and/or during pregnancy influences
insulin resistance associated with GDM-complicated preg-
nancies. Consequently, dysregulation in adipokine expres-
sion seems to be an essential factor that define and regu-
late insulin resistance and GDM. Adiponectin and leptin
appear to be the main adipokines involved in the patho-
genesis of GDM potentially representing markers and/or
predictor factors of early GDM. Further studies are needed
to clarify whether the dysregulation of the other described
adipokines contributes directly to the pathophysiology of
GDM.
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