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Abstract: It is well established that adipose tissue, apart from its energy storage function, acts as
an endocrine organ that produces and secretes a number of bioactive substances, including hormones
commonly known as adipokines. Obesity is a major risk factor for the development of cardiovascular
diseases, mainly due to a low grade of inflammation and the excessive fat accumulation produced
in this state. The adipose tissue dysfunction in obesity leads to an aberrant release of adipokines,
some of them with direct cardiovascular and inflammatory regulatory functions. Inflammation is
a common link between obesity and cardiovascular diseases, so this review will summarise the role
of the main adipokines implicated in the regulation of the inflammatory processes occurring under
the scenario of cardiovascular diseases.
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1. Introduction

Despite the knowledge and the numerous preventive and therapeutic measures available
nowadays, cardiovascular diseases (CVDs) are the leading cause of death globally, accounting
for an estimated 31% of all deaths worldwide [1]. Among the risk factors triggering the development
of CVDs, obesity and adipose tissue accumulation are the ones that attract the most focus of the scientific
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community as a potential niche for the search of new therapeutic targets that could help prevent or
alleviate the pathogenesis of CVDs.

White adipose tissue (WAT) is a specialised organ with functions not only in the storage and release
of energy substrates for systemic metabolism regulation but also in the production of different secreted
factors that act as paracrine and endocrine regulators [2]. These secretions include a variety of chemical
agents (including cytokines and chemokines), which interact with other adipocytes, immune cells,
and somatic cells, with some of them being secreted by non-adipocyte cells like fibroblasts, vascular
cells, etc. and others secreted from adipocytes and thus classified as adipokines [3]. Adipokines act as
autocrine/paracrine/endocrine mediators, mainly regulating appetite, metabolism, immunity, behaviour,
cardiovascular function, and reproduction [2]. Therefore, adipose tissue is at the same time responsive
to and responsible for a wide variety of hormonal, inflammatory, and metabolic interactions with other
organs, so the proper functioning of the adipose tissue is essential to maintaining good health.

Obesity is recognised as increasing CVDs’ morbidity and mortality through different mechanisms,
including the hemodynamic adaptation of the cardiovascular system due to the increase of body
weight; the development of co-morbidities associated with both obesity and CVDs, such as type 2
diabetes mellitus (T2DM), insulin resistance, hypertension or dyslipidaemia; and the imbalance in
the production of adipokines by the adipose tissue [4]. However, not all obese subjects have the same
probability of developing co-morbidities or the same mortality risk, and adipokines are some of
the players responsible for this situation.

Subcutaneous adipose tissue (SAT) is the largest WAT depot in lean, healthy subjects, representing
about 80% of all adipose tissue, and thus its role as an energy store is more important than any other
fat depot [5]. In response to a positive energy balance, the adipose tissue undergoes reorganization
by changing the number and size of mature adipocytes. Hypertrophic adipocytes secrete adipokines,
which recruit preadipocytes and promote their differentiation into mature adipocytes, a process
commonly known as adipose tissue remodelling [6]. When SAT expansion due to overnutrition is
achieved by adipose tissue remodelling, the WAT is able to keep its regulatory functions, and this
situation is called “metabolically healthy obesity” [6]. Metabolically healthy obese subjects do not
have a higher mortality risk and do not suffer from metabolic abnormalities like dyslipidaemia, insulin
resistance, hypertension, or a pro-inflammatory profile [7]. Although it is not fully understood, some
of the mechanisms postulated to explain metabolically healthy obesity include preserved insulin
sensitivity, a higher fat accumulation in SAT than in visceral and ectopic depots, normal adipose tissue
function, and normal adipokine secretion [7].

On the other hand, when SAT does not expand properly to store the energy excess, it becomes
dysfunctional, leading to fat accumulation in ectopic tissues, including the liver, pancreas, skeletal
muscle, and heart, as well as in the visceral cavity, predisposing to cardiometabolic deregulation [6].
Dysfunctional adipose tissue becomes insulin-resistant and produces pro-inflammatory cytokines
and extracellular matrix proteins that promote infiltration and activation of immune cells, creating
an optimal environment for inflammation [6,8]. At the same time, activated immune cells secrete
cytokines that modulate adipocyte function, differentiation, and adipokine secretion, favouring
the increase of pro-inflammatory adipokine expression in the adipose tissue such as leptin or resistin [8,9].
Taken together, this situation affects systemic metabolic homeostasis and inflammation in such a way
that the different fat depots contribute to the metabolic impairment and chronic low-grade inflammation,
and to the development of obesity-associated co-morbidities such as insulin resistance, T2DM, metabolic
syndrome, and cardiovascular diseases (Figure 1) [10,11].

In order to prevent and ameliorate the development of cardiometabolic diseases (CMDs), it is of
great importance to know the pathophysiological mechanisms that link obesity and CMDs. In this
review, we will focus on the role of some traditional and novel adipokines implicated in inflammatory
processes that mediate the development of CMDs, aiming to provide updated insights into the possible
therapeutic regulation of these molecules.
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Figure 1. Obesity, inflammation, and cardiometabolic diseases (CMDs). In the obese adipose tissue,
the increased size of adipocytes and the infiltration of immune cells produce a deregulation of its
physiological function. Dysfunctional adipose tissue leads to a chronic low-grade inflammation state
due to altered production of adipokines/cytokines, which are secreted into the bloodstream and reach
other tissues, affecting their biology in a paracrine or endocrine manner. Many of the known circulating
pro-inflammatory molecules that directly participate in the development of CMDs are released from
adipocytes/adipose tissue, linking obesity to a higher risk of developing CVDs. Green arrows: beneficial
effect, red arrows: detrimental effect.

2. Adipose Tissue Dysfunction and CVDs

The body’s distribution of adipose tissue is key in the development of obesity co-morbidities:
the altered secretion of adipose-derived factors due to the dysfunction of the adipose tissue
affects not only the adipose tissue itself in an autocrine/paracrine manner but also other metabolic
and non-metabolic organs, contributing to obesity-related cardiometabolic imbalance and CVDs [12,13].
Adipose tissue secretions from the different fat depots can reach cardiovascular sites, such as the heart
or arteries, and regulate their biology in an endocrine manner. In particular, adipose depots located in
the cardiovascular system, like perivascular and epicardial adipose tissues, can exert direct effects on
the adjacent vascular wall or myocardium, respectively, through the paracrine release of adipokines,
which can also reach the lumen of the adjacent blood vessels and travel downstream, affecting
the vascular tone, inflammation, endothelial function, or vascular redox state of the entire vascular
beds in a vasocrine manner [14].

Under physiological conditions, adipocytes predominantly secrete anti-inflammatory adipokines
such as adiponectin, transforming growth factor-β (TGF-β), interleukin 10 (IL-10), or nitric oxide (NO),
which promote insulin sensitivity and exert cardioprotective and anti-atherogenic effects. However,
in pathological conditions such as obesity, dysfunctional adipocytes mostly produce and release
pro-inflammatory adipokines such as leptin, tumour necrosis factor-α (TNFα), interleukin 6 (IL-6),
interleukin 18 (IL-18), or resistin, which have atherogenic effects [4]. In general terms, it is established
that visceral obesity is strongly related to the development of cardiovascular risk factors as insulin
resistance, atherogenic dyslipidemia, or hypertension, and with the production of pro-inflammatory
adipokines, while subcutaneous fat deposition has a protective effect on CVD risk and mainly secretes
anti-inflammatory adipokines [15–17].

Regarding ectopic fat accumulation, adipose depots located in major glucose-regulatory organs
such as the liver, skeletal muscle, and pancreas usually deregulate insulin signalling, promoting
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insulin resistance and increasing the risk for T2DM and CVDs [5,8]. Although the initial pathogenic
processes that lead to the development of insulin resistance in obesity are not fully understood, it
seems clear that the inflammatory response in the adipose tissue and the imbalance in adipokine
secretion are some of the triggers [8]. Epicardial adipose tissue (EAT) dysfunction is associated with
the release of pro-inflammatory adipokines and the infiltration of immune cells and with the decrease
in the production of anti-inflammatory adipokines, contributing to the development of metabolic
syndrome [18]. EAT is tightly connected with the myocardium, sharing the same microcirculation
vasculature and with the coronary arteries embedded in EAT [12]. Thus, due to its proximity to
the heart, EAT deregulation can affect myocardial function by increasing cardiac lipid accumulation,
insulin resistance, and fibrosis due to a decreased secretion of anti-inflammatory adipokines such as
adiponectin and an increased secretion of pro-inflammatory adipokines like leptin, TNFα, IL-1β, IL-6,
or resistin [12,19]. Moreover, it has been proposed that the adipokines released by EAT in pathological
conditions have paracrine effects on cardiac electrical activity, affecting conductivity and promoting
atrial fibrillation [20], and in coronary arteries, they cause atherosclerosis through the promotion
of inflammation and immune cell infiltration [21,22]. Lately, EAT thickness has been considered
a clinical biomarker that correlates to features of heart failure and metabolic syndrome [23–27].
Another fat depot that surrounds the coronary arteries is the perivascular adipose tissue (PVAT).
With the exception of cerebral vessels, PVAT is found almost ubiquitously on vasculature throughout
the body and is markedly increased in obesity [28]. Compared with lean PVAT, obese PVAT secretes
more pro-inflammatory adipokines, including TNFα, leptin, IL-6, plasminogen activator, and resistin,
which switch PVAT into a pro-inflammatory and pro-oxidative phenotype that promotes atherosclerotic
plaque formation and instability, not only in coronary arteries but also in other blood vessels [28–34].
In addition, PVAT dysfunction has been related with the deregulation of blood vessels contractility,
so the inflammation and oxidative stress abolish PVAT’s natural protective anti-contractile effect,
contributing to the development of hypertension [35–37].

3. Role of Some Adipokines in Inflammatory Processes Associated with CVDs

3.1. Leptin

Leptin was the first adipokine discovered and is the most studied so far. Under physiological
conditions, leptin mainly decreases appetite, increases energy expenditure, and regulates glucose
homeostasis independently of insulin action through hypothalamic and sympathetic signalling. It also
regulates cardiac and vascular function by a NO-dependent mechanism [38]. In obesity, circulating leptin
levels are increased, as is its mRNA expression in adipocytes in obese patients [39]. However, despite
hyperleptinemia, obese individuals are leptin-resistant, which means the failure of leptin to decrease
appetite and promote energy expenditure [40]. Moreover, leptin resistance is also associated with
the development of hypertension and insulin resistance [41]. Inflammation is one of the mechanisms
thought to be responsible for leptin resistance [42]. Despite its positive physiological functions,
leptin is traditionally considered a pro-inflammatory cytokine. It belongs to the family of long-chain
helical cytokines, showing homology in its molecular structure with other cytokines like TNFα, IL-6,
IL-12, or IL-15. It has been suggested that leptin could act as an acute-phase inflammatory protein,
so its circulating concentrations are increased during sepsis and fever and its production can be
stimulated by other inflammatory mediators such as TNFα and IL-1 [42,43]. Leptin has a direct role in
the inflammatory response by activating monocytes, leukocytes, and macrophages to produce IL-6,
TNFα, and IL-12, increasing the generation of reactive oxygen species (ROS) and migratory responses
in monocytes and increasing the production of CC-chemokine ligands in macrophages [8,43,44].

Studies carried out in leptin-deficient/resistant murine animal models have shown that leptin
participates in the regulation of cardiac metabolism, contraction, hypertrophy, and apoptosis, with
some contradictory results but overall indicating that the deregulation of leptin signalling may have
important implications in heart physiology [45]. In this line, leptin-deficient ob/ob and leptin-resistant
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db/db mice suffer from impaired cardiac function due to cardiac hypertrophy, inflammation, oxidative
stress, and iron overload, an effect that is reverted by calorie restriction through the restoring of
iron levels [46].

Hyperleptinemia is considered an independent risk factor for coronary artery disease (CAD)
and a strong predictor of acute myocardial infarction (AMI) [47,48]. In mice with leptin overexpression,
cardiac ischemia/reperfusion (I/R) leads to cardiomyocyte hypertrophy and fibrosis and worsens
myocardial dysfunction [49]. Patients with myocardial infarction (MI) have increased circulating levels
of leptin, which correlates with pro-inflammatory markers, suggesting that leptin is associated with
the inflammatory response produced during an AMI [50–52]. Patients with CAD also have increased
leptin circulating levels, along with other pro-inflammatory markers such as TNFα, C-reactive
protein (CRP), or IL-6, as well as higher leptin expression in SAT, EAT, and PVAT, with leptin
expression in EAT being considered as an independent risk factor for coronary atherosclerosis [53–56].
Increased circulating leptin levels in patients with CAD have been associated with short-term occurrence
of cardiac remodelling, impaired diastolic function, cardiac heart failure, cardiac death, acute coronary
syndrome, and stroke [57–60]. In women with CAD, increased circulating leptin levels can predict
cardiovascular death and non-fatal MI [61,62]. Regarding the endothelium, several studies have
suggested that leptin contributes to endothelial dysfunction [63–65]. It has been shown that leptin
induces the expression of CRP, cellular adhesion molecules, and platelet tissue factor in human coronary
endothelial cells, as well as oxidative stress in human umbilical vein endothelial cells (HUVECs),
and inflammation, hypoxia, angiogenesis and fibrosis in human PVAT. This contributes to endothelial
dysfunction and suggests a pro-atherogenic role of leptin under situations of hyperleptinemia [55,66–69].

3.2. Chemerin

Chemerin, also known as tazarotene-induced gene 2 (TIG2) or retinoic acid receptor responder
2 (RARRES2), is a chemoattractant protein for immune cells with regulatory functions in immunity,
adipogenesis, metabolism, and inflammation [70,71]. It is synthesised as a prepropeptide, needing
the N-terminal cleavage of a 20-amino acid signal peptide to be secreted as the 18 kDa inactive
precursor prochemerin (chemerin163) [72]. Inactive prochemerin circulates in the bloodstream, but
to exert its biological action, it needs to be activated by proteolytic cleavages at its C-terminus by
extracellular proteases of the coagulation, fibrinolytic, and inflammatory cascades, leading to different
chemerin forms [73]. According to the types of proteases that cleave the C-terminus from prochemerin,
there can be three active chemerin products produced: chemerin156, chemerin157, and chemerin158,
with different activity and affinity to the chemerin receptors chemokine-like receptor 1 (CMKLR1),
G protein-coupled receptor 1 (GPR1), and C-C chemokine receptor-like 2 (CCRL2). Among these,
CMKLR1 is the primary chemerin receptor [72] and the most studied, with wide expression in
the body [74]. The CCRL2 receptor is considered to act as a binding site for chemerin to increase
its concentration locally. In this way, prochemerin would bind to CCRL2, leaving its C-terminus
exposed to be proteolytically processed into its active form and subsequently interact with adjacent
cells expressing CMKLR1 receptors, which would trigger chemerin intracellular signalling [75–77].
The three chemerin receptors have in some cases the same tissue distribution, but they can also be
differentially expressed. Therefore, according to the expression levels of the proteases that activate
chemerin and the chemerin product that binds each type of receptor, chemerin signalling can vary in
different tissues, even exerting contradictory effects [70,72,78,79].

Chemerin was first identified as a novel retinoid-responsive gene in psoriatic skin lesions [80].
In addition to skin, chemerin is widely expressed throughout the human body and is mainly produced
by the liver, WAT, and placenta [70] but is also found in the brain, spinal cord, spleen, lymph node,
thymus, stomach, small intestine, colon, kidneys, testis, ovary, pituitary, lungs, heart, skeletal muscle,
pancreas, arteries, cartilage, or gingival tissues [74,81–86]. The adipose tissue production of chemerin
and CMKLR1 receptor in humans and mice was described in 2007, when chemerin came to be considered
a new adipokine [87]. Regarding the different adipose tissue depots, chemerin expression in humans



Int. J. Mol. Sci. 2020, 21, 7711 6 of 34

has been described in SAT [88], visceral adipose tissue (VAT) [88–90], PVAT [83], and EAT [91,92].
Chemerin has been shown to promote the maturation of adipocytes, which increases the chemerin
production by these cells, so adipocytes are both producers of and targets for chemerin [93]. In addition,
chemerin has been suggested to participate in adipose tissue metabolism, with positive regulatory
effects on insulin-stimulated glucose uptake by 3T3 adipocytes [93,94], although another work showed
the contrary effect of chemerin treatment on 3T3 adipocytes [95]. In this line, different studies also
showed a reduced insulin-stimulated glucose uptake by chemerin in human skeletal muscle [96],
increased insulin resistance in rat cardiomyocytes [97]. In mouse models of obesity/diabetes, increased
glucose intolerance, reduced serum insulin levels, and reduced tissue glucose uptake after chemerin
administration were observed [98], despite the fact that some studies suggested that chemerin is
necessary for the proper insulin production by the pancreas [99,100]. Although it seems clear that
chemerin can affect insulin production and signalling, these contradictory results could be explained
by the differential effect of chemerin in different tissues and pathophysiological conditions [99].

A number of studies have shown an association between increased circulating chemerin levels with
obesity and T2DM in humans, correlating with markers of insulin resistance and inflammation [101–104],
while exercise, diet intervention, and bariatric surgery decrease its levels [105–108]. Moreover, both
chemerin and CMKLR1 are upregulated in adipose tissue from obese patients, where the pro-inflammatory
cytokine TNFα increases chemerin mRNA expression in visceral adipocytes [109], which suggests that
the low-grade inflammation observed in obesity could contribute to chemerin expression in the adipose
tissue [110]. At the same time, chemerin can recruit circulating dendritic cells into visceral adipose tissue,
contributing to inflammation and insulin resistance [111].

Although some studies describe anti-inflammatory actions of chemerin [112–114], it is mainly
considered a pro-inflammatory cytokine/adipokine. Apart from being found in different inflammatory
fluids [74,115–118], many immune cells express CMKLR1, including dendritic cells, macrophages,
monocytes, and natural killer cells [86,119–121], which usually infiltrate adipose tissue in obesity [8]
or the heart in pathological states [122]. Moreover, chemerin seems to be able to induce macrophage
adhesion to extracellular matrix proteins and adhesion molecules, stimulating the recruitment
and retention of macrophages at sites of inflammation [123]. Circulating levels of chemerin are
also correlated with other pro-inflammatory markers such as TNFα, IL-6, and CRP [118,124–127]
and with metabolic parameters such as an unfavourable lipid profile or increased glycated haemoglobin
(HbA1c) [90]. In inflammatory diseases such as systemic sclerosis [126], CAD [127], ulcerative colitis,
and Crohn’s disease [128], circulating chemerin levels are increased compared to controls.

Apart from the indirect effects of chemerin on the cardiovascular pathophysiology due to its actions
on the adipose tissue, insulin signalling, and inflammation at a systemic level, chemerin also exerts
direct effects on different components of the cardiovascular system. Regarding the adipose depots
that surround cardiac tissues, it has been described that chemerin expression in EAT correlates with
the amount of EAT and is higher in patients with CAD [91,92]. Accordingly, it was reported that in
periaortic abdominal and pericoronary adipose tissue from blood vessels with atherosclerotic lesions,
chemerin expression correlates with the severity of atherosclerosis and is also expressed in foam cells
and vascular smooth muscle cells (VSMCs) [83]. In patients with CAD, circulating levels of chemerin
also correlate with the severity of CAD [129–132]. Some studies carried out in HUVECs have shown
that chemerin participates in endothelial inflammation by inducing nuclear factor-κB (NF-κB), which is
a key player in vascular inflammation, atherosclerosis development, and its pathological complications
in atherothrombotic diseases [133,134] and the monocyte–endothelial adhesion [135]. In human VSMCs,
chemerin has pro-apoptotic, pro-inflammatory, and proliferative effects that are mediated by nicotinamide
adenine dinucleotide phosphate oxidase (Nox) activation and redox-sensitive mitogen-activated protein
kinases signalling [136]. In glomerular endothelial cells, chemerin treatment increases the secretion of
the pro-inflammatory cytokines TNFα, IL-6, IL-8, and TGF-β1, and exposure to high concentrations
of glucose increases the mRNA levels of both chemerin and CMKLR1 in these cells [137]. However,
an anti-inflammatory effect of chemerin in endothelial cells by the inhibition of NF-κB, the TNF-α-induced
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adhesion of monocytes, and the oxidised low-density lipoprotein (oxLDL)-induced macrophage foam
cell formation has also been described, as was a reduction in the presence of pro-inflammatory
markers [86,113]. Moreover, a 4-week infusion of chemerin-9, an agonist of CMKLR1, induces a decrease
in aortic atherosclerotic lesions in apolipoprotein E-deficient (ApoE -/-) mice [86], while in another study
using the same animal model, the contrary effect was reported, showing that chemerin protein levels
correlated with inflammatory markers and plaque formation [138]. In the same line, although the majority
of studies suggest that chemerin circulating levels are associated with the presence and severity of
atherosclerosis [127,129,130,132,139–142], there are also contradictory results [124,143].

In the heart, chemerin has been shown to induce insulin resistance and apoptosis by decreasing AKT
phosphorylation in neonatal rat cardiomyocytes [97,144], where chemerin, CMKLR1 mRNA, protein
levels, and chemerin secretion are increased by TNFα and decreased by insulin [144]. Some studies have
suggested a role of chemerin in cardiac contractility. In rat-perfused hearts, chemerin exerts a negative
inotropic effect through the increase of endothelial nitric oxide synthase (eNOS) gene expression
and cyclic guanosine monophosphate (cGMP) levels and the decrease of sarcolemmal L-type Ca2+

channel (CaV1.2) expression [145]. On the other hand, circulating chemerin levels are increased in
patients with atrial fibrillation and atrial remodelling [127,140], a process where inflammation plays
a key role due to the infiltration of immune cells and proteins that mediate the inflammatory response in
the cardiac tissue, affecting calcium homeostasis and connexins and thus atrial electrophysiology [140].

In this line, several studies have shown that chemerin is able to promote contractility in blood
vessels, including the pulmonary artery, aorta, and superior mesenteric artery in rats and the human
saphenous vein [146–150]. It has also been demonstrated that chemerin promotes the increase of blood
pressure in rats and mice [149,151–153]. These results are consistent with the presence of increased
circulating levels of chemerin in patients with hypertension [90,125,154,155], where chemerin correlates
with inflammatory markers such as TNFα, CRP, and IL-6; metabolic syndrome; and adipose tissue
accumulation [90,125,154]. Some authors have suggested that the different adipose tissue depots could
be responsible for the increased chemerin production and its effects on the blood vessels, proposing
chemerin as a link between adipocytes and vasculature [136,148,153,156].

3.3. Resistin

Resistin was initially described by Steppan et al. in 2001 as a circulating protein expressed
and secreted by white adipocytes that induces insulin resistance in rodents [157,158]. Its circulating
levels in animal models of obesity and diabetes are increased, suggesting a deregulation of resistin
production in these conditions, and both in vivo and in vitro studies have shown that resistin exerts
an inhibitory effect on glucose uptake in murine adipocytes and muscle cells [158–160].

In humans, however, resistin is mainly expressed in peripheral blood mononuclear cells (PBMCs)
(lymphocytes and monocytes), macrophages, and bone marrow cells but is also produced in smaller
amounts in other cells/tissues, with its expression in the adipose tissue being due to non-adipocyte
cells [161]. Resistin’s main role in humans seems to be pro-inflammatory. In human PBMCs, resistin
increases the expression of the pro-inflammatory cytokines TNFα, IL-1β, and IL-6 in a mechanism
dependent on NF-κB signalling [162]. In the same line, in human cultured macrophages, resistin
expression is increased by lipopolysaccharide (LPS) and blocked by immunoneutralization of TNFα,
IL-6, and IL-1β and by anti-inflammatory insulin-sensitizing drugs targeting NF-κB, indicating that for
resistin production in these cells, it is necessary to induce a cascade of pro-inflammatory cytokines [163].

As mentioned above, resistin expression in humans is abundant in monocytes and macrophages,
two cell types that play a crucial role in the development of atherosclerosis [164]. Accordingly, resistin
levels were found to be increased in human atherosclerotic vessels and in atherosclerotic aneurysms
due to its production by macrophages [165,166]. In EAT from patients with acute coronary syndrome,
resistin expression and secretion is increased and associated with endothelial cell permeability [167].
In vascular endothelial cells, resistin induces the expression of adhesion molecules such as vascular cell
adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), and inflammatory
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markers like monocyte chemoattractant protein-1 (MCP-1), long pentraxin 3, TNFα, IL-6, and IL-1β, as
well as insulin, signalling impairment through the promotion of ROS production and endoplasmic
reticulum stress [168–170]. In this line, in human coronary artery endothelial cells, it was shown that
resistin also induces the production of ROS, which eventually induces mitochondrial dysfunction
and an imbalance in cellular redox enzymes [165]. All of these observations suggest that resistin could
have an important role in the pathogenesis of atherosclerosis by regulating the local inflammatory
response in the blood vessels.

Kawasaki disease (KD) is a syndrome characterised by acute febrile illness and systemic vasculitis
of unknown aetiology that mainly affects young children, causing coronary artery aneurysms that,
when untreated, can lead to ischaemic heart disease and myocardial infarction [171]. In KD children,
circulating resistin levels are higher in those with coronary artery aneurysm compared with controls
and KD without coronary artery aneurysm, and positively correlated with CRP. This indicates a role of
resistin in the development of coronary artery aneurysms in this disease [172], an effect that seems to
be mediated by inflammatory infiltration in the blood vessel and by the stimulation of the production
of pro-inflammatory cytokines like TNFα and IL-1β in the coronary artery’s endothelial cells [173].

Recently, resistin has been proposed as a biomarker for the prediction of atrial arrhythmia
recurrence after catheter ablation. Increased levels of circulating resistin in these patients are associated
with poor left atrial substrate, high epicardial fat volume, and elevated circulating TNFα [174].

3.4. Oncostatin M

Oncostatin M (OSM) was discovered in 1986 as a tumour-inhibitory factor [175]. It is
a pro-inflammatory cytokine that belongs to the gp130 family of cytokines, which also includes IL-6, IL-11,
and leukaemia-inhibitory factor (LIF) [176]. It shows a pleiotropic effect, playing an important role in
inflammation, cardiovascular and metabolic diseases, haematopoiesis, tissue remodelling, and cell growth
and development [177–179]. OSM is produced by macrophages, monocytes, T cells, and dendritic
cells. It is able to bind to two receptor complexes: heterodimers of gp130 with either the OSM receptor
(OSMR) or the LIF receptor (LIFR) [180,181]. The binding of OSM to these receptors activates the janus
kinase (JAK)/signal transducer and activator of transcription proteins (STAT), mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK), and phosphoinositide 3-kinase (PI3K)/AKT
serine/threonine kinase 1 (AKT), signalling pathways involved in the regulation of the inflammatory
response and glucose modulation [182,183].

In obese mice, increased levels of macrophages in adipose tissue release this adipokine, which
inhibits insulin-activated glucose transport to the tissues, inducing insulin resistance [181,184].
In humans, a relationship between insulin resistance indices and OSM plasma levels was
also found [176].

OSM can also increase the effects of other inflammatory mediators [185]. For example, Rychli et al.
demonstrated that this cytokine increases angiotensin 2 levels, thus inducing an inflammatory process,
both in the human heart and in endothelial tissue [186].

Several studies have demonstrated the implication of OSM in cardiovascular diseases; in fact, its
receptor is expressed in cardiomyocytes, which supports these findings. This adipokine is expressed
in cardiac tissue from patients undergoing valve surgery, tissues from patients with end-stage heart
failure and in aortic samples showing inflammation, but not in healthy hearts [186–188].

OSM plays a fundamental role in myocardial infarction by stimulating Reg3β, a crucial regulator
of the sustained recruitment of macrophages that allow the elimination of damaged cardiomyocytes.
However, the sustained activation of inflammatory pathways due to the action of the OMS promotes
the progression of heart failure [180,188,189]. Setiadi et al. pointed out the possible relationship of
OSM with thrombosis, highlighting that the endothelial signalling of OSM released by neutrophils
increases P-selectin-dependent inflammation, increasing the recruitment of neutrophils and monocytes
during the early stages of inflammation and thrombosis [190].
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Furthermore, the presence of OSM has been detected both in human atherosclerotic lesions and in
the mouse ApoE−/− model of atherosclerosis [191]. It has been shown that the synergistic action of
OSM with LPS activates MCP-1, IL-6, and vascular endothelial growth factor (VEGF) in aortic smooth
muscle cells, increasing the levels of cytokines and growth factors present in atherosclerotic plaques,
contributing to angiogenesis and plate destabilization [177,183,185,192,193].

3.5. Adiponectin

Adiponectin is a 30 kDa adipokine that exerts its actions by binding to the adiponectin receptors
AdipoR1 and AdipoR2 [194,195]. Adiponectin induces energy expenditure and fatty acid oxidation, as
well as the inhibition of food intake in obese rats, when administered chronically [196,197].

In the heart, AdipoR1 overexpression reduces hypertrophy and lipid accumulation in diet-induced
obese mice through a mechanism that involves oxidative stress and autophagy reduction [198].
In isolated working hearts from T2DM mice lacking AdipoR1, an impairment of the myocardial
mitochondrial function and coupling is observed [199], an effect that is preserved in healthy mice
lacking adiponectin [200], which suggests that adiponectin signalling could have differential roles in
the regulation of cardiac biology in pathological and non-pathological conditions.

Contrary to leptin, circulating adiponectin levels are decreased in obesity and are inversely
correlated with the body mass index (BMI), glycaemia, and circulating insulin levels, as well
as with the risk of developing T2DM, obesity, and CVDs [201,202]. At a cardiovascular level,
hypoadiponectinemia is related to impaired vasoreactivity and endothelial dysfunction, hypertension,
coronary heart disease, or valvular inflammation [203–209].

Adiponectin is considered an anti-inflammatory adipokine. It reduces the expression of
pro-inflammatory markers and oxidative stress, improving insulin resistance and preventing
atherosclerosis [210]. Serum adiponectin is negatively correlated with pro-inflammatory markers such
as CRP, IL-6, and TNFα, and it has an anti-inflammatory effect on the endothelium by suppressing
the expression of adhesion molecules and by reducing the production of pro-inflammatory cytokines
through the inhibition of NF-κβ [211–215]. Accordingly, it was shown that adiponectin and TNFα
are reciprocally regulated in micro- and macrocirculation through NF-κβ signalling in T2DM mice.
This means that adiponectin suppresses TNFα expression and TNFα blockage increases adiponectin
expression in coronary arterioles and aorta, regulating endothelial dysfunction and suggesting a role
of adiponectin in the prevention of vascular damage in T2DM [216]. Moreover, different studies have
shown that hypoadiponectinemia causes endothelium dysfunction in mice and men [203,217,218],
while adiponectin treatment counteracts endothelial dysfunction in obese rats by increasing NO
production and eNOS phosphorylation [219]. Particularly in diabetic vascular endothelial dysfunction,
hypoadiponectinemia is associated with NLRP3 inflammasome activation [204], which is implicated
in the innate immune system response through the activation of caspase-1 and the secretion of
pro-inflammatory cytokines IL-1β/IL-18 after microbial infection and cellular damage. In addition,
when activated in aberrant circumstances, it is related to diabetes and atherosclerosis development [220].
In EAT from CAD patients, adiponectin levels are reduced at the same time that the production of IL-6,
TNFα, and TLR-4 is increased, while adiponectin treatment has been proved to prevent atherosclerosis
by reducing TNFα production in macrophages and ROS production by endothelial cells, as well as by
increasing endothelial cell migration and vascularization [196,212,221].

Adiponectin is expressed and secreted by human and murine cardiomyocytes, where it enhances
glucose and fatty acid uptake, suggesting a role of adiponectin in regulating cardiac metabolism
and function [222]. In hearts from adiponectin-knockout mice, there is an increased expression of
endoplasmic reticulum stress and inflammatory genes such as TNFα and MCP-1, an effect that is
reverted by adiponectin treatment of H9C2 cardiomyocytes with induced endoplasmic reticulum stress
and in HUVECs in sepsis [223,224]. In the same line, several studies have shown that adiponectin also
protects the heart from I/R injury through the inhibition of endoplasmic reticulum stress [225–227]
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and that TNFα antagonism improves myocardial I/R injury by upregulating adiponectin expression
in mice [228].

3.6. Nesfatin-1

Nesfatin-1 is an 82-amino acid peptide identified in 2006 in rats as a new hypothalamic molecule
implicated in the regulation of food intake that promotes anorexia through a leptin-independent
melanocortin signalling system. It is proteolytically cleaved from its precursor protein, nucleobindin-2
(NUCB2), which, depending on its differential processing, can lead to three polypeptides: nesfatin-1,
nesfatin-2, and nesfatin-3, with the anorexigenic effect described only for nesfatin-1 [229]. Apart from
the hypothalamus, nesfatin-1 was further shown to be produced by many peripheral tissues in humans,
mice, and rats and to exert a wide range of biological effects through endocrine/autocrine/paracrine
signalling in central and peripheral organs, although the nesfatin-1 receptor has not been identified so
far [230]. Besides its anorexigenic function, nesfatin-1 regulates glucose homeostasis, gastric emptying
and motility, the reproductive function, and anxiety and stress responses, among others [230].

Nesfatin-1 is expressed and secreted by human and murine adipose tissue, and its adipose,
hypothalamic, and circulating levels are decreased by starvation and increased after refeeding or
high-fat diet [229,231]. In severely obese patients, induced weight loss due to biliopancreatic diversion
with duodenal switch also decreases circulating nesfatin-1 levels, which correlate with parameters
of metabolic health after 12 months of the intervention, including improvements in weight, fat
mass, fasting insulin levels and insulin resistance, cholesterol levels, and CRP circulating levels [232].
On the other hand, nesfatin-1 is also produced in the pancreas, where it regulates insulin secretion [233].
Taken together, these data suggest a physiological role of nesfatin-1 in energy metabolism regulation
independently of its hypothalamic anorexigenic effects. However, there are contradictory results
regarding circulating nesfatin-1 levels associated with the body mass index and T2DM [230].

Recently, some works have pointed to a possible inflammatory role for nesfatin-1 in different
scenarios, with contradictory results. In adipose tissue, nesfatin-1 expression and secretion by 3T3-L1
cells and by subcutaneous adipose tissue explants are upregulated by both pro- and anti-inflammatory
factors, indicating a possible role of nesfatin-1 in inflammatory states associated with obesity [231].
In the rat brain, some nesfatin-1-expressing neurons are activated during an inflammatory stimulus
(LPS), indicating that nesfatin-1 may participate in the onset of physiological and behavioural changes
that occur during acute-phase reactions due to infection and inflammation [234]. In pathologies
with a clear inflammatory basis, such as osteoarthritis, lung injury, traumatic brain, or subarachnoid
haemorrhage, nesfatin-1 has been associated with a protective effect due to a decrease in the oxidative
stress and the inflammatory response in animal models [235–238]. However, in patients with
spontaneous subarachnoid haemorrhage, circulating nesfatin-1 levels are increased and associated
with the presence, size, and number of aneurysms, suggesting that nesfatin-1 could be a player in
the inflammation response that causes the rupture of the aneurysmal sac [239].

Nesfatin-1 is expressed in rat and human hearts. In the human heart, NUCB2 mRNA expression is
higher in women than men and higher in women with CAD than in healthy women [240]. According to
this observation, in a study carried out in men and women undergoing elective coronary angiography,
circulating nesfatin-1 levels were increased in patients with CAD, correlated with the number of >50%
stenotic coronary segments and associated with CAD independently of atherosclerotic risk factors,
suggesting that high nesfatin-1 levels in patients with CAD may play a role in the development
of coronary atherosclerosis [241]. However, in patients diagnosed with non-ST segment elevation
myocardial infarction, circulating nesfatin-1 levels were found to be decreased compared to patients
with normal coronary artery and negatively correlated with CAD severity [242,243], an observation also
found in patients with AMI [244] and with ST-segment elevation myocardial infarction [245]. In the same
line, it has been shown that after 3 months of a coronary artery bypass operation due to atherosclerotic
coronary artery disease, circulating nesfatin-1 levels increase compared to its preoperative levels, which
suggests a possible cardioprotective effect of nesfatin-1 on revascularization [246].
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Although little is known about the mechanism by which nesfatin-1 affects MI and CAD progression,
a couple of studies carried out in rats have proposed that nesfatin-1 could act as an anti-inflammatory
mediator with cardioprotective effects in these pathologies. Isoproterenol-induced MI rats are
characterised by increased myocardial expression of pro-inflammatory cytokines like IL-1β, IL-6,
and TNFα, as well as an increased number of apoptotic and necrotic cells in the myocardium. Nesfatin-1
administration to these rats has been shown to exert a beneficial effect by decreasing the expression
of pro-inflammatory markers and apoptotic and necrotic cells in the cardiac tissue through AKT
and GSK3β signalling, suggesting that nesfatin-1 could have anti-apoptotic and anti-inflammatory
properties in the heart after suffering an MI [247]. Accordingly, in a rat model of MI established via
ligation of the left anterior descending coronary artery, nesfatin-1 infusion prior to reperfusion decreased
inflammation, oxidative stress, autophagy, and apoptosis in the heart after 24 h reperfusion [248].

3.7. Relaxin

Relaxin is a 6 kDa polypeptide hormone in the insulin/relaxin superfamily that was first identified
as a reproductive hormone implicated in the lengthening of pubic symphysis of the birth canal
during delivery and in vasoregulation during pregnancy, among other reproductive functions [249].
Although there is not much information regarding relaxin production by the adipose tissue, according
to the database The Human Protein Atlas, relaxin mRNA expression is found in small amounts in
adipose tissue (https://www.proteinatlas.org/ENSG00000107014-RLN2/tissue). Some studies carried
out in the 1980s suggest that relaxin can affect adipocyte biology by increasing insulin binding in
adipocytes derived from pregnant women and insulin binding and signalling in rat adipocytes [250,251]
and by increasing lipid deposition in parametrial adipose cells from mice [252]. Taken together, these
data suggest that the adipose tissue could be a producer of and a responder to relaxin under certain
conditions, but more studies are needed.

Relaxin is considered a pleiotropic hormone that exerts numerous favourable cardiovascular effects,
suggesting its potential use for cardiovascular clinical purposes due to its anti-fibrotic, wound-healing,
vasodilator, angiogenic, anti-hypertrophic, anti-apoptotic, anti-oxidant, and anti-inflammatory
properties [253]. Relaxin highlights its anti-inflammatory role principally in conditions of MI following
I/R injury. Relaxin inhibits cardiac mast cell activation and exocytosis degranulation in conjunction
with a decrease in pro-inflammatory cytokines, including histamine, serotonin, and leukotrienes,
and suppresses the activation and aggregation of platelets through the endogenous production of NO,
the attenuation of intracellular calcium overload, and the decrease in malonyldialdehyde production
in states of myocardial injury after I/R [254–258]. Moreover, in the myocardium, relaxin can reduce
rat coronary endothelial cell adhesiveness to neutrophils by a decrease in VCAM-1 and P-selectin
expression, as well as by neutrophils activation and migration through NO-dependent mechanisms
and a decrease in the activity of myeloperoxidase (a marker of neutrophil accumulation) [256,259,260].
Relaxin blunts the NLRP3 inflammasome (which induces the synthesis of IL-1β and IL-18 in leukocytes
and cardiomyocyte pyroptosis and apoptosis as well as increases the risk of MI) via the attenuation
of caspase-1 activity through an eNOS-dependent mechanism in conditions of I/R injury [261,262].
Additionally, relaxin reduced the expression of the pro-inflammatory cytokines IL-6, IL-1β, TNFα,
and MCP-1 and decreased macrophage infiltration in mice hearts with MI [263–265]. This deregulation
of cytokine production, in combination with a decline in leukocyte density and an attenuation of
endothelial leakage mediated by relaxin, helps to blunt the microvascular damage after events of cardiac
IR [266]. It is important to note that an exacerbated inflammatory response during MI complications
could induce a pro-fibrotic cardiac state with an activation of myofibroblasts and the consequent increase
in the risk of arrhythmias and atrial fibrillation; conditions where relaxin is considered a promising
therapeutic strategy mainly due to its anti-fibrotic, anti-inflammatory, and antioxidant roles [267–269].
Relaxin could also suppress the inflammatory and immune signalling pathways that are stimulated
in aged rat hearts (principal risk factor of heart failure and atrial fibrillation). These pathways are
decreased by relaxin in a gender-dependent manner and include tissue macrophage infiltration,
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activation of complement components (C3a and C4a), NF-κB signalling (which regulates several
inflammatory genes), calcium-induced T lymphocyte apoptosis pathway, iCOS-iCOSL signalling in
T-helper cells (which participates in activation and migration of lymphocytes and secretion of pro-
and anti-inflammatory cytokines), nuclear factor of activated T-cells (NFAT) regulation of the immune
response, TH1 signalling (which induces a pro-inflammatory response), and maturation of dendritic
cells, as well as IL-6, interferon γ (IFNγ), and TLR4 inhibition and a decrease in gene expression of major
histocompatibility complex [270]. The early vascular inflammation is mitigated by relaxin in HUVECs,
human aortic smooth muscle cells, and THP-1 monocytes through a decrease in monocyte adhesion,
an inhibition of the TNFα-induced expression of endothelial adhesion molecules (VCAM-1 and platelet
endothelial cell adhesion molecule (PECAM)), and a decrease in MCP-1 and its receptor CCR-2 [271].
Curiously, relaxin is able to interact and signal through the glucocorticoid receptor (GR) in order to
mitigate pro-inflammatory cytokine secretion (IL-1, IL-6 and TNFα) in human THP-1 monocytes in
a relaxin family peptide receptor 1 (RXFP1)-independent manner [272]. All these effects have drawn
attention to relaxin’s roles in mitigating the inflammatory response, reducing tissue injury, and fluid
overload, which alleviate cardiac congestion and long-term complications of cardiovascular pathologies
by exerting a positive impact on cardiac, vascular, hepatic, and renal dysfunction [270,273–275].

3.8. Omentin

Omentin, also known as intelectin-1, lactoferrin receptor, or endothelial lectin, is a secreted protein
first described in intestinal cells in mice and humans in 1998 and 2001, respectively [276,277], and in
human endothelial cells in 2001 [278]. Subsequently, it was identified in an omental fat cDNA library
in 2005 in humans [279]. Later on, it was shown that omentin is mainly produced and secreted by VAT,
while its expression in SAT is markedly low or even undetectable in some cases [280–282], and is also
produced in EAT [283–285] and in PVAT [281,286], with WAT considered its main source of production.

In obesity, omentin circulating and expression levels in VAT are decreased, correlating positively
with plasma adiponectin and high-density lipoprotein (HDL) levels and negatively with the waist
circumference, BMI, leptin and fasting insulin levels [287], and it is considered a marker of leanness.
Omentin has been shown to exert a positive effect on insulin signalling and inflammation. In EAT from
diabetic and non-diabetic patients, omentin treatment improves the insulin-induced glucose uptake
under normo- and hyperglycemic conditions, and it enhances the adipogenesis-induced adiponectin
expression and reduces TNFα expression in mature adipocytes, while it increases TNFα expression in
stromal cells [288]. Recently, it has been shown that omentin overexpression restores glucose and insulin
intolerance and improves insulin sensitivity in obese mice. At the same time, omentin decreases
the production of pro-inflammatory cytokines like TNFα, IL-6, and IL-1β and increases the production
of anti-inflammatory cytokines like adiponectin and IL-10, both in the adipose tissue from obese mice
and in RAW 264.7 macrophages co-cultured with LPS, via inhibition of the thioredoxin-interacting
protein (TXNIP)/NLRP3 signalling pathway [289]. Similarly, in human U937 macrophages treated
with LPS, omentin was reported to exert a protective effect against oxidative stress; mitochondrial
dysfunction; the expression and secretion of pro-inflammatory cytokines like IL-6, IL-18, and MCP-1;
the expression of cyclooxygenase-2 (COX2); the secretion of prostaglandin E2 (PGE2), through
the inhibition of the TLR-4/myeloid differentiation factor 88 (MyD88)/NF-κB signalling pathway [290].

At a cardiovascular level, reduced circulating omentin levels are associated with poor cardiac
outcome in patients with heart failure and with the presence of hypertrophic and dilated cardiomyopathy,
and they are considered an independent risk factor for the development of peripheral arterial disease
and AMI [291–297]. Particularly in AMI patients, serum omentin levels significantly increase after 6
months of follow-up, being inversely correlated with CRP and IL-18, suggesting that the increase of
omentin could mediate the reduction of inflammation 6 months after the AMI [298]. In patients with atrial
fibrillation and cardiac valve disease, omentin expression was described to be downregulated in EAT and in
right atrial appendages [299]. Omentin has been proposed as a protective molecule against endothelial
dysfunction. In obese patients, the known decrease of circulating omentin levels is associated with
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endothelial dysfunction [300], while in patients with T2DM, increased circulating omentin levels are
positively associated with the improvement of the endothelial function [301]. This effect was also
observed in another study enrolling non-T2DM patients, in which increased circulating omentin levels
were further associated with increased insulin sensitivity and with reduced BMI, systolic and diastolic
blood pressure, and IL-6 and CRP-1 levels [302]. Accordingly, in isolated mouse aortas and mouse aortic
endothelial cells, omentin was shown to protect against vascular-endothelial dysfunction induced by
high glucose through the inhibition of endoplasmic reticulum and oxidative stress and by increasing NO
production via activation of AMPK/peroxisome proliferator-activated receptor δ (PPARδ) pathway [303].
In HUVECs, omentin has been reported to inhibit TNFα-induced COX2 expression by the inhibition
of C-Jun N-terminal kinase (JNK) signalling, exerting an inhibitory role on the inflammatory state
of vascular endothelial cells [304]. It has also been reported to inhibit TNFα-induced expression of
the adhesion molecules ICAM-1 and VCAM-1 [305] and to protect them against cell death caused
by ROS [306]. In the same line, it was also reported in HUVECs that omentin can protect from free
fatty acid-induced cell proliferation and migration and to reduce ICAM-1, MCP-1, NF-κB, Il-6, IL-1,
and TNFα expression [299].

Regarding CAD, circulating omentin levels were shown to be decreased in patients with either CAD
alone or its combination with T2DM compared to controls. After cardiac surgery, only patients without
CAD or T2DM showed an increase in omentin circulating levels, suggesting that this increase could be
a protective mechanism to help the myocardium overcome the surgery-induced inflammatory and stress
responses in healthier patients [284]. In addition, omentin EAT expression was reported to be reduced
in CAD patients compared to non-CAD patients, being lower in EAT areas surrounding coronary
segments with stenosis than in those without stenosis [283]. However, another study showed that
omentin expression in EAT from CAD patients was increased compared to controls, while its circulating
levels were decreased, suggesting a possible local role of omentin in the development of CAD [285].

3.9. Meteorin-Like Hormone

Meteorin-like (Metrnl) is a novel small (~27kDa) secreted adipocytokine that has a beneficial
effect on glucose homeostasis and that also functions as a novel immunoregulatory cytokine associated
with anti-inflammatory effects [307–309]. Metrnl has been proposed to connect adaptive responses
to the regulation of energy homeostasis and tissue inflammation and to have therapeutic potential
for metabolic and inflammatory diseases [310]. Increased circulating levels of Metrnl activate energy
expenditure, enhance glucose tolerance and induce the expression of genes associated with beige
fat thermogenesis and anti-inflammatory actions [310,311]. On the contrary, it has been reported
that serum levels of Mtrnl are decreased in patients with coronary artery disease, in which they
negatively correlate with the levels of inflammatory cytokines [312,313]. In fact, low serum Metrnl
is being considered as a possible alternative marker of endothelial dysfunction and atherosclerosis,
independently of being a risk factor of T2DM [314].

Recently, it has been reported that Metrnl is able to alleviate the I/R injury in cultured
cardiomyocytes by means of reducing endoplasmic reticulum stress, a process tightly linked to
an anomalous production of inflammatory cytokines and subsequent cardiac cell apoptosis [122,315],
and these findings have added interest to the study of the cardiovascular effects of this hormone for
possible future therapeutic applications.

3.10. Fibroblast Growth Factor 21

Fibroblast growth factor-21 (FGF-21) is a member of the fibroblast growth factor family
expressed in multiple organs, such as metabolic organs like the WAT (including EAT and PVAT),
liver and pancreas [316–319]. It is a secreted protein that acts mainly as an important endocrine
metabolism regulator by inducing weight loss and controlling insulin signalling and glucose and lipid
metabolism [316]. It was also described to have a well-characterised anti-inflammatory effect on
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different tissues/cells, including obese adipose tissue [320,321], liver [322], pancreas [323], lungs [324],
heart [325], skeletal muscle [326], and macrophages [327,328].

Several studies have shown a protective role of FGF-21 against atherosclerosis via
the regulation of different signalling pathways involved in inflammation, oxidative stress,
cholesterol synthesis, and cell viability. In ApoE−/− mice, FGF-21 treatment was described
to mitigate atherosclerosis through the inhibition of NLRP3, the inhibition of factor-associated
suicide (FAS) signalling, the reduction of cholesterol accumulation through the promotion of
autophagy and by suppressing hepatic cholesterol synthesis, increasing adiponectin production
by adipocytes, and attenuating endoplasmic-reticulum-stress-induced apoptosis [329–333]. In rats
with atherosclerosis, FGF-21 decreases inflammation by increasing the signalling of nuclear factor
erythroid 2-related factor 2 (Nrf2)-antioxidant response elements (ARE) and by reducing the expression
of NF-κB [334,335]. In diabetic mice, FGF-21 ameliorates endothelial dysfunction by suppressing
oxidative stress and enhancing endothelium-dependent vasorelaxation through the activation of
calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2)/protein kinase AMP-activated
catalytic subunit alpha (AMPKα) [336].

In EAT from T2DM patients with multivessel CAD, FGF-21 gene expression is reduced [317], and in
patients undergoing cardiac surgery, FGF-21 expression in EAT increases after surgery, suggesting a role
protecting from surgery-related inflammatory response [319]. However, several studies have shown
that increased levels of circulating FGF-21 are associated with the presence of atherosclerosis [337–341],
although there are contradictory results [342].

In the heart, FGF-21 prevents the cardiac damage observed in mice with diabetic cardiomyopathy
by ameliorating lipotoxicity and oxidative stress [343]. In high-fat-fed rats, FGF-21 improves left
ventricular function, as well as insulin signalling and inflammation [344]. Several independent
studies have shown a protective role of FGF-21 on cardiac hypertrophy [345–347], and on ventricular
arrhythmias in post-infarcted hearts [348] by reducing inflammation and/or oxidative stress.

4. Conclusions

Obesity, particularly adipose tissue dysfunction and ectopic fat accumulation, is closely
related to the development of a systemic and local inflammatory state due to the imbalance in
the production/release of adipokines and cytokines by the cells that conform to the adipose tissue.
Pro-inflammatory adipose secretions released into the blood-stream or in adjacent tissues reach
and affect the cardiovascular system either indirectly, by promoting risk factors for the development of
cardiovascular diseases like insulin resistance, oxidative stress, inflammation, or atherosclerosis, or
directly, affecting the biology of the heart and blood vessels.

In recent years, numerous research studies have been focused on the implication of adipokines in
the inflammatory response in different pathologies. Particularly at the cardiovascular level, certain
adipokines with a clear pro-/anti-inflammatory effect seem to be good candidates to be therapeutically
targeted in order to prevent or ameliorate CMDs. However, there still arise some contradictory
results that oblige the scientific community to keep investigating adipokines to try to achieve a better
knowledge about their function or to define a specific therapeutic intervention under certain conditions.
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Abbreviations

AKT AKT serine/threonine kinase 1
AMI Acute myocardial infarction
ApoE−/− Apolipoprotein E double knockout
ARE Antioxidant response elements
BMI Body mass index
CAD Coronary artery disease
CAP1 Adenylyl cyclase-associated protein 1
CaV1.2 L-type Ca2+ channel
CCRL2 C-C chemokine receptor-like 2
cGMP Cyclic guanosine monophosphate
CMDs Cardiometabolic diseases
CMKLR1 Chemokine-like receptor 1
COX2 Cyclooxygenase-2
CRP C-reactive protein
CVDs Cardiovascular diseases
DCN Decorin
EAT Epicardial adipose tissue
ERK Extracellular signal-regulated kinase
FGF-21 Fibroblast growth factor-21
eNOS Endothelial nitric oxide synthase
FAS Factor-associated suicide
GPR1 G protein-coupled receptor 1
GR Glucocorticoid receptor
HbA1c Glycated haemoglobin
HDL High-density lipoprotein
HUVECs Human umbilical vein endothelial cells
I/R Ischemia/reperfusion
ICAM-1 Intracellular molecular adhesion 1
IFNγ Interferon γ

IGF-1R Insulin growth factor-1 receptor
IL Interleukin
JAK Janus kinase
JNK C-Jun N-terminal kinases
KD Kawasaki disease
LepR Leptin receptor
LIF Leukaemia inhibitory factor
LIFR Leukaemia inhibitory factor receptor
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
Metrnl Meteorin-like
MI Myocardial infarction
MyD88 Myeloid differentiation factor 88
NFAT Nuclear factor of activated T-cells
NF-κβ Nuclear factor
NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
NO Nitric oxide
Nox Nicotinamide adenine dinucleotide phosphate oxidase
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Nrf2 Nuclear factor erythroid 2-related factor 2
NUCB2 Nucleobindin 2
OSM Oncostatin M
OSMR Oncostatin M receptor
oxLDL Oxidised low-density lipoprotein
PBMCs Peripheral blood mononuclear cells
PECAM Platelet endothelial cell adhesion molecule
PI3K Phosphoinositide 3-kinase
PGE2 Prostaglandin E2
PPARδ Peroxisome proliferator-activated receptor δ
PVAT Perivascular adipose tissue
RARRES2 Retinoic acid receptor responder 2
ROR-1 Tyrosine kinase-like orphan receptor 1
ROS Reactive oxygen species
RXFP1 Relaxin family peptide receptor 1
SAT Subcutaneous adipose tissue
STAT Signal transducer and activator of transcription protein
T2DM Type 2 diabetes mellitus
TGF-β Transforming growth factor β
TIG2 Tazarotene-induced gene 2
TLR-4 Toll-like receptor 4
TNFα Tumour necrosis factor α
TXNIP Thioredoxin-interacting protein
VAT Visceral adipose tissue
VCAM-1 Vascular cell molecular adhesion 1
VEGF Vascular endothelial growth factor
VSMCs Vascular smooth muscle cells
WAT White adipose tissue
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Hrabě de Angelis, M.; et al. Impact of fibroblast growth factor 21 on the secretome of human perivascular
preadipocytes and adipocytes: A targeted proteomics approach. Arch. Physiol. Biochem. 2016, 122, 281–288.
[CrossRef]

287. De Souza Batista, C.M.; Yang, R.-Z.; Lee, M.-J.; Glynn, N.M.; Yu, D.-Z.; Pray, J.; Ndubuizu, K.; Patil, S.;
Schwartz, A.; Kligman, M.; et al. Omentin Plasma Levels and Gene Expression Are Decreased in Obesity.
Diabetes 2007, 56, 1655–1661. [CrossRef]

288. Fernández-Trasancos, Á.; Agra, R.M.; García-Acuña, J.M.; Fernández, Á.L.; González-Juanatey, J.R.; Eiras, S.
Omentin treatment of epicardial fat improves its anti-inflammatory activity and paracrine benefit on smooth
muscle cells. Obesity 2017, 25, 1042–1049. [CrossRef]

289. Zhou, H.; Zhang, Z.; Qian, G.; Zhou, J. Omentin-1 attenuates adipose tissue inflammation via restoration of
TXNIP/NLRP3 signaling in high-fat diet-induced obese mice. Fundam. Clin. Pharmacol. 2020. [CrossRef]

290. Wang, J.; Gao, Y.; Lin, F.; Han, K.; Wang, X. Omentin-1 attenuates lipopolysaccharide (LPS)-induced U937
macrophages activation by inhibiting the TLR4/MyD88/NF-κB signaling. Arch. Biochem. Biophys. 2020, 679,
108187. [CrossRef]

291. Yıldız, S.S.; Sahin, I.; Cetinkal, G.; Aksan, G.; Kucuk, S.H.; Keskin, K.; Cetin, S.; Sigirci, S.; Avcı, İ.İ.; Kilci, H.;
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