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Abstract: There is a high frequency of overweight and obesity in women of reproductive age. Women
who start pregnancy with overweight or obesity have an increased risk of developing maternal
obstetric complications such as gestational hypertension, pre-eclampsia, gestational diabetes mellitus,
postpartum hemorrhage, and requiring C-section to resolve the pregnancy with a higher risk of
C-section surgical site infection. Excessive weight in pregnancy is characterized by dysregulation
of adipokines, the functions of which partly explain the predisposition of pregnant women with
overweight or obesity to these maternal obstetric complications. This review compiles, organizes, and
analyzes the most recent studies on adipokines in pregnant women with excess weight and the poten-
tial pathophysiological mechanisms favoring the development of maternal pregnancy complications.

Keywords: maternal obesity; pregnancy complications; adipokines; cytokines

1. Introduction

Excess body weight results from the overaccumulation of fat caused by an energy
imbalance between intake and expenditure of calories [1]. According to the World Health
Organization, excessive weight is classified based on body mass index (BMI) as over-
weight or pre-obesity (25.0–29.9 kg/m2), obesity class I (30.0–34.9 kg/m2), obesity class II
(35.0–39.9 kg/m2), and obesity class III (≥40.0 kg/m2) [2]. This metabolic condition repre-
sents a priority public health issue as it considerably increases the risk of cardiovascular
disease, diabetes mellitus, and certain types of cancer [1,3].

The prevalence of overweight and obesity has substantially augmented in all coun-
tries, although with more accelerated increases in certain regions, particularly in East and
South Asia [4]. This increase is reflected in the prevalence of overweight and obesity in
women, which exceeds 60% in countries such as the USA and Mexico (Figure 1) [5]. This
increase mainly occurs in women of reproductive age, which is alarming because excessive
pregestational weight is associated with the development of maternal pregnancy-related
complications and, according to the Development Origin of Health and Diseases theory,
has significant consequences on the short- and long-term health of offspring [6,7].

Although the mechanisms underlying the association between excessive pregestational
weight and the risk of maternal obstetric complications have not been fully elucidated, it is
known that overweight and obesity are characterized by dysregulation in the production
of various adipokines that could play an essential role in this association. In this sense, this
review organizes and analyzes the most recent studies on adipokines in pregnant women
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with excess weight and the potential mechanisms favoring the development of maternal
pregnancy complications.
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Figure 1. Prevalence of excessive weight in women. Prevalence data are shown only for member 
countries of the Organization for Economic Cooperation and Development. Women aged 18 to 44 
were included in most countries (Supplementary Table S1). Data are from the Global Obesity Ob-
servatory [5]. 
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Figure 1. Prevalence of excessive weight in women. Prevalence data are shown only for member
countries of the Organization for Economic Cooperation and Development. Women aged 18 to
44 were included in most countries (Supplementary Table S1). Data are from the Global Obesity
Observatory [5].
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2. Search Strategies

Individually, authors retrieved articles from Pubmed using the following search terms:
“adipose tissue”, “maternal obesity”, “maternal overweight”, “adipokines”, “gestational
diabetes mellitus”, “postpartum hemorrhage”, “C-section”, “cesarean section”, “C-section
surgical site infection”, “preeclampsia”, “endothelial dysfunction”, “glucose metabolism”,
“insulin resistance”, “myometrial contractility”, “uterine myometrial contractions”, and
“failed labor induction”. Only relevant English-language articles were chosen. It is im-
portant to note that in order to compile the most recent studies and count a considerable
number of papers in each section of the review, only those published between 2017 and
2023 that evaluated the risk of maternal obstetric complications in excess-weight women
were included, and for the section on adipokine concentrations in pregnant women with
excessive weight, works published between 2013 and 2023 were included since there are
few studies on the subject. For the section on pathophysiological mechanisms of adipokines
in maternal obstetric complications, no publication year limit was applied to give credit to
pioneering work and avoid secondary citations.

3. Risk of Maternal Obstetric Complications in Pregnant Women with Excess Weight

Gestational hypertension, pre-eclampsia (PE), gestational diabetes mellitus (GDM),
postpartum hemorrhage (PPH), the requirement of a C-section to resolve the pregnancy,
and C-section surgical site infection (CSSI) are among the most common maternal obstetric
complications. Figure 2 shows the risk for these complications in women with overweight
or obesity. It can be seen that both conditions increase the risk of gestational hypertension,
PE, GDM, and requiring a C-section to terminate the pregnancy. However, the risk is higher
in women with obesity. Excessive weight does not considerably increase the risk of PPH
and CSSI. Endocrine changes in adipose tissue partly explain the role of excessive weight
in predisposing to these complications.
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Figure 2. Risk of maternal obstetric complications in pregestational excess-weight women. All odds ratios (ORs) and relative risks (RRs) were compared to nor-
mal-weight pregnant women [8–21]. a: adjusted; PE: pre-eclampsia; mPE: mild pre-eclampsia; sPE: severe pre-eclampsia; SW: Swedish women; CW: Chinese 
women; GDM: gestational diabetes mellitus; 1: GDM that required only dietary modifications; 2: GDM that required insulin therapy; PPH: postpartum hemor-
rhage; C1O: class 1 obesity; C2O: class 2 obesity; C3O: class 3 obesity; and CSSI: C-section surgical site infection. 

Figure 2. Risk of maternal obstetric complications in pregestational excess-weight women. All odds ratios (ORs) and relative risks (RRs) were compared to
normal-weight pregnant women [8–21]. a: adjusted; PE: pre-eclampsia; mPE: mild pre-eclampsia; sPE: severe pre-eclampsia; SW: Swedish women; CW: Chinese
women; GDM: gestational diabetes mellitus; 1: GDM that required only dietary modifications; 2: GDM that required insulin therapy; PPH: postpartum hemorrhage;
C1O: class 1 obesity; C2O: class 2 obesity; C3O: class 3 obesity; and CSSI: C-section surgical site infection.
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4. Adipose Tissue, Adipokines, and Excessive Weight in Pregnancy

Adipose tissue is composed of adipocytes and the stromal vascular fraction compris-
ing blood and blood vessels, nervous tissue, and different cell types such as fibroblasts,
macrophages, and other immune cells, which, through various mediators, support the
differentiation of pre-adipocytes to adipocytes. Adipose tissue is not a single organ located
in a specific anatomical space but is distributed throughout the body in various anatomical
and functional depots. It is divided into three subtypes: white, brown, and beige. The latter
two play important roles in thermogenesis and fat oxidation, respectively, while white
adipose tissue is the main site of lipid storage and mobilization. This tissue buffers the toxic
effects of excess circulating lipids by storing free fatty acids in the form of triglycerides and
releasing them for use by peripheral tissues in periods of energy deprivation. Anatomically,
white adipose tissue is classified into subcutaneous and visceral tissue. Subcutaneous
adipose tissue is the largest reservoir of fatty acids, and its functions depend on its body
location so that lower body subcutaneous adipose tissue is more sensitive to insulin and
does not release fatty acids as readily, whereas upper body subcutaneous adipose tissue is
relatively insulin-resistant and very prone to releasing fatty acids. Visceral adipose tissue is
divided into epicardial, omental, mesenteric, perirenal, and gonadal and is associated with
the development of obesity-related disorders, probably by the release of fatty acids directly
into the portal circulation. Many characteristics of adipose-tissue deposits, such as location,
size, and metabolic functions, are influenced by genetic background and sex [22,23]. It is
now widely accepted that adipose tissue is a metabolically active organ that secretes more
than 600 mediator peptides, collectively known as adipocytokines or adipokines, which
play an important role in modulating maternal metabolism and subsequently influence
fetal development and growth [24].

Early pregnancy is characterized by high insulin sensitivity that favors energy storage
through increased body fat, which accounts for about one-third of total gestational weight
gain. These fat stores represent the main source of energy for the mother and fetus in
late pregnancy and lactation [22]. Physiologically, there is a shift in the redistribution of
adipose tissue from early to late pregnancy, which is characterized by increased visceral fat
accumulation and decreased subcutaneous fat accretion [25].

Body fat gain depends on the nutritional status before pregnancy, so women with
normal weight tend to gain more adipose tissue than those with obesity, which is explained
by the insulin resistance that characterizes this condition [26]. In normal-weight women, it
is mainly the subcutaneous adipose tissue that increases its mass, while in women with
obesity, this preferentially occurs in the visceral adipose tissue. In comparison to sub-
cutaneous fat, visceral fat is metabolically more active. It has higher endocrine activity
through the production of a large number of adipokines that affect glucose, protein, and
lipid metabolism, which are implicated in the development of insulin resistance, dyslipi-
demia, inflammation, and other clinical features associated with increased cardiometabolic
risk [22,27]. Leptin, adiponectin, resistin, tumor necrosis factor-alpha (TNF-α), interleukin
6 (IL-6), visfatin, and apelin are among the main adipokines produced by the adipose tissue.
Table 1 shows the most recent articles on maternal concentrations of these adipokines
according to nutritional status.
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Table 1. Adipokine concentrations throughout pregnancy in women with excessive pregestational weight.

Authors Groups Compared Gestational Age at
Measurement

Concentrations in Women
with Excessive Weight Comments

Leptin

Mazurek and Bronkowska, 2020 [28] Overweight (n = 36) vs. normal weight
women (n = 100) After 39 weeks ↑

Leptin concentrations were directly
proportional to the pregestational BMI

and gestational weight gain.

Solis-Paredes et al., 2016 [29] Overweight (n = 25) vs. normal weight
women (n = 20) 37–40 weeks ↔ ~

Franco-Sena et al., 2015 [30] Overweight (n = 64) vs. normal weight
women (n = 135)

5–13 weeks
20–26 weeks
30–36 weeks

↑
↔
↔

In overweight or obese women, leptin
concentrations tended to be higher than

in women of normal weight, but a
significant difference was only observed

in the first trimester of pregnancy.

Haghiac et al., 2013 [31] Overweight (n = 37) vs. normal weight
women (n = 32) 38.5–40 weeks ↑

Leptin concentrations increased
according to the degree of excess body

weight.

Ozias et al., 2015 [32] Overweight/Obese (n = 21) vs. normal
weight women (n = 17) 35–39 weeks ↑

Leptin concentration correlated
positively with BMI and total body fat

mass in all women.

Straughen et al., 2013 [33] Overweight/Obese (n = 143) vs. normal
weight women (n = 143)

6–10 weeks
10–14 weeks
16–20 weeks
22–26 weeks
32–36 weeks

↑
↑
↑
↑
↑

~

Savard et al., 2022 [34] Obese (n = 15) vs. non obese women
(BMI < 25 kg/m2, n = 45)

9.9–14.7 weeks
20.7–25.3 weeks
31.6–34.6 weeks

↑

Only one arrow is shown because
mixed models for repeated

measurements were used to analyze
leptin concentrations considering

gestational trimester and BMI category.
Pregestational BMI correlated positively

with leptin concentrations.

Mazurek and Bronkowska, 2020 [28] Obese (n = 14) vs. normal weight women
(n = 100) After 39 weeks ↑

Leptin concentrations were directly
proportional to the pregestational BMI

and gestational weight gain.



Int. J. Mol. Sci. 2023, 24, 14678 7 of 22

Table 1. Cont.

Authors Groups Compared Gestational Age at
Measurement

Concentrations in Women
with Excessive Weight Comments

Andersson-Hall et al., 2019 [35] Obese (n = 19) vs. normal weight women
(n = 30)

8–12 weeks
24–26 weeks
35–37 weeks

↑
↑
↑

The concentration of the soluble leptin
receptor was also measured, and the

free leptin index was calculated, which
was significantly higher in obese

women.In all women, changes in the
free leptin index correlated positively
with changes in fat mass across the

pregnancy.

Hinkle et al., 2019 [36] Obese (n = 66) vs. non obese women
(BMI < 30 kg/m2, n = 255)

10–14 weeks
15–26 weeks
23–31 weeks
33–39 weeks

↑
↑
↑
↑

The concentration of the soluble leptin
receptor was also measured, and the

free leptin index was calculated, which
was significantly higher in obese

women.

Solis-Paredes et al., 2016 [29] Obese (n = 22) vs. normal weight women
(n = 20) 37–40 weeks ↔ ~

Vernini et al., 2016 [37] Obese (n = 31) vs. normal weight women
(n = 23) Weeks 37–38 ↑ ~

Franco-Sena et al., 2015 [30] Obese (n = 33) vs. normal weight women
(n = 135)

5–13 weeks
20–26 weeks
30–36 weeks

↑
↔
↔

In overweight or obese women, leptin
concentrations tended to be higher than

in women of normal weight, but a
significant difference was only observed

in the first trimester of pregnancy.

Priyadarshini et al., 2014 [38] Obese (n = 10) vs. normal weight women
(n = 10) 36–38 weeks ↑ ~

Haghiac et al., 2013 [31] Women with BMI 30–40 (n = 36) vs. normal
weight women (n = 32) 38.5–40 weeks ↑

Leptin concentrations increased
according to the degree of excess body

weight.

Haghiac et al., 2013 [31] Women with BMI > 40 (n = 28) vs. normal
weight women (n = 32) 38.5–40 weeks ↑ See the previous comment for this same

reference.

Sen et al., 2013 [39] Obese (n = 15) vs. normal weight women
(n = 15) 24–28 weeks ↑ ~



Int. J. Mol. Sci. 2023, 24, 14678 8 of 22

Table 1. Cont.

Authors Groups Compared Gestational Age at
Measurement

Concentrations in Women
with Excessive Weight Comments

Adiponectin

Savard et al., 2022 [34] Overweight (n = 19) vs. non obese women
(BMI < 25 kg/m2, n = 45)

9.9–14.7 weeks
20.7–25.3 weeks
31.6–34.6 weeks

↓

Only one arrow is shown because
mixed models for repeated

measurements were used to analyze
adiponectin concentrations considering
gestational trimester and BMI category.

Pregestational BMI correlated
negatively with adiponectin

concentrations in the first and second
trimesters.

Solis-Paredes et al., 2016 [29] Overweight (n = 25) vs. normal weight
women (n = 20) 37–40 weeks ↔ ~

Savard et al., 2022 [34] Obese (n = 15) vs. non obese women
(BMI < 25 kg/m2, n = 45)

9.9–14.7 weeks
20.7–25.3 weeks
31.6–34.6 weeks

↓ See the previous comment for this same
reference.

Andersson-Hall et al., 2019 [35] Obese (n = 19) vs. normal weight women
(n = 30)

8–12 weeks
24–26 weeks
35–37 weeks

↓
↓
↓

~

Hinkle et al., 2019 [36] Obese (n = 66) vs. non obese women
(BMI < 30 kg/m2, n = 255)

10–14 weeks
15–26 weeks
23–31 weeks
33–39 weeks

↓
↓
↓
↓

Arrows indicate total and high
molecular weight adiponectin

concentrations, although the difference
was greater in the latter at weeks 23–31

and 33–39.

Priyadarshini et al., 2014 [38] Obese (n = 10) vs. normal weight women
(n = 10) 36–38 weeks ↔ ~

Vernini et al., 2016 [37] Obese (n = 31) vs. normal weight women
(n = 23) 37–38 weeks ↔ ~

Solis-Paredes et al., 2016 [29] Obese (n = 22) vs. normal weight women
(n = 20) 37–40 weeks ↔ ~
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Table 1. Cont.

Authors Groups Compared Gestational Age at
Measurement

Concentrations in Women
with Excessive Weight Comments

Ozias et al., 2015 [32] Overweight/Obese (n = 21) vs. normal
weight women (n = 17) 35–39 weeks ↔

Total and high molecular weight
adiponectin concentrations were

measured, and none were different
between groups.

Haghiac et al., 2013 [31] Women with BMI > 40 (n = 28) vs. normal
weight women (n = 32) 38.5–40 weeks ↓

Adiponectin concentrations of women
with BMI 25–30 and 30–40 were also
compared with women with normal
weight, but no significant difference

was observed.

Sen et al., 2013 [39] Obese (n = 15) vs. normal weight women
(n = 15) 24–28 weeks ↓ ~

Resistin

Solis-Paredes et al., 2016 [29] Overweight (n = 25) vs. normal weight
women (n = 20) 37–40 weeks ↔ ~

Vernini et al., 2016 [37] Obese (n = 31) vs. normal weight women
(n = 23) 37–38 weeks ↔ ~

Ozias et al., 2015 [32] Overweight/Obese (n = 21) vs. normal
weight women (n = 17) 35–39 weeks ↔

In all women, resistin concentration
correlated positively with abdominal
visceral fat mass relative to total body

fat mass.

Solis-Paredes et al., 2016 [29] Obese (n = 22) vs. normal weight women
(n = 20) 37–40 weeks ↔ ~

TNF-α

Maguire et al., 2021 [40] Obese (n = 124) vs. non obese women
(BMI < 30 kg/m2, n = 237)

Median = 11.6 weeks
(IQR = 9.3–18.7) ↑

Maternal concentrations of IL-8, IL-1β,
IL-4, IFN-γ, IL-12 p70 subunit, and
IL-17A were also analyzed, but no

significant differences were observed.
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Table 1. Cont.

Authors Groups Compared Gestational Age at
Measurement

Concentrations in Women
with Excessive Weight Comments

IL-6

Savard et al., 2022 [34]
Overweight (n = 19) and obese (n = 15)

vs. non obese women (BMI < 25 kg/m2,
n = 45)

9.9–14.7 weeks
20.7–25.3 weeks
31.6–34.6 weeks

↔

Only one arrow is shown because
mixed models for repeated

measurements were used to analyze
IL-6 concentrations considering

gestational trimester and BMI category.
Pregestational BMI correlated positively
with IL-6 concentrations in the first and

second trimesters.

Maguire et al., 2021 [40] Obese (n = 124) vs. non obese women
(BMI < 30 kg/m2, n = 237)

Median = 11.6 weeks
(IQR = 9.3–18.7) ↔ ~

Visfatin

Ozias et al., 2015 [32] Overweight/Obese (n = 21) vs. normal
weight women (n = 17) 35–39 weeks ↔ ~

Apelin

Hanssens et al., 2022 [41] Obese (n = 30) vs. normal weight women
(n = 36) 35–40 weeks ↔ ~

Weight status was determined based on pregestational weight. BMI: body mass index; TNF-α: tumor necrosis factor-alpha; IL-6: interleukin 6; IQR: interquartile range. ↑ indicates
statistically significant higher concentrations in women with excessive weight than controls; ↓ indicates statistically significant lower concentrations in women with excessive weight
than controls;↔ indicates no statistical difference in concentrations between groups; ~ indicates that there is no association between the adipokine and pre-pregnancy BMI or that the
study has no feature to highlight.
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In summary, it is not clear whether overweight pregnant women have higher leptin
concentrations. However, in the case of pregnant women with obesity, leptin concentrations
are higher throughout pregnancy compared to normal-weight women. It is also unclear
whether adiponectin concentrations differ between overweight and normal-weight preg-
nant women, although one longitudinal study found that adiponectin concentrations were
lower throughout pregnancy in overweight women. Four of the six cross-sectional studies
in obese pregnant women report no significant difference in adiponectin concentrations
in the third trimester of gestation; however, three longitudinal studies observed lower
concentrations of this adipokine throughout pregnancy. Four cross-sectional studies show
that third-trimester resistin concentrations do not differ between women with overweight
or obesity and normal-weight women. One cross-sectional and one longitudinal study
indicate no differences in IL-6 concentrations between these groups. The studies of TNF-α,
visfatin, and apelin are very few, so it is not possible to highlight any trend.

It is necessary to mention that a previous review reported findings similar to those of
the present work: higher leptin concentrations, lower adiponectin, and conflicting results
for resistin, TNF-α, and IL-6 in pregnant women with obesity compared to women with
normal weight [42]; however, the present article proposes the pathophysiological mech-
anisms of dysregulated adipokines leading to obstetric complications. Condensing this
evidence, we can state that pregestational obesity is associated with higher leptin and lower
adiponectin concentrations during pregnancy and that more detailed studies are needed
to clarify whether the concentrations of other adipokines are altered in maternal obesity.
Therefore, the following section only focuses on the pathophysiological mechanisms leptin
and adiponectin may trigger in maternal obstetric complications.

5. Potential Pathophysiological Mechanisms of Leptin and Adiponectin in Maternal
Obstetric Complications
5.1. Leptin

Leptin is a 16 kDa protein hormone produced by white adipose tissue, placenta, and other
tissues [43,44]. The main function of leptin is the regulation of body weight and metabolism at
the central level, although it also modulates immune response and has reproductive functions
at the level of implantation and embryonic development [45–47]. In humans, leptin acts in
the brain to reduce food intake and increase energy expenditure [48,49]. This central regula-
tion of leptin energy occurs at the level of the preoptic area, arcuate nucleus, and other
hypothalamic regions [50]. Excessive weight is associated with a chronic inflammatory
response characterized by altered concentrations of inflammatory markers such as TNF-α,
IL-6, IL-18, and C-reactive protein, and activation of pro-inflammatory signaling path-
ways at the central nervous system level involving the suppressor of cytokine signaling
3 (SOCS3) [51–53].

Specifically, up-regulation of SOCS3 in hypothalamic regions may result in altered
leptin signaling known as leptin resistance, which induces an exacerbated leptin production
(hyperleptinemia) [54] and, in turn, amplifies the negative effects of this adipokine (de-
scribed later) and the chronic pro-inflammatory state because leptin activates macrophages,
dendritic cells, natural killer cells, and T cells [47]. Moreover, leptin resistance in the
hypothalamus alters the central regulation of appetite and probably favors hyperphagia
and excessive gestational weight gain [55,56], resulting in a vicious pro-inflammatory
circle [57,58]. It is worth mentioning that, during pregnancy, a progressive physiological
increase in maternal leptin concentrations is observed, and it is considered responsible for
the energy changes associated with pregnancy [59,60].

Regarding the role of leptin in gestational hypertension and PE, it has been observed
that, in a murine model, leptin infusion in mid-pregnancy induces endothelial dysfunction
and hypertension. Interestingly, this does not occur in knockout mice for the endothelial
mineralocorticoid receptor [61], which is consistent with studies in nonpregnant mice in
which leptin infusion induced endothelial dysfunction via leptin-mediated aldosterone
production and endothelial mineralocorticoid receptor activation [62,63]. In addition,
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hypoxia has been shown to be a positive regulator of trophoblastic leptin expression [64];
therefore, hypoxia-inducible factor 1-alpha (HIF1A) gene expression positively correlates
with leptin expression in pre-eclamptic placentas [65]. Thus, the hyperleptinemia observed
in PE [66,67] is explained, at least in part, by hypoxia-induced placental production.

Concerning GDM, women with this disorder show higher circulating concentrations
of leptin [68,69]. This adipokine plays a relevant role in glucose metabolism since it
inhibits insulin action through the phosphorylation of serine residues in the insulin receptor
substrate 1 (IRS1) [70] and insulin secretion in pancreatic beta cells [71]. This adipokine is
also known to regulate insulin-mediated glucose metabolism in skeletal muscle and hepatic
gluconeogenesis [72].

Also, myometrial dysfunction has been reported to be the main cause of the risk of
C-section in obese women, leading to low frequency and strength of contractions [73].

Leptin stimulates the production of prostaglandin E2 (PGE2) by the placenta and
adipose tissue [74], so that chronic hyperleptinemia may cause elevated PGE2 concen-
trations in late pregnancy and decreased sensitivity in maternal tissues to PGE2. The
correct action of PGE2 is indispensable for the shortening and maturation of the cervix
during preparation for labor and for better activation of labor through its action on the
decidua and myometrium [75]. In addition, leptin inhibits myometrial spontaneous and
oxytocin-induced contractions in vitro [76]. Interestingly, women with failed labor induc-
tion show higher leptin concentrations than women with successful labor induction to such
a degree that leptin represents an independent failed labor induction predictor [77]. This
inhibitory effect of leptin on myometrial contractions may also be associated with PPH
since contraction of the myometrium is the main mechanism by which bleeding is stopped
after delivery [78].

For CSSI, several cohort studies have reported that obesity is a risk factor for surgical
site infections [79–82]; nevertheless, the underlying mechanisms of this susceptibility
have not been fully elucidated, but vitamin D deficiency and alterations in the immune
system are thought to be directly involved [83]. Interestingly, a physiological interaction
between vitamin D and leptin has been proposed, as their concentrations are negatively
correlated [84,85]. This correlation can be explained by the inhibitory effect of vitamin D
on leptin secretion by adipose tissue [86] because hypovitaminosis D contributes to leptin
resistance [87], and because obesity-induced hyperleptinemia decreases the conversion of
vitamin D to 25-hydroxy vitamin D [88]. Hypovitaminosis D has been reported to increase
susceptibility to systemic infections [89], partly because vitamin D enhances immunity,
protecting against pathogens [90]. Furthermore, although leptin activates both innate and
adaptive immunity cells, the leptin resistance inherent to excessive weight may result in an
immunosuppressive phenotype [83]. All these potential pathophysiological mechanisms of
leptin are summarized in Figure 3.

5.2. Adiponectin

Adiponectin is a 30 kDa protein hormone mainly produced by white adipose tissue
and, to a lesser extent, by other tissues such as the liver and placenta. Adiponectin partici-
pates in adipocyte differentiation and in the suppression of inflammation and lipotoxicity;
however, it also has anti-atherogenic and anti-diabetic systemic effects [91]. Recently, it has
been observed that, in the hypothalamus, adiponectin plays a role in energy homeostasis
and has anti-inflammatory effects on microglia cells [92,93]. Physiologically, maternal
adiponectin concentrations decrease as pregnancy progresses [94].
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A strong association between hypoadiponectinemia and the risk of gestational hyper-
tension and PE has been reported [95]. Experimental studies have shown that adiponectin
has a cardioprotective function in vascular endothelial and smooth muscle cells [96]. This
protective action lies in its ability to induce the production of nitric oxide by the acti-
vation of endothelial nitric oxide synthase (eNOS) and prevent apoptosis through the
AMP-activated protein kinase (AMPK) pathway [97,98] and by suppressing inflammation
through inhibiting nuclear factor kappa B (NF-κB) pathway in endothelial cells [99,100].

Women with GDM show hypoadiponectinemia [101]. Previous studies have shown
that adiponectin improves glucose utilization by the AMPK pathway in C2C12 myocytes,
increases glucose uptake in skeletal muscle of mice fed a high fat/sucrose diet, and aug-
ments glucose transporter type 4 (GLUT-4) translocation and glucose uptake in rat skeletal
muscle cells [102–104]. In healthy mice, mice fed a high-fat diet, and murine models of
type 1 and type 2 diabetes, the administration of adiponectin reduces plasma glucose
concentrations [91]. Interestingly, administering high doses of adiponectin in mice does not
cause hypoglycemic episodes, indicating that this adipokine acts probably by inhibiting
gluconeogenesis or glycogenolysis. In line with this, adiponectin significantly decreases
endogenous glucose production by inhibiting gene expression of the glucose 6 phosphatase
and phosphoenol pyruvate carboxy kinase in the liver [105]. Furthermore, adiponectin
decreases glucose output in rat hepatocytes [106].

It has been reported that adiponectin, through the AMPK pathway, potently inhibits
uterine myometrial contractions in murine models [107]. This same effect has been ob-
served in rats [108]. This makes sense with the physiological decrease in adiponectin
concentrations towards the end of pregnancy; however, it does not exclude the possibility
of altered adiponectin production or overexpression of its receptor in myometrium in
conditions such as PPH or failed labor.

All these potential pathophysiological consequences of hypoadiponectinemia are
summarized in Figure 4.
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6. Perspectives on the Study of Adipokines in Excess-Weight Pregnant Women

The following are some of the adipokines that have been studied in some obstetric
complications, mainly in PE and GDM; however, to our knowledge, they have not been
studied, or very little is known about them in pregnant women with excessive weight,
which represents a line of research to be explored due to their key role in the regulation of
glucose and lipid metabolism.

Betatrophin, a 22 kDa protein, is secreted by the liver and white adipose tissue, which
plays a critical role in glucose homeostasis, lipid metabolism, and inflammation [109]. It is
currently debated whether betatrophin is able to induce pancreatic β-cell proliferation and
increase insulin secretion, although the consensus is that it does not have such effects [110].
Many studies have shown that betatrophin is negatively correlated with high-density
lipoprotein cholesterol levels and positively correlated with triglyceride levels, suggesting
that it is a key modulator of lipid metabolism [111]. The role of betatrophin in glucose
and lipid homeostasis requires further investigation. Betatrophin concentrations in the
third trimester of pregnancy have been reported to be higher in women with GDM than in
controls [112]. The few studies of betatrophin in women with PE suggest that its levels are
higher than in controls [113,114].

The pigment epithelium-derived factor (PEDF) is a 50 kDa glycoprotein secreted
by the human retinal pigment epithelial cells and visceral adipose tissue. This protein
induces apoptosis in macrophages, suggesting a role as an inflammation modulator. In
endothelial cells, it also inhibits proliferation and migration induced by VEGF, highlighting
its probable involvement in endothelial dysfunction [115]. Furthermore, PEDF induces
insulin resistance in human adipocytes and skeletal muscle cells [116,117]. Recently, it
has been observed that women who develop PE have high PEDF concentrations before
gestational week 20 and that the PEDF/VEGF ratio has a significant negative predictive
value for PE throughout pregnancy [118]. In extravillous trophoblast cells, hypoxia induces
overexpression of PEDF, which is associated with increased apoptosis and decreased
invasiveness that may be implicated in placental defects in PE [119]. It has been observed
that PEDF concentrations are higher in women with GDM than in controls and significantly
predict the development of DM2 at 3 months postpartum [120]; however, another study
reports no difference in PEDF concentrations between women with GDM and controls [121].

Neutrophil gelatinase-associated lipocalin (NGAL) or lipocalin-2 (LCN-2) is a 25 kDa
glycoprotein secreted by visceral adipose tissue and kidney, liver, and other tissues [122].
This glycoprotein participates in the regulation of immune response, inflammation [123],
and glucose metabolism, but with regard to the latter, different studies have reported
discrepant results, so it is not clear whether it promotes glucose intolerance and insulin re-
sistance or whether it improves insulin sensitivity and glucose metabolism [124]. In women
with GDM, maternal and cord blood NGAL concentrations and their placental expression
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are higher than in controls. Interestingly, NGAL maternal concentrations positively corre-
lated with various parameters of insulin resistance [122]. Elevated concentrations of this
glycoprotein in the first trimester of gestation are significantly associated with the risk of
developing GDM [124]. Women with PE show higher NGAL concentrations than controls
throughout pregnancy [125].

Fetuin-A is a multifunctional glycoprotein mainly secreted by the liver but also pro-
duced in the adipose tissue. This adipokine has been implicated in insulin resistance and
metabolic syndrome because it is a natural inhibitor of insulin receptor tyrosine kinase
and promotes lipid-induced insulin resistance through the activation of Toll-like receptor
4 [126–128]. In pregnant women, fetuin-A concentrations increase as pregnancy progresses,
but the increase is significantly greater in women who develop GDM [129]. Fetuin-B is
the second member of the fetuin family. Compared to fetuin-A, fetuin-B shows significant
differences at the primary sequence level but is also implicated in impaired insulin action
as well as glucose intolerance. GDM is characterized by an increase in the concentration of
fetuin-B as compared to a normoglycemic pregnancy [130].

Progranulin is an 88 kDa protein secreted by various cell types, such as endothelial
cells, fibroblasts, adipocytes, and neurons [131]. In the nervous system, it plays a key role in
the development and maintenance of neurons and microglia [132]. In addition, it has been
observed that this protein has anti-inflammatory properties in arthritis and participates in
insulin resistance in models of obesity induced by a high-fat diet [133,134]. Interestingly,
in pregnant women with obesity, progranulin concentrations positively correlate with
gestational weight gain. Incubation of human uterine smooth muscle cells in serum
from obese pregnant women alters the expression of contraction-associated protein genes
(PTGFR, OXTR, and GJA1). It was observed that stimulation of these cells with progranulin
resulted in dose-dependent suppression of GJA1 mRNA levels [135]. Women with PE
have higher serum concentrations and trophoblast protein expression of progranulin than
controls [136,137]. In women with GDM, progranulin concentrations are similar to those of
women with normal glucose tolerance [138].

Nesfatin-1 is an 82 amino acid protein secreted by the hypothalamus and peripheral
tissues such as adipose, pancreas, and duodenum tissues. One of the major functions of
this adipokine is the regulation of glucose metabolism. Nesfatin-1 improves insulin sensi-
tivity and increases glucose uptake in peripheral tissues through the Akt/AMPK/TORC2
pathway and can suppress hepatic gluconeogenesis by inhibiting the mTOR-STAT3 path-
way [139,140]. In addition, higher levels of nesfatin-1 enhance glucose-induced insulin
secretion by stimulating Ca2+ entry through L-type channels [141]. Women with GDM
have similar nesfatin-1 concentrations as controls [142], but women with PE have lower
concentrations of this adipokine [143,144].

Omentin-1 is an adipokine with a molecular weight of approximately 35 kDa, mainly
secreted by the vascular stromal fraction of the adipose tissue and, to a lesser extent, by
the intestine and placenta. This adipokine stimulates glucose uptake via AMP-activated
protein kinase/Akt in cultured adipocytes [145]. It also has anti-inflammatory properties,
suppressing TNF-α-induced inflammation in endothelial cells and reducing TNF-α-induced
monocyte adhesion in smooth muscle cells [146,147]. Women with GDM or PE have lower
concentrations of omentin-1 than healthy pregnant women [148,149].

Chemerin is a protein with several biologically active isoforms that vary in the number
of amino acids (from 155 to 158 residues). This adipokine regulates angiogenesis, adi-
pogenesis, and energy metabolism and is secreted by various tissues, particularly white
adipose tissue and the liver. Since the circulating concentrations of chemerin are positively
correlated with insulin resistance, BMI, and serum triglycerides, it has been suggested that
chemerin may play an important role in metabolic diseases; however, this is not yet conclu-
sive [150]. Women with GDM or PE have higher chemerin levels than healthy pregnant
women [151–153].
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7. Conclusions

Overweight and obesity in pregnancy favor the development of gestational hyper-
tension, PE, GDM, and requiring a C-section to terminate the pregnancy; however, the
risk is higher in women with obesity. In maternal obesity, the deregulation of circulat-
ing adipokines is more pronounced, mainly consisting of hyperleptinemia and hypoad-
iponectinemia, which may partly explain the predisposition to obstetric complications.
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8. Lewandowska, M.; Więckowska, B.; Sajdak, S. Pre-Pregnancy Obesity, Excessive Gestational Weight Gain, and the Risk of

Pregnancy-Induced Hypertension and Gestational Diabetes Mellitus. J. Clin. Med. 2020, 9, 1980. [CrossRef]
9. Shen, M.; Smith, G.N.; Rodger, M.; White, R.R.; Walker, M.C.; Wen, S.W. Comparison of risk factors and outcomes of gestational

hypertension and pre-eclampsia. PLoS ONE 2017, 12, e0175914. [CrossRef]
10. Shin, D.; Song, W.O. Prepregnancy body mass index is an independent risk factor for gestational hypertension, gestational

diabetes, preterm labor, and small- and large-for-gestational-age infants. J. Matern.-Fetal Neonatal Med. 2015, 28, 1679–1686.
[CrossRef]

11. He, X.J.; Dai, R.X.; Hu, C.L. Maternal prepregnancy overweight and obesity and the risk of preeclampsia: A meta-analysis of
cohort studies. Obes. Res. Clin. Pract. 2020, 14, 27–33. [CrossRef]

12. Yang, Y.; Le Ray, I.; Zhu, J.; Zhang, J.; Hua, J.; Reilly, M. Preeclampsia Prevalence, Risk Factors, and Pregnancy Outcomes in
Sweden and China. JAMA Netw. Open 2021, 4, e218401. [CrossRef]

13. Li, G.; Wei, T.; Ni, W.; Zhang, A.; Zhang, J.; Xing, Y.; Xing, Q. Incidence and Risk Factors of Gestational Diabetes Mellitus: A
Prospective Cohort Study in Qingdao, China. Front. Endocrinol. 2020, 11, 636. [CrossRef]

14. Alwash, S.M.; McIntyre, H.D.; Mamun, A. The association of general obesity, central obesity and visceral body fat with the risk of
gestational diabetes mellitus: Evidence from a systematic review and meta-analysis. Obes. Res. Clin. Pract. 2021, 15, 425–430.
[CrossRef]

15. Butwick, A.J.; Abreo, A.; Bateman, B.T.; Lee, H.C.; El-Sayed, Y.Y.; Stephansson, O.; Flood, P. Effect of Maternal Body Mass Index
on Postpartum Hemorrhage. Anesthesiology 2018, 128, 774–783. [CrossRef]

16. Ende, H.B.; Lozada, M.J.D.; Chestnut, D.H.; Osmundson, S.S.; Walden, R.L.M.; Shotwell, M.S.; Bauchat, J.R. Risk Factors for
Atonic Postpartum Hemorrhage: A Systematic Review and Meta-analysis. Obstet. Gynecol. 2021, 137, 305–323. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms241914678/s1
https://doi.org/10.1038/s41574-019-0176-8
https://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
https://www.euro.who.int/en/health-topics/disease-prevention/nutrition/a-healthy-lifestyle/body-mass-index-bmi
https://doi.org/10.1007/s13679-015-0169-4
https://doi.org/10.1016/S0140-6736(17)32129-3
https://data.worldobesity.org/
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1016/j.jjcc.2020.02.003
https://doi.org/10.3390/jcm9061980
https://doi.org/10.1371/journal.pone.0175914
https://doi.org/10.3109/14767058.2014.964675
https://doi.org/10.1016/j.orcp.2020.01.004
https://doi.org/10.1001/jamanetworkopen.2021.8401
https://doi.org/10.3389/fendo.2020.00636
https://doi.org/10.1016/j.orcp.2021.07.005
https://doi.org/10.1097/ALN.0000000000002082
https://doi.org/10.1097/AOG.0000000000004228


Int. J. Mol. Sci. 2023, 24, 14678 17 of 22

17. Li, S.; Gao, J.; Liu, J.; Hu, J.; Chen, X.; He, J.; Tang, Y.; Liu, X.; Cao, Y.; Liu, X.; et al. Incidence and Risk Factors of Postpartum
Hemorrhage in China: A Multicenter Retrospective Study. Front. Med. 2021, 8, 673500. [CrossRef]

18. Nkoka, O.; Ntenda, P.A.M.; Senghore, T.; Bass, P. Maternal overweight and obesity and the risk of caesarean birth in Malawi.
Reprod. Health 2019, 16, 40. [CrossRef]

19. Pettersen-Dahl, A.; Murzakanova, G.; Sandvik, L.; Laine, K. Maternal body mass index as a predictor for delivery method. Acta
Obstet. Gynecol. Scand. 2018, 97, 212–218. [CrossRef]

20. Kvalvik, S.A.; Rasmussen, S.; Thornhill, H.F.; Baghestan, E. Risk factors for surgical site infection following cesarean delivery: A
hospital-based case-control study. Acta Obstet. Gynecol. Scand. 2021, 100, 2167–2175. [CrossRef]

21. Leth, R.A.; Uldbjerg, N.; Nørgaard, M.; Møller, J.K.; Thomsen, R.W. Obesity, diabetes, and the risk of infections diagnosed in
hospital and post-discharge infections after cesarean section: A prospective cohort study. Acta Obstet. Gynecol. Scand. 2011, 90,
501–509. [CrossRef]

22. Trivett, C.; Lees, Z.J.; Freeman, D.J. Adipose tissue function in healthy pregnancy, gestational diabetes mellitus and pre-eclampsia.
Eur. J. Clin. Nutr. 2021, 75, 1745–1756. [CrossRef]

23. Cypess, A.M. Reassessing Human Adipose Tissue. N. Engl. J. Med. 2022, 386, 768–779. [CrossRef] [PubMed]
24. Fasshauer, M.; Blüher, M. Adipokines in health and disease. Trends Pharmacol. Sci. 2015, 36, 461–470. [CrossRef] [PubMed]
25. Selovic, A.; Sarac, J.; Missoni, S. Changes in adipose tissue distribution during pregnancy estimated by ultrasonography. J. Matern.

Fetal Neonatal Med. 2016, 29, 2131–2137. [CrossRef] [PubMed]
26. Ehrenberg, H.M.; Huston-Presley, L.; Catalano, P.M. The influence of obesity and gestational diabetes mellitus on accretion and

the distribution of adipose tissue in pregnancy. Am. J. Obstet. Gynecol. 2003, 189, 944–948. [CrossRef] [PubMed]
27. Neeland, I.J.; Ross, R.; Després, J.-P.; Matsuzawa, Y.; Yamashita, S.; Shai, I.; Seidell, J.; Magni, P.; Santos, R.D.; Arsenault, B.; et al.

Visceral and ectopic fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes Endocrinol. 2019, 7,
715–725. [CrossRef] [PubMed]

28. Mazurek, D.; Bronkowska, M. Maternal Anthropometric Factors and Circulating Adipokines as Predictors of Birth Weight and
Length. Int. J. Environ. Res. Public Health 2020, 17, 4799. [CrossRef]

29. Solis-Paredes, M.; Espino y Sosa, S.; Estrada-Gutierrez, G.; Nava-Salazar, S.; Ortega-Castillo, V.; Rodriguez-Bosch, M.; Bravo-
Flores, E.; Espejel-Nuñez, A.; Tolentino-Dolores, M.; Gaona-Estudillo, R.; et al. Maternal and Fetal Lipid and Adipokine Profiles
and Their Association with Obesity. Int. J. Endocrinol. 2016, 2016, 7015626. [CrossRef]

30. Franco-Sena, A.B.; de Oliveira, L.C.; Pinto, T.d.J.P.; Farias, D.R.; Vaz, J.d.S.; Kac, G. Factors associated with prospective leptin
concentrations throughout pregnancy in pregestational normal weight, overweight and obese women. Clin. Endocrinol. 2015, 82,
127–135. [CrossRef]

31. Haghiac, M.; Basu, S.; Presley, L.; Serre, D.; Catalano, P.M.; Hauguel-de Mouzon, S. Patterns of adiponectin expression in term
pregnancy: Impact of obesity. J. Clin. Endocrinol. Metab. 2014, 99, 3427–3434. [CrossRef]

32. Ozias, M.K.; Li, S.; Hull, H.R.; Brooks, W.M.; Carlson, S.E. Relationship of circulating adipokines to body composition in pregnant
women. Adipocyte 2014, 4, 44–49. [CrossRef]

33. Straughen, J.K.; Misra, D.P.; Kumar, P.; Misra, V.K. The influence of overweight and obesity on maternal soluble fms-like tyrosine
kinase 1 and its relationship with leptin during pregnancy. Reprod. Sci. 2013, 20, 269–275. [CrossRef] [PubMed]

34. Savard, C.; Lemieux, S.; Plante, A.-S.; Gagnon, M.; Leblanc, N.; Veilleux, A.; Tchernof, A.; Morisset, A.-S. Longitudinal changes in
circulating concentrations of inflammatory markers throughout pregnancy: Are there associations with diet and weight status?
Appl. Physiol. Nutr. Metab. 2022, 47, 287–295. [CrossRef] [PubMed]

35. Andersson-Hall, U.; Svedin, P.; Svensson, H.; Lönn, M.; Mallard, C.; Holmäng, A. Longitudinal changes in adipokines and free
leptin index during and after pregnancy in women with obesity. Int. J. Obes. 2020, 44, 675–683. [CrossRef] [PubMed]

36. Hinkle, S.N.; Rawal, S.; Liu, D.; Chen, J.; Tsai, M.Y.; Zhang, C. Maternal adipokines longitudinally measured across pregnancy
and their associations with neonatal size, length, and adiposity. Int. J. Obes. 2019, 43, 1422–1434. [CrossRef] [PubMed]

37. Vernini, J.M.; Moreli, J.B.; Costa, R.A.; Negrato, C.A.; Rudge, M.V.; Calderon, I.M. Maternal adipokines and insulin as biomarkers
of pregnancies complicated by overweight and obesity. Diabetol. Metab. Syndr. 2016, 13, 8–68. [CrossRef]

38. Priyadarshini, M.; Thomas, A.; Reisetter, A.C.; Scholtens, D.M.; Wolever, T.M.; Josefson, J.; Layden, B.T. Maternal short-chain fatty
acids are associated with metabolic parameters in mothers and newborns. Transl. Res. 2014, 164, 153–157. [CrossRef]

39. Sen, S.; Iyer, C.; Klebenov, D.; Histed, A.; Aviles, J.A.; Meydani, S.N. Obesity impairs cell-mediated immunity during the second
trimester of pregnancy. Am. J. Obstet. Gynecol. 2013, 208, 139.e1–139.e8. [CrossRef]

40. Maguire, R.L.; House, J.S.; Lloyd, D.T.; Skinner, H.G.; Allen, T.K.; Raffi, A.M.; Skaar, D.A.; Park, S.S.; McCullough, L.E.; Kollins,
S.H.; et al. Associations between maternal obesity, gestational cytokine levels and child obesity in the NEST cohort. Pediatr. Obes.
2021, 16, e12763. [CrossRef]

41. Hanssens, S.; Marousez, L.; Pécheux, O.; Besengez, C.; Storme, L.; Deruelle, P.; Eberlé, D.; Lesage, J. Maternal obesity reduces
apelin level in cord blood without altering the placental apelin/elabela-APJ system. Placenta 2022, 128, 112–115. [CrossRef]

42. Pendeloski, K.P.T.; Ono, E.; Torloni, M.R.; Mattar, R.; Daher, S. Maternal obesity and inflammatory mediators: A controversial
association. Am. J. Reprod. Immunol. 2017, 77, e12674. [CrossRef]

43. Frühbeck, G. Intracellular signalling pathways activated by leptin. Biochem. J. 2006, 393, 7–20. [CrossRef] [PubMed]
44. Ashworth, C.J.; Hoggard, N.; Thomas, L.; Mercer, J.G.; Wallace, J.M.; Lea, R.G. Placental leptin. Rev. Reprod. 2000, 5, 18–24.

[CrossRef] [PubMed]

https://doi.org/10.3389/fmed.2021.673500
https://doi.org/10.1186/s12978-019-0700-2
https://doi.org/10.1111/aogs.13265
https://doi.org/10.1111/aogs.14235
https://doi.org/10.1111/j.1600-0412.2011.01090.x
https://doi.org/10.1038/s41430-021-00948-9
https://doi.org/10.1056/NEJMra2032804
https://www.ncbi.nlm.nih.gov/pubmed/35196429
https://doi.org/10.1016/j.tips.2015.04.014
https://www.ncbi.nlm.nih.gov/pubmed/26022934
https://doi.org/10.3109/14767058.2015.1077220
https://www.ncbi.nlm.nih.gov/pubmed/26365566
https://doi.org/10.1067/S0002-9378(03)00761-0
https://www.ncbi.nlm.nih.gov/pubmed/14586331
https://doi.org/10.1016/S2213-8587(19)30084-1
https://www.ncbi.nlm.nih.gov/pubmed/31301983
https://doi.org/10.3390/ijerph17134799
https://doi.org/10.1155/2016/7015626
https://doi.org/10.1111/cen.12487
https://doi.org/10.1210/jc.2013-4074
https://doi.org/10.4161/adip.29805
https://doi.org/10.1177/1933719112452472
https://www.ncbi.nlm.nih.gov/pubmed/22872542
https://doi.org/10.1139/apnm-2021-0395
https://www.ncbi.nlm.nih.gov/pubmed/34767478
https://doi.org/10.1038/s41366-019-0452-7
https://www.ncbi.nlm.nih.gov/pubmed/31551485
https://doi.org/10.1038/s41366-018-0255-2
https://www.ncbi.nlm.nih.gov/pubmed/30464233
https://doi.org/10.1186/s13098-016-0184-y
https://doi.org/10.1016/j.trsl.2014.01.012
https://doi.org/10.1016/j.ajog.2012.11.004
https://doi.org/10.1111/ijpo.12763
https://doi.org/10.1016/j.placenta.2022.09.011
https://doi.org/10.1111/aji.12674
https://doi.org/10.1042/BJ20051578
https://www.ncbi.nlm.nih.gov/pubmed/16336196
https://doi.org/10.1530/ror.0.0050018
https://www.ncbi.nlm.nih.gov/pubmed/10711732


Int. J. Mol. Sci. 2023, 24, 14678 18 of 22

45. Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative review: The role of leptin in human physiology: Emerging clinical
applications. Ann. Intern. Med. 2010, 152, 93–100. [CrossRef] [PubMed]

46. Naylor, C.; Petri, W.A. Leptin Regulation of Immune Responses. Trends. Mol. Med. 2016, 22, 88–98. [CrossRef] [PubMed]
47. González, R.R.; Simón, C.; Caballero-Campo, P.; Norman, R.; Chardonnens, D.; Devoto, L.; Bischof, P. Leptin and reproduction.

Hum. Reprod. Update 2000, 6, 290–300. [CrossRef]
48. van den Heuvel, J.K.; Eggels, L.; van Rozen, A.J.; Luijendijk, M.C.M.; Fliers, E.; Kalsbeek, A.; Adan, R.A.H.; la Fleur, S.E.

Neuropeptide Y and leptin sensitivity is dependent on diet composition. J. Neuroendocrinol. 2014, 26, 377–385. [CrossRef]
49. Harris, R.B.; Apolzan, J.W. Changes in glucose tolerance and leptin responsiveness of rats offered a choice of lard, sucrose, and

chow. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 302, R1327–R1339. [CrossRef]
50. Hâkansson, M.L.; Brown, H.; Ghilardi, N.; Skoda, R.C.; Meister, B. Leptin receptor immunoreactivity in chemically defined target

neurons of the hypothalamus. J. Neurosci. 1998, 18, 559–572. [CrossRef]
51. Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the

complications. Arch. Med. Sci. 2017, 13, 851–863. [CrossRef]
52. Khanna, D.; Khanna, S.; Khanna, P.; Kahar, P.; Patel, B.M. Obesity: A Chronic Low-Grade Inflammation and Its Markers. Cureus

2022, 14, e22711. [CrossRef]
53. Wunderlich, C.M.; Hövelmeyer, N.; Wunderlich, F.T. Mechanisms of chronic JAK-STAT3-SOCS3 signaling in obesity. JAKSTAT

2013, 2, e23878. [CrossRef]
54. Reed, A.S.; Unger, E.K.; Olofsson, L.E.; Piper, M.L.; Myers, M.G.; Xu, A.W. Functional role of suppressor of cytokine signaling

3 upregulation in hypothalamic leptin resistance and long-term energy homeostasis. Diabetes 2010, 59, 894–906. [CrossRef]
55. Trujillo, M.L.; Spuch, C.; Carro, E.; Señarís, R. Hyperphagia and Central Mechanisms for Leptin Resistance during Pregnancy.

Endocrinology 2011, 152, 1355–1365. [CrossRef]
56. Obradovic, M.; Sudar-Milovanovic, E.; Soskic, S.; Essack, M.; Arya, S.; Stewart, A.J.; Gojobori, T.; Isenovic, E.R. Leptin and

Obesity: Role and Clinical Implication. Front. Endocrinol. 2021, 18, 585887. [CrossRef]
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