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Abstract: Obesity, which is a worldwide epidemic, confers increased risk for multiple serious
conditions including type 2 diabetes, nonalcoholic fatty liver disease, and cardiovascular diseases.
Adipose tissue is considered one of the largest endocrine organs in the body as well as an active
tissue for cellular reactions and metabolic homeostasis rather than an inert tissue only for energy
storage. The functional pleiotropism of adipose tissue relies on its ability to synthesize and release
a large number of hormones, cytokines, extracellular matrix proteins, and growth and vasoactive
factors, which are collectively called adipokines known to influence a variety of physiological
and pathophysiological processes. In the obese state, excessive visceral fat accumulation causes
adipose tissue dysfunctionality that strongly contributes to the onset of obesity-related comorbidities.
The mechanisms underlying adipose tissue dysfunction include adipocyte hypertrophy and
hyperplasia, increased inflammation, impaired extracellular matrix remodeling, and fibrosis together
with an altered secretion of adipokines. This review describes the relevance of specific adipokines in
the obesity-associated cardiovascular disease.
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1. Introduction

The World Health Organization (WHO) has defined obesity as an abnormal or excessive fat
accumulation that presents a risk to health and describes it as one of today’s most blatantly visible—yet
most neglected—public health problems, which has reached epidemic proportions [1,2]. Obesity is
a major public-health challenge. It is wide spread particularly in urban settings, and has clinical
implications with potential negative effects on almost every organ system, as well as being a psychosocial
and economic burden [3–6]. Furthermore, the diagnosis and management of obesity are often difficult
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or unsuccessful because obesity has a multifactorial nature [7]. Obesity results from a combination of
genetic, epigenetic, physiological, behavioral, sociocultural, and environmental factors that lead to
an imbalance between energy intake and expenditure [8]. Since 1995 at the 27th Bethesda Conference,
obesity is classified as a category II risk factor, which means that the proper management of obesity is
likely to lower the incidence of cardiovascular disease (CVD) events. Consistently, the American Heart
Association has identified obesity as an independent cardiovascular risk factor [9].

Despite its definition and relevance, the body mass index (BMI) is the most common strategy to
evaluate the degree of obesity, but is not always completely precise in the body composition assessment.
BMI only estimates obesity based on a person’s weight (in kilograms) divided by the square of his or
her height (in meters) regardless of his or her muscle mass. Furthermore, population-based studies
have demonstrated a significant increased risk of CVD, independent of other traditional risk factors,
for BMI-based obese patients [10]. However, people who are in the same BMI category can have quite
diverse levels of health and risk factors [11]. Accumulating evidence suggests that, although the risk of
all-cause mortality and cardiovascular events might be higher in people with metabolically healthy
obesity compared with metabolically healthy people of a normal weight, the risk is substantially
lower than in individuals with metabolically unhealthy obesity [12]. This fact strengthens the idea
that obesity is a complex disease, which requires a new multi-dimensional approach to integrate and
understand all of the underlying mechanisms that cause obesity [7]. Therefore, every person with
obesity should be motivated to achieve a normal weight in the long term, but more moderate weight
loss sufficient for the transition from metabolically unhealthy obesity to metabolically healthy obesity
might also lower the risk of adverse outcomes [12].

The observed differences between subjects with the same BMI are mainly due to inter-individual
variability in adipose tissue composition, distribution, and physiology [13]. Adipocytes comprise
35–70% of adipose mass, and the other cell types found in the stroma-vascular fraction include
preadipocytes, mesenchymal stem cells, macrophages and other immune cells, endothelial cells,
and smooth muscle cells [14]. Composition and distribution of fat mass are closely related to its
physiology [15].

2. Adipose Tissue Physiology

The distribution-based classification of adipose tissue has identified two main categories known
as visceral and subcutaneous adipose tissue, which can both be further subdivided. Visceral adiposity
refers to an excess of intra-abdominal adipose tissue accumulation, and is part of a phenotype
including expanding dysfunctional subcutaneous adipose tissue and ectopic triglyceride storage
closely related to clustering cardiometabolic risk factors [16]. In general, the visceral adipose secretome
has higher levels of pro-inflammatory factors, and lower levels of anti-inflammatory mediators
than the subcutaneous adipose-derived secretome. Age, gender, genetics, and ethnicity are broad
etiological factors contributing to the variation of visceral adipose tissue accumulation, but other specific
mechanisms are responsible for proportionally increased visceral fat storage when facing positive
energy, sex-hormones, local cortisol production in abdominal adipose tissues, endocannabinoids,
growth hormone, and more [16]. The importance of this classification is highlighted by studies revealing
different physiologies depending on the specific adipose tissue depots, and epidemiological studies
that link visceral adipose tissue expansion and cardiometabolic risk. Visceral obesity, as determined by
an increased waist-to-hip ratio, is associated with an increase in cardiovascular risk [17].

Moreover, the lipolytic characteristics of the diverse adipokines regardless of the different depots,
in particular the perivascular and the epicardial fat, needs to be considered in view of the impact
on cardiovascular disease (CVD) [18–20]. The adipose tissue secretome is largely depot-specific
and the secretome can also be affected by systemic and local factors linked to inflammation,
insulin resistance, obesity, and more [18]. Furthermore, within visceral fat, epicardial adipose
tissue exhibits specific transcriptomic signatures in the periventricular, peri-atrial, and peri-coronary
sites [21]. Adipose tissue expansion in obesity entails some biological and morphological changes,
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hyperplasia, and hypertrophy, which can ultimately lead to adipose tissue dysfunction. Adipose tissue
hypertrophy, i.e., increase in cell size, and hyperplasia, i.e., increase in the cell number contributes
to adipose tissue enlargement and are associated with the development of metabolic derangements
and elevated cardiovascular risk in obesity [20,22,23]. Increased adipocyte volume in obese patients
due to positive energy balance, such as overfeeding or a sedentary lifestyle [24], is associated with
an impaired mitochondrial function and changes in membrane proteins as well as higher cell death
and inflammation. The pathological expansion of adipose tissue in obesity is associated with increased
infiltration of activated macrophages, neutrophils, foam cells, proinflammatory Th1 and Th17 CD4,
B cells, mastocytes, and dendritic cells [14]. Other hallmarks of adipose tissue inflammation in
obesity are increased adipocyte cell death, due to apoptosis and autophagy, and adipose tissue
fibrosis. These morphologic changes entail specific adipokine patterns that are closely related with the
metabolic effects of obesity. Additionally, other substances such as myokines and lipokines, which are
beyond the scope of this review, may also be relevant when discussing the endocrine function of
adipose tissue. The term “lipokines” refers to lipid species that interact with fatty acid binding
proteins and lipid chaperones that dictate the partitioning of lipids inside cells, as well as play
critical roles in systemic metabolism. Consistently, circulating trans-palmitoleate is associated with
lower insulin resistance, the presence of atherogenic dyslipidemia, and incident diabetes [25–27].
Adaptive changes of skeletal muscle in response to physical activity include adjustments in the
production and secretion of muscle-derived bioactive factors, known as myokines. These myokines
not only act locally in the muscle in an autocrine/paracrine manner, but are also released to the
bloodstream as endocrine factors to regulate physiological processes in other tissues. Myokines as
irisin, myostatin, IL-4, IL-6, IL-7, and IL-15, myonectin, follistatin-like 1, or a leukemia inhibitory factor
have emerged as major determinants of insulin sensitivity, mediators of fat-browning, and regulators
of thermogenesis and energy expenditure. Irisin, which is derived from the cleavage of the FNDC5
protein, constitutes a myokine that induces myogenesis and fat browning (switch of white adipocytes
to brown fat-like cells) together with a concomitant increase in energy expenditure. Besides being
a target for irisin actions, the adipose tissue also constitutes a production site of FNDC5. Interestingly,
irisin secretion from subcutaneous and visceral fat depots is decreased by long-term exercise training
and fasting, which suggests a discordant regulation of FNDC5/irisin in skeletal muscle and adipose
tissue. Accordingly, our group has recently reported that the adipokine leptin differentially regulates
FNDC5/irisin expression in skeletal muscle and fat, which confirms the crosstalk between both tissues.
Moreover, irisin secretion and function are regulated by other myokines, such as follistatin or myostatin,
as well as by other adipokines, including fibroblast growth factor 21 and leptin [28].

The adipose tissue is now recognized as a crucial regulator of cardiovascular health, mediated by
the secretion of several bioactive products, including adipokines, with a wide range of effects on the
cardiovascular system, which can become dysregulated in obesity [18]. Adipose tissue products from
the diverse fat depots are released into the bloodstream and can reach distant sites (e.g., heart and
arteries), where they exert their biological effects in an endocrine manner. In addition to these
endocrine effects, perivascular and epicardial adipose tissue can exert direct effects on the adjacent
vascular wall or myocardium, respectively, through the paracrine release of bioactive mediators.
Additionally, adipose factors can reach the lumen of the adjacent vessel and travel downstream,
which regulates the biology of the entire vascular beds in a “vasocrine” manner [18].

Vascular tone, inflammation, vascular smooth muscle cell migration, endothelial function,
and vascular redox state are all under the regulation of adipose tissue-derived products,
including adipokines [18]. The adipose tissue regulates the vascular tone in healthy conditions through
the release of molecules with vasorelaxant properties, such as adiponectin [29], hydrogen sulfide [30],
and palmitic acid methyl ester [31]. The decreased production of all these mediators in obesity and
insulin resistance may contribute to the obesity-related vasomotor dysfunction [32]. Adipose tissue,
mainly when located at the perivascular site, modifies the local production of angiotensinogen,
which is crucial for the circadian regulation of blood pressure [33]. NADPH oxidase overactivity is
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a potent source of superoxide radicals that induce a shift toward the obesity-related pro-oxidative
state, and enhances the cardiovascular risk factor-dependent organ damage [34]. The activity of
certain isoforms of NADPH oxidase is inhibited by anti-oxidant adipokines such as adiponectin and
omentin-1 [29,35] but promoted by pro-oxidative adipokines such as leptin, resistin, and subsequent
insulin resistance, which contributes to a pro-oxidative state, endothelial dysfunction, and accelerated
biological senescence [36–38], with the adiponectin to leptin ratio being a promising index to estimate
the obesity-associated cardiometabolic risk [39,40]. Vascular inflammation is further promoted by the
expression of endothelial cell adhesion molecules, which are induced by adipokines such as interleukin
32 (IL-32), visfatin, IL-1β, and the tumor necrosis factor (TNF) [41–43]. Certain adipokines, such as
osteopontin and leptin (known as ‘adipofibrokines’), also promote cardiac fibrosis by inducing the
synthesis of the extracellular matrix in cardiac fibroblasts [44].

3. Specific Adipokines

Among the huge variety of adipokines produced by adipose tissue, acute-phase reactants
(C-reactive protein, serum amyloid A, plasminogen activator inhibitor 1, haptoglobin),
cytokines (TNF-α, IL-6, IL-10, IL-R1a, TGFβ), chemokines [MCP-1, macrophage inflammatory
protein-2 (MIP-2), CCL2, CCL5, IL-8/CXCL8, IFNγ-inducible protein 10/ CXCL10], damage-associated
molecular pattern molecules (DAMPs, tenascin C, calprotectin, heat shock protein 72, and HMGB1),
as well as pro-inflammatory (leptin, resistin, osteopontin, chemerin, WNT5A, among others) and
anti-inflammatory (adiponectin, SRFP5, omentin, ghrelin, and lipocalin-2) factors can be found [14].
Obesity is associated with an altered secretion of adipokines that, in fact, translates into increased
cardiovascular risk in patients with an excess of dysfunctional adiposity. For the purpose of this review,
we have focused on selecting the main adipokine and some of the emerging adipokines associated
with augmented cardiovascular risk (Figure 1).
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Figure 1. Main changes observed in the dysfunctional adipose tissue-derived adipokines.

3.1. Leptin

Leptin, which is the obesity gene product, participates in the control of body weight by regulating
food intake and energy expenditure [45] and, as a key hormone in energy homeostasis, also regulates
neuroendocrine function, including reproduction. In the healthy state, leptin induces a balanced effect
on the control of blood pressure by modulating the sympathetic activity-dependent vasoconstriction,
and the endothelial release of nitric oxide, as well as the angiotensin II-dependent vasoconstriction [46,
47]. The smooth muscle layer represents an important target for the vascular effects of leptin. This
adipokine decreases passive wall tension and Ang II-induced vasoconstriction operating directly on
vascular smooth muscle cells (VSMCs). Leptin inhibits the basal proliferation of aortic VSMCs and
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inhibits the Ang II-induced cell growth of VSMCs, in which leptin receptor activation is related to nitric
oxide (NO)-dependent endothelial auto-regulatory capacity. Leptin induces endothelial-dependent
vasodilation by activating a PI3-kinase-independent Akt-endothelial NOS (eNOS) phosphorylation
pathway. This adipokine decreases passive wall tension and Ang II-induced vasoconstriction by
up-regulating inducible Nitric-oxide sintase (iNOS) through mechanisms involving JAK2/STAT3 and
PI3K/Akt pathways in VSMCs. Contradicting effects on different cell types and in different disease
substrates have been described when evaluating leptin physiology and comparing health and disease
states [48], since obesity induces an organ-specific leptin resistant state. Therefore, hyperleptinemia
in obesity may arise as a compensatory mechanism to overcome leptin resistance. Despite higher
circulating-levels, the previously mentioned vascular effects are attenuated. Whereas endothelial
leptin signaling is considered to be protective against neointima formation in the healthy state,
obesity-induced leptin resistance can reverse this balance toward an atherogenic phenotype.

Additionally, leptin resistance effects on the reproductive homeostasis entails hypogonadism that
further aggravates the obese phenotype by changing the body composition, and easing hyperglycemia,
hyperinsulinemia, and insulin resistance with its associated excess of cardiovascular risk [49].

In the clinical setting, and despite the previously mentioned physiology, the relevance of
hyperleptinemia as an isolated cardiovascular risk marker or mediator seems to be small [45] or
even absent [50] due to available prospective studies. Obesity is a complex disease that affects a wide
range of pathogenic mechanisms in which only the holistic management of the disease has proven
to have relevant efficacy. Consistently, of note, leptin decreases and its physiology is restored after
bariatric surgery [51], which is in line with the improvement of the cardiovascular risk-factor milieu
described post-surgically [52].

3.2. Adiponectin

Adiponectin is an adipokine expressed almost exclusively in adipose tissue. It can be
found in plasma in three major oligomeric forms, which include a low-molecular-weight,
middle-molecular-weight, or high-molecular-weight adiponectin. Adiponectin increases insulin
sensitivity and exerts anti-inflammatory actions [53]. Plasma adiponectin concentrations decreased in
patients with obesity, and high-molecular-weight adiponectin better predicts insulin resistance and the
metabolic syndrome in humans [54]. In the clinical practice, adiponectin levels also correlate positively
with coronary heart disease recurrence and all-cause and cardiovascular mortality among patients
with established cardiovascular disease [55] as well as in elevated circulating total adiponectin levels,
which were associated with lower 10-year CVD risk in adults without previous CVD, independently of
other established CVD risk factors.

Moreover, the adiponectin/leptin ratio has been suggested as a maker of adipose tissue dysfunction
and correlates with insulin resistance more closely than adiponectin or leptin alone or even the HOMA
index, which is a surrogate of insulin resistance [39]. Reportedly, this ratio decreases with an increasing
number of metabolic risk factors reflecting the functionality of adipose tissue, which have been
proposed as a predictive marker for the metabolic syndrome [56]. Bariatric surgery induced weight-loss
and induced sustained increases in adiponectin plasmatic levels [57] in parallel with the whole
improvement of the metabolic profile, and the decrease in leptin levels observed post-surgically.

3.3. Angiotensinogen

Angiotensinogen is the main precursor of the renin–angiotensin system, which is a pivotal
mechanism for the regulation of blood pressure and homeostasis of water and sodium through actions
of angiotensin II. In addition to hepatic angiotensinogen production, adipose tissue has also shown
to be a quantitatively important source of angiotensinogen [58]. The 10 N-terminal amino acids of
angiotensinogen are cleaved by renin to provide angiotensin I, which is further transformed into
angiotensin II by the angiotensin converting enzyme (ACE) [59]. Angiotensin II causes vasoconstriction,
increased blood pressure, and release of aldosterone from the adrenal cortex in the vascular-tone
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axis [59,60] and also induces the differentiation from preadipocytes to mature adypocytes [58].
The expression of angiotensinogen is enhanced in the setting of obesity and insulin resistance and
exerts its pro-oxidative, pro-inflammatory, and pro-fibrotic functions via NF-κB signaling enhancement
and NADPH oxidase activity induction. Therefore, obesity-induced angiotensin excess is a cornerstone
in the management of obesity-associated hypertensive disease [59]. Bariatric surgery is associated
with a 70% rate of resolution of the hypertensive disease, since it improves all the mechanisms
that link obesity with hypertension, including the renin-angiotensin-aldosterone system (RAAS)
overactivity [61] along with sympathetic activity-dependent vasoconstriction and insulin resistance.

3.4. Omentin-1

Omentin is encoded by two genes, known as omentin-1 and omentin-2, with the former
being the major circulating form. Omentin-1 is mainly expressed in the stromal vascular cells of
visceral adipose tissue that plays an anti-inflammatory, anti-oxidative, and insulin-sensitizer role [62].
In obesity, omentin-1 levels are decreased and are inversely correlated to BMI, waist circumference,
and markers of metabolic syndrome. Omentin-1 is also decreased in patients with coronary heart
disease. During diet-induced weight loss, omentin-1 levels tend to increase over time, which is
an observation that further strengthens the link between omentin and obesity [63].

In vitro, omentin-1 enhances insulin-stimulated glucose uptake in human adipocytes by activating
Akt signaling pathways. Furthermore, circulating omentin-1 concentrations are associated with
endothelial dysfunction in patients with impaired glucose tolerance by inhibiting the NADPH oxidase
activity and enhancing the TNF-induced vascular cell adhesion molecule 1 (VCAM1) expression [64–66].

Bariatric surgery induces variable behavior in omentin-1 levels. Most patients exhibit an increase
in the immediate postoperative period, even before induction of weight loss, and these levels were
kept high up to one-year post-bariatric intervention [67]. However, not all patients demonstrated this
omentin-1 increase following bariatric surgery. In fact, about 20% saw their levels decrease, but still
demonstrated a resolution of their diabetic status over a short-term post-surgery [67]. The impact of
this observation still needs further evaluation.

3.5. Osteopontin

Osteopontin is a 40-kDa to 80-kDa secreted matrix glycoprotein [68]. In adipose tissues,
osteopontin is expressed by adipocytes and by the stromal-vascular cells (lymphocytes, endothelial cells,
macrophages, vascular smooth muscle cells, and mesenchymal stem cells). Osteopontin expression in
human macrophages is also upregulated by a variety of pro-inflammatory mediators, including TNF-α,
IL-6, and oxidized LDL, known to be elevated in obesity [68–70], type 2 diabetes, and cardiovascular
disease [71]. Osteopontin acts as a pro-inflammatory cytokine that has been characterized as a major
component of cell-mediated immunity [72], acting as an important attachment and signaling molecule,
with the main ability to interact with integrin surface receptors [73]. Although the mechanisms of
osteopontin related to cardiovascular diseases are not clear, different possible mechanisms exist. One of
these possible mechanisms is osteopontin increasing the risk of atherosclerosis by increasing endothelial
cell migration via αvβ3 ligand. Other possible mechanisms include the macrophage activation
that entails calcifications and inflammatory processes associated with coronary artery disease [74].
Osteopontin is also expressed and released into the circulation from Kupffer cells, macrophages,
stellate cells, and hepatocytes in non-alcoholic fatty-liver disease. Thereby, osteopontin may also
contribute to the increased risk of cardiometabolic diseases observed in non-alcoholic fatty-liver
disease [75]. Consistently, excessive osteopontin is associated with increased left ventricular stiffness and
systolic dysfunction in patients with hypertensive heart disease and heart failure [76]. Osteopontin is
also highly expressed in human atherosclerotic plaques [77].

Diet-induced weight loss is associated with a reduction in plasmatic and gene expression levels
of osteopontin in visceral fat in obese animals and humans [78], which reflects an improvement in
systemic and local inflammation. Although diet-induced weight loss is paralleled by a decrease of
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circulating osteopontin levels, a substantial increase in circulating osteopontin concentrations despite
downregulation of local osteopontin expression in white adipose tissue in obese patients after bariatric
surgery. Further investigations are needed to differentiate whether these changes are secondary to
alterations of bone metabolism or an adaption to weight loss [71].

3.6. RESISTIN and VISFATIN

Resistin is a polypeptide that is secreted by adipose-tissue resident-macrophages [79].
Resistin concentrations are increased in obesity, due to its circulating levels being involved in
the pathophysiology of inflammation-induced insulin resistance in humans. This association
has been confirmed by prospective case-control studies that have found an increased risk of
developing type 2 diabetes in subjects with elevated baseline levels of resistin. Some reports
have also correlated resistin with hypertension, with a mechanism that is not fully understood,
with atherogenic dyslipidemia, by modulating SREBP1-SREBP2 pathways, and with proprotein
convertase subtilisin/kexin type 9 (PCSK9). Human resistin also plays a major regulatory
role in the inflammatory response. Resistin upregulates the expression of pro-inflammatory
cytokines such as TNF-α, IL-6, IL-12, and monocyte chemoattractant protein (MCP)-1 in monocytes,
macrophages, and hepatic stellate cells via the nuclear factor-κB (NF-κB) pathway. It might
also play a significant role in the modulation of interactions between endothelial cells and
monocytes/macrophages, in the pathogenesis and progression of atherosclerosis. Resistin induces
the expression of endothelin-1 in endothelial cells, which contributes to endothelial dysfunction.
Resistin increases the expression of the cellular adhesion molecule VCAM-1 and the MCP-1, which are
the factors in the formation of early atherosclerotic lesion, and induces the proliferation of smooth
muscle cells. This suggests the action of these hormones is restenosis of coronary lesions in patients
with diabetes [62]. Consistently, high resistin levels also correlate with increased risk of all-cause and
cardiovascular death [80]. It is also remarkable that the excess of resistin is among the cytokines
that define the metabolic unhealthy state, associated with obesity, as demonstrated by the decrease of
circulating resistin levels after bariatric surgery [81,82].

Visfatin is an adipocytokine secreted by adipocytes, macrophages, and inflamed endothelial
tissue that is elevated in obesity, insulin resistance, and type 2 diabetes mellitus. Visfatin acts as
a pro-inflammatory mediator, with the ability to induce matrix metalloproteinase (MMP)-9 and NF-κB
in monocytes and in human endothelial cells, which plays an important role in the pathogenesis of
vascular inflammation in obesity and type 2 diabetes, and leads to atherosclerotic plaque instability.
High visfatin levels also correlate with an increased risk of adverse cardiac events among patients with
myocardial infarction [41,83,84]. It is tempting to hypothesize that this adipokine could contribute
to the inflammatory state and increased risk for cardiovascular events characterizing patients with
type 2 diabetes in a direct way rather than with diabetes itself. Plasma levels of visfatin are gradually
reduced after bariatric surgery-related weight loss [82].

3.7. Ghrelin

Ghrelin was first described as the endogenous ligand for the growth hormone secretagogue
receptor, which is the classic function described for this peptide [85]. Despite this, during the last two
decades, the research of ghrelin functions has mainly focused on appetite, adiposity, and metabolism.
Circulating ghrelin can be found in two main isoforms (namely acylated and deacylated-ghrelin)
that exhibit antagonist effects on hepatic-glucose output, to the point that some authors have even
suggested considering them as separate hormones [86]. Growing evidence supports the important role
of ghrelin in the control of cardiovascular homeostasis through central and peripheral mechanisms.
There are multiple mechanisms underlying the effects of ghrelin on the CVD, mediated through
both direct and indirect physiological actions, including increased Growth hormone (GH) levels,
improved energy balance and direct actions on CV cells, regulation of autonomic nervous system
activity [87], and modulation of autophagy [88], which is an important catabolic process involved in
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multiple physiological processes. Ghrelin is able to block the renin-angiotensin system improving
hypertension and cardiovascular disorders. Chronic treatment with ghrelin decreases mean arterial
pressure and systemic vascular resistance in chronic heart failure without increasing heart rate because
its administration decreased plasma levels of norepinephrine. Meanwhile epinephrine levels were
increased [89–91].

As previously mentioned, major circulating isoforms of this hormone are the acylated and
the desacyl ghrelin. The acylation of ghrelin in the endoplasmic reticulum is catalyzed by the
ghrelin O-acyltransferase, which is mainly modulated by nutrient availability, particularly by
ingested medium-chain free fatty acids. The opposite effects of ghrelin isoforms on hepatic glucose
metabolism have been reported with desacyl ghrelin suppressing glucose release by hepatocytes as
well as antagonizing the acylated ghrelin-induced increase in hepatic glucose output In vitro [92].
Under pathological conditions, such as obesity, the liver responds to the massive influx of lipids from
the blood by upregulating the biogenesis of lipid droplets, as a mechanism of defense against free
fatty-acids (FFA) toxicity. An impaired autophagic flux increases triglycerides storage in lipid droplets,
which leads to the development of non alcoholic fatty-liver disease (NAFLD). Acylated and, to a lesser
extent, desacyl ghrelin activates autophagy in rat hepatocytes, which contributes to the amelioration of
NAFLD [88].

On the other hand, cardiomyocytes rely critically on the housekeeping mechanisms of
proteostasis, such as autophagy, due to their limited ability to divide. During myocardial ischemia,
stimulation of autophagy by the pharmacological inhibition of the mTOR pathway protects
against post-infarction remodeling. Nonetheless, the activation of cardiac autophagy requires
a tight regulation with both deficient and excess autophagy being detrimental, which leads to
proteotoxicity or excessive degradation of intracellular components, and, in turn, cardiomyocyte death,
respectively. The myocardium constitutes a source of ghrelin and accumulating evidence has
demonstrated the cardioprotective effects of ghrelin by increasing myocardial contractility,
decreasing cardiac fibrosis, inflammation, and apoptosis of cardiomyocytes as well as protecting
the myocardium against ischemia/reperfusion injury. During acute cardiac ischemia, both ghrelin
isoforms, but in particular desacyl ghrelin, markedly reduced infarction size and preserved cardiac
function, in part, by the activation of autophagy to remove dysfunctional mitochondria after
myocardial infarction in mice. Intraperitoneal administration of desacyl ghrelin in obese, diabetic mice
protects against diabetic cardiomyopathy via the pro-survival AMPK and ERK1/2 pathways.
Moreover, chronic intraperitoneal administration of ghrelin improves autophagy in vascular smooth
muscle cells from rats with vascular calcification in an AMPK-dependent manner. Taken together,
ghrelin also minimizes hypoxia-induced cardiac injury and decreases vascular calcification by activating
autophagy through AMPK-dependent mechanisms [88]. Furthermore, ghrelin administration could
protect against ischemia and reperfusion injury, attenuate post-infarction ventricular dysfunction and
remodeling, and improve the prognosis of myocardial infarction and heart failure [90,91,93–96].

Total ghrelin levels decrease after eating and in the context of hypercaloric diet, but bariatric
surgery does not substantially modify them. Gastrectomy specifically reduces the desacyl ghrelin
levels, due to the resection of the gastric fundus, which is the major production site of the hormone.
This effect entails an increase in the acylated/desacyl ghrelin ratio. The increase in acylated ghrelin
levels after gastrectomy is involved in the induction of liver autophagy, and entails a beneficial effect
on the liver function mediated, among others, via a decrease in lipogenesis as well as an increase in
autophagy and mitochondrial β-oxidation. The decrease in desacyl ghrelin after sleeve gastrectomy
contributes to the reduction of lipogenesis, whereas the increased acylated ghrelin levels stimulate
AMPK-activated mitochondrial FFA β-oxidation and autophagy. These results support the notion
that both ghrelin isoforms constitute key elements involved in the improvement of NAFLD after
bariatric surgery.
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3.8. Obestatin

Obestatin is a gastrointestinal peptide derived from preproghrelin, mainly produced throughout
the gastrointestinal tract but also in the pancreas, testes, and brain [97]. Decreased plasmatic
obestatin levels have been documented in patients with excess adiposity, impaired glucose control,
metabolic syndrome, insulin resistance, and diabetes mellitus. Obestatin exerts its beneficial actions
on both metabolism and cardiovascular function It has been reported to decrease food intake and
body weight, to promote β-cell mass, and appears to be involved in blood pressure regulation
and exerts beneficial effects on endothelial function [97]. Obestatin modulates endothelial function
directly, in an NO-dependent manner [98] and, indirectly, via anti-inflammatory effects on human
endothelial cells, by decreasing TNF-α-induced VCAM-1 [99]. The biological actions of obestatin
in the modulation of the endothelial function suggests that it might play a role in the regulation of
blood pressure, mainly in the setting of obesity and its complications. In addition to its vascular
effects, obestatin has been reported to confer dose-dependent protection reducing the infarct size and
the contractile dysfunction in an animal model of the ischemia–reperfusion myocardial injury [100].
Changes in the physiology of obestatin following bariatric surgery still needs further evaluation.

3.9. Other Pro-Inflammatory Cytokines

IL-32, which is also termed as a TNF-α-inducing factor, is a recently described cytokine produced
by immune and non-immune cells, which exerts important roles in the pathogenesis of infectious,
autoimmune, and inflammatory diseases. Increased IL-32 expression has been found in visceral
adipose tissue from patients with obesity promoting inflammation and extracellular matrix remodeling
and contributing to the development of obesity-associated comorbidities. Increased circulating levels
of IL32 in human obesity and obesity-associated diabetes decrease after weight loss and are also closely
associated with inflammatory cytokines such as IL1β, interferon (IFN)γ, or TNFα, which induce
the expression of IL32 and, in turn, IL32 also stimulates IL8, IL6, IL1β, and TNFα production.
This constitutes a classical pro-inflammatory mediator with relevant functions in angiogenesis,
extracellular matrix remodeling, and apoptosis [101].

4. Conclusions

A key factor underlying the etiopathogenesis of obesity is the dysfunctional adipose tissue,
characterized by adipocyte hypertrophy, exacerbated inflammation, increased fibrosis, and impaired
vascular function and structure. Adipose tissue influences and communicates with many other organs
by releasing pro-inflammatory and anti-inflammatory bioactive molecules, known as adipokines.
Altered expression of these molecules plays critical roles in impairing whole-body homeostasis
contributing to the initiation and progression of obesity-induced metabolic complications. While this
review has focused on some of the main adipokines, the influence of many other factors like serum
amyloid A [102], caveolin-1 [103], fibroblast growth factors [104], tenascin, and calprotectin [105]
among others should not be disregarded. Moreover, the intense cross-talk between adipose tissue and
other metabolically active organs like skeletal muscle, myocardium, and vascular smooth muscle cells
via myokines needs to be contemplated [28,106,107].

Considering the expected increase in the prevalence of obesity in the coming decades, a more
detailed study of the functions and mechanisms of the pleiad of adipokines will permit a better
understanding of the pathogenesis of obesity-linked disorders as well as more focused therapies for
the management of obesity and its complications. Thinking beyond the metabolic functions of adipose
tissue is needed given the wide-ranging and versatile effects of the multiple adipokines and their
plentiful impact on diverse disease areas.
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5. Review Criteria

A search for original articles and reviews published focusing on the pathophysiology of
obesity-associated excess of cardiovascular risk was performed in PubMed and MEDLINE using
the following search terms (or combination of terms): “obesity,” “adiposity,” “fat mass,” “epicardial
fat,” “visceral fat,” “dysfunctional fat,” “comorbidity or comorbidities,” “outcome,” “mortality,”
“adipokines,” “cardiovascular disease,” “coronary heart disease,” “stroke,” “myocardial infarction,”
“body composition,” and “miokines.” Only English-language, full-text articles were included.
Additional articles that were identified from the bibliographies of the retrieved articles were also used.

Author Contributions: Conceptualization, G.F. and M.F.L.; methodology, G.F.; writing—original draft preparation,
M.F.L., V.V., I.B., C.T., M.d.l.H.; writing—review and editing, G.F., M.F.L., visualization, G.F., M.F.L., V.V., I.B., C.T.,
M.d.l.H.; supervision G.F., M.F.L., V.V., I.B., C.T., M.d.l.H.

Funding: GF reports grants from the Spanish Health Institute ISCIII, Subdirección General de Evaluación and
Fondos FEDER PI16/01217, Plan Estatal I+D+I/2013–2016 and CIBEROBN, during the writing of this document.

Acknowledgments: The authors gratefully acknowledge the valuable collaboration of all the members of the
Multidisciplinary Obesity Team, Clínica Universidad de Navarra, Pamplona, Spain.

Conflicts of Interest: GF has received lecturing fees from Novo-Nordisk.

References

1. The GBD 2015 Obesity Collaborators. Health Effects of Overweight and Obesity in 195 Countries over 25
Years. N. Engl. J. Med. 2017, 377, 13–27. Available online: http://www.ncbi.nlm.nih.gov/pubmed/28604169
(accessed on 11 July 2017). [CrossRef] [PubMed]

2. NCD Risk Factor Collaboration. Worldwide Trends in Body-Mass Index, Underweight, Overweight, and
Obesity From 1975 to 2016: A Pooled Analysis of 2416 Population-Based Measurement Studies in 128·9
Million Children, Adolescents, and Adults. Lancet (Lond. Engl.) 2017, 390, 2627–2642. Available online:
https://linkinghub.elsevier.com/retrieve/pii/S0140673617321293 (accessed on 8 November 2018). [CrossRef]

3. Fruhbeck, G.; Toplak, H.; Woodward, E.; Yumuk, V.; Maislos, M.; Oppert, J.M. Executive Committee of
the European Association for the Study of Obesity Obesity: The gateway to ill Health-An EASO Position
Statement on a Rising Public Health, Clinical and Scientific Challenge in Europe. Obes. Facts 2013, 6, 117–120.
[CrossRef] [PubMed]

4. ARoberto, C.; Swinburn, B.; Hawkes, C.; Huang, T.T.K.; ACosta, S.; Ashe, M.; Zwicker, L.; Cawley, J.H.;
Brownell, K.D. Patchy Progress on Obesity Prevention: Emerging Examples, Entrenched Barriers, and New
Thinking. Lancet 2015, 385, 2400–2409. [CrossRef]

5. Catalan, V.; Gomez-Ambrosi, J.; Rodriguez, A.; Fruhbeck, G. Adipose Tissue Immunity and Cancer.
Front Physiol. 2013, 4, 275. Available online: http://journal.frontiersin.org/article/10.3389/fphys.2013.00275/

abstract (accessed on 17 July 2019). [CrossRef]
6. Gomez-Ambrosi, J.; Catalan, V.; Rodriguez, A.; Andrada, P.; Ramirez, B.; Ibanez, P.; Vila, N.; Romero, S.;

Margall, M.A.; Gil, M.J.; et al. Increased Cardiometabolic Risk Factors and Inflammation in Adipose Tissue
in Obese Subjects Classified as Metabolically Healthy. Diabetes Care 2014, 37, 2813–2821. [CrossRef]

7. Fruhbeck, G.; Kiortsis, D.N.; Catalan, V. Precision medicine: Diagnosis and Management of Obesity.
Lancet Diabetes Endocrinol. 2017, 6, 164–166. Available online: http://www.ncbi.nlm.nih.gov/pubmed/

28919063 (accessed on 5 February 2018). [CrossRef]
8. Alamuddin, N.; Bakizada, Z.; Wadden, T.A. Management of Obesity. J. Clin. Oncol. 2016, 34, 4295–4305.

Available online: http://www.ncbi.nlm.nih.gov/pubmed/26868660 (accessed on 19 November 2018).
[CrossRef]

9. Eckel, R.H.; Krauss, R.M. American Heart Association Call to Action: Obesity as a Major Risk Factor for
Coronary Heart Disease. Circulation 1998, 97, 2099–2100. [CrossRef]

10. Bogers, R.P.; Bemelmans, W.J.E.; Hoogenveen, R.T.; Boshuizen, H.C.; Woodward, M.; Knekt, P.; Van
Dan, R.M.; Hu, F.B.; Visscher, T.L.S.; Menotti, A.; et al. Association of Overweight with Increased Risk of
Coronary Heart Disease Partly Independent of Blood Pressure and Cholesterol Levels: A Meta-Analysis
of 21 Cohort Studies Including more than 300 000 persons. Arch. Intern. Med. 2007, 167, 1720–1728.

http://www.ncbi.nlm.nih.gov/pubmed/28604169
http://dx.doi.org/10.1056/NEJMoa1614362
http://www.ncbi.nlm.nih.gov/pubmed/28604169
https://linkinghub.elsevier.com/retrieve/pii/S0140673617321293
http://dx.doi.org/10.1016/S0140-6736(17)32129-3
http://dx.doi.org/10.1159/000350627
http://www.ncbi.nlm.nih.gov/pubmed/23548858
http://dx.doi.org/10.1016/S0140-6736(14)61744-X
http://journal.frontiersin.org/article/10.3389/fphys.2013.00275/abstract
http://journal.frontiersin.org/article/10.3389/fphys.2013.00275/abstract
http://dx.doi.org/10.3389/fphys.2013.00275
http://dx.doi.org/10.2337/dc14-0937
http://www.ncbi.nlm.nih.gov/pubmed/28919063
http://www.ncbi.nlm.nih.gov/pubmed/28919063
http://dx.doi.org/10.1016/S2213-8587(17)30312-1
http://www.ncbi.nlm.nih.gov/pubmed/26868660
http://dx.doi.org/10.1200/JCO.2016.66.8806
http://dx.doi.org/10.1161/01.CIR.97.21.2099


Nutrients 2019, 11, 2664 11 of 16

Available online: http://archinte.jamanetwork.com/article.aspx?doi=10.1001/archinte.167.16.1720 (accessed
on 6 November 2018). [CrossRef]

11. Ahima, R.S.; Lazar, M.A. Physiology. The Health Risk of Obesity–Better Metrics Imperative. Science 2013,
341, 856–858. Available online: http://www.sciencemag.org/cgi/doi/10.1126/science.1241244 (accessed on
12 November 2018). [CrossRef] [PubMed]

12. Stefan, N.; Haring, H.U.; Schulze, M.B. Metabolically Healthy Obesity: The Low-Hanging Fruit in Obesity
Treatment? Lancet Diabetes Endocrinol. 2018, 6, 249–258. Available online: http://www.ncbi.nlm.nih.gov/

pubmed/28919065 (accessed on 1 October 2019). [CrossRef]
13. Vecchie, A.; Dallegri, F.; Carbone, F.; Bonaventura, A.; Liberale, L.; Portincasa, P.; Frühbeck, G.; Montecucco, F.

Obesity Phenotypes and their Paradoxical Association with Cardiovascular Diseases. Eur. J. Intern. Med.
2018, 48, 6–17. [CrossRef] [PubMed]

14. Rodriguez, A.; Ezquerro, S.; Mendez-Gimenez, L.; Becerril, S.; Fruhbeck, G.; Fruhbeck, G. Revisiting
the Adipocyte: A Model for Integration of Cytokine Signaling in the Regulation of Energy Metabolism.
Am. J. Physiol. Metab. 2015, 309, E691–E714. [CrossRef] [PubMed]

15. Fruhbeck, G.; Gomez-Ambrosi, J. Control of Body Weight: A Physiologic and Transgenic Perspective.
Diabetologia 2003, 46, 143–172. [CrossRef]

16. Tchernof, A.; Despres, J.P. Pathophysiology of Human Visceral Obesity: An Update. Physiol. Rev. 2013, 93,
359–404. [CrossRef]

17. Yusuf, S.; Hawken, S.; Ounpuu, S.; Steven, H.; Rumboldt, Z.; Ounpuu, S.; Bautista, L.; Franzosi, M.G.;
Commerford, P.; Tanomsup, S.; et al. Obesity and the Risk of Myocardial Infarction in 27,000 Participants
From 52 Countries: A Case-Control Study. Lancet (Lond. Engl.) 2005, 366, 1640–1649. Available online:
http://linkinghub.elsevier.com/retrieve/pii/S0140673605676635 (accessed on 7 November 2018). [CrossRef]

18. Oikonomou, E.K.; Antoniades, C. The Role of Adipose Tissue in Cardiovascular Health and Disease.
Nat. Rev. Cardiol. 2018, 16, 83–99. [CrossRef]

19. Fruhbeck, G. Leptin-Induced Lipolysis Opposes the Tonic Inhibition of Endogenous Adenosine in white
Adipocytes. FASEB J. 2001, 15, 333–340. [CrossRef]

20. Fruhbeck, G.; Gomez-Ambrosi, J. Modulation of the Leptin-Induced white Adipose Tissue Lipolysis by
Nitric Oxide. Cell. Signal. 2001, 13, 827–833. [CrossRef]

21. Gaborit, B.; Venteclef, N.; Ancel, P.; Gariboldi, V.; Pelloux, V.; Leprince, P.; Amour, J.; Hatem, S.N.; Jouve, E.;
Dutour, A.; et al. Human Epicardial Adipose Tissue has a Specific Transcriptomic Signature Depending on
its Anatomical Peri-Atrial, Peri-Ventricular, or Peri-Coronary Location. Cardiovasc. Res. 2015, 108, 62–73.
[CrossRef] [PubMed]

22. Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomqvist, L.;
Hoffstedt, J.; Naslund, E.; Britton, T.; et al. Dynamics of Fat Cell Turnover in Humans. Nature 2008, 453,
783–787. [CrossRef] [PubMed]

23. Fruhbeck, G. Overview of Adipose Tissue and its Role in Obesity and Metabolic Disorders. Methods Mol. Biol.
2008, 456, 1–22. Available online: http://link.springer.com/10.1007/978-1-59745-245-8_1 (accessed on
7 November 2018). [PubMed]

24. Fruhbeck, G.; Mendez-Gimenez, L.; Fernandez-Formoso, J.A.; Fernandez, S.; Rodriguez, A. Regulation of
Adipocyte Lipolysis. Nutr. Res. Rev. 2014, 27, 63–93. Available online: http://www.journals.cambridge.org/

abstract_S095442241400002X (accessed on 7 November 2018). [CrossRef] [PubMed]
25. Cao, H.; Gerhold, K.; Mayers, J.R.; Wiest, M.M.; Watkins, S.M.; Hotamisligil, G.S.; Watkins, S.M.

Identification of a Lipokine, a Lipid Hormone Linking Adipose Tissue to Systemic Metabolism. Cell
2008, 134, 933–944. [CrossRef] [PubMed]

26. Mozaffarian, D.; Cao, H.; King, I.B.; Lemaitre, R.N.; Song, X.; Siscovick, D.S.; Hotamisligil, G.S.
Trans-Palmitoleic Acid, Metabolic Risk Factors, and New-Onset Diabetes in U.S. Adults. Ann. Intern. Med.
2010, 153, 790. Available online: http://www.ncbi.nlm.nih.gov/pubmed/21173413 (accessed on 1 October
2019). [CrossRef] [PubMed]

27. Stefan, N.; Kantartzis, K.; Celebi, N.; Staiger, H.; Machann, J.; Schick, F.; HAring, H.U.; Cegan, A.; Fritsche, A.;
Schleicher, E.; et al. Circulating Palmitoleate Strongly and Independently Predicts Insulin Sensitivity in
Humans. Diabetes Care 2010, 33, 405–407. Available online: http://www.ncbi.nlm.nih.gov/pubmed/19889804
(accessed on 1 October 2019). [CrossRef]

http://archinte.jamanetwork.com/article.aspx?doi=10.1001/archinte.167.16.1720
http://dx.doi.org/10.1001/archinte.167.16.1720
http://www.sciencemag.org/cgi/doi/10.1126/science.1241244
http://dx.doi.org/10.1126/science.1241244
http://www.ncbi.nlm.nih.gov/pubmed/23970691
http://www.ncbi.nlm.nih.gov/pubmed/28919065
http://www.ncbi.nlm.nih.gov/pubmed/28919065
http://dx.doi.org/10.1016/S2213-8587(17)30292-9
http://dx.doi.org/10.1016/j.ejim.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29100895
http://dx.doi.org/10.1152/ajpendo.00297.2015
http://www.ncbi.nlm.nih.gov/pubmed/26330344
http://dx.doi.org/10.1007/s00125-003-1053-4
http://dx.doi.org/10.1152/physrev.00033.2011
http://linkinghub.elsevier.com/retrieve/pii/S0140673605676635
http://dx.doi.org/10.1016/S0140-6736(05)67663-5
http://dx.doi.org/10.1038/s41569-018-0097-6
http://dx.doi.org/10.1096/fj.00-0249com
http://dx.doi.org/10.1016/S0898-6568(01)00211-X
http://dx.doi.org/10.1093/cvr/cvv208
http://www.ncbi.nlm.nih.gov/pubmed/26239655
http://dx.doi.org/10.1038/nature06902
http://www.ncbi.nlm.nih.gov/pubmed/18454136
http://link.springer.com/10.1007/978-1-59745-245-8_1
http://www.ncbi.nlm.nih.gov/pubmed/18516549
http://www.journals.cambridge.org/abstract_S095442241400002X
http://www.journals.cambridge.org/abstract_S095442241400002X
http://dx.doi.org/10.1017/S095442241400002X
http://www.ncbi.nlm.nih.gov/pubmed/24872083
http://dx.doi.org/10.1016/j.cell.2008.07.048
http://www.ncbi.nlm.nih.gov/pubmed/18805087
http://www.ncbi.nlm.nih.gov/pubmed/21173413
http://dx.doi.org/10.7326/0003-4819-153-12-201012210-00005
http://www.ncbi.nlm.nih.gov/pubmed/21173413
http://www.ncbi.nlm.nih.gov/pubmed/19889804
http://dx.doi.org/10.2337/dc09-0544


Nutrients 2019, 11, 2664 12 of 16

28. Rodriguez, A.; Becerril, S.; Ezquerro, S.; Mendez-Gimenez, L.; Fruhbeck, G. Cross-Talk between Adipokines
and Myokines in Fat Browning. Acta Physiol. 2017, 219, 362–381. [CrossRef]

29. Margaritis, M.; Antonopoulos, A.S.; Digby, J.; Lee, R.; Reilly, S.; Coutinho, P.; Shirodaria, C.; Sayeed, R.;
Petrou, M.; De Silva, R.; et al. Interactions Between Vascular Wall and Perivascular Adipose Tissue Reveal
Novel Roles for Adiponectin in the Regulation of Endothelial Nitric Oxide Synthase Function in Human
Vessels. Circulation 2013, 127, 2209–2221. [CrossRef]

30. King, A.L.; Polhemus, D.J.; Bhushan, S.; Otsuka, H.; Kondo, K.; Nicholson, C.K.; Bradley, J.M.; Islam, K.N.;
Calvert, J.W.; Tao, Y.-X.; et al. Hydrogen Sulfide Cytoprotective Signaling is Endothelial Nitric Oxide
Synthase-Nitric Oxide Dependent. Proc. Natl. Acad. Sci. USA 2014, 111, 3182–3187. [CrossRef]

31. Lee, Y.C.; Chang, H.H.; Chiang, C.L.; Liu, C.H.; Yeh, J.I.; Chen, M.F.; Chen, P.Y.; Kuo, J.S.; Lee, T.J. Role of
Perivascular Adipose Tissue–Derived Methyl Palmitate in Vascular Tone Regulation and Pathogenesis of
Hypertension. Circulation 2011, 124, 1160–1171. [CrossRef] [PubMed]

32. Xia, N.; Li, H. The Role of Perivascular Adipose Tissue in Obesity-Induced Vascular Dysfunction. Br. J. Pharm.
2017, 174, 3425–3442. Available online: http://www.ncbi.nlm.nih.gov/pubmed/27761903 (accessed on 9
November 2018). [CrossRef] [PubMed]

33. Chang, L.; Xiong, W.; Zhao, X.; Fan, Y.; Guo, Y.; Garcia-Barrio, M.; Zhang, J.; Jiang, Z.; Lin, J.D.; Chen, Y.E.
Bmal1 in Perivascular Adipose Tissue Regulates Resting-Phase Blood Pressure Through Transcriptional
Regulation of Angiotensinogen. Circulation 2018, 138, 67–79. [CrossRef] [PubMed]

34. Moreno, M.U.; San Jose, G.; Pejenaute, A.; Landecho, M.F.; Diez, J.; Beloqui, O.; Zalba, G.; Zalba, G.
Association of Phagocytic NADPH Oxidase Activity with Hypertensive Heart Disease: A Role for
Cardiotrophin-1? Hypertension 2014, 63, 468–474. Available online: http://www.ncbi.nlm.nih.gov/pubmed/

24324051 (accessed on 17 October 2016). [CrossRef] [PubMed]
35. Antonopoulos, A.S.; Margaritis, M.; Coutinho, P.; Shirodaria, C.; Psarros, C.; Herdman, L.; Krasopoulos, G.;

Channon, K.M.; Casadei, B.; Tousoulis, D.; et al. Adiponectin as a Link Between Type 2 Diabetes and Vascular
NADPH Oxidase Activity in the Human Arterial Wall: The Regulatory Role of Perivascular Adipose Tissue.
Diabetologia 2015, 64, 2207–2219. Available online: http://www.ncbi.nlm.nih.gov/pubmed/25552596 (accessed
on 9 November 2018). [CrossRef]

36. Fortuno, A.; Bidegain, J.; Baltanas, A.; Moreno, M.U.; Montero, L.; Landecho, M.F.; Beloqui, O.; Diez, J.;
Zalba, G. Is Leptin Involved in Phagocytic NADPH Oxidase Overactivity in Obesity? Potential clinical
implications. J. Hypertens. 2010, 28, 1944–1950. [CrossRef]

37. Fortuno, A.; Bidegain, J.; San Jose, G.; Robador, P.A.; Landecho, M.F.; Beloqui, O.; DIez, J.; Zalba, G.
Insulin Resistance Determines Phagocytic Nicotinamide Adenine Dinucleotide Phosphate Oxidase
Overactivation in Metabolic Syndrome Patients. J. Hypertens. 2009, 27, 1420–1430. [CrossRef]

38. Beloqui, O.; Moreno, M.U.; San Jose, G.; Pejenaute, A.; Cortes, A.; Landecho, M.F.; Zalba, G.; Fortuno, A.;
Diez, J.; Landecho, M.F.; et al. Increased Phagocytic NADPH Oxidase Activity Associates with Coronary
Artery Calcification in Asymptomatic Men. Free Radic. Res. 2017, 51, 389–396. Available online: http:
//www.ncbi.nlm.nih.gov/pubmed/28427294 (accessed on 8 November 2018). [CrossRef]

39. Fruhbeck, G.; Catalan, V.; Rodriguez, A.; Gomez-Ambrosi, J. Adiponectin-Leptin Ratio: A Promising Index
to Estimate Adipose Tissue Dysfunction. Relation with Obesity-Associated Cardiometabolic Risk. Adipocyte
2018, 7, 57–62. Available online: http://www.ncbi.nlm.nih.gov/pubmed/29205099 (accessed on 9 November
2018). [CrossRef]

40. Fruhbeck, G.; Catalan, V.; Rodriguez, A.; Ramirez, B.; Becerril, S.; Portincasa, P.; Gomez-Ambrosi, J.
Normalization of Adiponectin Concentrations by Leptin Replacement in ob/ob Mice is Accompanied by
Reductions in Systemic Oxidative Stress and Inflammation. Sci. Rep. 2017, 7, 2752. [CrossRef]

41. 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]

42. Oikonomou, E.K.; Antoniades, C.; Oikonomou, D.E.K.; Antoniades, D.C. Immunometabolic Regulation of
Vascular Redox State: The Role of Adipose Tissue. Antioxid. Redox. Signal. 2018, 29, 313–336. [CrossRef]
[PubMed]

43. Unamuno, X.; Gomez-Ambrosi, J.; Rodriguez, A.; Becerril, S.; Fruhbeck, G.; Catalan, V.; Berrecil, S.
Adipokine Dysregulation and Adipose Tissue Inflammation in Human Obesity. Eur. J. Clin. Investig. 2018,
48, e12997. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/apha.12686
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.001133
http://dx.doi.org/10.1073/pnas.1321871111
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.027375
http://www.ncbi.nlm.nih.gov/pubmed/21844078
http://www.ncbi.nlm.nih.gov/pubmed/27761903
http://dx.doi.org/10.1111/bph.13650
http://www.ncbi.nlm.nih.gov/pubmed/27761903
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.029972
http://www.ncbi.nlm.nih.gov/pubmed/29371216
http://www.ncbi.nlm.nih.gov/pubmed/24324051
http://www.ncbi.nlm.nih.gov/pubmed/24324051
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01470
http://www.ncbi.nlm.nih.gov/pubmed/24324051
http://www.ncbi.nlm.nih.gov/pubmed/25552596
http://dx.doi.org/10.2337/db14-1011
http://dx.doi.org/10.1097/HJH.0b013e32833c21af
http://dx.doi.org/10.1097/HJH.0b013e32832b1e8f
http://www.ncbi.nlm.nih.gov/pubmed/28427294
http://www.ncbi.nlm.nih.gov/pubmed/28427294
http://dx.doi.org/10.1080/10715762.2017.1321745
http://www.ncbi.nlm.nih.gov/pubmed/29205099
http://dx.doi.org/10.1080/21623945.2017.1402151
http://dx.doi.org/10.1038/s41598-017-02848-0
http://dx.doi.org/10.1038/ijo.2009.24
http://www.ncbi.nlm.nih.gov/pubmed/19223849
http://dx.doi.org/10.1089/ars.2017.7017
http://www.ncbi.nlm.nih.gov/pubmed/28657335
http://dx.doi.org/10.1111/eci.12997
http://www.ncbi.nlm.nih.gov/pubmed/29995306


Nutrients 2019, 11, 2664 13 of 16

44. Sawaki, D.; Czibik, G.; Pini, M.; Ternacle, J.; Suffee, N.; Mercedes, R.; Marcelin, G.; Surenaud, M.; Marcos, E.;
Gual, P.; et al. Visceral Adipose Tissue Drives Cardiac Aging Through Modulation of Fibroblast Senescence
by Osteopontin Production. Circulation 2018, 138, 809–822. [CrossRef]

45. Muruzabal, F.J.; Fruhbeck, G.; Gomez-Ambrosi, J.; Archanco, M.; Burrell, M. Immunocytochemical Detection
of Leptin in Non-Mammalian Vertebrate Stomach. Gen. Comp. Endocrinol. 2002, 128, 149–152. [CrossRef]

46. Rodriguez, A.; Gomez-Ambrosi, J.; Catalan, V.; Fortuno, A.; Fruhbeck, G. Leptin Inhibits the Proliferation of
Vascular Smooth Muscle Cells Induced by Angiotensin II through Nitric Oxide-Dependent Mechanisms.
Mediat. Inflamm. 2010, 2010, 105489. [CrossRef]

47. Gomez-Ambrosi, J.; Salvador, J.; A Paramo, J.; Orbe, J.; De Irala, J.; Diez-Caballero, A.; Gil, M.J.; Cienfuegos, A.;
Fruhbeck, G. Involvement of Leptin in the Association between Percentage of Body Fat and Cardiovascular
Risk Factors. Clin. Biochem. 2002, 35, 315–320. [CrossRef]

48. Sweeney, G. Cardiovascular Effects of Leptin. Nat. Rev. Cardiol. 2010, 7, 22–29. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/19949425 (accessed on 9 November 2018). [CrossRef]

49. Wallace, A.M.; McMahon, A.D.; Packard, C.J.; Kelly, A.; Shepherd, J.; Gaw, A.; Sattar, N. Plasma Leptin
and the Risk of Cardiovascular Disease in the West of Scotland Coronary Prevention Study (WOSCOPS).
Circulation 2001, 104, 3052–3056. [CrossRef]

50. Martin, S.S.; Blaha, M.J.; Muse, E.D.; Qasim, A.N.; Reilly, M.P.; Blumenthal, R.S.; Allison, M.A.; Hughes, A.M.J.;
McClelland, R.L.; Criqui, M.H.; et al. Leptin and Incident Cardiovascular Disease: The Multi-Ethnic Study of
Atherosclerosis (MESA). Atherosclerosis 2015, 239, 67–72. Available online: http://www.ncbi.nlm.nih.gov/

pubmed/25574859 (accessed on 9 May 2019). [CrossRef]
51. Dirksen, C.; Jørgensen, N.B.; Bojsen-Moller, K.N.; Jacobsen, S.H.; Hansen, D.L.; Worm, D.; Holst, J.J.;

Madsbad, S. Mechanisms of Improved Glycaemic Control after Roux-En-Y Gastric bypass. Diabetologia 2012,
55, 1890–1901. [CrossRef] [PubMed]

52. Adams, T.D.; Davidson, L.E.; Litwin, S.E.; Kim, J.; Kolotkin, R.L.; Nanjee, M.N.; Hopkins, P.N.; Brinton, M.D.;
Eliot, A.; Ibele, M.D.; et al. Weight and Metabolic Outcomes 12 Years after Gastric Bypass. N. Engl. J. Med.
2017, 377, 1143–1155. Available online: http://www.nejm.org/doi/10.1056/NEJMoa1700459 (accessed on
12 July 2019). [CrossRef] [PubMed]

53. Huypens, P.R. Leptin and Adiponectin Regulate Compensatory Beta Cell Growth in Accordance to
Overweight. Med. Hypotheses 2007, 68, 1134–1137. [CrossRef] [PubMed]

54. Yamauchi, T.; Kadowaki, T. Adiponectin Receptor as a Key Player in Healthy Longevity and Obesity-Related
Diseases. Cell Metab. 2013, 17, 185–196. [CrossRef] [PubMed]

55. Wu, Z.J.; Cheng, Y.J.; Gu, W.J.; Aung, L.H.H. Adiponectin is Associated with Increased Mortality in Patients
with Already Established Cardiovascular Disease: A Systematic Review and Meta-Analysis. Metabolism
2014, 63, 1157–1166. [CrossRef] [PubMed]

56. Vega, G.L.; Grundy, S.M. Metabolic Risk Susceptibility in Men Is Partially Related to Adiponectin/Leptin
Ratio. J. Obes. 2013, 2013. [CrossRef]

57. Chai, F.; Wang, Y.; Zhou, Y.; Liu, Y.; Geng, D.; Liu, J. Adiponectin Downregulates Hyperglycemia and
Reduces Pancreatic Islet Apoptosis After Roux-En-Y Gastric Bypass Surgery. Obes. Surg. 2011, 21,
768–773. Available online: http://link.springer.com/10.1007/s11695-011-0357-6 (accessed on 4 November
2016). [CrossRef]

58. Fruhbeck, G. The Adipose Tissue as a Source of Vasoactive Factors. Curr. Med. Chem. Cardiovasc. Hematol.
Agents 2004, 2, 197–208. Available online: http://www.ncbi.nlm.nih.gov/pubmed/15320786 (accessed on
13 November 2018). [CrossRef]

59. Lu, H.; Cassis, L.A.; Kooi, C.W.V.; Daugherty, A. Structure and Functions of Angiotensinogen. Hypertens. Res.
2016, 39, 492–500. [CrossRef]

60. Karlsson, C.; Lindell, K.; Ottosson, M.; Sjostrom, L.; Carlsson, B.; Carlsson, L.M. Human Adipose Tissue Expresses
Angiotensinogen and Enzymes Required for its Conversion to Angiotensin II. J. Clin. Endocrinol. Metab. 1998,
83, 3925–3929. Available online: https://academic.oup.com/jcem/article-lookup/doi/10.1210/jcem.83.11.5276
(accessed on 9 November 2018). [CrossRef]

61. Crespo, T.S.; Andrade, J.M.O.; Paraiso, A.F.; De Farias Lelis, D.; Chagas, P.V.F.; Jorge, A.S.B.; Santos, S.H.S.;
Sena, A.L.; Batista, A.M.; Paula, D.; et al. Effects of Sleeve Gastrectomy on the Metabolic Profile and on
the Expression of Renin-Angiotensin System in Adipose Tissue of Obese Rats. Protein Pept. Lett. 2017,

http://dx.doi.org/10.1161/CIRCULATIONAHA.117.031358
http://dx.doi.org/10.1016/S0016-6480(02)00072-2
http://dx.doi.org/10.1155/2010/105489
http://dx.doi.org/10.1016/S0009-9120(02)00320-X
http://www.ncbi.nlm.nih.gov/pubmed/19949425
http://dx.doi.org/10.1038/nrcardio.2009.224
http://dx.doi.org/10.1161/hc5001.101061
http://www.ncbi.nlm.nih.gov/pubmed/25574859
http://www.ncbi.nlm.nih.gov/pubmed/25574859
http://dx.doi.org/10.1016/j.atherosclerosis.2014.12.033
http://dx.doi.org/10.1007/s00125-012-2556-7
http://www.ncbi.nlm.nih.gov/pubmed/22538359
http://www.nejm.org/doi/10.1056/NEJMoa1700459
http://dx.doi.org/10.1056/NEJMoa1700459
http://www.ncbi.nlm.nih.gov/pubmed/28930514
http://dx.doi.org/10.1016/j.mehy.2006.09.046
http://www.ncbi.nlm.nih.gov/pubmed/17098372
http://dx.doi.org/10.1016/j.cmet.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23352188
http://dx.doi.org/10.1016/j.metabol.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24933398
http://dx.doi.org/10.1155/2013/409679
http://link.springer.com/10.1007/s11695-011-0357-6
http://dx.doi.org/10.1007/s11695-011-0357-6
http://www.ncbi.nlm.nih.gov/pubmed/15320786
http://dx.doi.org/10.2174/1568016043356255
http://dx.doi.org/10.1038/hr.2016.17
https://academic.oup.com/jcem/article-lookup/doi/10.1210/jcem.83.11.5276
http://dx.doi.org/10.1210/jc.83.11.3925


Nutrients 2019, 11, 2664 14 of 16

24, 861–868. Available online: http://www.ncbi.nlm.nih.gov/pubmed/28758596 (accessed on 15 July 2019).
[CrossRef] [PubMed]

62. Liang, W.; Ye, D.D. The Potential of Adipokines as Biomarkers and Therapeutic Agents for Vascular
Complications in Type 2 Diabetes Mellitus. Cytokine Growth Factor Rev. 2019, 48, 32–39. [CrossRef] [PubMed]

63. Moreno-Navarrete, J.M.; Catalan, V.; Ortega, F.; Gomez-Ambrosi, J.; Ricart, W.; Fruhbeck, G.;
Fernandez-Real, J.M. Circulating Omentin Concentration Increases after Weight Loss. Nutr. Metab. 2010, 7,
27. Available online: http://www.ncbi.nlm.nih.gov/pubmed/20380714 (accessed on 15 July 2019). [CrossRef]
[PubMed]

64. Shibata, R.; Ouchi, N.; Kikuchi, R.; Takahashi, R.; Takeshita, K.; Kataoka, Y.; Ohashi, K.; Ikeda, N.; Kihara, S.;
Murohara, T. Circulating Omentin is Associated with Coronary Artery Disease in Men. Atheroscler 2011, 219,
811–814. [CrossRef]

65. De Souza Batista, C.M.; Yang, R.Z.; Lee, M.J.; Lee, M.J.; Glynn, N.M.; Yu, D.Z.; Pray, J.; Fried, S.K.; Patil, J.;
Patil, S.; et al. Omentin Plasma Levels and Gene Expression Are Decreased in Obesity. Diabetes 2007, 56,
1655–1661. Available online: http://www.ncbi.nlm.nih.gov/pubmed/17329619 (accessed on 9 November 2018).
[CrossRef]

66. Narumi, T.; Watanabe, T.; Kadowaki, S.; Kinoshita, D.; Yokoyama, M.; Honda, Y.; Otaki, Y.; Nishiyama, S.;
Takahashi, H.; Arimoto, T.; et al. Impact of Serum Omentin-1 Levels on Cardiac Prognosis in Patients with
Heart Failure. Cardiovasc. Diabetol. 2014, 13, 84. [CrossRef]

67. Lapointe, M.; Poirier, P.; Martin, J.; Bastien, M.; Auclair, A.; Cianflone, K. Omentin Changes Following Bariatric
Surgery and Predictive Links with Biomarkers for Risk of Cardiovascular Disease. Cardiovasc. Diabetol. 2014,
13, 124. [CrossRef]

68. Martinez-Cruz, L.A.; Gil, M.J.; Cienfuegos, J.A.; Gomez-Ambrosi, J.; Catalan, V.; Diez-Caballero, A.;
Garcia-Foncillas, J.; Salvador, J.; Mato, J.M.; Fruhbeck, G. Gene Expression Profile of Omental Adipose Tissue
in Human Obesity. FASEB J. 2004, 18, 215–217.

69. Scatena, M.; Liaw, L.; Giachelli, C.M. Osteopontin: A Multifunctional Molecule Regulating Chronic
Inflammation and Vascular Disease. Arter. Thromb Vasc. Biol. 2007, 27, 2302–2309. Available online:
https://www.ahajournals.org/doi/10.1161/ATVBAHA.107.144824 (accessed on 9 November 2018). [CrossRef]

70. Kiefer, F.W.; Zeyda, M.; Todoric, J.; Huber, J.; Geyeregger, R.; Weichhart, T.; Aszmann, O.; Ludvik, B.;
Silberhumer, G.R.; Prager, G.; et al. Osteopontin Expression in Human and Murine Obesity: Extensive Local
Up-Regulation in Adipose Tissue but Minimal Systemic Alterations. Endocrinology 2008, 149, 1350–1357.
[CrossRef]

71. Kahles, F.; Findeisen, H.M.; Bruemmer, D. Osteopontin: A Novel Regulator at the Cross Roads of Inflammation,
obesity and diabetes. Mol. Metab. 2014, 3, 384–393. Available online: http://www.ncbi.nlm.nih.gov/pubmed/

24944898 (accessed on 15 July 2019). [CrossRef] [PubMed]
72. Ashkar, S.; Weber, G.F.; Panoutsakopoulou, V.; Sanchirico, M.E.; Jansson, M.; Zawaideh, S.; Rittling, S.R.;

Denhardt, D.T.; Glimcher, M.J.; Cantor, H. Eta-1 (Osteopontin): An Early Component of Type-1 (Cell-Mediated)
Immunity. Science 2000, 287, 860–864. Available online: http://www.ncbi.nlm.nih.gov/pubmed/10657301
(accessed on 9 November 2018). [CrossRef] [PubMed]

73. Denhardt, D.T.; Noda, M.; Oregan, A.W.; Pavlin, D.; Berman, J.S. Osteopontin as a Means to Cope with
Environmental Insults: Regulation of Inflammation, Tissue Remodeling, and Cell Survival. J. Clin. Investig.
2001, 107, 1055–1061. [CrossRef] [PubMed]

74. Içer, M.A.; Gezmen-Karadag, M. The Multiple Functions and Mechanisms of Osteopontin. Clin. Biochem.
2018, 59, 17–24. [CrossRef]

75. Stefan, N.; Haring, H.U.; Cusi, K. Non-Alcoholic Fatty Liver Disease: Causes, Diagnosis, Cardiometabolic
Consequences, and Treatment Strategies. Lancet Diabetes Endocrinol. 2019, 7, 313–324. [CrossRef]

76. Lopez, B.; Gonzalez, A.; Lindner, D.; Westermann, D.; Ravassa, S.; Beaumont, J.; Larman, M.; Gallego, A.;
Brugnolaro, C.; Querejeta, R.; et al. Osteopontin-Mediated Myocardial Fibrosis in Heart Failure: A Role for
Lysyl Oxidase? Cardiovasc. Res. 2013, 99, 111–120. Available online: http://www.ncbi.nlm.nih.gov/pubmed/

23619422 (accessed on 9 November 2018). [CrossRef]
77. Carbone, F.; Montecucco, F. Novel Cardiovascular Risk Biomarkers in Carotid Atherogenesis. Biomark. Med.

2018, 12, 1065–1067. Available online: https://www.futuremedicine.com/doi/10.2217/bmm-2018-0198
(accessed on 15 November 2018). [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/28758596
http://dx.doi.org/10.2174/0929866524666170728155926
http://www.ncbi.nlm.nih.gov/pubmed/28758596
http://dx.doi.org/10.1016/j.cytogfr.2019.06.002
http://www.ncbi.nlm.nih.gov/pubmed/31229411
http://www.ncbi.nlm.nih.gov/pubmed/20380714
http://dx.doi.org/10.1186/1743-7075-7-27
http://www.ncbi.nlm.nih.gov/pubmed/20380714
http://dx.doi.org/10.1016/j.atherosclerosis.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17329619
http://dx.doi.org/10.2337/db06-1506
http://dx.doi.org/10.1186/1475-2840-13-84
http://dx.doi.org/10.1186/s12933-014-0124-9
https://www.ahajournals.org/doi/10.1161/ATVBAHA.107.144824
http://dx.doi.org/10.1161/ATVBAHA.107.144824
http://dx.doi.org/10.1210/en.2007-1312
http://www.ncbi.nlm.nih.gov/pubmed/24944898
http://www.ncbi.nlm.nih.gov/pubmed/24944898
http://dx.doi.org/10.1016/j.molmet.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24944898
http://www.ncbi.nlm.nih.gov/pubmed/10657301
http://dx.doi.org/10.1126/science.287.5454.860
http://www.ncbi.nlm.nih.gov/pubmed/10657301
http://dx.doi.org/10.1172/JCI12980
http://www.ncbi.nlm.nih.gov/pubmed/11342566
http://dx.doi.org/10.1016/j.clinbiochem.2018.07.003
http://dx.doi.org/10.1016/S2213-8587(18)30154-2
http://www.ncbi.nlm.nih.gov/pubmed/23619422
http://www.ncbi.nlm.nih.gov/pubmed/23619422
http://dx.doi.org/10.1093/cvr/cvt100
https://www.futuremedicine.com/doi/10.2217/bmm-2018-0198
http://dx.doi.org/10.2217/bmm-2018-0198


Nutrients 2019, 11, 2664 15 of 16

78. Lancha, A.; Moncada, R.; Valenti, V.; Rodriguez, A.; Catalan, V.; Becerril, S.; Ramirez, B.; Mendez-Gimenez, L.;
Fruhbeck, G.; Gomez-Ambrosi, J. Effect of Sleeve Gastrectomy on Osteopontin Circulating Levels and
Expression in Adipose Tissue and Liver in Rats. Obes. Surg. 2014, 24, 1702–1708. [CrossRef]

79. Park, H.K.; Kwak, M.K.; Kim, H.J.; Ahima, R.S. Linking Resistin, Inflammation, and Cardiometabolic
Diseases. Korean J. Intern. Med. 2017, 32, 239–247. Available online: http://kjim.org/journal/view.php?doi=10.
3904/kjim.2016.229 (accessed on 12 July 2019). [CrossRef]

80. Fontana, A.; Spadaro, S.; Copetti, M.; Spoto, B.; Salvemini, L.; Pizzini, P.; Frittitta, L.; Mallamaci, F.;
Pellegrini, F.; Trischitta, V.; et al. Association between Resistin Levels and All-Cause and Cardiovascular
Mortality: A New Study and a Systematic Review and Meta-Analysis. PLoS ONE 2015, 10, e0120419.
[CrossRef]

81. Doulamis, I.P.; Konstantopoulos, P.; Tzani, A.; Antoranz, A.; Minia, A.; Daskalopoulou, A.; Menenakos, E.;
Perrea, L.; Alexopulos, L.; Charalampopoulos, A.; et al. Visceral white Adipose Tissue and Serum Proteomic
Alternations in Metabolically Healthy Obese Patients Undergoing Bariatric Surgery. Cytokine 2019, 115, 76–83.
Available online: http://www.ncbi.nlm.nih.gov/pubmed/30472106 (accessed on 15 July 2019). [CrossRef]
[PubMed]

82. Arica, P.C.; Aydin, S.; Zengin, U.; Kocael, A.; Orhan, A.; Zengin, K.; Uzun, H.; Taskin, M.; Gelisgen, R.
The Effects on Obesity Related Peptides of Laparoscopic Gastric Band Applications in Morbidly Obese
Patients. J. Investig. Surg. 2018, 31, 89–95. Available online: http://www.ncbi.nlm.nih.gov/pubmed/28635510
(accessed on 15 July 2019). [CrossRef] [PubMed]

83. Hung, W.C.; Yu, T.H.; Hsu, C.C.; Lu, L.F.; Chung, F.M.; Tsai, I.T.; Wang, C.P.; Lee, Y.J.; Houng, J.Y.;
Lu, Y.C. Plasma Visfatin Levels are Associated with Major Adverse Cardiovascular Events in Patients with
Acute ST-Elevation Myocardial Infarction. Clin. Investig. Med. 2015, 38, E100–E109. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/26026637 (accessed on 9 November 2018). [CrossRef]

84. Dahl, T.B.; Yndestad, A.; Skjelland, M. Increased Expression of Visfatin in Macrophages of Human Unstable
Carotid and Coronary Atherosclerosis. Circulation 2007, 115, 972–980. Available online: http://www.ncbi.
nlm.nih.gov/pubmed/17283255 (accessed on 15 July 2019). [CrossRef] [PubMed]

85. Isgaard, J.; Granata, R. Ghrelin in Cardiovascular Disease and Atherogenesis. Mol. Cell. Endocrinol. 2011,
340, 59–64. [CrossRef]

86. Gauna, C.; Delhanty, P.J.D.; Hofland, L.J.; Janssen, J.A.M.J.L.; Broglio, F.; Ross, R.J.M.; Ghigo, E.; Van Der
Lely, A.J. Ghrelin Stimulates, Whereas Des-Octanoyl Ghrelin Inhibits, Glucose Output by Primary Hepatocytes.
J. Clin. Endocrinol. Metab. 2005, 90, 1055–1060. [CrossRef]

87. Tokudome, T.; Kishimoto, I.; Miyazato, M.; Kangawa, K. Ghrelin and the Cardiovascular System. Front Horm. Res.
2014, 43, 125–133.

88. Ezquerro, S.; Fruhbeck, G.; Rodriguez, A. Ghrelin and Autophagy. Curr. Opin. Clin. Nutr. Metab. Care 2017,
20, 402–408. Available online: https://insights.ovid.com/pubmed?pmid=28590260 (accessed on 12 July 2019).
[CrossRef]

89. Nagaya, N.; Kojima, M.; Uematsu, M.; Yamagishi, M.; Hosoda, H.; Oya, H.; Hayashi, Y.; Kangawa, K.
Hemodynamic and Hormonal Effects of Human Ghrelin in Healthy Volunteers. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2001, 280, R1483–R1487. [CrossRef]

90. Nagaya, N.; Uematsu, M.; Kojima, M.; Ikeda, Y.; Yoshihara, F.; Shimizu, W.; Hosoda, H.; Hirota, Y.; Ishida, H.;
Mori, H.; et al. Chronic Administration of Ghrelin Improves Left Ventricular Dysfunction and Attenuates
Development of Cardiac Cachexia in Rats with Heart Failure. Circulation 2001, 104, 1430–1435. [CrossRef]

91. Nagaya, N.; Moriya, J.; Yasumura, Y.; Uematsu, M.; Ono, F.; Shimizu, W.; Ueno, K.; Kitakaze, M.; Miyatake, K.;
Kangawa, K. Effects of Ghrelin Administration on Left Ventricular Function, Exercise Capacity, and Muscle
Wasting in Patients With Chronic Heart Failure. Circulation 2004, 110, 3674–3679. [CrossRef]

92. Ezquerro, S.; Mendez-Gimenez, L.; Becerril, S.; Moncada, R.; Valenti, V.; Catalan, V.; Gomez-Ambrosi, J.;
Fruhbeck, G.; Rodriguez, A. Acylated and Desacyl Ghrelin are Associated with Hepatic Lipogenesis,
β-Oxidation and Autophagy: Role in NAFLD Amelioration after Sleeve Gastrectomy in Obese Rats. Sci. Rep.
2016, 6, 39942. [CrossRef] [PubMed]

93. Chang, L.; Ren, Y.; Liu, X.; Li, W.G.; Yang, J.; Geng, B.; Weintraub, N.L.; Tang, C. Protective Effects of
Ghrelin on Ischemia/Reperfusion Injury in the Isolated Rat Heart. J. Cardiovasc. Pharmacol. 2004, 43, 165–170.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11695-014-1240-z
http://kjim.org/journal/view.php?doi=10.3904/kjim.2016.229
http://kjim.org/journal/view.php?doi=10.3904/kjim.2016.229
http://dx.doi.org/10.3904/kjim.2016.229
http://dx.doi.org/10.1371/journal.pone.0120419
http://www.ncbi.nlm.nih.gov/pubmed/30472106
http://dx.doi.org/10.1016/j.cyto.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30472106
http://www.ncbi.nlm.nih.gov/pubmed/28635510
http://dx.doi.org/10.1080/08941939.2017.1280564
http://www.ncbi.nlm.nih.gov/pubmed/28635510
http://www.ncbi.nlm.nih.gov/pubmed/26026637
http://dx.doi.org/10.25011/cim.v38i3.22705
http://www.ncbi.nlm.nih.gov/pubmed/17283255
http://www.ncbi.nlm.nih.gov/pubmed/17283255
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.665893
http://www.ncbi.nlm.nih.gov/pubmed/17283255
http://dx.doi.org/10.1016/j.mce.2011.03.006
http://dx.doi.org/10.1210/jc.2004-1069
https://insights.ovid.com/pubmed?pmid=28590260
http://dx.doi.org/10.1097/MCO.0000000000000390
http://dx.doi.org/10.1152/ajpregu.2001.280.5.R1483
http://dx.doi.org/10.1161/hc3601.095575
http://dx.doi.org/10.1161/01.CIR.0000149746.62908.BB
http://dx.doi.org/10.1038/srep39942
http://www.ncbi.nlm.nih.gov/pubmed/28008992
http://dx.doi.org/10.1097/00005344-200402000-00001
http://www.ncbi.nlm.nih.gov/pubmed/14716201


Nutrients 2019, 11, 2664 16 of 16

94. Schwenke, D.O.; Tokudome, T.; Kishimoto, I.; Horio, T.; Shirai, M.; Cragg, P.A.; Kangawa, K. Early Ghrelin
Treatment after Myocardial Infarction Prevents an Increase in Cardiac Sympathetic Tone and Reduces
Mortality. Endocrinology 2008, 149, 5172–5176. [CrossRef] [PubMed]

95. Mao, Y.; Tokudome, T.; Otani, K.; Kishimoto, I.; Nakanishi, M.; Hosoda, H.; Kangawa, K.; Miyazato, M.;
Hosoda, H.; Nakanishi, M.; et al. Ghrelin Prevents Incidence of Malignant Arrhythmia after Acute Myocardial
Infarction through Vagal Afferent Nerves. Endocrinology 2012, 153, 3426–3434. [CrossRef]

96. Soeki, T.; Kishimoto, I.; Schwenke, D.O.; Tokudome, T.; Horio, T.; Yoshida, M.; Hosoda, H.; Kangawa, K.
Ghrelin Suppresses Cardiac Sympathetic Activity and Prevents Early Left Ventricular Remodeling in Rats
with Myocardial Infarction. Am. J. Physiol. Circ. Physiol. 2008, 294, H426–H432. [CrossRef]

97. Cowan, E.; Burch, K.J.; Green, B.D.; Grieve, D.J. Obestatin as a Key Regulator of Metabolism and
Cardiovascular Function with Emerging Therapeutic Potential for Diabetes. Br. J. Pharmacol. 2016,
173, 2165–2181. [CrossRef]

98. Agnew, A.J.; Robinson, E.; McVicar, C.M.; Harvey, A.P.; Ali, I.H.E.; Lindsay, J.; McDonald, D.M.; Green, B.D.;
Grieve, D.J. The Gastrointestinal Peptide Obestatin Induces Vascular Relaxation Via Specific Activation of
Endothelium-Dependent NO Signalling. Br. J. Pharmacol. 2012, 166, 327–338. [CrossRef]

99. Kellokoski, E.; Kunnari, A.; Jokela, M.; Makela, S.; Kesaniemi, Y.A.; Horkko, S. Ghrelin and Obestatin
Modulate Early Atherogenic Processes on Cells: Enhancement of Monocyte Adhesion and Oxidized
Low-Density Lipoprotein Binding. Metabolism 2009, 58, 1572–1580. [CrossRef]

100. Alloatti, G.; Arnoletti, E.; Bassino, E.; Penna, C.; Perrelli, M.G.; Ghe, C.; Muccioli, G. Obestatin Affords
Cardioprotection to the Ischemic-Reperfused Isolated Rat Heart and Inhibits Apoptosis in Cultures of
Similarly Stressed Cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H470–H481. [CrossRef]

101. Catalan, V.; Gomez-Ambrosi, J.; Rodriguez, A.; Ramirez, B.; Valenti, V.; Moncada, R.; Fruhbeck, G.;
Landecho, F.M.; Silva, C.; Salvador, J.; et al. Increased IL-32 Levels in Obesity Promote Adipose Tissue
Inflammation and Extracellular Matrix Remodeling. Effect Weight Loss. Diabetes 2016, 65, 3636–3648.
Available online: http://www.ncbi.nlm.nih.gov/pubmed/27630206 (accessed on 17 October 2016). [CrossRef]
[PubMed]

102. Gomez-Ambrosi, J.; Salvador, J.; Rotellar, F.; Silva, C.; Catalan, V.; Rodriguez, A.M.; Gil, J.; Fruhbeck, G.
Increased Serum Amyloid A Concentrations in Morbid Obesity Decrease after Gastric Bypass. Obes. Surg.
2006, 16, 262–269. Available online: http://www.ncbi.nlm.nih.gov/pubmed/16545156 (accessed on
15 November 2018). [CrossRef] [PubMed]

103. Catalan, V.; Gomez-Ambrosi, J.; Rodriguez, A.; Silva, C.; Rotellar, F.; Gil, M.J.; Fruhbeck, G.; Salvador, J.
Expression of Caveolin-1 in Human Adipose Tissue is Upregulated in Obesity and Obesity-Associated Type
2 Diabetes Mellitus and Related to Inflammation. Clin. Endocrinol. 2008, 68, 213–219. Available online:
http://www.ncbi.nlm.nih.gov/pubmed/17803693 (accessed on 13 November 2018). [CrossRef] [PubMed]

104. Gallego-Escuredo, J.M.; Gomez-Ambrosi, J.; Catalan, V.; Domingo, P.; Giralt, M.; Frühbeck, G.; Villarroya, F.
Opposite Alterations in FGF21 and FGF19 Levels and Disturbed Expression of the Receptor Machinery for
Endocrine FGFs in Obese Patients. Int. J. Obes. 2015, 39, 121–129. Available online: http://www.ncbi.nlm.nih.
gov/pubmed/24813368 (accessed on 13 November 2018). [CrossRef]

105. Victoria, C.J.; GOmez-Ambrosi, A.; Rodriguez, B.; Ramirez, F.; Rotellar, V.; Valenti, C.; Silva, M.J.; Gil, J.;
Manuel, F.R.; Javier, S.; et al. Increased Levels of Calprotectin in Obesity are Related to Macrophage Content:
Impact on Inflammation and Effect of Weight Loss. Mol. Med. 2011, 17, 1157–1167. Available online:
http://www.molmed.org/content/pdfstore/11_144_Catalan.pdf (accessed on 13 November 2018).

106. Boa, B.C.S.; Yudkin, J.S.; Van Hinsbergh, V.W.M.; Bouskela, E.; Eringa, E.C. Exercise Effects on Perivascular
Adipose Tissue: Endocrine and Paracrine Determinants of Vascular Function. Br. J. Pharmacol. 2017, 174,
3466–3481. [CrossRef]

107. Pardo, M.; Crujeiras, A.B.; Amil, M.; Aguera, Z.; Jimenez-Murcia, S.; Banos, R.; Botella, C.; De La Torre, R.;
Estivill, X.; Fagundo, A.B.; et al. Association of Irisin with Fat Mass, Resting Energy Expenditure, and Daily
Activity in Conditions of Extreme Body Mass Index. Int. J. Endocrinol. 2014, 2014, 857270. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/en.2008-0472
http://www.ncbi.nlm.nih.gov/pubmed/18599547
http://dx.doi.org/10.1210/en.2012-1065
http://dx.doi.org/10.1152/ajpheart.00643.2007
http://dx.doi.org/10.1111/bph.13502
http://dx.doi.org/10.1111/j.1476-5381.2011.01761.x
http://dx.doi.org/10.1016/j.metabol.2009.05.009
http://dx.doi.org/10.1152/ajpheart.00800.2009
http://www.ncbi.nlm.nih.gov/pubmed/27630206
http://dx.doi.org/10.2337/db16-0287
http://www.ncbi.nlm.nih.gov/pubmed/27630206
http://www.ncbi.nlm.nih.gov/pubmed/16545156
http://dx.doi.org/10.1381/096089206776116525
http://www.ncbi.nlm.nih.gov/pubmed/16545156
http://www.ncbi.nlm.nih.gov/pubmed/17803693
http://dx.doi.org/10.1111/j.1365-2265.2007.03021.x
http://www.ncbi.nlm.nih.gov/pubmed/17803693
http://www.ncbi.nlm.nih.gov/pubmed/24813368
http://www.ncbi.nlm.nih.gov/pubmed/24813368
http://dx.doi.org/10.1038/ijo.2014.76
http://www.molmed.org/content/pdfstore/11_144_Catalan.pdf
http://dx.doi.org/10.1111/bph.13732
http://dx.doi.org/10.1155/2014/857270
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Adipose Tissue Physiology 
	Specific Adipokines 
	Leptin 
	Adiponectin 
	Angiotensinogen 
	Omentin-1 
	Osteopontin 
	RESISTIN and VISFATIN 
	Ghrelin 
	Obestatin 
	Other Pro-Inflammatory Cytokines 

	Conclusions 
	Review Criteria 
	References

