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Adipose tissue is a critical regulator of systemic metabolism and bodily homeostasis

as it secretes a myriad of adipokines, including inflammatory and anti-inflammatory

cytokines. As the main storage pool of lipids, subcutaneous and visceral adipose

tissues undergo marked hypertrophy and hyperplasia in response to nutritional excess

leading to hypoxia, adipokine dysregulation, and subsequent low-grade inflammation

that is characterized by increased infiltration and activation of innate and adaptive

immune cells. The specific localization, physiology, susceptibility to inflammation and

the heterogeneity of the inflammatory cell population of each adipose depot are unique

and thus dictate the possible complications of adipose tissue chronic inflammation.

Several lines of evidence link visceral and particularly perivascular, pericardial, and

perirenal adipose tissue inflammation to the development of metabolic syndrome, insulin

resistance, type 2 diabetes and cardiovascular diseases. In addition to the implication of

the immune system in the regulation of adipose tissue function, adipose tissue immune

components are pivotal in detrimental or otherwise favorable adipose tissue remodeling

and thermogenesis. Adipose tissue resident and infiltrating immune cells undergo

metabolic and morphological adaptation based on the systemic energy status and thus

a better comprehension of the metabolic regulation of immune cells in adipose tissues is

pivotal to address complications of chronic adipose tissue inflammation. In this review, we

discuss the role of adipose innate and adaptive immune cells across various physiological

and pathophysiological states that pertain to the development or progression of

cardiovascular diseases associated with metabolic disorders. Understanding such

mechanisms allows for the exploitation of the adipose tissue-immune system crosstalk,

exploring how the adipose immune system might be targeted as a strategy to treat

cardiovascular derangements associated with metabolic dysfunctions.
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FIGURE 2 | Perivascular and epicardiac adipose tissue dysfunction: the emerging role of immune cell and adipokine profile dysregulation. Metabolic impairment

triggers changes in PVAT (left) and EpiCAT (right) adipokine environment and immune cell activity. Inflammation has a direct effect on the neighboring vascular and

cardiac tissue. Changes in UCP1 expression were reported to have opposite effects in either depot. Pathways active in basal PVAT and EpiCAT homeostasis are

depicted in black arrows, while those activated during inflammation are shown in red. ADM2, Adrenomedullin-2; eNOS, Endothelial Nitric Oxide Synthase; EpiCAT,

Epicardial Adipose Tissue; ER Stress, Endoplasmic Reticulum Stress; HIF-1α, Hypoxia-induced Factor 1 Alpha; IL, Interleukin; MCP-1, Monocyte Chemoattractant

Protein 1; NF-κB, Nuclear Factor Kapp-light-chain-enhancer of Activated B cells; NLRP3, NLR Family Pyrin Domain Containing 3; O2, Oxygen; PVAT, Perivascular

Adipose Tissue; RAS, Renin Angiotensin System; ROS, Reactive Oxygen Species; TGF-β, Transforming Growth Factor Beta; TNFα, Tumor Necrosis Factor Alpha;

UCP1, Uncoupling Protein 1.

tissue fibrosis and IR. These alterations occurred coincidently
with the progression of obesity and diabetes (225).

Perirenal Adipose Tissue
PRAT, the AT surrounding the kidney, was previously assumed
to merely mechanically support the kidneys. However, several
studies postulated that not only PRAT has a pronounced
role in regulating kidney function but is also associated with
cardiometabolic risk factors. Clinical studies suggest that excess
PRAT is associated with higher risk of CVDs (423, 424). The
weight of PRAT has the highest partial correlation coefficient
with CVDs among other AT (425). Indeed, excess PRAT is
believed to contribute to the decrease in kidney function,
regardless of obesity, in hypertensive patients (426). A recent
study reviewed the possible mechanisms of PRAT in regulating
CVDs including neural, humoral, and direct kidney related
regulation (425). PRAT is shown to synthesize and secrete
adipokines and several pro-inflammatory cytokines (425, 427).
PRAT in pigs with obesity-related metabolic dysfunction showed
elevated levels of pro-inflammatory macrophage infiltration and
TNF-α expression (428). Moreover, excess PRAT secrets leptin
which in turn activates MAPK pathway and further exacerbates

renal vascular and endothelial damage (429). An interesting
study in rats have shown that injecting Leptin directly into
PRAT activated the adipose afferent reflex without changing
the systemic sympathetic activity, indicating a direct regulation
of cardiovascular function by PRAT (430). Interestingly a
study on diabetic fatty rats found that the inhibition of
PRAT inflammation, mainly inhibiting IL-6, IL-1b, and TNF-α,
reduced renal inflammation and alleviated diabetic nephropathy
(431). As such PRAT inflammation is assorted with adverse
cardiometabolic risk factors and is a main predictor of CVD.

THE ADIPOSE IMMUNE SYSTEM AS O
REGULATOR OF ADAPTIVE
THERMOGENESIS

UCP1-Dependent and Independent
Thermogenesis
Uncoupling protein 1 (UCP1) is an inner mitochondrial
membrane protein that uncouples oxidative phosphorylation
from the production of ATP through a FA/H+ symport
mechanism (2). UCP1 expression is mainly driven through
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β3-adrenoreceptors (β3-AR) stimulation by sympathetically
and non-sympathetically produced norepinephrine in
thermogenically active adipocytes. Although being the most
efficient and qualitatively significant thermogenic effector, it was
demonstrated that UCP1 is dispensable for cold-induced and
diet-induced thermogenesis. Therefore, it was proposed that
less-efficient thermogenic pathways downstream of β3-ARs also
contribute to adaptive thermogenesis (432).

Creatine cycling, that is the phosphorylation of creatine by
creatine kinase and its subsequent hydrolysis, participates in
energy transfer from ATP-rich to ATP-poor cellular regions (2).
Creatine futile cycling appears to occur in all fat depots and
blocking creatine cycling promotes obesity in HFD-fed mice
(2). Lipolysis/re-esterification cycling has also been proposed
to mediate adaptive thermogenesis based on the ATP demand
of triacylglycerol synthesis (2). This pathway proposes that
adipocytes break down fat and subsequently re-esterifies FAs
by way of glycerol 3-phosphate. Importantly, It was also shown
that triglyceride/FA cycling is induced in WAT upon HFD
feeding (433).

A role for calcium transport in non-shivering thermogenesis
has also been proposed (2). Calcium sequestration in the
sarcoplasmic (SR) and endoplasmic (ER) reticulum is mediated
by the SR/ER calcium ATPase (SERCA) pump. SERCA activity in
the AT is regulated by phospholamban (PLB) (434). Interestingly,
it was shown that PLB is upregulated in UCP1-deficient beige
fat with no difference in the expression of SERCA suggesting
compensatory thermogenesis (435).

Finally, the UCP1-independent proton leak by the
ubiquitously expressed inner membrane protein, mitochondrial
ADP/ATP carrier (ACC), that is initiated at high membrane
potential, contributes to adaptive thermogenesis (2).

Adaptive Thermogenesis Across Adipose
Depots
Brown Adipose Tissue
The first insights into the implication of BAT in thermogenesis
and its contribution to energy expenditure started with the
demonstration of a reduced GDP binding to BAT mitochondria
of cold-exposed obese ob/ob mice relative to lean siblings (436).
Then, Rothwell and Stock observed an increased sympathetic
activity in BAT following overnutrition in rats (437). The
identification of human BAT and the subsequent observations
that a reduced BAT level induces obesity ignited investigation
into BAT-mediated non-shivering thermogenesis. In comparison
to WAT, which is more prone to inflammation than BAT
(31), relatively little is known about the processes driving BAT
chronic inflammation. However, increasing evidence suggests
that BAT inflammation alters its thermogenic activity through the
induction of IR (438, 439). Although mainly composed of brown
adipocytes and their precursors, BAT also contains a variety of
immune cells such as neutrophils, macrophages and lymphocytes
(440, 441). Chronic inflammation of BAT was associated with
a shift of BAT immune cells where M1 macrophages drive BAT
whitening (442, 443).

Subcutaneous Adipose Tissue
Cold exposure and β3-AR stimulation induced the expression
of UCP1 in scWAT of humans (444, 445). Nevertheless, despite
the increased UCP1 expression in scWAT, cold acclimation
was shown to reduce mitochondrial uncoupling-mediated fat
oxidation in inguinal scWAT, while increasing the capacity to
export FAs (446). Indeed, the consumption of HFD induced
scWAT inflammatory and immune responses (447). These
derangements were reversed by intermittent fasting, which
increased the expression of UCP1, β3-ARs and adiponectin,
while it attenuated the expression of pro-inflammatory and pro-
apoptotic markers in scWAT (448). In an AMPK gain of function
mutant mice, scWAT exhibited a morphological similarity
to brown adipocytes with no detectable UCP1 expression
but increased energy expenditure suggesting the activation of
UCP1-independent thermogenesis (449). It was demonstrated
that PPARγ agonism induced scWAT browning, while PPARγ

deletion in inguinal scWAT inhibited thermogenesis and was
associated with IR (450, 451).

Perivascular Adipose Tissue
The peculiarity of PVAT, being a hybrid AT and especially the
resemblance of aortic PVAT to classical BAT in morphology
and UCP1 expression, suggests that PVAT possesses a similar
thermogenic potential (369). Indeed, it was shown that PVAT
deletion resulted in a reduction of whole body temperature
(452). The proximity of PVAT to the vascular wall suggests
a possible implication of PVAT thermogenic processes on the
pathophysiology of vascular diseases (33). We recently identified
an increased expression of UCP1 in PVAT of HFD-fed rats, which
was associated with localized PVAT inflammation contributing
to MetS-associated vascular dysfunction (32). The targeting
of PVAT UCP1 was also put forward as means to limit its
detrimental effect on PVAT hypoxic predisposition (33). Such
a proposition was made based on an assumed exaggerated
oxygen consumption triggered by increased UCP1 expression
and further complicated by the observed adipocyte hypertrophy
in a combination of events less likely to occur in other adipose
depots. However, increased UCP1 expression is typically viewed
as beneficial where it serves as a route of energy assimilation that
might be of value in diabetes and obesity. Yet, many of the tools
shown to increase adipocyte glucose consumption and increased
UCP1 expression in vitro failed to produce any effect when used
in vivo, and even resulted in an opposite effect of decreased UCP1
expression (453, 454).

Epicardial Adipose Tissue
EpiCAT adipocytes express genes and secrete adipokines that
are involved in thermogenesis (455). Adult human EpiCAT
was shown to possess molecular features characteristic of beige
adipocytes with relatively abundant expression of UCP1 (456).
Opposite to findings in PVAT, an increased expression of
UCP1 in EpiCAT was associated with a downregulation of ROS
production and immune response (457, 458). Indeed, EpiCAT
thermogenic activity was impaired in patients suffering from
atrial fibrillation and heart failure with reduced ejection fraction
(459, 460). Moreover, during the progression of atherosclerosis,
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EpiCAT was shown to undergo a phenotypic conversion from
BAT to WAT, which further promoted the development of
atherosclerosis (461). Nevertheless, exploiting EpiCAT browning
for the treatment of CVDs remains controversial (33). As such,
detailed examination of the role of thermogenesis modulation in
PVAT and EpiCAT is required since both depots are particularly
pertinent to the development of CVD in metabolic dysfunction.

Perirenal Adipose Tissue
Human PRAT has been shown to possess unilocular and
multilocular UCP1+ adipocytes (462, 463). Indeed, several
studies associated PRAT browning with aging and the female
sex (464, 465). Also, bigger unilocular adipocytes with reduced
UCP1 expression were detected in the PRAT of hypertensive
patients (466).

Epidydimal Adipose Tissue
EpiWAT expresses UCP1 in rats age-dependently (467). The
chronic agonism of PPARγ in EpiWAT promoted UCP1
expression and WAT browning (347). Indeed, the ectopic
expression of very low levels of UCP1 in EpiWAT was shown
to reverse IR in obese mice and epididymal beige adipocytes
were shown to employ prominent creatine cycling (468, 469).
Cold exposure improved metabolic dysfunction in obese mice
through activating BAT thermogenesis and inducing EpiWAT
browning (470). Moreover, cold-induced browning of VAT and
improvement of insulin sensitivity were blunted following the
knockdown of UCP1 in EpiWAT (471). Additionally, housing
mice at room temperature induced EpiWAT thermogenesis,
which was associated with a decreased M1 macrophage
infiltration and improved insulin sensitivity (472). It was also
shown that infused M2 macrophages in obese rats homed to
EpiWAT reversing the M1 macrophage-dominant phenotype,
enhancing UCP1 expression and ameliorating IR (473).

Mesenteric Adipose Tissue
It was demonstrated that β3-AR agonism in HFD-fed rats
not only decreased the mass of WAT but also induced the
appearance of multilocular, UCP1+ adipocytes in MAT (474,
475). These early observations indicated that MAT can be
thermogenically induced. Indeed, cold exposure induced a
sympathetic response in MAT of rats, evidenced by an increased
level of tyrosine hydroxylase (476). Importantly, chronic cold
exposure induces non-sympathetic catecholamine production
leading to an increased level of NE in addition to the stimulation
of M2 macrophage infiltration, pro-inflammatory cytokines
reduction, and UCP1 induction (476, 477).

Adipose Immune System and Adaptive
Thermogenesis
Adipose Immune Cells and β3-AR Stimulation
β-AR stimulation is pivotal to the induction of thermogenesis.
Sympathetically-released NE stimulates the release of adipokines
and FGF21 from adipocytes, promoting PGC1α and UCP1
expression, oxidative metabolism, and mitochondrial biogenesis
(478, 479). FGF21 also induces the release of CCL11 in
murine scWAT, which promotes the recruitment of IL-
4-secreting eosinophils and the proliferation of PDGFRα+

beige adipocytes in an IL-4Rα-dependent manner (480, 481).
Moreover, eosinophils and ILC2s were shown to induce β3-AR
signaling through IL-4/IL-13-dependent induction of tyrosine
hydroxylase expression in ATMs, promoting the release of
NE (215, 482). Also, the selective deletion of Mecp2 in BAT
macrophages reduces UCP1 expression as a result of impaired
innervation (441). Nevertheless, recent evidence suggests that
ATMs are not likely to contribute to the induction of adaptive
thermogenesis by directly producing NE (483). Sympathetic
neuron-associated macrophages increased in HFD-fed mice AT
and were recently shown to express the NE transporter, SLC6A2
and the NE degrader, monoamine oxidase (MAO), where
the inhibition of SLC6A2 increased AT thermogenesis (484).
Conversely, CLS-associated ATMs were shown to phagocytose
white adipocytes and secrete chemokines that drive the
recruitment of beige adipocyte precursors (263). Tregs were
also shown to enhance β3-AR signaling in scWAT but not
in VAT of female and to a lesser extent in male mice by
suppressing M1 and inducing M2 macrophages (485). γδT
cells were also shown to promote AT innervation by driving
the expression of TGFβ1 in parenchymal cells via the IL-17
receptor C (IL-17RC), where the ablation of IL-17RC signaling
pathway or γδT cells impaired sympathetic innervation and
thermogenesis (486). The interaction among immune cells,
adipocytes, and sympathetic nerve terminals is summarized
in Figure 3.

Macrophages
M1 macrophages suppress the induction of thermogenic
adipocytes in obese AT of mice (487). Conversely, adiponectin-
induced M2 macrophages drive scWAT thermogenesis in cold-
exposed mice and the depletion of either the macrophages or
adiponectin reduces scWAT browning (488). The browning
effect of adrenomedullin 2 (ADM2), a white adipocyte-produced
factor that increases UCP1 expression, is also mediated by M2
macrophages (489).

The activation of pattern recognition receptors in AT-
infiltrating macrophages was shown to suppress thermogenesis.
LPS-activated TLR4 receptors of macrophages repressed
β3-AR-induced adipocyte browning, caused mitochondrial
dysfunction, and increased ROS production (490). Moreover,
the activation of NLRP3 inflammasome in macrophages
attenuated UCP1 induction in cultured adipocytes in an
IL-1β-dependent manner (490). Furthermore, adipocyte-
specific deletion of transforming growth factor-activated
kinase 1 (TAK1) but not TNF receptor associated factor 6
(TRAF6), increased the expression of beige markers in WAT.
TAK1 deletion in WAT increases AMPK phosphorylation,
PGC-1α abundance, non-canonical NF-κB signaling, and
markers of M2 macrophages while inhibiting canonical
NF-κB signaling (491). Conversely, the deletion of
TRAF1, an inhibitory adapter of TNFα, IL-1β, and TLRs
enhanced leukocyte accumulation and potentiated the
proinflammatory signaling of macrophages in HFD-fed
mice (492). Nevertheless, TRAF1-deficient mice were protected
from metabolic derangements and exhibited an improved IR
partially by β3-AR-mediated induction of UCP1-dependent
thermogenesis (492).
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FIGURE 3 | Immune cells-mediated regulation of adaptive thermogenesis. Different types of immune cells exert various modes of control on thermogenesis by either

directly modulating the adipocyte function or affecting sympathetic nerve activity and norepinephrine turn-over. Pathways promoting thermogenesis are depicted in

black, while inhibitory pathways are shown in red. ADM2, Adrenomedullin-1; β3-AR, Beta 3-adrenergic Receptor; CCL11, C-C motif chemokine 11; FGF21, Fibroblast

Growth Factor 21; H2R, Histamine 2 Receptor; γGalCer, Alpha-galactosylceramide; IL, Interleukin; ILC, Innate Lymphoid Cell; MAO, Monoamine Oxidase; NE,

Norepinephrine; Opioid R, Opioid Receptor; SCL6A2, Solute Carrier Family 6 Member 2; TGF-β, Transforming Growth Factor Beta; Treg, Regulatory T Lymphocyte.

ILC2s
Activation of murine ILC2s with IL-33 induced the proliferation
of beige adipocyte progenitors and increased WAT browning
through an IL-4/IL-13-dependent pathway involving eosinophils
(480). The recruitment of IL-4+ eosinophils was driven by

ILC2-secreted IL-5 and IL-13. ILC2-produced BMP7 was
also demonstrated to induced the differentiation of adipocyte
progenitors into brown adipocytes (493). ILC2s also induce
thermogenesis through the production of the opioid-like peptide
methionine enkephalin (MetEnk) (316, 494). The stimulation
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of ILC2s with IL-33 induced the production of MetEnk that
signaled through opioid receptors in scWAT and BAT to
promote thermogenesis (316). Mice either treated with MetEnk
or adoptive transfer of IL-33-activated ILC2s increased the
expression of UCP1 in scWAT even in mice deficient in
eosinophils or IL-4Rα demonstrating a direct activity of ILC2s
on opioid receptors to induce thermogenesis (316).

γδT Cells
AT-resident γδT cells were recently shown to regulate body
temperature through the production of IL-17A upon cold
exposure, which regulated IL-33 production by adipose stromal
cells (268). Mice deficient in γδT cells or IL-17A exhibited
decreases in both ST2+ Tregs and IL-33 abundance in VAT
and dysregulated core body temperature at thermoneutrality
and upon cold exposure (268). Given the critical role of IL-33
in regulating insulin homeostasis and thermogenesis (495), IL-
17-deficient mice were cold-intolerant (268). γδT cell-deficient
mice also exhibited a reduced UCP1 expression and energy
expenditure upon cold exposure (268).

iNKT Cells
The selective loss of IL-10Rα in adipocytes as well as the global
depletion of IL-10 enhanced thermogenesis (496). Early reports
demonstrated that the activation of adipose iNKT cells with
αGalCer induced potent weight loss in obese mice (282, 284, 286,
497, 498). It was recently shown that iNKT cell-induced weight
loss occur through the induction of FGF21-dependent adaptive
thermogenesis. The intraperitoneal administration of αGalCer
into obese mice induced a significant reduction of AT mass
under thermoneutral conditions, which was accompanied by an
increased WAT browning and energy expenditure (499). FGF21-
deficient mice exhibited a blunted, but not fully ablated response
toward αGalCer suggesting that iNKT cells drive thermogenesis
through an FGF21-independent mechanism (499).

Mast Cells
BAT MC-released histamine is thought to play a β3-AR-
independent role in thermogenesis through its interaction with
H2 receptors (500). Upon cold exposure, MCs were recruited
to WAT and exhibited an enhanced histamine degranulation in
both lean and obese subjects, which was positively correlated with
UCP1 expression and thermogenesis (501). Indeed, in response
to cold, MCs also release IL-4 along with other factors driving
UCP1 expression and WAT browning (502). Nevertheless, it
was also proposed that MC deficiency in mice increases WAT
browning by promoting adipocyte differentiation as MC-derived
serotonin inhibited WAT browning (503). Nevertheless, these
findings were based on a murine model in which c-kit tyrosine
kinase is mutated and thus, a careful interpretation of the results
is required. Furthermore, several other genetic models of MC
depletion showed no association between MC function and
obesity (228, 229).

T and B Lymphocytes
Several studies revealed a potential function of Tregs of scWAT
and BAT in regulating thermogenic homeostasis. Systemic
deletion of Tregs impaired oxygen consumption upon cold

exposure (504). Additionally, the T cell-specific STAT6/PTEN
axis is thought to mediate the link between β3-AR stimulation
and Treg cell induction in both BAT and scWAT (505, 506).
Indeed, UCP1-deficient mice exhibited reduced Tregs in BAT
and scWAT (506). B and T lymphocytes were also shown to
play a role in thermoregulation. Rag1-deficient HFD-fed mice,
lacking both T and B lymphocytes, exhibited decreased UCP1
expression (507). Conversely, deleting Rag1 in lean mice housed
at room temperature resulted in an increased UCP1 expression
and energy expenditure (508). Moreover, a decreased CD8+ but
not CD4+ T cells is believed to contribute to adipocyte browning
mainly due to a decreased IFN-γ secretion (508).

Eosinophils
Eosinophil-derived IL-4 drives M2 macrophage polarization,
promoting the secretion of catecholamines that drive WAT
browning (215). As mentioned before, the role of M2
macrophages in local catecholamine production has been
questioned. Nevertheless, this does not preclude the implication
of eosinophil-derived catecholamines inWAT browning. Indeed,
PVAT eosinophils were shown to promote PVAT browning
by locally producing catecholamines (509). Moreover, mice
lacking eosinophils exhibited an impaired thermogenic capacity
of scWAT following cold exposure (215). Meteorin-like is
another factor linking eosinophils to WAT browning, where it
was shown to stimulate IL-4 secretion from eosinophils and
macrophage M2 polarization in AT following cold exposure
(510). In addition to ILC2-derived IL-33-dependent eosinophils
recruitment to AT, IL-33 was also shown to recruit eosinophils in
the absence of ILC2s (178). It was recently demonstrated that the
transcriptional repressor krüppel-like factor 3 (KLF3)-deficient
mice exhibited profound WAT beiging, which was accompanied
by an accumulation of AT eosinophils (511).

IMMUNOMODULATING ADIPOSE TISSUE
INFLAMMATION IN METABOLIC
DISORDERS AND CARDIOVASCULAR
DISEASES

Strategies to modulate AT inflammation are multi-faceted, they
include physical exercise, lifestyle modifications, in addition to
several pharmacological and non-pharmacological interventions.
Likewise, treatment of CVDs focuses on similar strategies that
impact AT. In this section, we will tackle the contribution of
different modalities on AT inflammation in CVDs.

Exercise and Lifestyle Modifications
One of the first strategies to decrease the severity and
complications of CVDs is to limit food intake and increase
energy expenditure, this is mainly due to the fact that most
patients with CVDs are overweight or obese. Exercise and lifestyle
modifications lower the mortality risk, improve quality of life
and have been extensively studied. Physical activity improves
insulin sensitivity and alters AT adipokine expression, which
affect whole-body metabolic health in human subjects (512, 513).
Recent studies highlighted the mechanistic pathways, linking
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those two interventions with decreasing AT inflammation. The
protective effects of regular physical activity is accompanied
with reduction of visceral fat mass along with an anti-
inflammatory pathway (514). Physical exercise exerts a direct
anti-inflammatory effect by inducing an acute elevation in IL-
6 and IL-10 and an inhibition of TNF-α (515). The anti-
inflammatory effect of exercise also comprises the inhibition of
macrophage infiltration and the induction of ATMs phenotypic
switch toward the M2 phenotype in obese mice (515, 516).
Zielger et al. demonstrated that exercise enhances the anti-
inflammatory phenotype in VATs of old mice (517). Endurance
training regardless of weight loss induced an increase in M2
macrophages in scWAT (513, 518). The role of physical activity in
thermogenesis and WAT browning is debated as some reported
scWAT browning with bicycle training programs while another
study failed to find a correlation between aerobic exercises and
recruitment of beige adipocytes (519, 520). Nevertheless, more
studies should target the exact role of AT remodeling following
physical activity. Indeed, long-term anti-inflammatory effects of
chronic physical activity could be required for a pronounced AT
remodeling required to decrease CVD risks.

Diet Modification and Weight Loss
Fasting
Several fasting regimens were introduced as an alternative or
a complementary intervention to restricted caloric diets in
improving cardiometabolic endpoints in related diseases (521,
522). Indeed, several studies on experimental animals and recent
human investigations highlighted the importance of fasting in
metabolic activity regulation, blood pressure, and atherosclerosis
reduction, as well as health optimization (522–524). The most
common types of fasting regimens include intermittent fasting
(IF), periodic fasting (PF), short term fasting, and religious
fasting. IF has a crucial role in adaptive cellular responses
being able to reduce inflammation, oxidative stress, optimize
energy metabolism, and cellular bioenergetics (524). Fasting is an
effective strategy for improving cardiometabolic profile in cases
of IR, stroke, prediabetes, and diabetes (525, 526). Moreover,
IF modulates the susceptibility of inflammatory diseases by
decreasing peripheral monocyte pools and modifying their
metabolic activity through AMPK and PPARα pathways (527).
On the AT level, fasting enhances mitochondrial biogenesis in
visceral adipocytes. Short term fasting suppressed thermogenesis
in inguinal WAT and iBAT in a mouse model (528). Another
fasting regimen, every other day fasting, was shown to induce
beiging of WAT thus reversing HFD-induced obesity and
associated metabolic disorders in mice (529). The metabolic
effects of IF are largely mediated by adipose thermogenesis;
fasting-induced adipose VEGF, which is thought to act on
eosinophils, Th2, and ILC2 to promote M2 polarization was
linked to WAT browning (530). Moreover, fasting induces
a reduction of IL-1 and IL-6 in VAT and scWAT and IL-
6 in intraperitoneal WAT (531). Moreover, biomarkers of
inflammation in EpiWAT and BAT were reduced in mice
following IF. The latter study presented IF as a preventive and
therapeutic intervention to protect mice againstMetS and obesity
(532). On the other hand, fasting reduces leptin levels triggering a

profound metabolic state as well as regulating T lymphocytes and
cytokine production in obese animal models and human trials
(533–535). In addition to that, a new randomized control trial
has also linked fasting to reduction of leptin levels (536).

Dietary Modifications
Dietary modification is the cornerstone in preventing
cardiometabolic diseases. Weight loss approaches as well as
initiating certain diet regimens lower CVD events significantly
and reduce mortality (537). Reports correlating dietary
manipulation, such as in high protein diets, phosphate
diet, and ketogenic diet, to AT inflammation suggest that
certain diet regimens can play a critical role in modulating
cardiometabolic diseases.

Long term intake of high protein diet in obesity-prone rats
reduced food intake and WAT mass while improving basal
blood sugar, insulin levels, leptin, and triglyceride levels in
addition to glucose tolerance (538). On the other hand, a clinical
study suggested that phosphorus supplementation is involved
in modulating glucose and insulin serum levels (539). Another
study reported that high dietary intake of phosphate in rats can
influence lipid and glucose metabolism by upregulating lipolytic
gene expression and reducing WAT accumulation (540).

Ketogenic diet (KD), which consists mainly of ingesting
healthy fats, improved long-term blood glucose control and
subsequently decreased the use of anti-diabetic agents in human
studies (541, 542). KD also improved the CVD biomarkers
in T2DM patients (543). Moreover, short term feeding of KD
was shown to modulate AT immune cells, where it reduced
macrophage infiltration and the expansion of γδ T cells in
VAT (279).

Mediterranean Diet (MD) is composed of a balanced
combination of fruits, vegetables, fibers, fish, poly saturated fats
as well as low intake of meat and dairy products in addition
to moderate intake of red wine (544). The adherence to MD is
known to protect humans against CVDs, MetS, onset of various
types of cancer, and aging (545, 546). Several studies documented
that certain typical food of the MD including olive oil, tomato,
and red wine induce anti-inflammatory properties and could be
even insulin-sensitizing (547, 548). For example, tomato juice
mitigates AT inflammation; a 20-days duration of consumption
could decrease TNF-α, IL-6, and IL-8 (549, 550). Moreover,
tomato juice supplementation could reduce body weight, blood
cholesterol levels as well MCP-1 (551).

Anti-diabetic Drugs
Metformin
Besides being widely used for DM2 treatment, Metformin
reduces CVD risk, induces weight loss, and improves insulin
sensitivity (552). Metformin has been proposed to reduce
adipocyte stores and initiate a metabolically healthy adipocytes
distribution (553). The beneficial effects of metformin also
include reducing visceral AT, a mechanism that is thought to
be related to FA oxidation and an upregulation of adaptive
thermogenesis (554). Emerging body of evidence, including
work done by our team, documented that metformin can
exhibit immunomodulatory features, an anti-inflammatory

Frontiers in Cardiovascular Medicine | www.frontiersin.org 21 November 2020 | Volume 7 | Article 602088

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


AlZaim et al. Immunomodulation of Adipose Inflammation

effect that is shown to be independent on glycemic control
(32, 555, 556). Metformin activates the anti-inflammatory
macrophage polarization; it lowers the pro-inflammatory
cytokine production through elevating M2 macrophage and
lowering M1 macrophages (557).

Metformin also decreases MCP-1 in isolated human AT
cultures, suggesting an improved low-grade inflammation (558).
Moreover, metformin has been shown to alter CRP, NF-κB
expression in addition to reducing advanced glycation end
products (559–561). All in all, the anti-inflammatory effects of
metformin and its ability to reduce several inflammatory related
illnesses is becoming more apparent (552).

Thiazolidinediones (TZDs)
Besides the use of TZDs in T2DM, a beneficial role of
Pioglitazone lies in reducing cardiovascular events (562). In
fact, TZDs activation of PPARγ not only enhances adipogenesis
but also reduces fat deposition in tissues, and attenuates the
inflammatory cytokines release in obesity (563, 564). Moreover,
TZDs repress NF-kB thus restore M2 macrophage phenotype,
and prompt the recruitment of regulatory T cells in AT (263,
565, 566). Therefore, this reveals a possible involvement of
TZDs in an immunomodulatory mechanism in AT that may
benefit patients with CVDs, yet the exact definitive pathway
has not been established. Expanding on the beneficial effects of
PPARγ agonism in limiting AT chronic low-grade inflammation
in metabolic disorders, glitazones-like, multi-targeting drug
ligands (MTDLs) were rationally designed (567). Importantly,
these drugs were partial PPARγ agonists, potent COX-2
antagonists and moderate 15-LOX inhibitors. This balanced
modulation of the three inflammatory targets allows for a more
effective targeting of AT inflammation and possibly limit its
cardiovascular complications (568).

Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists
Several GLP-1 receptor agonists, as Liraglutide, have been
developed to mimic the glucose-lowering and anorexic effects of
Glucagon-like peptide-1 (GLP-1) to treat obesity and T2DM. As
AT express GLP-1, Liraglutide has been effective in controlling
glucose levels, promoting weight loss, and reducing total
adiposity (569–571). In addition, in a clinical trial, Liraglutide
has been shown to decrease the risk of myocardial infarction in
patients with T2DM and high CVD risk (572). More studies on
the effect of GLP-1 agonists documented their protective roles
against endothelial cell dysfunction, and therefore atherosclerosis
by reducing CRP and plasma lipids (573, 574). As such, GLP-
1 agonists could provide protection against CVDs through AT
mass reduction and inflammation.

Sodium-Glucose Cotransporter (SGLT2) Inhibitors
Similar to GLP-1 receptor agonists, SGLT-2 inhibitors are shown
to reduce blood glucose levels and CVDs risk and mortality
(575, 576). Treatment with Empagliflozin, an SGLT-2 inhibitor,
has been shown to induce weight loss when given in combination
with other anti-diabetic medication (577, 578). In obese mice,
Empagliflozin was shown to promote utilization and browning of
AT as well as reduction of IR and inflammation, a pathway linked

to M2 macrophage polarization (579). As such, beside the anti-
diabetic effects of SGLT-2 inhibitors, strong evidence appears in
their effect on AT remodeling and anti-inflammatory pathway;
yet the exact mechanism is to be elucidated.

Surgical Interventions
Bariatric surgery is the most effective treatment option in
obese patients for weight loss whether due to food restriction,
malabsorption, or both (580). Following the surgery and
independent on weight loss; IR, CVDs, and mortality rates are
all reduced (537, 581, 582). Importantly, it is expected that a
late phase reduction of AT inflammation could be in favor of all
the metabolic consequences of the surgery (583). However, when
looking back to literature, contradictory results are revealed.
Some have documented a decrease in inflammatory mediators
of AT after the surgery-induced weight loss, and others have
reported no further change (584–587). Reports generally assess
subcutaneous AT depot, as it is easier in sampling. However,
more studies should be warned to confirm or elucidate the
effects of bariatric surgery on AT inflammation. Sampling from
visceral AT and other sites should be done as it is more prone to
inflammatory changes.

NEW AVENUES FOR ADIPOSE TISSUE
IMMUNOMODULATION IN METABOLIC
DISORDERS AND CARDIOVASCULAR
DISEASES

AT inflammation is associated with an increased production
of pro-inflammatory cytokines including IL-1β, TNF-α, IL-
6, and IFN-γ. Anti-inflammatory treatments were proposed
to contribute to the treatment of diabetes and its vascular
complications (588). The antagonism of IL-1R improved IR in
T1D patients and DIO mice (589, 590), and in patients with
impaired glucose tolerance (591). One study however highlighted
the importance of combining IL-1R antagonism treatment with
proper dieting for the treatment of obesity (592). Moreover,
inhibiting TNF-α in psoriasis patients with MetS decreased
macrophage infiltration and pro-inflammatory cytokines levels in
umbilical fat (593). Interestingly, a combined inhibition of IL-1β
and TNF-αwas more effective in improving IR in T2D rats (594).
Similarly targeting IL-6 improved IR and normalized adipokine
levels in MetS and fructose-fed rats (595, 596). Nevertheless, this
mechanistic link was not evident in clinical trials (597). Indeed,
IL-6 was shown to drive exercise-induced weight loss in subjects
with visceral obesity (598). The complexity of the AT immune
landscape driving AT inflammation in the MetS and the response
of these cells to the various pro-inflammatory cytokines dictate
the efficacy of these approaches. However, simply targeting
pro-inflammatory cytokines with either receptor inhibitors or
monoclonal antibodies for the treatment of metabolic and
cardiovascular diseases is not yet a valid therapeutic strategy and
requires further investigation.

The metabolic reprogramming in response to nutritional
excess and scarcity of the various immune cells is not universal.
Indeed, metabolic modulation emerged as a novel concept in
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cancer immunotherapy (599). Th2 immunity in AT supports
metabolic health and thus, targeting Th2 immunometabolism
represents a valuable therapeutic strategy in metabolic disorders.
Several reports on immunometabolism-targeted treatments in
cancer and autoimmunity can be repurposed for metabolic
diseases. For example, in a model of allograft rejection,
blocking glycolysis and glutamine metabolism inhibited CD4+

and CD8+ T cell induction and promoted the generation of
allospecific Treg cells (600). Indeed, expanding AT Treg cells
hold much promise for the treatment of metabolic disorders and
their cardiovascular complications. Additionally, nanoparticles,
liposomes, and glucan-shells carrying siRNA or specific drugs
can be engineered to tissue-specifically target specific immune
cells as exemplified by ATMs (601). Nevertheless, a profound
knowledge of metabolic profile shifts of immune cells within the
AT is still lacking and thus, direct interpretations of such shifts in
other tissues cannot be extrapolated, particularly in the complex,
dynamically-evolving AT. Emerging technologies such as RNA
sequencing, metabolomics, proteomics and phage display will
surely allow for the identification of novel peptide targets (602).
Moreover, adaptive immunity and the acquisition of memory T
cells in HFD-fed mice suggests an effect on subsequent episodes
of weight gain following weight loss (603, 604). Modulating T cell
memory has been achieved by targeting antigen presentation in
conventional and non-conventional APCs (271) and checkpoint
co-inhibitory interactions (605). Finally, emerging evidence
indicates that immunometabolism is controlled epigenetically
and through miRNAs, which affects cellular differentiation and
polarization (606, 607). Nevertheless, further research is required
to determine how metabolic dysfunction drives alterations in
epigenetic histone modifications and howmiRNAs affects the AT
immune profile.

Accumulating evidence suggests a role for the gut microbiota
in modulating metabolic homeostasis. Indeed, it was shown
that the adoptive transfer of Th 17 cells contributed to
metabolic homeostasis through an IL-17-dependent microbiota
development (608). Moreover, it was demonstrated that the M2
macrophage-mediated helminth-associated Th2/Treg responses
induce alterations in microbiota composition which was
accompanied by protection against obesity (609, 610).

We have highlighted a key role for physical activity,
different fasting regimens, and dietary modifications in limiting
AT inflammation and IR. Nevertheless, their implications on
different adipose depots, especially those of cardiovascular
interest are not well-characterized. In fact, a depot-specific
metabolic profiling is pivotal to delineate their differential effects.
Moreover, anti-diabetic drugs and surgical procedures showed a
favorable outcome on metabolic parameters and CVDs. In fact,
these approaches reduced AT inflammation throughmechanisms
being revealed only recently. Therefore, it is pivotal that AT
immune profiles in different depots be characterized following
the administration of anti-diabetic drugs.

Finally, the induction of BAT activity and WAT browning
has been proposed as a mean to curb obesity and combat
CVDs. Indeed, the induction of different AT depots browning
resulted in either favorable or detrimental outcomes. Targeting
UCP1 was even proposed as the induction of browning in PVAT

and EpiCAT was supposed to deteriorate vascular and cardiac
functionality (33). Indeed, this strategy is still debated as clinical
trials have not shown a significant improvement of metabolic
parameters following the induction of thermogenesis (33). In
addition to the non-selective impact on all adipose depots,
the available UCP1 inhibitors possess a fairly high IC50 value
(∼20µM) (611) precluding systemic administration without
significant off-target and adverse effects. As such, immune
modulation of thermogenesis might constitute a lucrative target
for depot-specific intervention. As different depots possess
variable intrinsic brown-like character, it is pivotal to further
characterize this phenotype, the manner by which it is affected
by the immune system in states of health and disease, and
how increased energy expenditure leads to clinical significance.
Significantly, the relative impact of the activation of different
thermogenic pathways on AT inflammation in various adipose
depots requires systematic examination. Whether the selection
of one pathway over the other modulates activity and/or
recruitment of disparate immune cells remains unknown. As
well, the ability of a specific immune cell product/function to
favor one pathway over the other has not been investigated.

CONCLUSION

Metabolic and Cardiovascular diseases are multifactorial
disorders to which contributes the inflammation of the AT.
Several pharmacological and non-pharmacological interventions
have been shown to exert their positive effects in these diseases,
at least in part by modulating AT inflammation. Accumulating
evidence implicates different immune cells in the regulation
of AT inflammation and its consequences including IR.
The metabolic reprogramming of AT immune cells and the
alteration of the AT immune landscape are believed to drive AT
inflammation, BAT thermogenesis and WAT browning. Further
investigation is required to delineate the exact role of different
immune cells and the consequences of their metabolic profile
alteration in different adipose depots inflammation. A better
comprehension of the mechanisms driving AT inflammation
allows for the emergence of novel therapeutic strategies aimed at
immunomodulating the AT.
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participate in chronic low-grade inflammation within adipose tissue. Obes
Rev. (2018) 19:686–97. doi: 10.1111/obr.12670

22. Lu J, Zhao J, Meng H, Zhang X. Adipose tissue-resident immune
cells in obesity and type 2 diabetes. Front Immunol. (2019) 10:1173.
doi: 10.3389/fimmu.2019.01173

23. Weisberg SP, Mccann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW.
Obesity is associated with macrophage accumulation in adipose tissue. J Clin
Invest. (2003) 112:1796–808. doi: 10.1172/JCI200319246

24. Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory
properties of adipose tissue macrophages recruited during diet-induced
obesity. Diabetes. (2007) 56:16–23. doi: 10.2337/db06-1076

25. Olefsky JM, Glass CK. Macrophages, inflammation, and
insulin resistance. Annu Rev Physiol. (2010) 72:219–46.
doi: 10.1146/annurev-physiol-021909-135846

26. Kitade H, Sawamoto K, Nagashimada M, Inoue H, Yamamoto Y, Sai Y, et al.
CCR5 plays a critical role in obesity-induced adipose tissue inflammation
and insulin resistance by regulating both macrophage recruitment and
M1/M2 status. Diabetes. (2012) 61:1680–90. doi: 10.2337/db11-1506

27. Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM, Yawe
JC, et al. Local proliferation of macrophages contributes to obesity-
associated adipose tissue inflammation. Cell Metab. (2014) 19:162–71.
doi: 10.1016/j.cmet.2013.11.017

28. Ibrahim MM. Subcutaneous and visceral adipose tissue:
structural and functional differences. Obes Rev. (2010) 11:11–8.
doi: 10.1111/j.1467-789X.2009.00623.x

29. Fitzgibbons TP, Kogan S, Aouadi M, Hendricks GM, Straubhaar J, Czech
MP. Similarity of mouse perivascular and brown adipose tissues and their
resistance to diet-induced inflammation. Am J Physiol Heart Circ Physiol.
(2011) 301:H1425–37. doi: 10.1152/ajpheart.00376.2011

30. Roberts-Toler C, O’neill BT, Cypess AM. Diet-induced obesity causes insulin
resistance in mouse brown adipose tissue. Obesity. (2015) 23:1765–70.
doi: 10.1002/oby.21134

31. Dowal L, Parameswaran P, Phat S, Akella S, Majumdar ID, Ranjan J,
et al. Intrinsic properties of brown and white adipocytes have differential
effects on macrophage inflammatory responses. Mediators Inflamm. (2017)
2017:9067049. doi: 10.1155/2017/9067049

32. Elkhatib MW, Mroueh A, Rafeh RW, Sleiman F, Fouad H, Saad EI,
et al. Amelioration of perivascular adipose inflammation reverses vascular
dysfunction in a model of nonobese prediabetic metabolic challenge:
potential role of antidiabetic drugs. Transl Res. (2019) 214:121–43.
doi: 10.1016/j.trsl.2019.07.009

33. Rafeh R, Viveiros A, Oudit GY, El-Yazbi AF. Targeting
perivascular and epicardial adipose tissue inflammation: therapeutic
opportunities for cardiovascular disease. Clin Sci. (2020) 134:827–51.
doi: 10.1042/CS20190227

34. Guzik TJ, SkibaDS, Touyz RM,HarrisonDG. The role of infiltrating immune
cells in dysfunctional adipose tissue. Cardiovasc Res. (2017) 113:1009–23.
doi: 10.1093/cvr/cvx108

35. Mancuso P. The role of adipokines in chronic inflammation. Immun Ther.
(2016) 5:47. doi: 10.2147/ITT.S73223

36. Auguet T, Quintero Y, RiescoD,Morancho B, Terra X, Crescenti A, et al. New
adipokines vaspin and omentin. Circulating levels and gene expression in
adipose tissue from morbidly obese women. BMC Med Genet. (2011) 12:60.
doi: 10.1186/1471-2350-12-60

37. Ohashi K, Shibata R, Murohara T, Ouchi N. Role of anti-inflammatory
adipokines in obesity-related diseases. Trends Endocrinol Metab. (2014)
25:348–55. doi: 10.1016/j.tem.2014.03.009

38. Tan YL, Zheng XL, Tang CK. The protective functions of omentin
in cardiovascular diseases. Clin Chim Acta. (2015) 448:98–106.
doi: 10.1016/j.cca.2015.05.019

39. Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF. A novel serum
protein similar to C1q, produced exclusively in adipocytes. J Biol Chem.
(1995) 270:26746–9. doi: 10.1074/jbc.270.45.26746

40. Lau WB, Ohashi K, Wang Y, Ogawa H, Murohara T, Ma XL, et al.
Role of adipokines in cardiovascular disease. Circ J. (2017) 81:920–8.
doi: 10.1253/circj.CJ-17-0458

41. Yu JG, Javorschi S, Hevener AL, Kruszynska YT, Norman RA, Sinha M,
et al. The effect of thiazolidinediones on plasma adiponectin levels in
normal, obese, and type 2 diabetic subjects. Diabetes. (2002) 51:2968–74.
doi: 10.2337/diabetes.51.10.2968

42. Combs TP, Berg AH, Rajala MW, Klebanov S, Iyengar P, Jimenez-Chillaron
JC, et al. Sexual differentiation, pregnancy, calorie restriction, and aging

Frontiers in Cardiovascular Medicine | www.frontiersin.org 24 November 2020 | Volume 7 | Article 602088

https://doi.org/10.1038/nrm2391
https://doi.org/10.1016/j.cmet.2018.11.002
https://doi.org/10.3389/fphys.2019.01607
https://doi.org/10.1172/JCI57132
https://doi.org/10.1016/j.obmed.2016.10.001
https://doi.org/10.1016/j.trsl.2017.01.001
https://doi.org/10.1016/j.coph.2017.08.006
https://doi.org/10.3389/fendo.2016.00030
https://doi.org/10.1042/BST0331078
https://doi.org/10.1016/j.cell.2014.05.012
https://doi.org/10.1007/978-3-319-48382-5_9
https://doi.org/10.1128/MCB.00192-09
https://doi.org/10.1016/j.bcp.2014.08.013
https://doi.org/10.1016/j.biochi.2015.10.024
https://doi.org/10.2152/jmi.64.193
https://doi.org/10.1016/j.tem.2015.11.002
https://doi.org/10.1016/j.bcp.2016.05.005
https://doi.org/10.1172/JCI88883
https://doi.org/10.1016/j.it.2019.07.006
https://doi.org/10.1007/s00018-013-1486-y
https://doi.org/10.1111/obr.12670
https://doi.org/10.3389/fimmu.2019.01173
https://doi.org/10.1172/JCI200319246
https://doi.org/10.2337/db06-1076
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.2337/db11-1506
https://doi.org/10.1016/j.cmet.2013.11.017
https://doi.org/10.1111/j.1467-789X.2009.00623.x
https://doi.org/10.1152/ajpheart.00376.2011
https://doi.org/10.1002/oby.21134
https://doi.org/10.1155/2017/9067049
https://doi.org/10.1016/j.trsl.2019.07.009
https://doi.org/10.1042/CS20190227
https://doi.org/10.1093/cvr/cvx108
https://doi.org/10.2147/ITT.S73223
https://doi.org/10.1186/1471-2350-12-60
https://doi.org/10.1016/j.tem.2014.03.009
https://doi.org/10.1016/j.cca.2015.05.019
https://doi.org/10.1074/jbc.270.45.26746
https://doi.org/10.1253/circj.CJ-17-0458
https://doi.org/10.2337/diabetes.51.10.2968
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


AlZaim et al. Immunomodulation of Adipose Inflammation

affect the adipocyte-specific secretory protein adiponectin. Diabetes. (2003)
52:268–76. doi: 10.2337/diabetes.52.2.268

43. Kumada M, Kihara S, Sumitsuji S, Kawamoto T, Matsumoto S,
Ouchi N, et al. Association of hypoadiponectinemia with coronary
artery disease in men. Arterioscler Thromb Vasc Biol. (2003) 23:85–9.
doi: 10.1161/01.ATV.0000048856.22331.50

44. Pischon T, Girman CJ, Hotamisligil GS, Rifai N, Hu FB, Rimm EB. Plasma
adiponectin levels and risk of myocardial infarction in men. JAMA. (2004)
291:1730–7. doi: 10.1001/jama.291.14.1730

45. L’abbate A, Neglia D, Vecoli C, Novelli M, Ottaviano V, Baldi S,
et al. Beneficial effect of heme oxygenase-1 expression on myocardial
ischemia-reperfusion involves an increase in adiponectin in mildly
diabetic rats. Am J Physiol Heart Circ Physiol. (2007) 293:H3532–41.
doi: 10.1152/ajpheart.00826.2007

46. Goldstein BJ, Scalia RG, Ma XL. Protective vascular and myocardial
effects of adiponectin. Nat Clin Pract Cardiovasc Med. (2009) 6:27–35.
doi: 10.1038/ncpcardio1398

47. Yamaguchi N, Argueta JG, Masuhiro Y, Kagishita M, Nonaka K, Saito T, et al.
Adiponectin inhibits Toll-like receptor family-induced signaling. FEBS Lett.
(2005) 579:6821–6. doi: 10.1016/j.febslet.2005.11.019

48. Chandrasekar B, Boylston WH, Venkatachalam K, Webster NJ, Prabhu
SD, Valente AJ. Adiponectin blocks interleukin-18-mediated endothelial
cell death via APPL1-dependent AMP-activated protein kinase (AMPK)
activation and IKK/NF-kappaB/PTEN suppression. J Biol Chem. (2008)
283:24889–98. doi: 10.1074/jbc.M804236200

49. Chen H, Montagnani M, Funahashi T, Shimomura I, Quon MJ. Adiponectin
stimulates production of nitric oxide in vascular endothelial cells. J Biol

Chem. (2003) 278:45021–6. doi: 10.1074/jbc.M307878200
50. Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, et al. Cloning

of adiponectin receptors that mediate antidiabetic metabolic effects. Nature.
(2003) 423:762–9. doi: 10.1038/nature01705

51. Ouchi N, Kobayashi H, Kihara S, Kumada M, Sato K, Inoue T, et al.
Adiponectin stimulates angiogenesis by promoting cross-talk between AMP-
activated protein kinase and Akt signaling in endothelial cells. J Biol Chem.
(2004) 279:1304–9. doi: 10.1074/jbc.M310389200

52. Alvarez P, Tapia L, Mardones L, Pedemonte J, Farías J, Castillo R. Cellular
mechanisms against ischemia reperfusion injury induced by the use of
anesthetic pharmacological agents. Chem Biol Interact. (2014) 218:89–98.
doi: 10.1016/j.cbi.2014.04.019

53. Ajuwon KM, Spurlock ME. Adiponectin inhibits LPS-induced NF-κB
activation and IL-6 production and increases PPARγ2 expression in
adipocytes. Am J Physiol Regul Integr Compar Physiol. (2005) 288:R1220–5.
doi: 10.1152/ajpregu.00397.2004

54. Ohashi K, Parker JL, Ouchi N, Higuchi A, Vita JA, Gokce N,
et al. Adiponectin promotes macrophage polarization toward an
anti-inflammatory phenotype. J Biol Chem. (2010) 285:6153–60.
doi: 10.1074/jbc.M109.088708

55. Yamamoto R, Ueki S, Moritoki Y, Kobayashi Y, Oyamada H, Konno Y,
et al. Adiponectin attenuates human eosinophil adhesion and chemotaxis:
implications in allergic inflammation. J Asthma. (2013) 50:828–35.
doi: 10.3109/02770903.2013.816725
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