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Abstract: Adipokines are currently widely studied cellular signaling proteins produced by adipose
tissue and involved in various processes, including inflammation; energy and appetite modulation;
lipid and glucose metabolism; insulin sensitivity; endothelial cell functioning; angiogenesis; the
regulation of blood pressure; and hemostasis. The current review attempted to highlight the key func-
tions of adipokines in the inflammatory mechanisms of obesity, its complications, and its associated
diseases. An extensive search for materials on the role of adipokines in the pathogenesis of obesity
was conducted online using the PubMed and Scopus databases until October 2022.
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1. Introduction

Obesity is a chronic disease that affects most systems of an organism, leading to the
development of non-infectious diseases such as type 2 diabetes, cardiovascular disease
(CVD), non-alcoholic fatty liver disease (NAFLD), hypertension, stroke, various forms of
cancer, and mental health problems. In addition, obese people were found to be three
times more likely to be hospitalized with COVID-19. According to The World Obesity
Federation, it is estimated that one billion people globally will be living with obesity by
2030 [1]. Modern studies aiming to study obesity demonstrate the multifactorial nature
of its pathogenesis, including hyperinsulinemia, insulin resistance, hormonal regulation,
and chronic systemic inflammation as the most important pathogenetic factors in the
development of obesity, its complications, and its comorbidities [2].

Adipose tissue is an endocrine organ that not only stores lipids, but also secretes
various biologically active substances, such as cytokines, adipokines, chemokines, and
hormonal factors that regulate metabolic processes in the organism and affect inflammation
and endocrine functions [3,4]. Adipokines produced by adipose tissue are biologically
active substances that act like classical hormones. They are cellular signaling proteins that
regulate or modulate various biological processes in target organs, including the brain,
liver, muscles, heart, blood vessels, pancreas, and immune system [5]. Adipokines are
involved in various functions and may influence many different processes, including energy
and appetite modulation, lipid and glucose metabolism, insulin sensitivity, endothelial
cell function, inflammation, angiogenesis, blood pressure, hemostasis, atherosclerosis
development, and metabolic syndrome [6,7]. An increase in white adipose tissue (WAT)
in obesity, namely its visceral depot (vWAT), affects the secretion of adipokines and is
associated with metabolic (obesity, insulin resistance, type 2 diabetes) and cardiovascular
diseases due to the properties of vWAT adipocytes, which include reduced sensitivity to
insulin, low angiogenic potential, and increased lipolytic activity [8–10]. In addition, the
negative effect of visceral adipose tissue is associated with the fact that the mobilization of
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visceral fat increases the transport of free fatty acids (FFA) to the liver through the portal
vein and inhibits insulin signaling [11]. It is assumed that vWAT plays a key role in the
pathogenesis of obesity and its complications despite of the fact that the conception of the
dominant role of visceral WAT in the development of obesity-related complications is not
univocal. In turn, subcutaneous WAT (sWAT) is associated with improved metabolism
and insulin sensitivity, since it consists of inducible brown adipocytes, containing a high
number of mitochondria, which perform thermogenic functions and burn fat [12].

Adipose tissue consists mainly of adipocytes, preadipocytes, and cells of the innate
immune system (monocytes, macrophages, and natural killer cells) and the adaptive im-
mune system (different types of lymphocytes), fibroblasts, and vascular cells. In obesity,
the cellular composition of adipose tissue changes in terms of the number, phenotype, and
localization of immune, vascular, and structural cells [13]. Adipocyte hypertrophy, hy-
poxia, and increased cell death occur as a result of an increased accumulation of lipids—in
particular, triglycerides—which contributes to increased secretion of pro-inflammatory
molecules, including tumor necrosis factor α (TNF-α), interleukins (IL)–IL-6 and IL-8,
and MCP-1 by adipocytes and immune cells. As a result, there is a significant increase
in the number of macrophages in adipose tissue; this is due to the infiltration of circu-
lating monocytes and immune cells into adipose tissue, as well as to the self-renewal of
tissue-resident adipose tissue macrophages (ATM) and the retention of macrophages in
tissues [14]. At the same time, the content of macrophages is proportional to the degree
of obesity and it is greater in vWAT than in sWAT; this is also consistent with the view
that visceral adipose tissue plays a large role in the development of insulin resistance and
metabolic diseases [13]. Macrophages in adipose tissue cluster around apoptotic adipocytes
in the form of aggregates. Adipose tissue macrophages are the primary source of TNF-
α, adipokines, and other pro-inflammatory molecules. The content of macrophages in
adipose tissue is directly proportional to such indicators of obesity as body mass index
(BMI) and adipocyte size [15]. Adipokines released by either adipocytes or macrophages
infiltrating adipose tissue, in response to the increase in fat mass, induce low-grade chronic
inflammation, insulin resistance and the development of obesity-associated diseases [16,17].
Adipokines have pro- and anti-inflammatory properties and play an important role in the
integration of systemic metabolism with immune function [18]. In persons with normal
metabolic status, there is a balance of pro- and anti-inflammatory adipokines. This balance
shifts in favor of pro-inflammatory mediators as adipose tissue increases in obesity [19].
Thus, anti-inflammatory adipokines stimulate the expression of anti-inflammatory M2
macrophages and attenuate the expression of pro-inflammatory M1 macrophages [20]. In
obesity, ATMs tend to polarize to M1 macrophages under the influence of cytokines, as
well as glucose and lipid levels [19]. As a consequence, the pro-inflammatory status of
adipose tissue contributes to chronic low-grade inflammation and the development of
metabolic disorders associated with obesity [21]. Obesity changes the content of adipokines
produced by adipose tissue, so it can be concluded that the obesity-specific adipokine
profile may play an important role in the pathogenesis of metabolic disorders associated
with obesity [16].

The current review attempted to highlight the key functions of adipokines in the
inflammatory mechanisms of obesity, its complications, and its associated diseases and
to determine the adipokines most proven in clinical studies to be diagnostic markers or
therapeutic targets. An extensive search for materials on the role of adipokines in the
pathogenesis of obesity was conducted online using the PubMed and Scopus databases
until October 2022. The following keywords were used in different combinations for the
literature search: obesity, adipokines, pathogenesis, leptin, resistin, visfatin, chemerin,
DPP-4, adiponectin, omentin, isthmin, nesfatin, preparations, and clinical study.

2. Pro-Inflammatory Adipokines in Obesity and Its Complications

Adipokines are considered to be regulators of homeostasis throughout the body. To
date, more than 600 adipokines with different biological activities have been described.
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Obesity is associated with the activation of pro-inflammatory adipokines and the devel-
opment of chronic low-grade inflammation. In turn, the secretion of anti-inflammatory
adipokines is suppressed in obesity [22,23]. The pathophysiological effects of the most
studied adipokines are described below.

2.1. Leptin

One of the best-known pro-inflammatory adipokines is leptin. Leptin is a hormone
synthesized mainly in adipocytes; it provides central weight control through a cognate
receptor in the hypothalamus, and it is able to reduce appetite by stimulating the hy-
pothalamus with anorexigenic peptides [24,25]. In addition to appetite regulation, leptin
has multiple pleiotropic effects on various biological processes, including energy balance,
inflammation, physiological function, and behavior [26]. Leptin has multiple beneficial
effects at physiological concentrations, and one of the major risk factors for obesity is
leptin resistance, which occurs as a result of impaired leptin transport, leptin signaling,
or the hypothalamic neural circuit that regulates energy homeostasis [27]. Leptin is char-
acterized by a circadian rhythm with a maximum level occurring at night [28]. Leptin
has a molecular weight of 16 kDa and is encoded by the ob gene, which consists of a
4500 bp sequence, and is secreted into the bloodstream as an active compound consisting
of 167 amino acids. The secretion of leptin also depends on other hormones [29]. The
leptin receptor (LepR) belongs to the family of cytokine receptors and exists in six isoforms.
These isoforms share a common leptin-binding domain but differ in their intracellular
domains. LepRa, b, c, d, and f are transmembrane receptors; LepRe consists only of an
extracellular ligand-binding domain and is a soluble isoform of LepR [30]. The soluble
form of the leptin receptor (sOB-R) can bind to circulating leptin and modulate plasma
levels of leptin [31]. Binding of leptin to the LepRb receptor (one of the receptor isoforms)
activates Janus kinase 2 (JAK2), signal transducer and transcriptional activator 3 (STAT3),
extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase (MAPK), in-
sulin receptor substrate (IRS), phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt),
5’ adenosine monophosphate-activated protein kinase (AMPK), and others [32,33]. It has
been shown that leptin promotes pronounced activation of the transcription factor nuclear
factor κB (NF-κB), which, in turn, stimulates pro-inflammatory genes, including genes for
chemokines such as monocyte chemoattractant protein-1 (MCP-1) [34]. Pro-inflammatory
cytokines increase leptin synthesis and release, contributing to chronic inflammation in
obesity. Obesity-induced hyperleptinemia stimulates the production of pro-inflammatory
cytokines such as TNF-α, IL-6, IL-2, IL-1β, and interferon-γ (IFN-γ) by monocytes and
T-helper 1, and also inhibits the production of the anti-inflammatory cytokine IL-4 [35,36].
Inflammation disrupts the signaling pathways triggered by leptin and contributes to the de-
velopment of leptin resistance. Leptin resistance leads to a decreased signal of satiety since
leptin released by adipocytes due to food consumption tends to reduce eating behavior. A
number of factors may also contribute to leptin resistance, including IL-6 production, an
increase in C-reactive protein (CRP), and the expression of cytokine signaling suppressor
3 (SOCS3), which exacerbates inflammation and inhibits the activity of the JAK2/STAT3
signaling pathway [37].

Leptin is considered as a potential marker of obesity and its comorbidities—in particu-
lar, type 2 diabetes and CVD—due to its angiogenic and atherogenic effects [38]. Several
studies have shown that leptin levels are positively correlated with BMI, waist circumfer-
ence, hip circumference, and insulin resistance parameters [39,40]. It has been shown that
leptin level increases not only with increasing BMI, but also depends on gender; in particu-
lar, women had significantly higher levels of leptin than men [41]. Genotyping of leptin and
the leptin receptor gene can be used to predict insulin resistance and gestational diabetes
during pregnancy [42]. In addition, a negative correlation of leptin with high-density
lipoprotein (HDL) cholesterol has been shown in healthy subjects [39]. Elevated leptin
correlates with atherosclerosis and is an independent predictor of carotid intima-media
thickness (cIMT) progression [12,43]. It is known that monocytes/macrophages play an
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important role in the development of atherosclerosis [44–46]. Leptin has been found to be a
powerful chemoattractant of monocytes/macrophages and a promoter of their migration,
which plays an important role in the development of obesity and concomitant diseases.
Leptin facilitates the differentiation of monocytes into macrophages and accelerates the
development of cardiovascular complications such as atherosclerosis [47]. Hyperleptinemia
contributes not only to increased secretion of inflammatory cytokines, but also to oxida-
tive stress, by increasing the formation of reactive oxygen species (ROS), which causes
endothelial dysfunction and also contributes to the development of atherosclerosis. In
addition, leptin can induce impaired lipid metabolism [48]. Vascular dysfunction caused by
hyperleptinemia has been associated with leptin-mediated downregulation of peroxisome
proliferator-activated receptor gamma (PPARγ), which is a key regulator of macrophage
lipid metabolism [49,50]. Leptin can stimulate the proliferation and migration of vascular
smooth muscle cells (VSMCs), which play a significant role in the formation and develop-
ment of vascular lesions [51]. It has also been noted that leptin promotes the calcification
of cells derived from vascular tissue, which is also of great interest given the importance
of vascular calcification in CVDs, particularly in atherosclerosis [52]. A number of studies
describe the prothrombotic activity of leptin, which manifests through the stimulation of
platelet aggregation and an inhibitory effect on coagulation and fibrinolysis, which may be
associated with the stimulation of protein kinase C, phospholipase Cγ2 and phospholipase
A2 [43]. Thus, leptin is one of the most well-known and widely studied pro-inflammatory
adipokines involved in the development of obesity and its complications.

2.2. Resistin

Resistin is an adipokine playing an important role in inflammation and energy home-
ostasis, and is involved in the development of obesity, insulin resistance, and comorbidities,
particularly atherosclerosis. It is encoded by the RETN gene [53–55]. Resistin is a polypep-
tide with a molecular weight of 12.5 kDa [56]; it consists of 108 amino acids, its secretion
is increased with obesity, and it acts directly on adipocytes, inhibiting insulin-induced
glucose uptake. It has been shown that resistin is highly expressed in bone marrow and
macrophages in humans [57]. It is produced mainly by monocytes/macrophages and,
in small amounts, directly by adipocytes, thereby modulating the molecular pathways
involved in inflammatory, metabolic, autoimmune, and cardiovascular diseases. Resistin is
involved in angiogenesis, thrombosis, migration, and the proliferation of VSMC; moreover,
it affects endothelial dysfunction, which contributes to the development of atheroscle-
rosis [58]. In macrophages, resistin has been shown to modulate the PPARγ-dependent
PI3K/Akt signaling pathway in the activation of sterol-regulatory element-binding proteins
(SREBPs) involved in cholesterol metabolism [59]. The action of resistin is attenuated by
PPARγ agonists [60]. The pro-inflammatory effect of resistin may be mediated by binding to
Toll-like receptor 4 (TLR4) and the subsequent activation of NF-κB in macrophages via the c-
Jun N-terminal kinase (JNK) and p38 MAPK pathways; these contribute to the development
of insulin resistance and inflammation, closely related to obesity and associated metabolic
diseases [61,62]. It has been demonstrated that resistin levels are significantly higher in
overweight and obese patients, but have not been found to correlate with cIMT [63]. In ad-
dition, it has been shown that resistin levels are positively correlated with insulin resistance
in people with hyperresistinemia, in contrast to people with normal levels of circulating
resistin in obesity and T2DM [64]. Thus, we can conclude that resistin is involved in the
development of obesity and its vascular complications, particularly atherosclerosis.

2.3. Visfatin

Visfatin is a pro-inflammatory adipokine that is presumably produced and secreted
predominantly by vWAT. It has a molecular weight of 52 kDa and consists of 473 amino
acids [65]. Visfatin is expressed and released by macrophages of vWAT in response to
inflammatory signals [66]. Visfatin (nicotinamide phosphoribosyltransferase (NAMPT))
exists in two forms: intracellular (iNAMPT), which plays an important role in nicotinamide
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adenine dinucleotide (NAD+) biosynthesis, and extracellular (eNAMPT), associated with
many hormone-like signaling pathways and intracellular signaling cascades [67]. The
pro-inflammatory effects of visfatin are associated with the activation of the transcrip-
tion factor NF-κB, activator protein 1 (AP-1), cytokines IL-6, IL-8, and TNF-α, adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), E-selectin, and (MMP)–MMP-1 and MMP-3 [68]. Moreover, the
ability of visfatin not only to increase the level of TNF-α, but also to respond to the stimu-
lation of TNF-α with increased expression, which may represent a pathogenic loop, was
revealed [69,70]. This is an important mechanism in the development and progression
of inflammatory diseases, including both obesity and its vascular complications, particu-
larly, atherosclerosis. It has been demonstrated that visfatin expression is associated with
instability of atherosclerotic plaques since it was significantly enhanced in symptomatic
carotid atherosclerosis compared with plaques from asymptomatic individuals; addition-
ally, increased visfatin content was demonstrated in ruptured plaques of patients with
acute myocardial infarction [69]. In addition, visfatin increases the expression of vascular
endothelial growth factor (VEGF) by activating the PI3K/Akt, ERK1/2, p38 MAPK, and
JNK1/2 signaling pathways, which induces endothelial angiogenesis [71]. It has been
shown that an increase in the level of visfatin is associated with an increase in cIMT, so it
can be considered a marker of subclinical atherosclerosis [72].

2.4. Chemerin

Chemerin is an adipokine with a molecular weight of 14 kDa, involved in various
physiological and pathophysiological processes, the regulation of adipogenesis, insulin
sensitivity, and immune response, and is increased in obesity [73]. Chemerin is expressed
by several receptors, including two receptors with signaling activity–G-protein-coupled
chemokine-like receptor 1 (CMKLR1) and G-protein-coupled receptor 1 (GPR1)—and
chemokine-like receptor-like 2 (CCRL2) with atypical signaling activity [74]. Chemerin
and CMKLR1 are expressed in adipose tissue, with chemerin predominantly in adipocytes,
and CMKLR1 both in adipocytes and in the stromal vascular cells of adipose tissue [75].
Circulating chemerin level is elevated in inflammatory conditions and has been shown to
be activated by pro-inflammatory cytokines TNF-α, IL-1β, and IL-6. It has been demon-
strated that chemerin activates the pro-inflammatory pathways PI3K/Akt and MAPKs [76].
Chemerin also increases the expression and secretion of endothelial cell adhesion molecules
VCAM-1, ICAM-1, and E-selectin, which leads to increased monocyte–endothelial adhesion,
a critical step in the development of atherosclerosis [77]. Chemerin was positively correlated
with BMI, C-reactive protein, and the homeostasis model assessment of insulin resistance
(HOMA-IR) index and negatively correlated with HDL levels [78]. Thus, chemerin is an
important marker of inflammatory processes accompanying the development of obesity
and its complications.

2.5. DPP4

Dipeptidyl peptidase 4 (DPP4) can also be considered an adipokine secreted primarily
by visceral adipose tissue, where it exhibits autocrine and paracrine activity. It is a widely
expressed serine protease that regulates the biological activity of many peptides through
cleavage and inactivation, including incretin hormones, glucagon-like peptide-1 (GLP-1),
and glucose-dependent insulinotropic polypeptide (GIP) [79]. DPP4 is a pro-inflammatory
adipokine that is elevated in several metabolic diseases and can impair insulin signaling
in adipocytes, as well as other target cells and tissues [80]. In obesity, DPP4 serum con-
centration was associated with increased macrophage infiltration of vWAT, high serum
levels of leptin, and reduced adiponectin levels, as well as increased circulating levels
of inflammatory cytokines, particularly IL-6, IL-12, and TNF-α [81]. A positive correla-
tion was found between circulating DPP4 and TNF-α and IL-1β levels [82]. It has been
demonstrated that the plasma level of DPP4 is increased in obese patients with metabolic
syndrome [83]. DPP4 was shown to contribute to the development of insulin sensitivity
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through a reduction in Akt phosphorylation [84]. DPP-4 is an important marker of obesity
and its complications, particularly diabetes mellitus, which is actively used as a target for
therapy and the development of drugs that reduce blood glucose levels.

The pro-inflammatory effects of the most studied adipokines are shown in Figure 1.
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3. Anti-Inflammatory Adipokines in Obesity and Its Complications
3.1. Adiponectin

Adiponectin is an adipokine secreted by WAT that exerts pleiotropic effects on nu-
merous physiological processes [85]. Adiponectin is a protein with a molecular weight of
about 30 kDa that consists of 244 amino acids [86]. It is known as an anti-inflammatory,
anti-diabetic, and anti-atherosclerotic adipokine, acting through the AdipoR1 and AdipoR2
receptors [87]. Adiponectin increases insulin sensitivity and fatty acid oxidation, and
reduces hepatic glucose production [88]. Binding to its receptors, adiponectin initiates
a signaling cascade, including the phosphorylation of AMPK and p38 MAPK, and also
increases peroxisome proliferator-activated receptor α (PPARα) ligand activity [89]. The
adiponectin-mediated activation of AMPK, as well as the activation of endothelial nitric
oxide synthase (eNOS), stimulates the production of nitric oxide in endothelial cells, which
has a positive effect on endothelial function and the maintenance of vascular tone [90].
The pro-inflammatory effect of adiponectin is also manifested in the inhibition of the
TNF-α-induced expression of endothelial adhesion molecules, the suppression of inflam-
matory cytokine production, NF-κB activation, and the proliferation and migration of
VSMC [91–93]. In addition, adiponectin has been shown to be a macrophage polarization
regulator; it stimulates the expression of M2 macrophages, and attenuates the expression
M1 macrophages, thereby helping to reduce inflammation [20].

Low levels of adiponectin are associated with increased levels of risk factors for car-
diovascular disease and markers of oxidative stress. It has been found that increased
circulating levels of adiponectin positively correlate with serum HDL cholesterol, the ratio
of total cholesterol/LDL cholesterol, and antioxidant capacity, and is inversely associ-
ated with the HOMA-IR insulin resistance index and lipid peroxidation in serum [94].
Moreover, an inverse correlation between circulating levels of adiponectin and BMI has
been shown [95]. However, some differential associations have been identified between
adiponectin levels and fat accumulation in the trunk and lower extremities. Thus, the
accumulation of body fat is inversely correlated with the level of adiponectin, while the
accumulation of fat in the lower extremities is associated with a higher level of it [96,97].
In addition, adiponectin levels correlated negatively with cIMT [98]. Thus, adiponectin is
the most studied anti-inflammatory adipokine, and can be used as a diagnostic marker of
obesity, as well as the development of concomitant diseases.
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3.2. Omentin

Omentin is an adipokine with anti-inflammatory potential that is expressed and
secreted by visceral adipose tissue. Omentin is a protein with a molecular weight of 35 kDa
consisting of 313 amino acids. Two isoforms of omentin are known, and omentin 1 is
the main one circulating in human blood [99,100]. Decreased omentin levels have been
observed in obesity, insulin resistance, and type 2 diabetes, as well as in cardiovascular
diseases such as atherosclerosis and other inflammatory diseases, particularly inflammatory
bowel diseases [101–103].

The anti-inflammatory effect of omentin is associated with its inhibitory effect on the
expression of components of inflammatory signaling pathways. Thus, it has been shown to
inhibit the expression mRNA and TLR4 protein, as well as NF-κB phosphorylation [104]. It
also has been found that omentin-1 promotes phosphorylation of the signaling pathway
associated with integrin, as well as Akt and AMPK in macrophages, and suppresses the
expression of inflammatory cytokines [105]. The concentration of omentin-1 is inversely
related to the levels of pro-inflammatory cytokines such as IL-6 and TNF-α [106]. A positive
effect of omentin on endothelial function through improvement of the production of nitric
oxide [107], which reduces oxidative stress and apoptosis [108], has been demonstrated.

It has been shown in some studies that circulating omentin levels are independently
and negatively correlated with cIMT in healthy and diabetic subjects [109,110]. Omentin
can be considered a potential biomarker for atherosclerosis and CVD. Thus, it has been
demonstrated that decreased omentin levels were observed in patients with atheroscle-
rotic acute cerebral infarction, and a negative relationship has been shown between the
unfavorable prognosis of this disease and omentin levels [111].

3.3. Isthmin 1

Isthmin 1 (ISM1) has more recently been identified as an adipokine secreted by adipose
tissue, and plays a role in increasing glucose uptake by adipose tissue while suppress-
ing hepatic lipid synthesis [112]. It belongs to the isthmin gene family, which includes
ISM1 and ISM2. The ISM1 gene is located on chromosome 20 and encodes a ~60 kDa
protein containing 499 amino acids [113]. Isthmin 1 signaling is PI3K-dependent and
shares phosphorylation targets with insulin signaling; these most likely occur via yet-
unidentified receptor tyrosine kinase but not via the insulin receptor or insulin-like growth
factor 1 receptor [114]. Studies have shown that ISM1 possesses an anti-inflammatory
effect, probably by suppressing NF-κB activation and the production of inflammatory
cytokines/chemokines [115]. It has been also found that ISM is an inducer of endothelial
cell (EC) apoptosis and an inhibitor of angiogenesis [116].

3.4. Nesfatin 1

Despite the fact that nesfatin-1 is a peptide secreted by peripheral tissues in the central
and peripheral nervous system, it plays an important role in the system regulation of energy
homeostasis [117]. Nesfatin 1, as well as its precursor protein nucleobindin-2 (NUCB2),
are potent anorexigenic peptides, which physiologically inhibit food intake and body
weight [118]. The involvement of nesfatin in carbohydrate metabolism is confirmed by the
fact that it stimulates the expression of pre-proinsulin mRNA, increases glucose-induced
insulin release, and also inhibits glucagon secretion [119]. It has been found that nesfatin
increases insulin sensitivity and has anti-inflammatory as well as cardioprotective effects.
Thus, studies have shown that nesfatin inhibits MAPK signaling pathways, including p38
MAPK/c-Jun and IKK/NF-κB, and also reduces the levels of inflammatory cytokines IL-6,
IL-1β, and TNF-α [120–122]. In addition, it has been found that nesfatin affects indicators of
oxidative stress, namely, it suppresses the increased production of ROS, and also increases
the activity of superoxide dismutase [122]. Thus, nesfatin may be a biomarker for metabolic
and cardiovascular diseases [123].
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4. Adipokines in Clinical Trials
4.1. Adipokines as Prognostic Markers

The most studied adipokines are successfully included in the design of clinical trials as
predictive markers of various obesity-related diseases, as well as endpoints in studies of the
efficacy of preparations. Numerous studies demonstrate the association of physical activity,
lifestyle correction, and weight loss with different adipokine levels [124–126]. However,
in prospective population-based study of 6.502 participants free of CVD at baseline, no
association of adiponectin and leptin levels with cardiovascular outcomes was revealed
after a mean follow-up time of 11.4 years [127]. Table 1 presents the results of clinical trials
demonstrating the association of some adipokines with obesity, coronary artery disease,
diabetes, NAFLD, and arterial hypertension.

Table 1. Association of adipokine levels with obesity and associated diseases.

Obesity-Associated
Diseases Study Design Results

Obesity

Study of the adiponectin/leptin ratio (AdipoQ/Lep) as a
biomarker of adipose tissue and metabolic function in
obese individuals without diabetes.

Lower AdipoQ/Lep correlated with higher BMI, body
fat mass, waist-to-height ratio, and plasma resistin and
may, therefore, be an early marker for the development
of insulin resistance in obese adults [128].

Study of resistin levels in obese Nigerian Africans. The resistin concentration was higher in obese
individuals [129].

Study in control vs. obese women at baseline and after
12 weeks of following the Mediterranean diet.

Serum leptin levels were higher in obese women and
weight loss was associated with a decrease in serum
leptin [125].

Coronary artery disease

Study of patients with coronary artery disease with
isolation of adipocytes from subcutaneous, perivascular,
and epicardial adipose tissue.

Decreased expression and secretion of the adiponectin
gene in epicardial adipose tissue, and high level of leptin
gene expression [130].

Study of adipokine levels in individuals with coronary
artery calcium progression.

Higher leptin levels were associated with coronary artery
calcium progression; no association was observed for
resistin and adiponectin [131].

Study of anthropometric and echocardiographic
parameters and adipokine levels in Caucasian patients.

Adiponectin and resistin, but not leptin, were associated
with echocardiographic parameters of cardiac
remodeling and dysfunction [132].

NAFLD

Study of adipokine levels in obese/overweight children
and their association with the degree of hepatosteatosis.

Levels of leptin, omentin-1, and adiponectin were higher
in the obese group and increased with a higher degree of
hepatosteatosis [133].

Study of adipokines in patients without NAFLD, with
steatosis and with NAFLD.

Lower plasma levels of adiponectin were associated with
the presence and severity of NAFLD [134].

Diabetes

Study of the factors associated with the onset of type 2
diabetes, including serum adiponectin.

In women, unlike men, a decrease in the level of
adiponectin was the only significant risk factor for the
development of type 2 diabetes [135].

Study of the level of leptin as a biomarker for the
development of insulin resistance in patients with
type 2 diabetes.

Higher serum leptin levels were found in patients with
type 2 diabetes and metabolic syndrome [136].

Study of the relationship of adipokines in patients with
type 2 diabetes in Saudi Arabia.

The decrease in adiponectin levels and the increase in
leptin, visfatin, and chemerin were more significant as
BMI increased in patients with type 2 diabetes; no
association of resistin with type 2 diabetes was
found [41].

Arterial hypertension

Study of resistin levels in patients with and without
arterial hypertension.

The level of resistin did not differ significantly between
patients with and without arterial hypertension [137].

Study of the adiponectin–resistin index as a marker of
hypertension in obese patients.

The adiponectin–resistin index was strongly associated
with an increased risk of obesity-related
hypertension [138].

Study of the relationship between leptin levels and
arterial hypertension as a complication of
type 2 diabetes mellitus.

Leptin levels in patients with arterial hypertension and in
patients with type 2 diabetes were higher than in the
group without hypertension [139].

Studies have shown a change in the profile of adipokines in obese individuals with
impaired glucose tolerance in response to weight loss as a result of prolonged exercise and
diet. So, the level of leptin in the serum significantly decreased, and the concentration of
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adiponectin in the serum increased [140,141]. The meta-analysis data demonstrate that
after bariatric surgery, accompanied by an improvement in fat mass, circulating levels of
adipokines changed as follows: adiponectin increased significantly, leptin and chemerin
levels decreased, and visfatin and resistin levels did not change [142].

4.2. Adipokines as Therapeutic Targets

Numerous therapeutic agents have been studied as preparations modulating adipokines’
circulating levels in obesity and associated diseases. Table 2 summarizes the effects of the
most studied therapeutic agents on adipokine concentrations in different models.

Many studies demonstrate the beneficial effect of anti-diabetic preparations on serum
concentrations of adipokines, which correlate with indicators of their anti-inflammatory
activity. It has been shown in a systematic review that metformin in patients with metabolic
syndrome downregulated leptin, visfatin, and resistin levels while increasing adiponectin
concentration [143]. In diabetic patients, the ameliorating effect of metformin on the
adiponectin/leptin ratio was concomitant with the reduction in inflammatory cytokines
IL-6 and TNF-α [144]. Another widely used group of preparations in the treatment of
type 2 diabetes is sodium glucose-like transporter 2 inhibitors (SGLT-2). The meta-analysis
dedicated to reviewing the influence of sodium–glucose cotransporter-2 inhibitors on
plasma adiponectin levels revealed significantly increased plasma adiponectin in type
2 diabetic patients administered tofogliflozin, luseogliflozin, and ipragliflozin, but not
dapagliflozin [145]. In another study, dapagliflozin was shown to downregulate circulating
leptin levels in patients with type 2 diabetes and class 3 obesity during a 1-year adminis-
tration [146]. Vildagliptin, a DDP-4 inhibitor used in therapy for type 2 diabetes, has been
shown to increase adiponectin levels, as well as to improve inflammatory biomarkers and
LDL oxidation in obese diabetic patients [147]. Preparations of the thiazolidinedione fam-
ily’s activators of PPARγ improved adiponectin levels while possessing a neutral effect on
leptin levels in several studies including participants with NAFLD, nonalcoholic steatohep-
atitis, and type 2 diabetes; however, their clinical use was limited by long-term side effects
such as increased risk of myocardial infarction [148]. Pioglitazone, a drug from the thiazo-
lidinediones family, has been also shown to upregulate circulating omentin-1 levels [149].

A meta-analysis of randomized controlled trials demonstrated that treatment with
n-3 polyunsaturated fatty acids (PUFAs) significantly increases circulating adiponectin
in patients with type 2 diabetes [150]. A number of studies have also studied the effect
of probiotic-based preparations on basic adipokines. For example, preparations based
on Lactobacillus ameliorated plasma concentrations of leptin in several studies of obese
patient [151]. However, a recent systematic review of probiotic intervention in patients with
prediabetes and type 2 diabetes mellitus reported no significant alterations in adiponectin
and leptin levels [152].

Different groups of preparations used for CVD treatment may influence the serum
concentrations of adipokines. Firstly, statins and 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors should be described since their pleiotropic anti-inflammatory effects
seem to be promising in regard to the improvement of serum adipokines. A systematic
review of the effects of atorvastatin, simvastatin, rosuvastatin, pravastatin, and pitavastatin
on adiponectin demonstrated a significant increase in plasma adiponectin levels following
statin therapy [153]. However, the latest meta-analysis of randomized controlled trials re-
ported that atorvastatin treatment did not significantly affect circulating adiponectin [154].
Moreover, multiple studies dedicated to investigation of the statin-induced amelioration
of serum adipokines demonstrated either controversial (adiponectin) or non-significant
(leptin and resistin), and rare significant effects (visfatin) [155]. Telmisartan, a prepara-
tion from the group of angiotensin II receptor blockers widely used for blood pressure
correction, significantly increased adiponectin levels in patients with arterial hypertension
combined with obesity [156], while perindopril and angiotensin-converting enzyme in-
hibitor demonstrated the most prominent action on serum leptin reduction among other
anti-hypertensive preparations [157].
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Table 2. Preparations modulating circulating adipokine levels.

Intervention Study Design Effects

Metformin [143,144]
Individuals with metabolic syndrome without restriction in age treated
with a dose of 500–3000 mg/day for 3–12 months (several studies
included in systematic review)

↑ adiponectin
↓ leptin
↓ resistin
↓ visfatin

Dapagliflozin [146] Patients with type 2 diabetes and class 3 obesity, 10 mg/day over a
12-month treatment period

↓ leptin
n/a adiponectin

Vildagliptin [147] Women with obesity and type 2 diabetes, 50 mg twice/day over a
30-day treatment period

↓ DPP4
↑ adiponectin

Pioglitazone [148] Patients with nonalcoholic steatohepatitis, 45 mg/day with 6 months
of administration

↑ adiponectin
n/a leptin

PUFAs [150] Patients with type 2 diabetes, >8 weeks of treatment ↑ adiponectin
↓ leptin

Lactobacillus probiotic [151] Subjects with BMI of 25–30 kg/m2 on a diet including
4 × 109 colony-forming units of L. plantarum for 12 weeks

↓ leptin

Statins [153]

Studies included in systematic review, statin administration for
>2 weeks at the following doses: atorvastatin, 10–80 mg/day;
simvastatin, 10–40 mg/day; rosuvastatin, 2.5–10 mg/day; pravastatin,
10–40 mg/day; pitavastatin, 2 mg/day

↑ adiponectin

Telmisartan [156] Patients with arterial hypertension combined with obesity, 80 mg/day,
12-week treatment period ↑ adiponectin

Perindopril [157] Overweight or obese patients with hypertension, 10 mg/day, 24-week
treatment period ↓ leptin

n/a, not affected; DPP4, dipeptidyl peptidase 4; PUFAs, n-3 polyunsaturated fatty acids.

5. Conclusions

Summing up this review, it should be noted that the concept of adipokines implies
many different biologically active compounds that make a significant contribution to the
key stages of inflammation, metabolic regulation, and the development of obesity and
its complications. The term adipokines includes numerous biologically active substances
produced by adipose tissue that regulate metabolic processes; therefore, many of them were
not described in this review, as they were previously characterized in detail, perticularly
inflammatory cytokines and other mediators. Currently, leptin, resistin, and visfatin are the
most widely used pro-inflammatory adipokines in experimental studies, as well as in clini-
cal trials of anti-diabetic preparations and other therapeutics targeting obesity-associated
diseases. At the same time, adiponectin, considered an anti-inflammatory adipokine, is the
most studied among all known adipokines, especially as a marker of the anti-inflammatory
efficacy of various preparations, as well as in research aimed at investigating the pathogen-
esis of obesity and its complications. Thus, adipokines may be included in novel diagnostic
strategies as biological markers of various metabolic, inflammatory, and cardiovascular
diseases, since numerous studies demonstrate their association with traditional risk factors,
clinical characteristics, and the severity of symptoms of obesity and its associated disorders.
The results of recent studies allow some adipokines to be considered as promising targets
for the treatment of obesity and the prevention of its complications.
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12. Zorena, K.; Jachimowicz-Duda, O.; Ślęzak, D.; Robakowska, M.; Mrugacz, M. Adipokines and Obesity. Potential Link to Metabolic

Disorders and Chronic Complications. Int. J. Mol. Sci. 2020, 21, 3570. [CrossRef] [PubMed]
13. Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in Inflammation and Metabolic Disease. Nat. Rev. Immunol. 2011, 11,

85–97. [CrossRef] [PubMed]
14. Taylor, E.B. The Complex Role of Adipokines in Obesity, Inflammation, and Autoimmunity. Clin. Sci. 2021, 135, 731. [CrossRef]

[PubMed]
15. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity Is Associated with Macrophage

Accumulation in Adipose Tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef] [PubMed]
16. Leal, V.D.O.; Mafra, D. Adipokines in Obesity. Clin. Chim. Acta 2013, 419, 87–94. [CrossRef] [PubMed]
17. Chang, M.L.; Yang, Z.; Yang, S.S. Roles of Adipokines in Digestive Diseases: Markers of Inflammation, Metabolic Alteration and

Disease Progression. Int. J. Mol. Sci. 2020, 21, 8308. [CrossRef]
18. Hsu, P.S.; Wu, C.S.; Chang, J.F.; Lin, W.N. Leptin Promotes CPLA2 Gene Expression through Activation of the MAPK/NF-

KB/P300 Cascade. Int. J. Mol. Sci. 2015, 16, 27640. [CrossRef]
19. Yao, J.; Wu, D.; Qiu, Y. Adipose Tissue Macrophage in Obesity-Associated Metabolic Diseases. Front. Immunol. 2022, 13, 977485.

[CrossRef]
20. Ohashi, K.; Parker, J.L.; Ouchi, N.; Higuchi, A.; Vita, J.A.; Gokce, N.; Pedersen, A.A.; Kalthoff, C.; Tullin, S.; Sams, A.; et al.

Adiponectin Promotes Macrophage Polarization toward an Anti-Inflammatory Phenotype. J. Biol. Chem. 2010, 285, 6153.
[CrossRef]

21. Pérez-Pérez, A.; Vilariño-García, T.; Fernández-Riejos, P.; Martín-González, J.; Segura-Egea, J.J.; Sánchez-Margalet, V. Role of
Leptin as a Link between Metabolism and the Immune System. Cytokine Growth Factor Rev. 2017, 35, 71–84. [CrossRef]

22. Unamuno, X.; Gómez-Ambrosi, J.; Rodríguez, A.; Becerril, S.; Frühbeck, G.; Catalán, V. Adipokine Dysregulation and Adipose
Tissue Inflammation in Human Obesity. Eur. J. Clin. Investig. 2018, 48, e12997. [CrossRef] [PubMed]

23. Wei, Z.; Chen, Y.; Upender, R.P. Sleep Disturbance and Metabolic Dysfunction: The Roles of Adipokines. Int. J. Mol. Sci. 2022,
23, 1706. [CrossRef] [PubMed]

24. Sánchez-Margalet, V.; Martín-Romero, C.; Santos-Alvarez, J.; Goberna, R.; Najib, S.; Gonzalez-Yanes, C. Role of Leptin as an
Immunomodulator of Blood Mononuclear Cells: Mechanisms of Action. Clin. Exp. Immunol. 2003, 133, 11. [CrossRef]

25. Roca-Rodríguez, M.D.M.; Ramos-García, P.; López-Tinoco, C.; Aguilar-Diosdado, M. Significance of Serum-Plasma Leptin Profile
during Pregnancy in Gestational Diabetes Mellitus: A Systematic Review and Meta-Analysis. J. Clin. Med. 2022, 11, 2433.
[CrossRef]

https://www.worldobesity.org/news/one-billion-people-globally-estimated-to-be-living-with-obesity-by-2030
http://doi.org/10.3389/fendo.2022.949228
http://www.ncbi.nlm.nih.gov/pubmed/36034428
http://doi.org/10.1007/s00018-022-04286-2
http://www.ncbi.nlm.nih.gov/pubmed/35503385
http://doi.org/10.3389/fendo.2013.00071
http://www.ncbi.nlm.nih.gov/pubmed/23781214
http://doi.org/10.1016/j.tips.2015.04.014
http://doi.org/10.1016/j.coph.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32480034
http://doi.org/10.3390/molecules25215218
http://doi.org/10.1007/s00125-014-3214-z
http://www.ncbi.nlm.nih.gov/pubmed/24632736
http://doi.org/10.1210/jc.2002-020696
http://doi.org/10.1002/prca.201100052
http://www.ncbi.nlm.nih.gov/pubmed/22213627
http://doi.org/10.1038/nrm2391
http://www.ncbi.nlm.nih.gov/pubmed/18401346
http://doi.org/10.3390/ijms21103570
http://www.ncbi.nlm.nih.gov/pubmed/32443588
http://doi.org/10.1038/nri2921
http://www.ncbi.nlm.nih.gov/pubmed/21252989
http://doi.org/10.1042/CS20200895
http://www.ncbi.nlm.nih.gov/pubmed/33729498
http://doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://doi.org/10.1016/J.CCA.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23422739
http://doi.org/10.3390/ijms21218308
http://doi.org/10.3390/ijms161126045
http://doi.org/10.3389/fimmu.2022.977485
http://doi.org/10.1074/jbc.M109.088708
http://doi.org/10.1016/j.cytogfr.2017.03.001
http://doi.org/10.1111/eci.12997
http://www.ncbi.nlm.nih.gov/pubmed/29995306
http://doi.org/10.3390/ijms23031706
http://www.ncbi.nlm.nih.gov/pubmed/35163627
http://doi.org/10.1046/j.1365-2249.2003.02190.x
http://doi.org/10.3390/jcm11092433


Int. J. Mol. Sci. 2022, 23, 14982 12 of 17

26. Denver, R.J.; Bonett, R.M.; Boorse, G.C. Evolution of Leptin Structure and Function. Neuroendocrinology 2011, 94, 21–38. [CrossRef]
[PubMed]

27. Morris, D.L.; Rui, L. Recent Advances in Understanding Leptin Signaling and Leptin Resistance. Am. J. Physiol. Endocrinol. Metab.
2009, 297, E1247–E1259. [CrossRef]

28. Sinha, M.K.; Ohannesian, J.P.; Heiman, M.L.; Kriauciunas, A.; Stephens, T.W.; Magosin, S.; Marco, C.; Caro, J.F. Nocturnal Rise of
Leptin in Lean, Obese, and Non-Insulin-Dependent Diabetes Mellitus Subjects. J. Clin. Investig. 1996, 97, 1344. [CrossRef]

29. Wada, N.; Hirako, S.; Takenoya, F.; Kageyama, H.; Okabe, M.; Shioda, S. Leptin and Its Receptors. J. Chem. Neuroanat. 2014, 61–62,
191–199. [CrossRef] [PubMed]

30. Münzberg, H.; Morrison, C.D. Structure, Production and Signaling of Leptin. Metabolism 2015, 64, 13–23. [CrossRef]
31. Kargasheh, F.B.; Ansaripour, S.; Borumandnia, N.; Moradi, N.; Zandieh, Z.; Maleki, M.; Mokhtar, S.; Karimi, A.; Fatemi, F.;

Kheirollahi, A.; et al. Association of Leptin G2548A and Leptin Receptor Q223R Polymorphisms and Their Serum Levels with
Infertility and Recurrent Pregnancy Loss in Iranian Women with Polycystic Ovary Syndrome. PLoS ONE 2021, 16, e0255920.
[CrossRef]

32. Li, S.; Li, X. Leptin in Normal Physiology and Leptin Resistance. Sci. Bull. 2016, 61, 1480–1488. [CrossRef]
33. Socol, C.T.; Chira, A.; Martinez-Sanchez, M.A.; Nuñez-Sanchez, M.A.; Maerescu, C.M.; Mierlita, D.; Rusu, A.V.; Ruiz-Alcaraz, A.J.;

Trif, M.; Ramos-Molina, B. Leptin Signaling in Obesity and Colorectal Cancer. Int. J. Mol. Sci. 2022, 23, 4713. [CrossRef] [PubMed]
34. Aleffi, S.; Petrai, I.; Bertolani, C.; Parola, M.; Colombatto, S.; Novo, E.; Vizzutti, F.; Anania, F.A.; Milani, S.; Rombouts, K.; et al.

Upregulation of Proinflammatory and Proangiogenic Cytokines by Leptin in Human Hepatic Stellate Cells. Hepatology 2005, 42,
1339–1348. [CrossRef] [PubMed]

35. Rajesh, Y.; Sarkar, D. Association of Adipose Tissue and Adipokines with Development of Obesity-Induced Liver Cancer. Int. J.
Mol. Sci. 2021, 22, 2163. [CrossRef]

36. Para, I.; Albu, A.; Porojan, M.D. Adipokines and Arterial Stiffness in Obesity. Medicina 2021, 57, 653. [CrossRef]
37. Flores-Cordero, J.A.; Pérez-Pérez, A.; Jiménez-Cortegana, C.; Alba, G.; Flores-Barragán, A.; Sánchez-Margalet, V. Obesity as a Risk

Factor for Dementia and Alzheimer’s Disease: The Role of Leptin. Int. J. Mol. Sci. 2022, 23, 5202. [CrossRef]
38. Jung, C.H.; Kim, B.Y.; Mok, J.O.; Kang, S.K.; Kim, C.H. Association between Serum Adipocytokine Levels and Microangiopathies

in Patients with Type 2 Diabetes Mellitus. J. Diabetes Investig. 2014, 5, 333. [CrossRef]
39. Yadav, A.; Jyoti, P.; Jain, S.K.; Bhattacharjee, J. Correlation of Adiponectin and Leptin with Insulin Resistance: A Pilot Study in

Healthy North Indian Population. Indian J. Clin. Biochem. 2011, 26, 193. [CrossRef]
40. Muskiet, F.A.J.; Carrera-Bastos, P.; Pruimboom, L.; Lucia, A.; Furman, D. Obesity and Leptin Resistance in the Regulation of the

Type I Interferon Early Response and the Increased Risk for Severe COVID-19. Nutrients 2022, 14, 1388. [CrossRef]
41. Mir, M.M.; Mir, R.; Alghamdi, M.A.A.; Wani, J.I.; Sabah, Z.U.; Jeelani, M.; Marakala, V.; Sohail, S.K.; O’haj, M.; Alharthi, M.H.; et al.

Differential Association of Selected Adipocytokines, Adiponectin, Leptin, Resistin, Visfatin and Chemerin, with the Pathogenesis
and Progression of Type 2 Diabetes Mellitus (T2DM) in the Asir Region of Saudi Arabia: A Case Control Study. J. Pers. Med. 2022,
12, 735. [CrossRef] [PubMed]

42. Adiga, U.; Banawalikar, N.; Rai, T. Association of Leptin and Leptin Receptor Gene Polymorphisms with Insulin Resistance in
Pregnant Women: A Cross-Sectional Study. F1000Research 2022, 11, 692. [CrossRef] [PubMed]

43. Su, X.; Peng, D. Emerging Functions of Adipokines in Linking the Development of Obesity and Cardiovascular Diseases. Mol.
Biol. Rep. 2020, 47, 7991–8006. [CrossRef] [PubMed]

44. Markin, A.M.; Sobenin, I.A.; Grechko, A.V.; Zhang, D.; Orekhov, A.N. Cellular Mechanisms of Human Atherogenesis: Focus on
Chronification of Inflammation and Mitochondrial Mutations. Front. Pharmacol. 2020, 11, 642. [CrossRef] [PubMed]

45. Kirichenko, T.V.; Markina, Y.V.; Sukhorukov, V.N.; Khotina, V.A.; Wu, W.K.; Orekhov, A.N. A Novel Insight at Atherogenesis:
The Role of Microbiome. Front. Cell Dev. Biol. 2020, 8, 586189. [CrossRef] [PubMed]

46. Gerasimova, E.V.; Popkova, T.V.; Gerasimova, D.A.; Kirichenko, T.V. Macrophage Dysfunction in Autoimmune Rheumatic
Diseases and Atherosclerosis. Int. J. Mol. Sci. 2022, 23, 4513. [CrossRef] [PubMed]

47. Gruen, M.L.; Hao, M.; Piston, D.W.; Hasty, A.H. Leptin Requires Canonical Migratory Signaling Pathways for Induction of
Monocyte and Macrophage Chemotaxis. Am. J. Physiol. Cell Physiol. 2007, 293, C1481–C1488. [CrossRef] [PubMed]

48. Raman, P.; Khanal, S. Leptin in Atherosclerosis: Focus on Macrophages, Endothelial and Smooth Muscle Cells. Int. J. Mol. Sci.
2021, 22, 5446. [CrossRef]

49. Cabrero, À.; Cubero, M.; Llaverías, G.; Alegret, M.; Sánchez, R.; Laguna, J.C.; Vázquez-Carrera, M. Leptin Down-Regulates
Peroxisome Proliferator-Activated Receptor Gamma (PPAR-Gamma) MRNA Levels in Primary Human Monocyte-Derived
Macrophages. Mol. Cell. Biochem. 2005, 275, 173–179. [CrossRef]

50. Nedosugova, L.V.; Markina, Y.V.; Bochkareva, L.A.; Kuzina, I.A.; Petunina, N.A.; Yudina, I.Y.; Kirichenko, T.V. Inflammatory
Mechanisms of Diabetes and Its Vascular Complications. Biomedicines 2022, 10, 1168. [CrossRef]

51. Oda, A.; Taniguchi, T.; Yokoyama, M. Leptin Stimulates Rat Aortic Smooth Muscle Cell Proliferation and Migration. Kobe J. Med.
Sci. 2001, 47, 141–150. [CrossRef]

52. Parhami, F.; Tintut, Y.; Ballard, A.; Fogelman, A.M.; Demer, L.L. Leptin Enhances the Calcification of Vascular Cells. Circ. Res.
2001, 88, 954–960. [CrossRef] [PubMed]

53. Pang, S.; Le, Y. Role of Resistin in Inflammation and Inflammation-Related Diseases. Cell. Mol. Immunol. 2006, 3, 29–34. [PubMed]
54. Steppan, C.M.; Lazar, M.A. The Current Biology of Resistin. J. Intern. Med. 2004, 255, 439–447. [CrossRef] [PubMed]

http://doi.org/10.1159/000328435
http://www.ncbi.nlm.nih.gov/pubmed/21677426
http://doi.org/10.1152/ajpendo.00274.2009
http://doi.org/10.1172/JCI118551
http://doi.org/10.1016/j.jchemneu.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25218975
http://doi.org/10.1016/j.metabol.2014.09.010
http://doi.org/10.1371/journal.pone.0255920
http://doi.org/10.1007/s11434-015-0951-4
http://doi.org/10.3390/ijms23094713
http://www.ncbi.nlm.nih.gov/pubmed/35563103
http://doi.org/10.1002/hep.20965
http://www.ncbi.nlm.nih.gov/pubmed/16317688
http://doi.org/10.3390/ijms22042163
http://doi.org/10.3390/medicina57070653
http://doi.org/10.3390/ijms23095202
http://doi.org/10.1111/jdi.12144
http://doi.org/10.1007/s12291-011-0119-1
http://doi.org/10.3390/nu14071388
http://doi.org/10.3390/jpm12050735
http://www.ncbi.nlm.nih.gov/pubmed/35629157
http://doi.org/10.12688/f1000research.122537.2
http://www.ncbi.nlm.nih.gov/pubmed/36128550
http://doi.org/10.1007/s11033-020-05732-9
http://www.ncbi.nlm.nih.gov/pubmed/32888125
http://doi.org/10.3389/fphar.2020.00642
http://www.ncbi.nlm.nih.gov/pubmed/32528276
http://doi.org/10.3389/fcell.2020.586189
http://www.ncbi.nlm.nih.gov/pubmed/33072766
http://doi.org/10.3390/ijms23094513
http://www.ncbi.nlm.nih.gov/pubmed/35562903
http://doi.org/10.1152/ajpcell.00062.2007
http://www.ncbi.nlm.nih.gov/pubmed/17728393
http://doi.org/10.3390/ijms22115446
http://doi.org/10.1007/s11010-005-1353-8
http://doi.org/10.3390/biomedicines10051168
http://doi.org/10.1016/S0021-9150(97)89646-3
http://doi.org/10.1161/hh0901.090975
http://www.ncbi.nlm.nih.gov/pubmed/11349006
http://www.ncbi.nlm.nih.gov/pubmed/16549046
http://doi.org/10.1111/j.1365-2796.2004.01306.x
http://www.ncbi.nlm.nih.gov/pubmed/15049878


Int. J. Mol. Sci. 2022, 23, 14982 13 of 17

55. Yannakoulia, M.; Yiannakouris, N.; Blüher, S.; Matalas, A.L.; Klimis-Zacas, D.; Mantzoros, C.S. Body Fat Mass and Macronutrient
Intake in Relation to Circulating Soluble Leptin Receptor, Free Leptin Index, Adiponectin, and Resistin Concentrations in Healthy
Humans. J. Clin. Endocrinol. Metab. 2003, 88, 1730–1736. [CrossRef]

56. Cebeci, E.; Cakan, C.; Gursu, M.; Uzun, S.; Karadag, S.; Koldas, M.; Calhan, T.; Helvaci, S.A.; Ozturk, S. The Main Determinants
of Serum Resistin Level in Type 2 Diabetic Patients Are Renal Function and Inflammation Not Presence of Microvascular
Complication, Obesity and Insulin Resistance. Exp. Clin. Endocrinol. Diabetes 2019, 127, 189–194. [CrossRef]

57. Patel, L.; Buckels, A.C.; Kinghorn, I.J.; Murdock, P.R.; Holbrook, J.D.; Plumpton, C.; Macphee, C.H.; Smith, S.A. Resistin Is
Expressed in Human Macrophages and Directly Regulated by PPARγ Activators. Biochem. Biophys. Res. Commun. 2003, 300,
472–476. [CrossRef]

58. Jamaluddin, M.S.; Weakley, S.M.; Yao, Q.; Chen, C. Resistin: Functional Roles and Therapeutic Considerations for Cardiovascular
Disease. Br. J. Pharmacol. 2012, 165, 622–632. [CrossRef]

59. Nava-Salazar, S.; Flores-Pliego, A.; Pérez-Martínez, G.; Parra-Hernández, S.; Vanoye-Carlo, A.; Ibarguengoitia-Ochoa, F.; Perichart-
Perera, O.; Reyes-Muñoz, E.; Solis-Paredes, J.M.; Espino y Sosa, S.; et al. Resistin Modulates Low-Density Lipoprotein Cholesterol
Uptake in Human Placental Explants via PCSK9. Reprod. Sci. 2022, 29, 3242–3253. [CrossRef]

60. Adeghate, E. An Update on the Biology and Physiology of Resistin. Cell. Mol. Life Sci. 2004, 61, 2485–2496. [CrossRef]
61. Ren, Y.; Zhao, H.; Yin, C.; Lan, X.; Wu, L.; Du, X.; Griffiths, H.R.; Gao, D. Adipokines, Hepatokines and Myokines: Focus on Their

Role and Molecular Mechanisms in Adipose Tissue Inflammation. Front. Endocrinol. 2022, 13, 873699. [CrossRef]
62. Shin, J.H.; Park, S.H.; Cho, H.; Kim, J.H.; Choi, H. Adipokine Human Resistin Promotes Obesity-Associated Inflammatory

Intervertebral Disc Degeneration via pro-Inflammatory Cytokine Cascade Activation. Sci. Rep. 2022, 12, 8936. [CrossRef]
[PubMed]

63. Kollari, E.; Zografou, I.; Sampanis, C.; Athyros, V.G.; Didangelos, T.; Mantzoros, C.S.; Karagiannis, A. Serum Adipokine Levels
in Patients with Type 1 Diabetes Are Associated with Degree of Obesity but Only Resistin Is Independently Associated with
Atherosclerosis Markers. Hormones 2022, 21, 91–101. [CrossRef]

64. Su, K.Z.; Li, Y.R.; Zhang, D.; Yuan, J.H.; Zhang, C.S.; Liu, Y.; Song, L.M.; Lin, Q.; Li, M.W.; Dong, J. Relation of Circulating Resistin
to Insulin Resistance in Type 2 Diabetes and Obesity: A Systematic Review and Meta-Analysis. Front. Physiol. 2019, 10, 1399.
[CrossRef] [PubMed]

65. Saddi-Rosa, P.; Oliveira, C.S.; Giuffrida, F.M.; Reis, A.F. Visfatin, Glucose Metabolism and Vascular Disease: A Review of Evidence.
Diabetol. Metab. Syndr. 2010, 2, 21. [CrossRef] [PubMed]

66. Curat, C.A.; Wegner, V.; Sengenès, C.; Miranville, A.; Tonus, C.; Busse, R.; Bouloumié, A. Macrophages in Human Visceral Adipose
Tissue: Increased Accumulation in Obesity and a Source of Resistin and Visfatin. Diabetologia 2006, 49, 744–747. [CrossRef]
[PubMed]

67. Dakroub, A.; Nasser, S.A.; Kobeissy, F.; Yassine, H.M.; Orekhov, A.; Sharifi-Rad, J.; Iratni, R.; El-Yazbi, A.F.; Eid, A.H. Visfatin: An
Emerging Adipocytokine Bridging the Gap in the Evolution of Cardiovascular Diseases. J. Cell. Physiol. 2021, 236, 6282–6296.
[CrossRef] [PubMed]

68. Brentano, F.; Schorr, O.; Ospelt, C.; Stanczyk, J.; Gay, R.E.; Gay, S.; Kyburz, D. Pre-B Cell Colony-Enhancing Factor/Visfatin, a
New Marker of Inflammation in Rheumatoid Arthritis with Proinflammatory and Matrix-Degrading Activities. Arthritis Rheum.
2007, 56, 2829–2839. [CrossRef] [PubMed]

69. Dahl, T.B.; Yndestad, A.; Skjelland, M.; Øie, E.; Dahl, A.; Michelsen, A.; Damås, J.K.; Tunheim, S.H.; Ueland, T.; Smith, C.; et al.
Increased Expression of Visfatin in Macrophages of Human Unstable Carotid and Coronary Atherosclerosis: Possible Role in
Inflammation and Plaque Destabilization. Circulation 2007, 115, 972–980. [CrossRef] [PubMed]

70. Lee, W.-J.; Wu, C.-S.; Lin, H.; Lee, I.-T.; Wu, C.-M.; Tseng, J.-J.; Chou, M.-M.; Sheu, W.H.-H. Visfatin-Induced Expression of
Inflammatory Mediators in Human Endothelial Cells through the NF-KB Pathway. Int. J. Obes. 2009, 33, 465–472. [CrossRef]
[PubMed]

71. Lee, B.C.; Song, J.; Lee, A.; Cho, D.; Kim, T.S. Visfatin Promotes Wound Healing through the Activation of ERK1/2 and JNK1/2
Pathway. Int. J. Mol. Sci. 2018, 19, 3642. [CrossRef]
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