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The global obesity epidemic is a major contributor to chronic disease and disability in the
world today. Since the discovery of leptin in 1994, a multitude of studies have characterized
the pathological changes that occur within adipose tissue in the obese state. One significant
change is the dysregulation of adipokine production. Adipokines are an indispensable link
between metabolism and optimal immune system function; however, their dysregulation in
obesity contributes to chronic low-grade inflammation and disease pathology. Herein, I will
highlight current knowledge on adipokine structure and physiological function, and focus
on the known roles of these factors in the modulation of the immune response. I will also
discuss adipokines in rheumatic and autoimmune diseases.

Introduction
The essential link between the adipose tissue, metabolism, and the immune system is perhaps best demon-
strated in Drosophila, in which adipose tissue, the liver, and the immune system are all situated together
in the same organ, the fat body. Drosophila responds to different microbes by producing antimicrobial
peptides within the fat body [1–3], and the fat body also senses sugar and amino acids in the hemolymph
to control the release of insulin-like peptides [4]. When Drosophila is infected with pathogens, they de-
velop hyperglycemia and deplete fat reserves [5]. The metabolic changes that occur concomitantly with
infection are evolutionarily conserved; as early as the late 19th century, physicians noted transient hyper-
glycemia in cases of meningitis [6]. It has been hypothesized that the insulin resistance and hyperglycemia
associated with some bacterial infections are beneficial, allowing nutrients to become available for driv-
ing the immune response rather than performing non-essential functions [7]. An enormous amount of
energy (∼25% of the basal metabolic rate) is needed to maintain the immune system in an activated state
to combat a pathogen [8]. Thus, while modern mammals have a delineation of immune and metabolic or-
gans, the two processes remain necessarily linked. However, in pathological conditions of nutrient excess
or obesity, the link between metabolism and the immune system may be dysfunctional. It was reported
in the 1960s that adipose tissue had infiltration of immune cells such as macrophages and mast cells in
animal models of obesity [9,10]. In the past 50 years, the prevalence of obesity worldwide has increased
rapidly. At the same time, major advances have been made in our understanding of adipose tissue as an en-
docrine organ that impacts physiological function, including the immune response. In this review, I will
discuss adipokines and their dysregulation in obesity as a link between inflammation, immune system
dysfunction, and autoimmune disease.

Adipose tissue and its changes in obesity
Adipose is the primary energy storage site in the body, in the form of neutral triglycerides. It is also an
endocrine organ that secretes various cytokines, chemokines, and hormonal factors, or adipokines, that
regulate diverse processes including feeding behavior and immunity. To date, more than 600 adipokines
have been identified, not including fatty acids and other metabolites [11]. The notion that adipose tissue
secreted hormonal factors was suggested in the 1950s by Kennedy who noted that there was a ‘lipostatic’
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factor acting in the brain to control food intake in rats [12]. This idea was further strengthened by a series of studies
by Coleman at Jackson Laboratories in the 1970s, using two obese animal models: the ob/ob mouse and the db/db
mouse. Coleman discovered through parabiosis experiments of an ob/ob mouse with a wild type mouse improved
glucose and insulin metabolism and decreased food intake in the ob/ob mouse. Parabiosis of a db/db mouse with a
wild type mouse resulted in increased adiposity and body weight. Based on these experiments, Coleman concluded
that ob/ob mice do not produce the factor required to regulate body weight and food intake, while db/db mice lack
the receptor needed to respond to the factor [13,14]. Twenty years later, this factor was identified as leptin [15].

White adipose tissue (WAT) is organized into several depots in the body, including under the skin (subcutaneous),
within the abdominal cavity (visceral), and in other small depots within most organs. Up to 10–20% of adipose is
visceral in men and 5–8% in women [16]. Multiple physiological differences exist between subcutaneous and vis-
ceral WAT; adipocytes from visceral WAT are more insulin resistant, metabolically active, and have greater lipolytic
activity [17]. Furthermore, the accumulation of visceral fat is associated with increased risk for the development of
type 2 diabetes and metabolic syndrome [18–20]. While WAT is primarily composed of adipocytes, it also contains
pre-adipocytes, immune cells, fibroblasts, and vascular cells, which are collectively known as the stromal vascular
fraction. The number and phenotype of these cells varies depending on the adipose tissue depot, and is also dif-
ferent between obese and lean individuals [21]. Lean WAT is commonly composed of immune cells that are pre-
dominately regulatory and immunosuppressive in nature, including M2-like adipose tissue macrophages (ATMs),
regulatory T cells (Tregs), T helper (Th) type 2 cells, iNKT cells, and eosinophils. In lean humans and mice, ATMs
are the predominant immune cell present in the WAT and comprise ∼5–15% of total cells within the tissue [22]. The
M2 ATMs are uniformly distributed within the adipose and perform diverse physiological functions, including pro-
moting dead adipocyte clearance, inhibiting proliferation of adipocyte progenitors, and secreting anti-inflammatory
cytokines such as IL-10, IL-4, IL-13, and IL-1Rα [23,24]. Recent studies revealed that in healthy murine adipose, most
ATMs are derived from embryonic yolk-sac precursors and self-renew within the adipose [25,26].

The changes that occur in the WAT as a result of obesity are complex. Increased lipid storage results in adipocyte
hypertrophy, hypoxia, and increased cell death. This adipose tissue dysfunction promotes a microenvironment in
which the adipocytes begin to secrete proinflammatory cytokines, including TNF-α, IL-6, IL-8, and MCP-1. MCP-1
and other chemokines produced by adipocytes and immune cells promote increased infiltration of circulating mono-
cytes and other innate and adaptive immune cells into the adipose tissue [27–29]. Increased monocyte infiltration
[22], self-renewal of tissue-resident ATMs [30,31], and tissue retention of macrophages [32] all contribute to pro-
found increases in the number of macrophages within obese adipose. While macrophages in lean WAT are uniformly
distributed, most cluster around apoptotic adipocytes in ‘crown-like structures’ in obese adipose [22,24]. In addition
to increased numbers of macrophages, the proinflammatory milieu within obese WAT promotes changes to ATM
phenotypes [24]. While initially it was thought that obesity led to an increase in proinflammatory M1 macrophages
in the WAT, it was recently discovered that unique ‘metabolically active macrophages’ with a distinct proinflamma-
tory profile are present in obese WAT [33]. In addition, increased numbers of mast cells, dendritic cells (DCs), CD4+

Th1 and Th17 cells, and CD8+ cytotoxic T lymphocytes [34–37] are present in obese WAT. A summary of the im-
munological changes that occur in adipose tissue with the onset of obesity is discussed in Figure 1.

Since it was discovered in the early 1990s that the WAT of obese animals exhibits increased expression of TNF-α
[38], studies into the link between obesity and inflammation have increased exponentially. In the next sections, the
adipokines that are predominantly produced within WAT and also pro- and anti-inflammatory cytokines that are
highly produced in adipose will be discussed. A summary of these adipokines and their changes in obesity are illus-
trated in Figure 2. Emphasis will be placed on the immunomodulatory effects of the adipokines, including the role of
dysregulated adipokines in autoimmune diseases. Clinical data provide evidence that the rates of autoimmunity are
increasing, in parallel with the rise in obesity and metabolic syndrome [39]. In support of this concept, diet-induced
obesity exacerbates autoimmune disease manifestations in several animal models, including inflammatory bowel dis-
ease [40], collagen-induced arthritis [41], experimental autoimmune encephalomyelitis (EAE, a model of multiple
sclerosis) [42,43], and systemic lupus erythematosus (SLE) [44]. Thus, the levels of adipokines in autoimmunity and
any functional data on their role in autoimmune disease pathogenesis will be explored.

Leptin
Structure and function
Perhaps the most well-studied adipokine is leptin, which was identified 1994 by Jeffrey Friedman’s group as the prod-
uct of the obese (ob) gene in mice and the lep gene in humans [15]. Mice that have a loss of function of the ob
gene have hyperphagia, weight gain, and insulin resistance, conditions which are improved upon administration of
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Figure 1. Immune cell changes in response to obesity in adipose tissue

Lean adipose is dominated by alternatively activated M2 macrophages, Th2 cells, Tregs, iNKT cells, and eosinophils, while obese

adipose has increased influx of monocytes, proinflammatory M1 macrophages, Th1 cells, Th17 cells, neutrophils, and B cells.

Created with Biorender.com.

Figure 2. Adipokines in lean and obese states

Adipokines that are discussed in this review are summarized. Created with Biorender.com.

exogenous leptin [45]. Leptin is a 16-kDa nonglycosylated protein that is highly produced by subcutaneous WAT
[46–48]. The structure of leptin consists of a bundle of four α-helices that are stabilized by cysteine disulfide bonds,
in a structure similar to granulocyte-colony stimulating factor (G-CSF) and IL-6. Leptin signals through the leptin
receptor (LEPR in humans, Ob-R in mice), which is a single membrane-spanning receptor that belongs to the class I
cytokine receptor family [49]. There are six known isoforms of the leptin receptor: the long form (ObRb), four iso-
forms with short cytoplasmic tails (ObRa, ObRc, ObRd, and ObRe) and a soluble form (ObRf). ObRb has a full-length
cytoplasmic tail containing three conserved tyrosine residues that can mediate downstream signaling [50].

In the brain, leptin acts on cells in specific hypothalamic nuclei that express the long form of the leptin receptor
and mediates downstream signaling pathways to control appetite and energy expenditure [51]. While obesity is as-
sociated with elevated circulating leptin in proportion to increased fat mass, obese patients are generally resistant to
leptin’s effects. Multiple mechanisms likely contribute to the development of leptin resistance in obesity, including
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Figure 3. Immunomodulatory effects of leptin

Created with Biorender.com.

negative regulation of ObRb signaling in the hypothalamus [52,53], increased proinflammatory cytokine signaling
in the brain [54], cleavage of hypothalamic ObR by increased matrix metalloproteinase (MMP)-2 activity [55], and
reduced transport of leptin across the blood–brain barrier [56].

Leptin and immune function
In addition to leptin’s role in controlling energy balance, it also affects many aspects of immune function (Figure 3).
During fasting or periods of starvation, leptin levels decrease [57], leading to impairments in cell-mediated immunity,
including delayed-type hypersensitivity reactions and T cell mitogen responses [58]. Gainsford et al. determined that
the long (ObRb) and short form (ObRa) of the leptin receptor are expressed by immune cells. The same study also
showed that the binding of leptin to ObRb stimulated proliferation of clonal immune cell lines [59]. In addition, the
effects of leptin on cells of both the innate and adaptive immune systems have been investigated. Monocytes and
macrophages express ObRa and ObRb. Leptin increases the proliferation of monocytes and induces the expression of
inflammatory cytokines (TNF-α and IL-6) and surface activation markers [60]. Neutrophils only have a short form
of the receptor (ObRa) and thus lack some downstream signaling capability [61]. Neutrophils incubated with leptin
in vitro have delayed apoptosis, and MAPK signaling downstream of ObRa was responsible for the anti-apoptotic
activity [62]. However, the biological significance of this and other studies remain unclear given that Kamp et al.
determined that supraphysiological concentrations of leptin were needed to elicit these effects in neutrophils [63].
Leptin also promotes neutrophil chemotaxis. Intraperitoneal administration of leptin in mice results in the migration
of neutrophils to the peritoneum, although the mechanism is likely an indirect effect of leptin inducing TNF-α and
chemokine production by monocytes and macrophages [64]. In eosinophils, leptin promotes the surface expression of
the adhesion molecules ICAM-1 and CD18, but down-regulates surface expression of ICAM-3 and L-selectin. Leptin
also induces the production of inflammatory cytokines, including IL-1β, IL-6, and MCP-1 in eosinophils [65]. Both
immature and mature DCs express ObRb. When treated in vitro with exogenous leptin, ObRb is up-regulated on
the surface, but there is no modulation of surface activation marker expression. Leptin treatment does, however,
induce cytokine and chemokine production by DCs. In addition, leptin-treated DCs can more efficiently stimulate
heterologous T cells and induce näıve T cells to differentiate into Th1 cells [66].
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Table 1 Additional adipokines and their role in immunity and autoimmunity

Adipokine
Change in
obesity Immune function Role in autoimmune disease (if known)

Visfatin/PBEF Increased Stimulates early B-cell formation [247]
Stimulates inflammatory cytokine production [248]

Increased in SLE [249] and RA [250]

RBP-4 Increased Induces antigen-presenting cell activation leading to
Th1 polarization in adipose [251]
Stimulates inflammatory cytokines in macrophages
[252]

Increased in the urine of SLE patients with lupus
nephritis [253]

Lipocalin-2/NGAL Increased Expressed in neutrophil granules [254]
Increases Treg and tolerogenic molecule expression
[255]
Functions in neutrophil recruitment and adhesion in
adipose

Increased in urine of SLE patients with renal
involvement [256]
Increased in synovial fluid in RA [257]
Promotes EAE [258]

Angiopoietin-like
protein 2

Increased Promotes chemotaxis of monocytes/macrophages
[242]
Increased macrophage accumulation in adipose
and increases in M1 macrophages [243]
Increases CD8+ T-cell accumulation in adipose
[243]

Produced in the synovium in RA [259]
in circulation in autoimmune disease

Progranulin Increased Binds to TNF receptors and counteracts TNF
proinflammatory signaling [260]
Induces Treg [261]
Inhibits CXCL9 and CXCL10 release [262]

Increased in RA [263], psoriasis [264], SLE [265]

Omentin Decreased Associated with higher levels of IL-13, IL-4, and
IL-1β [244]
Inhibits NFkB activation [266]

Decreased in psoriasis [245]
Higher in SLE patients with lupus nephritis [246]

Both näıve and activated T cells express the leptin receptor, but T cells further up-regulate the expression of the
leptin receptor upon stimulation or activation [67]. Howard et al. showed that proliferation of CD4+ T cells in response
to allogeneic target cells is enhanced in the presence of leptin. The same study also reported that leptin had a more
pronounced proliferative effect on näıve T cells compared to memory T cells [68]. Leptin has a differential effect on Th
subsets by promoting Th1 cytokine production and suppressing Th2 cytokine production [69], and it also enhances
de novo differentiation of cultured Th17 cells [70]. Conversely, leptin acts as a negative signal for proliferation of
thymically derived Tregs. CD4+FoxP3+ Tregs express higher levels of both leptin and ObR as compared with other
effector T cells, and neutralization of leptin results in Treg proliferation. Similarly, when wild type mice are treated with
a leptin neutralizing antibody, there is an increase in Treg proliferation. Importantly, these cells retain their suppressive
phenotype [71]. In an important study linking nutrition, leptin, and T cell function, Saucillo et al. demonstrated that
leptin is needed for activated T cells to up-regulate both glucose uptake through the GLUT1 transporter as well as
glucose metabolism. The glycolytic metabolism is needed for optimal proliferation and cytokine production [72]. The
requirement for leptin is restricted to Th1 and Th17 effector cells [73], while Tregs do not require leptin and instead
utilize oxidative metabolism to fuel their suppressive function [74].

Both ob/ob and db/db mice have lower numbers of circulating B cells and fewer bone marrow B cells [75,76].
Specifically, the bone marrow B-cell compartment of ob/ob or fasted mice have lower levels of pro-B, pre-B, and
immature B cells and increased levels of mature B cells as compared with wild type mice [76,77]. Interestingly, these
bone marrow changes may be the result of central leptin signaling. For example, Tanaka et al. showed that intrac-
erebroventricular (ICV) leptin administration to ob/ob mice results in the normalization of the bone marrow B cell
compartment [77]. In vitro studies on B cells revealed that leptin induces the production of TNF-α, IL-6, and IL-10
in freshly isolated B cells from human subjects [78]. This expression of TNF-α by B cells is actually a negative regu-
lator of immunoglobulin production [79]. In a recent study by Frasca et al., the culture of B cells isolated from young
lean individuals in the presence of leptin resulted in reduced class switch recombination and vaccine-specific IgG
production [80]. The effect of leptin on B cells may be responsible for decreased production of protective antibodies
in response to vaccination or infection in individuals with obesity and elevated circulating leptin [81].

Leptin in autoimmunity
Mice deficient in leptin signaling are protected from various models of autoimmune disease including SLE [82], mul-
tiple sclerosis (MS) [83], rheumatoid arthritis (RA) [84], and type 1 diabetes [85]. The pro-inflammatory effect of
leptin, including promoting Th1 and Th17 responses and decreasing Treg responses, is echoed in the CD4+ T cell
subset dysregulation in many autoimmune diseases. When SLE is induced in ob/ob mice using the hydrocarbon oil
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pristane, the mice do not develop autoantibodies and have elevated Treg as compared with C57BL/6 mice [82]. A
spontaneous model of SLE, the NZBWF1 mouse, has elevated levels of leptin as compared with control mice, and
leptin levels correlate with increased disease activity. Antagonism of leptin in NZBWF1 mice delays disease progres-
sion [82]. The majority of clinical studies have found that leptin levels are increased in SLE patients [86]. Wang et
al. showed that leptin levels in patients inversely correlated with Treg frequency, and that patients with higher leptin
levels had higher disease activity [87]. When the EAE model of MS is induced in wild type mice, there is a surge of
leptin in the circulation that precedes acute onset of symptoms. Pathogenic Th1 cells were found to be a source of
leptin in these experiments [83]. Patients with the relapsing-remitting form of MS have been reported as having sim-
ilar leptin levels as healthy subjects [88], or as having higher leptin levels [89]. However, a recent study did determine
that increased leptin was associated with an elevated risk for later MS development in adults younger than 20 [90].

In general, circulating leptin levels are increased in patients with RA [91]; however, there have been some dis-
crepancies in the literature [92,93]. In an animal model, leptin-deficient mice are protected from the development of
antigen-induced experimental arthritis. The mice developed less severe inflammation in the synovium of the arthritic
knee and had lower serum levels of anti-methylated BSA [84]. In a collagen-induced model of RA, leptin enhanced
Th17 proliferation in inflamed joints and exacerbated inflammation [94]. Bokarewa et al. measured leptin in both
plasma and synovial fluid and determined that patients with non-erosive joint disease had lower levels of leptin in
the synovial fluid as compared with those with an erosive phenotype, suggesting that local leptin consumption in
the inflamed joints is protective [95]. Conversely, leptin synergizes with IL-1 to induce nitric oxide synthase type II
activity in chondrocytes, promoting inflammation [96]. Many unanswered questions remain regarding the role of
leptin in the pathogenesis of RA and the other autoimmune diseases discussed above. For example, the role of leptin
signaling on pathogenic autoreactive B and T lymphocytes is unexplored. In addition, in light of the central effects of
leptin on immune function, the development of central leptin resistance in obesity in may also play a pathogenic role
in autoimmune disease progression.

Adiponectin
Structure and function
Adiponectin was identified by several research groups in the mid 1990s as a 30-kDa protein secreted by adipose
tissue [97–100]. Adiponectin is structurally similar to the complement component C1q and is comprised of an N
terminal signal sequence, a cysteine-rich variable region needed for multimer formation, a collagen-like domain, and
a C-terminal globular domain. Adiponectin forms a trimer via hydrophobic interactions between the globular do-
mains and triple helix formation by the collagen domains. It further oligomerizes via interchain disulfide bonds into
multimers consisting of four to six trimers [101,102]. Trimers, medium molecular weight hexamers, and high molec-
ular weight multimers are present in the bloodstream [101,103,104]. Two adiponectin receptors were initially identi-
fied (AdipoR1 and AdipoR2) [105], and more recently, a third non-signaling receptor for adiponectin was identified,
T-cadherin [106]. The different forms of adiponectin bind to the different receptors: trimers bind to AdipoR1, hexam-
ers bind to AdipoR2, and hexamers and high molecular weight multimers bind to T-cadherin [105,106]. Adiponectin
is the most abundant adipokine in the circulation; however, adiponectin levels are inversely correlated to BMI, triglyc-
eride levels, and insulin resistance [107,108]. Adiponectin is an endogenous insulin sensitizer of target organs includ-
ing the skeletal muscle and liver. Injection of mice with recombinant adiponectin results in decreased blood glucose
[109], and it can reverse insulin resistance in mouse models of obesity [110]. Adiponectin decreases insulin resistance
by increasing fatty acid oxidation and stimulating glucose utilization via the activation of AMPK [110–112].

Adiponectin and immune function
AdipoR1, AdipoR2, and T-cadherin are present on the surface of immune cells, and the differential effects of
adiponectin on immune function may arise from which receptor type is stimulated on the cell. This review will
focus on some of the more frequently observed effects of adiponectin on immune cells, which are summarized in
Figure 4. In monocytes/macrophages, adiponectin suppresses the production of TNF-α and IL-6 [113,114] and in-
duces the production of the anti-inflammatory mediators IL-10 and IL-1 receptor antagonist [114,115]. Mice defi-
cient in adiponectin display increased numbers of classically activated M1 macrophages in their adipose tissue. These
M1 macrophages have increased production of the cytokines TNF-α, IL-6, and MCP-1 [116]. In elegant studies by
Tsatsanis et al., it was demonstrated that the globular form of adiponectin (only containing the C-terminal globu-
lar domain) actually induced TNF-α and IL-6 production in macrophages. However, the cells were then tolerant to
further exposure to adiponectin or an additional pro-inflammatory stimulus, thus the net effect of adiponectin was
anti-inflammatory [117]. In bone marrow-derived DCs, adiponectin has a more proinflammatory effect by inducing
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Figure 4. Immunomodulatory effects of adiponectin

Created with Biorender.com.

DC maturation and activation, resulting in the polarization of näıve T cells into Th1 and Th17 cells [118]. A contrast-
ing report shows that adiponectin has the opposite effect on DCs and instead up-regulates Tregs [119]. Reasons for the
discrepancies between these studies could be differences in the methods used to generate DCs, when the adiponectin
is added to the media, and differential expression of adiponectin receptors on the DCs.

Several recent studies have highlighted the effect of adiponectin on T cells. When naı̈ve CD4+ T cells are cultured in
the presence of adipocytes from high fat diet-fed mice, the frequency of IFN-γ+ and IL-17+ T cells are increased, but
they are not when cultured in the presence of adipocytes from mice fed normal chow. Further experiments indicated
that adipocyte-derived adiponectin was responsible for the reduction in the IFN-γ and IL-17-producing T lympho-
cytes in mice fed a normal diet [120]. More recently it was demonstrated in murine cardiac transplant studies that
CD4+ T cells are also an important local source of adiponectin in the transplanted heart [121]. Comparatively, less
is known about the effect of adiponectin on B cells. Adiponectin inhibits B-cell generation in long-term bone mar-
row cultures, likely by induction of prostaglandin synthesis [122]. It is possible that the different circulating forms of
adiponectin have differential effects on immune cells, yielding either pro- or anti-inflammatory effects, a concept that
has not been fully explored. As an example, an excellent review by Fantuzzi highlighted the apparently contradictory
effects of adiponectin on NFkB activation in different cell types using different forms of the protein [123]. Another
study demonstrated that the low molecular weight form of adiponectin induces IL-10 production, but the hexamer
and multimer forms stimulate the production of MCP-1 and IL-8 [124].

Adiponectin in autoimmunity
Unlike conditions of obesity, in which circulating adiponectin levels are lower than healthy controls, adiponectin is
elevated in many autoimmune diseases including SLE [125], RA [126], and type 1 diabetes [127], but it is lower in
MS [128]. It is likely that the increase in adiponectin in some autoimmune conditions is a response to the chronic
elevations in inflammatory cytokines that are present in these diseases. It is also possible that the proinflammatory
effects of adiponectin discussed above may play a role in disease pathogenesis. To ascertain the role of adiponectin
in SLE, adiponectin-deficient mice were generated in the MRL/lpr model of SLE. The mice had an exacerbated in-
flammatory phenotype with lymphadenopathy, splenomegaly, and increased autoantibodies compared with MRL/lpr
mice that had adiponectin [129]. In RA, adiponectin is up-regulated in the inflamed joints of patients and is positively
correlated with IL-6 levels, suggesting that adiponectin may be involved in the pathogenesis of local inflammation
in the joints [130]. In a mouse model of collagen-induced arthritis, injection of adiponectin into the joint exacer-
bated the arthritic phenotype and increased the percentage of Th17 cells [131]. In type 1 diabetes, adipokine receptor
expression is decreased in monocytes and other antigen-presenting cells. Reduced adiponectin receptor expression
results in increased T-cell proliferation [132]. Because of the aforementioned differential effects of circulating forms
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of adiponectin, it may also be important to assess circulating ratios of each form in autoimmune diseases to gain a
better understanding of adiponectin in autoimmune disease pathogenesis.

Resistin
Structure and function
Resistin was first discovered in obese mice as an adipocyte-derived protein involved in obesity-mediated insulin re-
sistance [133,134]. Resistin is a 12.5-kDa cysteine-rich protein that consists of a signal peptide, a variable region, and
a conserved C terminus. The cysteines form disulfide bonds that facilitate its association into a trimer and then inter-
chain disulfide bond formation leads to the formation of a high molecular weight hexamer. In mice, resistin circulates
as a low molecular weight trimer and a high molecular weight hexamer. In humans, it exists in the circulation as a
trimer and as a high molecular weight oligomer that is 660 kDa [135]. Interestingly, resistin is highly expressed in
PBMCs, bone marrow, and macrophages in humans and is only minimally produced by adipocytes, unlike in mice
[136,137]. Decorin [138] and ROR1 [139] are putative receptors for murine resistin, while adenylyl cyclase-associated
protein 1 (CAP1) is a receptor for human resistin [140]. Resistin was also shown to compete for binding with LPS to
TLR4, although direct binding of resistin to TLR4 was not demonstrated [141]. Resistin plays a role in the suppression
of insulin-mediated signaling in adipocytes by activating SOCS3 [142]. Ob/ob mice that lack resistin have improved
glucose tolerance and insulin sensitivity [143]. Clinical studies indicate circulating levels of resistin only weakly corre-
late with body fat or BMI [144], and do not correlate with insulin resistance or metabolic syndrome [145,146], which
suggests divergent functions of resistin in rodents and humans.

Resistin and immune function
Resistin seems to interact more directly with immune processes in humans as compared with mice [147]. The bind-
ing of resistin to CAP1 on human monocytes stimulates NFkB-dependent transcription of inflammatory cytokines
in vitro. Another study similarly showed that resistin stimulates IL-12 and TNF-α production in macrophages in a
NFkB-dependent manner [148]. Although it has not been formally proven that resistin acts through TLR4 as dis-
cussed above, the induction of proinflammatory signals may be via resistin’s binding to TLR4, in addition to CAP1.
Proinflammatory cytokines including CRP, TNF-α, IL-1β, IL-6 can induce resistin release by PBMCs and infiltrating
monocytes [149,150]. While the majority of studies indicate that resistin functions in a proinflammatory manner,
others have shown a different role. Resistin decreases antigen uptake and cytokine production by monocyte-derived
human DCs [151], leading to the expansion of Tregs [152]. Currently, little is known about the role of resistin in
modulating other immune cells, including B lymphocytes, NK cells, and neutrophils, among others.

Resistin in autoimmunity
Senolt et al. determined that resistin is expressed in the inflamed synovial fluid in RA and osteoarthritis, and that
resistin production colocalized with macrophages, B cells, and plasma cells [147]. In RA patients who were given
the anti-TNF-α antibody infliximab, there was a rapid decrease in circulating resistin levels, suggesting that resistin
may play a pathogenic role in inflammatory processes [153]. Studies in murine arthritis showed that when mouse
resistin was injected into the knee joint of normal mice, immune cells infiltrated the synovial tissue and led to arthritis
[154]. Resistin in SLE has also been investigated, and serum resistin correlated with markers of inflammation in SLE
including proinflammatory cytokines, C reactive protein, and total IgG [153]. A similar study also linked resistin
levels with inflammatory markers in SLE and increased SLE disease activity scores, but resistin did not correlate with
adiposity or insulin resistance [155]. A clinical study examining adipokines in MS found elevated levels of resistin in
MS patients compared with age-matched controls [156].

Adipsin
Structure and function
The serine protease adipsin was identified in adipose tissue in the late 1980s by Spiegelman’s group [157]. In later
studies, it was determined that adipsin is actually complement factor D, which plays a role in the alternative pathway
of complement activation [158]. The complement system is one of the main mechanisms by which the body recog-
nizes foreign antigens and pathogens, and it also plays an important role in the regulation of the innate and adaptive
immune systems [159]. Adipsin is primarily produced in adipose tissue, while other soluble complement components
are mostly made in the liver [160]. Other components of the alternative complement pathway, including C3 and Fac-
tor B, are also produced within adipose tissue to a lesser extent [161,162]. C3, Factor B, and adipsin are required
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for the production of C3a. C3a is an anaphylatoxin that promotes inflammation, chemotaxis, vascular permeability,
and leukocyte activation [163]. The receptor for C3a, C3aR, is expressed by adipocytes and macrophages in the adi-
pose tissue and is increased in mice administered a high-fat diet. Mice that lack C3aR are protected from high-fat
diet induced metabolic dysfunction [164]. C3adesArg, which is a C3a cleavage product produced by exopeptidase
activity, regulates triglyceride synthesis and glucose uptake in cultured adipocytes [165,166]. Adipsin also promotes
adipocyte differentiation through the C3a/C3aR axis [167]. Adipsin is decreased in models of obesity and diabetes
[168]. Adipsin−/− mice, when administered a high-fat diet, gain less weight compared with WT mice and have less
adipose tissue inflammation, fewer macrophage crown-like structures, and diminished numbers of mast cells. De-
spite lower levels of adiposity, however, adipsin−/− mice have impaired glucose tolerance after 16 weeks of high-fat
feeding, but no changes in insulin sensitivity. Further interrogation of adipsin−/− mice showed that these mice had
insulinopenia due to a defect in pancreatic β-cell function. Furthermore, db/db mice, which have low adipsin, when
given recombinant adipsin via an adenoviral vector, have improved fasting blood glucose and an improvement in glu-
cose tolerance, which is mediated by C3a [169]. These studies reveal a complicated role of adipsin in inflammation
and glucose homeostasis.

Adipsin in autoimmunity
Complement has been extensively studied in autoimmune disease, and deficiencies in early complement components
often result in autoimmune disease [170]. Similar to adiponectin, adipsin levels are elevated in several autoimmune
diseases. In the MRL/lpr model of SLE, mice that lack Factor D or adipsin have a decrease in SLE disease activity and
lessened renal injury [171]. Adipsin levels are reported to be higher in SLE patients as compared with healthy controls,
and were also higher in SLE patients with renal manifestations [172]. In an immune complex-mediated model of RA,
synovial adipose tissue was shown to be a site of local adipsin production [173]. Also, in a serum transfer model
of inflammatory arthritis, adipsin was found to be central to the pathogenesis of the disease. Fat-free mice display
no evidence of arthritis, as evidenced by a lack of paw or ankle swelling, and transfer of adipose tissue into fat-free
mice restores the arthritic phenotype. However, recipients of adipsin-deficient, but not leptin or adiponectin-deficient
adipose remain resistant to arthritis development [174]. A clinical study in MS patients found a strong association
with adipsin levels and neurological disability [175]. It will be important to further analyze the role of adipsin in
animal models of autoimmune disease to fully understand whether adipsin is pro- or anti-inflammatory.

Chemerin
Structure and function
Chemerin, also known as tazarotene-induced gene 2 (TIG2) or retinoic acid receptor responder 2 (Rarres2), is a
chemoattractant protein that is secreted from adipose tissue, primarily by adipocytes. It is also expressed at high lev-
els in placenta, liver, and lung [176,177] and was initially identified as a retinoic acid responsive gene in the skin [178].
The majority of circulating chemerin is the inactive prochemerin form, which can be cleaved at the C-terminus by
extracellular proteases including plasmin, elastase, and cathepsin G to yield various forms that differ in their biolog-
ical activities and receptor affinities [179]. Chemerin can bind to several receptors, including the G-protein coupled
receptor chemokine-like receptor 1 (CMKLR1) [176,177] and G protein-coupled receptor 1 (GPR1), which have a
high degree of sequence identity to each other [180]. It can also bind to C-C chemokine receptor-like 2 (CCRL2),
but with a lower affinity than it does to CMKLR1 or GPR1 [181]. Further, unlike CMKLR1 and GPR1, binding of
chemerin to CCRL2 does not trigger downstream signaling events [181]. It has been suggested that binding to CCRL2
may serve to increase concentrations of chemerin locally so that the protein can bind cells with CMKLR1 on their
surface [182]. Chemerin plays a role in adipocyte differentiation [176], and regulates the function of adipocytes by
controlling the expression of the glucose transporter GLUT4, the synthesis of triglycerides, and the expression of
leptin and adiponectin. The first analysis of chemerin in obese humans indicated that circulating levels positively
correlated with BMI and markers of obesity [183,184]. Chemerin also increases in mice administered a high-fat diet
in some strains (C57BL/6 and SVB) [185,186], but not in NMRI mice [187]. Other studies show a potentially bimodal
response to chemerin; acute ICV administration of chemerin leads to decreased body weight, but chronic infusion
increases body weight [188]. Inconsistent phenotypes have been reported for CMKLR1−/− mice. Ernst et al. showed
that CMKLR1−/− mice have decreased food intake and body weight on either low- or high-fat diet [189], but several
other studies found no effect on body composition [190,191].

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).

739



Clinical Science (2021) 135 731–752
https://doi.org/10.1042/CS20200895

Chemerin and immune function
Several immune cell subsets express one or more forms of the chemerin receptor. Myeloid, plasmacytoid, and im-
mature DCs all express CMKLR1 [192,193]. Chemerin induces the migration of blood-derived DCs through an en-
dothelial cell monolayer. Chemerin is also expressed by high endothelial venules, indicating an important role for
chemerin in cell trafficking [192]. In addition, chemerin recruits circulating plasmacytoid DCs to visceral WAT by
interacting with CMKLR1 on the DCs. The DCs then produce type I interferons, leading to proinflammatory po-
larization of adipose tissue-resident macrophages [194]. Monocyte-derived macrophages also express CMKLR1, and
chemerin similarly promotes macrophage migration [195,196]. Herova et al. determined that CMKLR1 is only ex-
pressed on M1 macrophages, but not M2 macrophages, indicating that the receptor is involved in recruitment of M1
macrophages to inflamed tissues [197]. Chemerin is also a potent chemoattractant for NK cells and functions to traf-
fic CD56lowCD16+ NK cells into sites of inflammation [198]. The non-signaling receptor for chemerin, CCRL2, is
expressed by macrophages, DCs, mast cells, neutrophils, T cells, and NK cells in humans [199]. This receptor is also
engaged in the regulation of immune cell recruitment, to dampen an acute inflammatory response. Mice that lack
CCRL2 have an exacerbated acute inflammatory response to peritonitis and have increased neutrophils and mono-
cytes in the peritoneal cavity [200].

Chemerin in autoimmunity
Because of its role in inflammatory cell recruitment, chemerin has been examined in various autoimmune diseases.
Chemerin is important in the pathogenesis of psoriasis. In psoriatic lesions, chemerin expressed by fibroblasts, mast
cells, and endothelial cells promotes migration of plasmacytoid DCs to the site of inflammation [201]. Circulating
chemerin levels are also elevated in psoriasis [202]. Similarly, chemerin is detected in SLE skin lesions, in the en-
dothelium of dermal blood vessels, and in plasmacytoid DCs within the lesions [192]. In addition, local production
of chemerin in the kidneys in SLE patients with lupus nephritis leads to the recruitment of CMKLR1+ plasmacy-
toid DCs to the kidneys [203]. However, one clinical study measured circulating chemerin levels in SLE patients and
found no difference compared with healthy control subjects [172]. In RA patients, elevated chemerin is associated
with disease activity but not obesity [204,205]. In two mouse models of arthritis, CCRL2−/− mice are protected from
disease [206]. In the EAE model of MS, CMKLR1−/− mice had lessened CNS inflammation and disease pathology,
suggesting that chemerin-mediated recruitment of immune cells is important for the pathogenesis of experimental
MS [207]. Unlike the arthritis study, mice that lack CCRL2 have exacerbated disease in the EAE model [208]. Taken
together, these studies indicate that the disease model and the chemerin receptor targeted are important factors to
consider when evaluating the role of chemerin in autoimmune disease pathogenesis. Also, many of these studies have
examined the local effects of chemerin in damaged tissues, and thus it is unknown whether chemerin from the adipose
itself plays a pathogenic role in immune cell recruitment in autoimmune disease.

Cytokines produced by adipose tissue
TNF-α
One of the first cytokines that was found to be produced by adipose tissue was TNF-α. Spiegelman’s group determined
that the primary endogenous sources of TNF-α were the spleen and visceral WAT in both db/db mice and lean
littermates, but that the expression of TNF-α mRNA was five- to ten-fold higher in the adipose of db/db mice. These
results were echoed in other models of obesity and diabetes including the obese Zucker rat and the ob/ob mouse
[38]. Studies in humans similarly showed that obese adipose tissue produces more TNF-α [209], and that circulating
TNF-α correlates with BMI [210,211]. TNF-α is produced by both adipocytes and ATMs within adipose tissue, but it
is likely like that majority of adipose TNF-α is produced by ATMs [22]. TNF-α is a 26-kDa protein that is synthesized
as a transmembrane monomer, which can then be cleaved by TNF-α converting enzyme to yield the 17-kDa soluble
form. Both forms exist as trimers that have biological activity [212]. TNF-α has two distinct surface receptors, TNFR1
and TNFR2, that are similar in their extracellular ligand-binding domains but differ markedly in their intracellular
signaling domains [213]. Most studies indicate that the majority of signaling in adipose is downstream of the TNFR1
[214]. The myriad effects of TNF-α signaling within the adipose tissue have been expertly reviewed previously (please
see [215,216]), but some downstream pathways that are activated in adipose include apoptosis, ceramide production,
MAPK activation, and NFkB activation.

The initial trigger that leads to TNF-α production in adipose tissue is not completely understood. One likely mech-
anism is that the increase in adipocyte death that occurs in adipose tissue expansion serves as a chemoattractant signal
for circulating monocytes. These infiltrating cells are an important source of TNF-α within the adipose. In addition,
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excess dietary fatty acids as well as increases in circulating fatty acids from increased lipolysis can affect cytokine pro-
duction, leading to increases in TNF-α [215,217]. TNF-α actions in the adipose also cause changes in the production
of other adipokines, including adiponectin [218], leptin [219], and visfatin [220], and promote the release of other
proinflammatory cytokines. It is unclear whether the elevated circulating levels of TNF-α that are present in obesity
are a direct result of the increased TNF-α production within the adipose. Nonetheless, it is important to recognize
the effect of increased systemic TNF-α on various cells of the innate and adaptive immune systems. Under normal
conditions, acute increases in TNF-α result in activation of effector Th cells, which is important in the defense against
pathogens. This activation is then dampened due to the effect of TNF-α on Treg. On the other hand, chronic exposure
to TNF-α as in obesity may lead to immunosuppression and increased incidence of autoimmune disease.

IL-6
IL-6 is produced by adipocytes, macrophages, skeletal muscle, endothelial cells, and fibroblasts [221]. Structurally,
IL-6 is a single glycosylated protein that consists of four α-helices [222]. To mediate its effects, IL-6 binds to the α

chain of the IL-6 receptor which then associates with the gp130 membrane glycoprotein for signal transduction [223].
Within WAT, ATMs and adipocytes are the main source of IL-6 [22]. Adipose-derived IL-6 is an important source
of circulating IL-6; it has been estimated that approximately one-third of the circulating IL-6 is derived from adipose
tissue [224]. Similar to TNF-α, increased IL-6 levels correlate with BMI and waist circumference in clinical data
[225]. IL-6, like many other adipokines discussed in this review, has both pro- and anti-inflammatory effects, with
a central role in host defense, inflammation, lipid metabolism, and insulin resistance. Indeed, it is a still a matter of
debate as to whether IL-6 is helpful or harmful in the context of insulin resistance and obesity. Acute treatment with
IL-6 in mice abrogates insulin’s ability to suppress hepatic glucose production, reduces insulin-stimulated glucose
uptake in skeletal muscle, and increases circulating triglycerides [226,227]. On the other hand, IL-6−/− mice become
obese as they age and develop decreased glucose tolerance, and treatment with IL-6 decreases body weight in IL-6−/−

mice, while having no effect on wild type animals [228]. Recently, studies by Han et al. showed that IL-6 produced
by adipocytes promotes ATM accumulation, but does not affect glucose or insulin tolerance. On the other hand,
IL-6 produced by myeloid cells in the adipose inhibits ATM accumulation, suppresses M1 polarization, and improves
glucose tolerance [229].

MCP-1
MCP-1 or CCL2 is a potent chemotactic protein that is mostly made by macrophages and endothelial cells. Human
MCP-1 is 13-kDa protein that is a member of the MCP family consisting of at least four members (MCP-1,-2,-3,-4),
and it exerts its action by binding to its receptor CCR2 [230]. The CCR2A isoform is expressed by mononuclear cells
and vascular smooth muscle cells, while CCR2B is expressed by monocytes and NK cells. MCP-1 was discovered to be
secreted by adipose tissue in an exploratory study using 3T3-L1 adipocytes searching for factors that were responsible
for insulin resistance. MCP-1 was highly up-regulated in 3T3-L1 cells that were deprived of glucose [231]. Circulating
levels of MCP-1 are elevated in obese mice and humans [232]. MCP-1 is important in the recruitment of circulating
macrophages to obese adipose tissue [233]. Furthermore, local proliferation of macrophages in adipose is also depen-
dent on MCP-1, as mice with depleted blood monocytes still have MCP-1-dependent proliferation of macrophages
in their adipose [30]. Kanda et al. showed that high-fat diet-induced insulin resistance and hepatic steatosis were
reduced in mice MCP-1 knockout mice [231]. These results were not echoed in a subsequent study, where it was
determined that high-fat diet-fed mice that lacked MCP-1 had no changes in insulin sensitivity or macrophage adi-
pose accumulation [234]. It is likely that in this study other chemokines were significant in monocyte recruitment to
adipose tissue.

IL-10
IL-10 is a cytokine that is produced by a wide range of cell types, including Th2 cells, macrophages, and B cells. It can
have numerous effects on various cell types, but its principal function is to limit the inflammatory response. IL-10
stimulates the release of soluble TNF-α receptor and IL-1 receptor antagonist, which serves to decrease the activity of
inflammatory cytokines [235]. It also inhibits the action of Th1 cells by reducing levels of the cytokines IL-6, IFN-γ,
and TNF-α [236]. In the adipose tissue, IL-10, the regulation of its secretion, and its role in WAT metabolism and
insulin sensitivity is unclear. In nonobese diabetic mice, IL-10 treatment prevents diabetes onset [237], and IL-10
treatment can prevent lipid-mediated insulin resistance in skeletal muscle. In obese humans and in obese animal
models, WAT produces more IL-10 [238]. The elevated levels of IL-10 are likely an attempt to inhibit continued
inflammatory cytokine production in the adipose. There are many discrepancies in the literature on circulating IL-10
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in obesity. Several studies find that IL-10 is higher in obese subjects [237–239], while others report lower circulating
levels [240,241]. Because IL-10 can have pro-inflammatory effects in certain conditions, further studies are needed
to fully understand the dynamics of IL-10 production in adipose tissue and obesity.

As a reference, some additional adipokines, their change in obesity, immune function, and levels in autoimmune
disease are summarized in Table 1. Overall, data are limited on this diverse group of molecules and any pathogenic role
they may have in obesity or autoimmunity. For example, angiopoietin-like protein 2 is increased in obesity and pro-
motes accumulation of immune cells in adipose tissue [242,243], but its levels in autoimmune diseases have not been
assessed. Omentin, which is decreased in obesity, is associated with increased levels of IL-4 and IL-13 and promotes
Th2-type responses [244]. Omentin is decreased in psoriasis [245], but increased in patients with lupus nephritis
[246]. It is unknown whether omentin functions in a pro- or anti-inflammatory manner in autoimmunity.

Concluding remarks
The past three decades of research have yielded a tremendous influx of data on adipokines and their role in immune
function, and not surprisingly, have sparked many new questions. A common finding is that most of the adipokines
have either pro- or anti-inflammatory properties depending on the animal model, in vitro culture conditions, or, in
the case of human studies, characteristics of the study group. These discrepancies highlight the importance of further-
ing our understanding of adipokines as part of a large network in which immune cells respond to a complex milieu
of factors. In addition, there are many other adipokines not extensively discussed in this review that affect immune
function and warrant further study. Finally, as rates of obesity have skyrocketed, so have the diagnoses of autoimmune
diseases. This leads to the question, are the dysregulated adipokines in obesity promoting an environment for the de-
velopment of autoimmunity, or does autoimmune disease promote an inflammatory environment in the adipose and
the later development of obesity?
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