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Abstract: Rheumatoid arthritis (RA) is a systemic chronic inflammatory autoimmune joint disease,
characterized by progressive articular damage and joint dysfunction. One of the symptoms of
this disease is persistent inflammatory infiltration of the synovial membrane, the principle site of
inflammation in RA. In the affected conditions, the cells of the synovial membrane, fibroblast-like
synoviocytes and macrophage-like synovial cells, produce enzymes degrading cartilage and
underlining bone tissue, as well as cytokines increasing the infiltration of immune cells. In
patients with RA, higher levels of adiponectin are measured in the serum and synovial fluid.
Adiponectin, a secretory product that is mainly white adipose tissue, is a multifunctional protein
with dual anti-inflammatory and pro-inflammatory properties. Several studies underline the fact that
adiponectin can play an important pro-inflammatory role in the pathophysiology of RA via stimulating
the secretion of inflammatory mediators. This narrative review is devoted to the presentation of recent
knowledge on the role played by one of the adipokines produced by adipose tissue—adiponectin—in
the pathogenesis of rheumatoid arthritis.
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1. Introduction

Adiponectin is a secretory product of adipocytes, cells with a very metabolically active white
adipose tissue. The tissue secretes a number of biologically active substances, such as various cytokines,
enzymes, and peptide hormones called adipokines (Figure 1), which play an important role in both
physiological and pathological processes [1]. Among others, the secretory products of adipocytes may
participate in modulating immune and inflammatory responses [2]. For this reason, overweight and
obese people are more likely to develop pathological changes. Cytokines produced by excess fat tissue
can affect the body’s natural processes, contributing to the development of inflammation. Inflammation
is the reaction of vascularized connective tissue to damaging factors. The basis of many diseases is
chronic inflammation that lasts for many years or even the rest of the patient’s life. Disrupted by
inflammatory factors, physiological processes create a “vicious pathophysiological circle”, which the
body is unable to break. Successive and cyclically repeated processes of tissue destruction and repair
lead to organ dysfunction.
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Figure 1. The main adipokines synthesized and secreted by adipocytes of white adipose tissue. 
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Various type of adipokines are presented, including hormones, cytokines, and other biologically active
substances: PGI—prostaglandins I2 and I2alpha; IL-6—interleukin 6; TGF-ß—transforming growth
factor beta; TNF-α and TNF-ß—tumor necrosis factor alpha and beta; IGF-1—insulin-like growth factor
1; MCP-1—monocyte chemoattractant protein-1.

The aim of this review is to present recent knowledge on the role played by one of the adipokines
produced by adipose tissue—adiponectin—in the pathogenesis of rheumatoid arthritis.

2. Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA), a systemic chronic inflammatory joint disease, develops in genetically
susceptible individuals, not only under the influence of environmental factors, but also through
epigenetic mechanisms. It is a heterogeneous disorder, with different pathogenetic mechanisms and
various clinical forms [3–5]. RA is a severe autoimmune disease characterized by chronic symmetrical
polysynovitis (arthritis) of the peripheral joints, leading to the destruction of cartilage and underlying
bone tissue. This disease affects 1% of the world’s population and is associated with a loss of physical
fitness, quality of life, and frequent comorbidities [5,6].

The structure ensuring the proper function of each joint is the synovial membrane and synovial
fluid, enabling collision-free joint mobility. The synovial membrane is composed of loose proper
connective tissue and some compacted connective tissue and yellow adipose tissue in places. It creates
microplicae and microvilli that penetrate the joint cavity. In addition to the typical connective tissue
cells and variable leukocyte populations, there are also two types of specialized cells: macrophage-like
synovial cells (type A), which are derived from blood monocytes and remove tissue fragments from
the synovial fluid by friction movements; and type B cells, which are fibroblast-like synoviocytes
(FLS) that produce hyaluronan and small amounts of proteoglycans and form part of the synovial
fluid. The synovium is rich in numerous blood vessels and contains a high density of fenestrated
capillaries, in normal conditions situated very close to the synovial surface (an arrangement disrupted
in rheumatoid synovium) with fenestrations preferentially oriented mainly toward the joint cavity [7].

Due to the action of an unidentified stimulus (bacteria, virus, and antigen), inflammation
can develop in the synovium. This leads to vasodilation and increased permeability, followed by
leukocyte infiltration and increased fibroblast proliferation. Activated rheumatoid arthritis synovial
fibroblasts (RASFs) are characterized by an autonomic pathogenic phenotype that includes the ability
to hyperproliferate and migrate, thus contributing to synovial hyperplasia and the spread of RA to
healthy joints [3,7–9]. The ability of the cells to migration from affected to healthy joints was previously
confirmed via in vitro and animal studies [9].



Int. J. Mol. Sci. 2020, 21, 8265 3 of 14

Likewise, resident and arriving monocytes, differentiating into RA synovial macrophages, show a
pro-inflammatory profile that is associated with pathological RASF activity; the number of these cells
in the synovium of affected joints correlates with disease activity and joint erosion [10–12]. In addition,
it is widely accepted that endothelial cells in synovial inflammation also contribute to chronic synovitis
through both angiogenesis and immune cell recruitment [5,13]. In this context, it is recognized that
synovial fibroblasts and synovial macrophages play a key role in the course of RA pathology [3,5,8,14].

The disease is also characterized by the presence of immune cells and the production of
autoantibodies such as anti-citrullinated protein antibodies (ACPA) and rheumatoid factor (RF),
as well as increased levels, among others, of TNF-α, IL-1β, and IL-6, which are all believed to be central
pro-inflammatory cytokines that participate in chronic synovitis, osteoclast formation, and subsequent
erosive joint damage [3,5,8,14,15].

The process responsible for the synthesis of autoantibodies is under the control of follicular helper
cells (Tfh), a specialized subset of CD4+ T lymphocytes, cooperating with B lymphocytes. Therefore,
it is suggested that B cells, together with Tfh, play one of the important roles in the pathogenesis of
RA [16,17].

Understanding the mechanisms underlying both immune regulation and reducing inflammatory
conditions is critical to designing new treatment strategies for RA. One approach to understanding
these mechanisms is to study the balance of the neuro–endocrine–immune system, which is crucial for
maintaining homeostasis and effective adaptation to stressors [18,19]. The complex communications and
their regulatory mechanisms are based on the presence of common mediators such as neurotransmitters,
cytokines, hormones, and their receptors. In this aspect, on the one hand, dysregulation in the
immune–endocrine integrated circuits is involved in the development of chronic metabolic diseases,
including obesity, diabetes, and metabolic syndrome [20]. On the other hand, RA has been defined as
an example of a disease resulting from abnormal interactions between these systems [21].

3. Adiponectin (ADP)

Human adiponectin, encoded by the ADIPOQ gene, is a secretory product, mainly of white
adipocytes, and one of either bioactive peptides or proteins, immune molecules, or inflammatory
mediators, with different biological activities. The expression of adiponectin was also identified in
osteoblasts, liver parenchyma cells, myocytes, endothelial cells, and placenta [22]. Together with
other members of the adipokine family, adiponectin plays a critical role in several major disorders,
including insulin sensitivity, cardiovascular disease, conditions of arthritis, and obesity [23]. Since the
discovery of the first adipokine, leptin, in 1994, profile studies have identified hundreds of adipokines
in the human fat proteome (adipokinome), all of which can strongly modulate inflammation via the
autocrine/paracrine and endocrine pathways [23].

Adiponectin was identified by several researchers, using different techniques, and is also known
as Acrp30, adipoQ, ApM1, and GBP28; it is a 28–30 kDa secretory protein of adipocytes (Obata et al.
2013) and structurally consists of a fibrous subunit at the nitrogen terminus and a globular subunit
at the carboxyl terminus [24]. It belongs to the soluble collagen superfamily and is homologous to
complement factor C1q and the tumor necrosis factor (TNF) family [25].

The main biological functions of adiponectin include the stimulation of fatty acid biosynthesis
and the inhibition of gluconeogenesis in the liver [25,26]. In addition, it is unclear whether glucose
uptake in skeletal muscles can be applied through signaling pathways. Studies have shown that
adiponectin can be used to improve insulin resistance by reducing the amount of intracellular fat
through increased fatty acid oxidation via activating peroxisome proliferator-activated receptor alpha
(PPARα) and enhancing insulin receptor substrate (IRS) signaling in skeletal muscle and liver [27,28].
Moreover, adiponectin was found to have antioxidant, anti-inflammatory, and anti-atherosclerotic
effects [26,29].

Three isoforms of adiponectin are distinguished, depending on the degree of oligomerization as
follows: low molecular weight (LMW) in the form a trimer of three adiponectin monomers, medium
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molecular weight (MMW) hexamer, and high molecular weight (HMW) multimer containing 12-32
adiponectin monomers [1,27,30].

Within isoforms, MMW hexamers and HMW multimers constitute the richest of the adiponectin
circulating in the blood, while monomers are present in human plasma at very low levels LMW,
and are normally not detected in the circulation [26,31]. Moreover, the serum also contains globular
adiponectin (gAPN), a product of the proteolytic cleavage of the fibrous adiponectin (fAPN), probably
with independent biological activities [1]. Adiponectin exerts its biological effects via binding with two
main receptors; adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2); these have
a specific distribution and characteristics. AdipoR1 was identified for the first time in skeletal
muscle, the other AdipoR2 in liver. Adiponectin receptor 1 is involved in modulation of AMP kinase,
while AdipoR2 in activation of PPARα. However, it is unknown whether adiponectin receptors are
expressed in multiple tissues. Both of them serve as receptors for globular and full-length adiponectin
and mediate the increased fatty-acid oxidation and glucose [32].

Many data indicate that various of adiponectin isoforms are involved in the pathogenesis of various
metabolic diseases such as type 2 diabetes, metabolic syndrome and related complications, especially
cardiovascular diseases, and also autoimmune disease such as RA, systemic lupus erythematosus and
osteoarthritis [33]. These isoforms have also been shown to act as acute phase reagents that influence
inflammatory mechanisms in both the acute and chronic disease. The disruption of adiponectin
isoform formation is one of the main availabilities in metabolic disorders [29]. Individual isoforms of
adiponectin appear to affect gene expression differently [34].

Moreover, adiponectin isoforms differently influence the expression of lipid genes in primary
human hepatocytes (PHH) [35]. Population studies have shown that HMW adiponectin negatively
correlates with low-density lipoprotein cholesterol, triglycerides, apolipoprotein B, and apolipoprotein
E, and is positively associated with high-density lipoprotein cholesterol [36–38]. In obesity, the formation
of adiponectin isoforms is disrupted, which leads to the development of pathological conditions [39].
Given their pathophysiological effects, harmful adiponectin isoforms may possibly be a target of
a therapeutic strategy while maintaining the beneficial effects of other adiponectin isoforms [40].
The high-molecular-weight (HMW) isoform of adiponectin is believed to be the most physiologically
important and is increasingly used as a marker of disease-related adipocyte dysfunction [1,30,41,42].

Studies over the years revealed the dual functions of adiponectin, which have since been the
subject of conflict between various researchers. It is known that the existing adiponectin duality
in functions, e.g., anti-inflammatory and pro-inflammatory effects, contributes to the pathogenesis
of many diseases [43–46]. The adiponectin exerts beneficial anti-inflammatory properties on the
cardiovascular system, including atherosclerosis and metabolic disorders, such as obesity and
insulin resistance. For example, in the vascular, the protective effects of HMW adiponectin are
involved. The pro-inflammatory effect of adiponectin is observed in RA, chronic kidney disease (CKD),
and inflammatory bowel disease, a group of intestinal disorders. A lack of understanding of these
phenomena can be recognized as difficulties in the precise measurement of adiponectin isoforms or the
lack of a universal standard [26,39].

As mentioned above, adiponectin, or multifunctional adipokine, can present both anti-inflammatory
and pro-inflammatory effects, although the biological function of this cytokine appears to be influenced
by exposure time, concentration, and environmental indications such as other cytokines and the tissue
microenvironment. The above controversial evidence that adiponectin can have a dual inflammatory
effect defines the specific roles of adiponectin in RA [1]. The anti-inflammatory properties of adiponectin
may be a major component of its beneficial effects on cardiovascular and metabolic disorders, including
atherosclerosis and insulin resistance [47].

4. Adiponectin and Rheumatoid Arthritis

Unlike other diseases, systemic autoimmune and chronic inflammatory joint diseases are
characterized by the increased production of adipokines, and high adiponectin levels in plasma
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and synovial fluid have been confirmed in RA patients, when comparing their levels with the plasma
of healthy subjects [26,48,49]. The differences between RA and healthy controls were also observed in
serum adiponectin isoform contents. The level of HMW was higher, while there were no differences in
MMW content, whereas globular adiponectin (gAPN) content, like HMW, was much higher in RA
patients [26,50]. Because of these dependencies, it was suggested that the differences between RA
patients and healthy individuals with regard to the levels of HMW and globular adiponectin could
be regarded as potential RA biomarkers to evaluate the early stages of disease progression [26,51,52].
To establish the effect of adiponectin isoforms on primary human synovial fibroblast gene expression
in RA, Frommer et al. (2012) stimulated the cells with native adiponectin and its three various
isoforms. The stronger activation of gene expression in RA synovial fibroblasts and the production
of pro-inflammatory chemokines and cytokines was exerted by HMW/MMW-enriched and globular
adiponectin; as a consequence, the influx of lymphocytes was observed. The LMW adiponectin isoform
led to the minimal expression of chemokines and cytokines [34]. However, there are conflicted data on
the role of adiponectin in pathophysiology and progression of RA. The controversies can be connected
with the ability of adiponectin to form multimeric complexes with various biological activity, and
with ability to affect the expression of genes in rheumatoid FLS and other type of effector cells [53].
Additionally, the adiponectin receptors bind the multimeric forms with different affinity. It was shown
that AdipoR1 receptor binds the adiponectin trimer with higher affinity, while AdipoR2 shows a greater
affinity to higher-order multimers MMW and HMW [54]. Studies by Kontny et al. (2012) indicated
that human rheumatoid FLS responded in different manner after stimulation with three forms of
adiponectin isoforms. Both HMW and MMW presented pro-inflammatory and pro-destructive effects,
while a third isoform, LMW adiponectin, showed the low activity level but stimulated the cells to
stronger answer to IL-1ß [55]. The role of LMW adiponectin in RA is not well investigated; nevertheless,
studies performed by Li at al. (2015) with Chinese female patients indicated that the level of LMW
in the serum of the patients can be associated more with disease activity of RA than both HMW and
MMW adiponectin multimers [56].

Several studies underline that adiponectin can play an important pro-inflammatory role in
the pathogenesis of RA, particularly in the joints, via stimulating the secretion of inflammatory
mediators, among others, by activated synovial fibroblasts that expressed adiponectin receptors [9].
An in vitro study with cultured RASFs revealed that the RASFs respond to adiponectin by increasing
pro-inflammatory factors, including prostaglandins E2, IL-6, IL-8, matrix metalloproteinases-1, and -13
(MMPs-1, -13). The stronger pro-inflammatory effect showed HMW isoforms of adiponectin as
compared to LMW isoform in these cells [5,57]. Inconsistent effects exerted via various isoforms of
adiponectin have been noted in cells other than synovial fibroblasts, e.g., monocytes. The effects of
adiponectin isoforms were investigated in cultured primary monocytes that were isolated from six
healthy individuals. The results obtained indicated that the HWM adiponectin isoform induced the
interleukin-6 (IL-6) secretion, compared to constitutive secretion, while LMW adiponectin reduced
IL-6 secretion and increased IL-10 secretion in lipopolysaccharide (LPS)-activated monocytes [58].

These results are especially important because IL-6 is regarded to be the most pleiotropic cytokine,
playing a key role in the development of chronic inflammation associated with RA. The pleiotropic effects
IL-6 in the synovium include chronic synovitis, the proliferation of FLS, angiogenesis, and cartilage
degradation [59].

Within immune cells, T lymphocytes are also attributed to the pathogenesis of RA, although the
exact role remains unclear. Data in the literature suggest that mainly CD4 T-helper (Th) lymphocytes are
included in RA pathogenesis via cytokine and chemokine secretion [15]. Follicular helper T (Tfh) cells
are specialized T cells subset support B cells and are essential for germinal center formation, affinity
maturation, and the development of the highest affinity antibodies and memory B cells. The cells
expressed CXC chemokine receptor 5 required for the migration into B-cell follicles in secondary
lymphoid organs [60,61].
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It was also demonstrated that human RA FLSs in culture stimulated with adiponectin promoted
the generation of Tfh lymphocytes, mainly mediated by the secretion of IL-6 [17]. In the in vitro
study, RA fibroblast-like synoviocytes (FLS) isolated from the synovial tissue of RA patients were
used. The RA FLS were stimulated with adiponectin and then co-cultured with CD4 T cells obtained
from healthy patients. Results from the study noted that Tfh cells expressed AdipoR1; however,
adiponectin was not directly included in Tfh lymphocyte generation in vitro, but indirectly via IL-6
production by adiponectin-stimulated RA LFSs [17]. In the other in vivo part of the study, DBA/1J (CIA,
collagen-induced arthritis) mice were used. The intra-articular injection of adiponectin aggravated
synovial inflammation and increased frequency of Tfh cells in the joints of mice [17].

In another study, taking into consideration the pro-inflammatory effects of adiponectin, Choi
and co-authors (2020) investigated the stimulatory effect of adiponectin on the production of IL-6,
IL-8, prostaglandin E2 (PGE2), VEGF, and MMPs. The in vitro studies were carried out with FLS
derived from patients with RA. Additionally, the correlation between adiponectin and VEGF or MMPs
was investigated by measuring the levels of these three proteins in the joint fluid of RA patients.
The obtained results showed, for the first time, that adiponectin was able to induce the production of
vascular endothelial growth factor (VEGF) and MMPs, namely MMP-1 and MMP-13, which can lead
to joint inflammation and destruction. Furthermore, the level of adiponectin in the joint fluid of RA
patients, was positively correlated with the level of VEGF [26,62–64].

In RA, chondrocytes of joint cartilage and bone cells underlying bone tissue are also included.
Human and murine chondrocytes express functional adipokine receptors [65]. The chondrocytes
isolated from human normal articular cartilage, C28/I2, C20A4, TC28a2 human immortalized
chondrocytes, and the murine chondrogenic cell lines, treated with adiponectin, showed an increase, in a
dose-dependent manner, in the expression of mRNA and MMP-3 secretion, through AdipoR1 [51,65,66].
The adiponectin-stimulated human primary chondrocytes obtained from 14 RA patients and the murine
ATDC-5 cell line secretion of vascular cell adhesion molecules-1 (VCAM-1), identify factors responsible
for leukocyte and monocyte infiltration at inflamed joints [2]. As Scotece et al. (2012) described,
in human chondrocytes, RA patients’ adiponectin also induced nitric oxide (NO), IL-6, MMP-3, MMP-9,
monocyte chemoattractant protein (MCP)-1, and IL-8 and promoted inflammation by increasing TNF-α,
IL-6, and IL-8 [57,67].

To assess the association between serum levels of adiponectin in RA and radiographic damage,
Giles et al. (2011) performed studies including RA patients of both sexes. Results of the studies showed
that higher adiponectin levels in the patient were associated with more joint destruction, and the effect
of adiponectin can depend on gender, obesity, and pharmacotherapies of RA patients [68].

Adiponectin can also affect the function of primary human osteoblasts and osteoclasts.
After stimulation, adiponectin can modulate the secretory function of osteoblasts in vitro—cells
producing bone matrix—to decrease the ability of cells to mineralize the matrix; also, adiponectin
concurrently increases the activity of osteoclasts to resorb bone tissue. On the other hand, adiponectin
stimulates the expression of MMP-9 and iron-containing tartrate-resistant acid phosphatase (TRAP) in
osteoblasts and also increases the secretion of IL-8 by the cells. The study of human rheumatoid arthritis
bone tissue revealed that adiponectin can also inhibit osterix (Osx) expression, an osteoblast-specific
transcription factor that is essential for bone formation, and stimulate osteoprotegerin mRNA expression,
which disturbs the inhibition of osteoclast activity, thereby delaying bone formation [26,69]. The process
of the activation of osteoclast function in RA patients can be mediated via the increase of osteopontin
synthesis by adiponectin-stimulated synovial fibroblasts. Osteopontin in bone tissue is required for
osteoclast recruitment and the initiation of bone erosion. The regulatory role of adiponectin and
osteopontin expression in RA was confirmed via in vitro studies with primary RA synovial fibroblasts
and with a collagen-induced arthritis mice model in vivo, in which the extent of bone erosion was
observed [70]. As mentioned above, adiponectin levels in serum and synovium are changed in RA
patients, and the adiponectin exerts its biological effects through the activation of adiponectin receptors.
However, there is no evidence of a correlation between AD-related gene polymorphisms and RA.
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A study by Zhao et al. (2020) was devoted to exploring the association between adiponectin and
single-nucleotide polymorphisms (SNPs) in its receptor gene with genetic susceptibility to RA in a
Chinese population [71]. A total of 617 male and female patients with RA and 639 geographically and
ethnicity matched healthy controls were enrolled in the study, and five D SNPs (rs266729, rs2241766,
rs1063537, rs2082940, and rs1063539) and two ADR SNPs (rs7539542 and rs12342) were genotyped.
The results showed that adiponectin and adiponectin receptor polymorphisms were probably not
associated with the occurrence and genetic susceptibility to RA. The adiponectin gene polymorphisms
have a minor impact on the stimulation of anti-cyclic citrullinated peptide in female patients with RA;
also, the polymorphisms have no association with the plasma adiponectin level [71].

Other cell types, such as endothelial cells, and lymphocytes revealed a predominantly
pro-inflammatory response to adiponectin [5,57].

All data clearly indicated that adiponectin, with a pro-inflammatory effect, is one of the main
players in the development of RA (Figure 2 and Table 1).

Table 1. Selected studies investigating the association of adiponectin and rheumatoid arthritis in
humans, cell cultures, and animals.

Authors Study Design Subjects Results/Outcomes

Su et al. 2015 [72]

Observation of the effect of
adiponectin on the expression of

oncostatin M (OSM), a
pro-inflammatory cytokine, in

human osteoblastic cells.

Human osteoblastic cells.

Adiponectin increased OSM expression
via the PI3K, Akt, and NF-κB signaling

pathways in osteoblastic cells,
suggesting that adiponectin is a novel

target for arthritis treatment.

Bustos
Rivera-Bahena et al.

(2015) [73]

Cross-sectional study evaluating
the correlation between adipokine

levels and disease activity.
121 RA patients

No correlation between serum
adiponectin and clinical activity of RA,
but a negative correlation with TNFα
and positive correlation with IL-1β.

Chennareddy et al.
(2016) [74]

Cross-sectional study evaluating
the serum concentrations of

adiponectin and its impact on
disease activity and radiographic

joint damage.

43 RA patients
25 controls

Increased levels of serum adiponectin in
RA, but no correlation with erosive and
non-erosive disease, disease duration,

BMI, waist-to-hip ratio and disease
activity.

Krumbholz et al. (2017)
[69]

Adiponectin and its receptors
were examined in bone tissue.

Primary human osteoblasts and
osteoclasts were stimulated with
adiponectin and analyzed using

real-time polymerase
chain-reaction and immunoassays.

Effects on matrix-production by
osteoblasts and differentiation and
resorptive activity of osteoclasts

were examined.

Cell cultures

Adiponectin expression in key cells of
bone remodeling. Adiponectin altered
gene expression and cytokine release in
osteoblasts and increased IL-8 secretion
by osteoclasts. Adiponectin inhibited
osterix and induced osteoprotegerin
mRNA in osteoblasts. In osteoclasts,

MMP-9 and tartrate resistant acid
phosphatase expression was increased.
Accordingly, the mineralization capacity

of osteoblasts decreased, whereas the
resorptive activity of osteoclasts

increased.

Lee et al. (2018) [49]

Meta-analyses on serum/plasma
adiponectin or visfatin levels in

patients with RA and controls and
the correlation coefficients

between circulating adiponectin
and visfatin levels and Disease

Activity Score of 28 joints (DAS28)
in RA patients.

813 RA patients
684 controls

Adiponectin levels were significantly
higher in the RA group than in the

control group. Circulating adiponectin
levels were not associated with RA

activity based on DAS28 and C-reactive
protein (CRP) levels.

Liu (2020) [17] Investigation whether AD exerts
effect on Tfh cells in RA.

Human RA FLS
Mice

AD-stimulated RA FLSs promote Tfh
cell generation, which is mainly

mediated by the secretion of soluble
factor IL-6.

Zhang Y et al. (2020) [75]

Report determining the effect of
baseline serum adiponectin levels
in predicting the development of

rheumatoid arthritis (RA).

3693 subjects with
obesity followed-up for

up to 29 years.

In this cohort of subjects with obesity,
high serum adiponectin levels at
baseline were associated with an

increased risk of RA. Moreover, subjects
with both high adiponectin and CRP

levels at baseline were at particular risk
of developing RA.
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Figure 2. The effects of adiponectin and its isoforms on various cell types in RA.

5. Potential Therapeutics Targeting Adiponectin in RA

Adiponectin, multifunctional protein with pro-inflammatory properties, plays an important
role in the development and progression of RA. The ability of adiponectin to multimerize and
form three isoforms with different biological activity may be considered for use in the treatment
of RA. The knowledge on functional activities of all adiponectin multimers can be permitted to
block the isoforms to reduced RA progression and disease activity. The inhibition of individual
adiponectin multimers, to reduce harmful adiponectin effects and promote its beneficial activity,
is one hypothesis in RA therapy [34]. However, it can be taken into consideration that responses
of target cells as RASF on adiponectin stimulation can differ among RA patients, and also to the
different medication [76]. When looking for new possibilities in modulating adiponectin activity and
therapy RA, adiponectin receptors and co-receptors should also be considered as a target [34,77–79].
The aim of the study performed by Lee et al. (2018) was to generate monoclonal antibodies against
adiponectin isoforms as potential therapeutic agents in RA [40]. The experiment was performed in a
mouse model, and monoclonal antibody (mAb) was obtained from sera of immunized BALB/c mice
recognizing MMW adiponectin, and also mAbs recognizing three human isoforms of adiponectin from
hybridoma cells. The human mAbs recognized all adiponectin isoforms in human serum and tissue [40].
Further exploration of the role of adiponectin in the pathophysiology of diseases, including RA, and its
mechanisms of action may provide a tool for developing personalized therapeutic approaches based
on modulating the activity of individual adiponectin multimers.

6. Adiponectin and Osteoarthritis

The activity of adiponectin is also noted in osteoarthritis (OA), a disease that is the most prevalent
form of aging-related joint diseases, and which affects more than 37% of individuals aged over 60 years.
In the etiology of OA, genetic and non-genetic factors are included, such as congenital defects,
aging, gender, trauma, and obesity. Osteoarthritis may develop as a primary disease of the motor
organ or as a secondary one in the course of other inflammatory joint diseases and is characterized
by articular cartilage degradation, subchondral bone sclerosis, osteophyte formation, and synovial
inflammation [80,81]. The meta-analysis presented in a review by Tang et al. (2018) showed that the
systemic adiponectin concentration is higher in OA patients than in healthy controls and is also localized
in the synovium [82]. Additionally, it was also shown that adiponectin has a pro-inflammatory effect
in OA. Experimental in vitro studies with synovial fibroblasts revealed that adiponectin stimulates
the production of key mediators of destructive arthritis, IL-6, and pro-MMP-1 [83]. Osteoarthritis is
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also characterized by osteophyte formation. In an investigation into the effects of adipokines on the
development of OA osteophytes, adiponectin- and visfatin-stimulated osteoblasts, and chondrocytes,
respectively, to increase their release of pro-inflammatory mediators [84]. After the treatment of
cultured primary human chondrocytes from OA patients with adiponectin, the increased expression
and secretion of MMP-1, MMP-3, and MMP-13 was observed [51,85,86].

7. Conclusions

Duality in the inflammatory functions show that adiponectin is one of the most widely investigated
secretory products of white adipocytes. Data confirm the suggestion that the pro-inflammatory activity
of adiponectin results in the development and/or increased severity of RA. Adiponectin affects the
gene and protein expression in cells, not only in the synovial membrane, but also of chondrocytes,
osteoblasts, osteoclasts, endothelial cells, and lymphocytes. The existence of adiponectin isoforms
produces its multi-directional and complicated role in the signaling. Therefore, it is difficult to establish
the most useful therapeutic strategy in inflammatory joint diseases.
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PPAR peroxisome proliferator-activated receptor
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fAPN fibrous adiponectin
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VEGF vascular endothelial growth factor
MMP matrix metalloproteinase
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Osx osterix



Int. J. Mol. Sci. 2020, 21, 8265 10 of 14

References

1. Liu, D.; Luo, S.; Li, Z. Multifaceted roles of adiponectin in rheumatoid arthritis. Int. Immunopharmacol. 2015,
28, 1084–1090. [CrossRef] [PubMed]

2. Conde, J.; Scotece, M.; López, V.; Gómez, R.; Lago, F.; Pino, J.; Gómez-Reino, J.J.; Gualillo, O. Adiponectin
and leptin induce VCAM-1 expression in human and murine chondrocytes. PLoS ONE 2012, 7, e52533.
[CrossRef] [PubMed]

3. Firestein, G.S.; McInnes, I.B. Immunopathogenesis of Rheumatoid Arthritis. Immunity 2017, 46, 183–196.
[CrossRef] [PubMed]

4. Chen, Z.; Bozec, A.; Ramming, A.; Schett, G. Anti-inflammatory and immune-regulatory cytokines in
rheumatoid arthritis. Nat. Rev. Rheumatol. 2019, 15, 9–17. [CrossRef]

5. Carrión, M.; Frommer, K.W.; Pérez-García, S.; Müller-Ladner, U.; Gomariz, R.P.; Neumann, E. The Adipokine
Network in Rheumatic Joint Diseases. Int. J. Mol. Sci. 2019, 20, 4091. [CrossRef]

6. Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [CrossRef]
7. Falconer, J.; Murphy, A.N.; Young, S.P.; Clark, A.R.; Tiziani, S.; Guma, M.; Buckley, C.D. Review: Synovial

Cell Metabolism and Chronic Inflammation in Rheumatoid Arthritis. Arthritis Rheumatol. 2018, 70, 984–999.
[CrossRef]

8. McGettrick, H.M.; Butler, L.M.; Buckley, C.D.; Rainger, G.E.; Nash, G.B. Tissue stroma as a regulator of
leukocyte recruitment in inflammation. J. Leukoc. Biol. 2012, 91, 385–400. [CrossRef]

9. Neumann, E.; Lefèvre, S.; Zimmermann, B.; Geyer, M.; Lehr, A.; Umscheid, T.; Schönburg, M.; Rehart, S.;
Müller-Ladner, U. Migratory potential of rheumatoid arthritis synovial fibroblasts: Additional perspectives.
Cell Cycle 2010, 9, 2286–2291. [CrossRef]

10. Mulherin, D.; Fitzgerald, O.; Bresnihan, B. Synovial tissue macrophage populations and articular damage in
rheumatoid arthritis. Arthritis Rheum. 1996, 39, 115–124. [CrossRef]

11. Haringman, J.J.; Gerlag, D.M.; Zwinderman, A.H.; Smeets, T.J.; Kraan, M.C.; Baeten, D.; McInnes, I.B.;
Bresnihan, B.; Tak, P.P. Synovial tissue macrophages: A sensitive biomarker for response to treatment in
patients with rheumatoid arthritis. Ann. Rheum. Dis. 2005, 64, 834–838. [CrossRef] [PubMed]

12. Soler Palacios, B.; Estrada-Capetillo, L.; Izquierdo, E.; Criado, G.; Nieto, C.; Municio, C.; González-Alvaro, I.;
Sánchez-Mateos, P.; Pablos, J.L.; Corbí, A.L.; et al. Macrophages from the synovium of active rheumatoid
arthritis exhibit an activin A-dependent pro-inflammatory profile. J. Pathol. 2015, 235, 515–526. [CrossRef]
[PubMed]

13. Al-Soudi, A.; Kaaij, M.H.; Tas, S.W. Endothelial cells: From innocent bystanders to active participants in
immune responses. Autoimmun. Rev. 2017, 16, 951–962. [CrossRef]

14. Ospelt, C.; Gay, S. The role of resident synovial cells in destructive arthritis. Best Pract. Res. Clin. Rheumatol.
2008, 22, 239–252. [CrossRef]

15. Yap, H.Y.; Tee, S.Z.; Wong, M.M.; Chow, S.K.; Peh, S.C.; Teow, S.Y. Pathogenic Role of Immune Cells in
Rheumatoid Arthritis: Implications in Clinical Treatment and Biomarker Development. Cells 2018, 7, 161.
[CrossRef] [PubMed]

16. Liu, R.; Wu, Q.; Su, D.; Che, N.; Chen, H.; Geng, L.; Chen, J.; Chen, W.; Li, X.; Sun, L. A regulatory effect of
IL-21 on T follicular helper-like cell and B cell in rheumatoid arthritis. Arthritis Res. Ther. 2012, 14, R255.
[CrossRef] [PubMed]

17. Liu, R.; Zhao, P.; Zhang, Q.; Che, N.; Xu, L.; Qian, J.; Tan, W.; Zhang, M. Adiponectin promotes fibroblast-like
synoviocytes producing IL-6 to enhance T follicular helper cells response in rheumatoid arthritis. Clin. Exp.
Rheumatol. 2020, 38, 11–18.

18. Del Rey, A.; Besedovsky, H.O. Immune-Neuro-Endocrine Reflexes, Circuits, and Networks: Physiologic and
Evolutionary Implications. Front. Horm. Res. 2017, 48, 1–18. [CrossRef]

19. Savino, W.; Mendes-da-Cruz, D.A.; Lepletier, A.; Dardenne, M. Hormonal control of T-cell development in
health and disease. Nat. Rev. Endocrinol. 2016, 12, 77–89. [CrossRef]

20. Silva, A.R.; Gonçalves-de-Albuquerque, C.F.; Pérez, A.R.; Carvalho, V.F. Immune-endocrine interactions
related to a high risk of infections in chronic metabolic diseases: The role of PPAR gamma. Eur. J. Pharmacol.
2019, 854, 272–281. [CrossRef]

21. Pongratz, G.; Straub, R.H. The sympathetic nervous response in inflammation. Arthritis Res. Ther 2014,
16, 504. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.intimp.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26307192
http://dx.doi.org/10.1371/journal.pone.0052533
http://www.ncbi.nlm.nih.gov/pubmed/23285079
http://dx.doi.org/10.1016/j.immuni.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28228278
http://dx.doi.org/10.1038/s41584-018-0109-2
http://dx.doi.org/10.3390/ijms20174091
http://dx.doi.org/10.1016/S0140-6736(16)30173-8
http://dx.doi.org/10.1002/art.40504
http://dx.doi.org/10.1189/jlb.0911458
http://dx.doi.org/10.4161/cc.9.12.11907
http://dx.doi.org/10.1002/art.1780390116
http://dx.doi.org/10.1136/ard.2004.029751
http://www.ncbi.nlm.nih.gov/pubmed/15576415
http://dx.doi.org/10.1002/path.4466
http://www.ncbi.nlm.nih.gov/pubmed/25319955
http://dx.doi.org/10.1016/j.autrev.2017.07.008
http://dx.doi.org/10.1016/j.berh.2008.01.004
http://dx.doi.org/10.3390/cells7100161
http://www.ncbi.nlm.nih.gov/pubmed/30304822
http://dx.doi.org/10.1186/ar4100
http://www.ncbi.nlm.nih.gov/pubmed/23176102
http://dx.doi.org/10.1159/000452902
http://dx.doi.org/10.1038/nrendo.2015.168
http://dx.doi.org/10.1016/j.ejphar.2019.04.008
http://dx.doi.org/10.1186/s13075-014-0504-2
http://www.ncbi.nlm.nih.gov/pubmed/25789375


Int. J. Mol. Sci. 2020, 21, 8265 11 of 14

22. Achari, A.E.; Jain, S.K. Adiponectin, a Therapeutic Target for Obesity, Diabetes, and Endothelial Dysfunction.
Int. J. Mol. Sci. 2017, 18, 1321. [CrossRef]

23. MacDonald, I.J.; Liu, S.C.; Huang, C.C.; Kuo, S.J.; Tsai, C.H.; Tang, C.H. Associations between Adipokines in
Arthritic Disease and Implications for Obesity. Int. J. Mol. Sci. 2019, 20, 1505. [CrossRef] [PubMed]

24. Guerre-Millo, M. Adipose tissue hormones. J. Endocrinol. Investig. 2002, 25, 855–861. [CrossRef]
25. Cook, W.S.; Yeldandi, A.V.; Rao, M.S.; Hashimoto, T.; Reddy, J.K. Less extrahepatic induction of fatty acid

beta-oxidation enzymes by PPAR alpha. Biochem. Biophys. Res. Commun. 2000, 278, 250–257. [CrossRef]
[PubMed]

26. Choi, H.M.; Doss, H.M.; Kim, K.S. Multifaceted Physiological Roles of Adiponectin in Inflammation and
Diseases. Int. J. Mol. Sci. 2020, 21, 1219. [CrossRef]

27. Van Berendoncks, A.M.; Stensvold, D.; Garnier, A.; Fortin, D.; Sente, T.; Vrints, C.J.; Arild, S.S.;
Ventura-Clapier, R.; Wisløff, U.; Conraads, V.M. Disturbed adiponectin—AMPK system in skeletal muscle of
patients with metabolic syndrome. Eur. J. Prev. Cardiol. 2015, 22, 203–205. [CrossRef] [PubMed]

28. Schindler, M.; Pendzialek, M.; Grybel, K.J.; Seeling, T.; Gürke, J.; Fischer, B.; Navarrete Santos, A. Adiponectin
stimulates lipid metabolism via AMPK in rabbit blastocysts. Hum. Reprod. 2017, 32, 1382–1392. [CrossRef]

29. Thundyil, J.; Pavlovski, D.; Sobey, C.G.; Arumugam, T.V. Adiponectin receptor signalling in the brain.
Br. J. Pharmacol. 2012, 165, 313–327. [CrossRef]

30. Pajvani, U.B.; Du, X.; Combs, T.P.; Berg, A.H.; Rajala, M.W.; Schulthess, T.; Engel, J.; Brownlee, M.; Scherer, P.E.
Structure-function studies of the adipocyte-secreted hormone Acrp30/adiponectin. Implications fpr metabolic
regulation and bioactivity. J. Biol. Chem. 2003, 278, 9073–9085. [CrossRef]

31. Parker-Duffen, J.L.; Nakamura, K.; Silver, M.; Kikuchi, R.; Tigges, U.; Yoshida, S.; Denzel, M.S.; Ranscht, B.;
Walsh, K. T-cadherin is essential for adiponectin-mediated revascularization. J. Biol. Chem. 2013,
288, 24886–24897. [CrossRef]

32. Iwabu, M.; Okada-Iwabu, M.; Yamauchi, T.; Kadowaki, T. Adiponectin/AdipoR Research and Its Implications
for Lifestyle-Related Diseases. Front. Cardiovasc. Med. 2019, 6, 116. [CrossRef]

33. Toussirot, É.; Binda, D.; Gueugnon, C.; Dumoulin, G. Adiponectin in autoimmune diseases. Curr. Med. Chem.
2012, 19, 5474–5480. [CrossRef] [PubMed]

34. Frommer, K.W.; Schäffler, A.; Büchler, C.; Steinmeyer, J.; Rickert, M.; Rehart, S.; Brentano, F.; Gay, S.;
Müller-Ladner, U.; Neumann, E. Adiponectin isoforms: A potential therapeutic target in rheumatoid
arthritis? Ann. Rheum. Dis. 2012, 71, 1724–1732. [CrossRef]

35. Wanninger, J.; Liebisch, G.; Eisinger, K.; Neumeier, M.; Aslanidis, C.; Voggenreiter, L.; Pohl, R.; Weiss, T.S.;
Krautbauer, S.; Buechler, C. Adiponectin isoforms differentially affect gene expression and the lipidome of
primary human hepatocytes. Metabolites 2014, 4, 394–407. [CrossRef] [PubMed]

36. Fujimatsu, D.; Kotooka, N.; Inoue, T.; Nishiyama, M.; Node, K. Association between high molecular weight
adiponectin levels and metabolic parameters. J. Atheroscler. Thromb. 2009, 16, 553–559. [CrossRef]

37. Karasek, D.; Vaverkova, H.; Halenka, M.; Jackuliakova, D.; Frysak, Z.; Novotny, D. Total adiponectin levels
in dyslipidemic individuals: Relationship to metabolic parameters and intima-media thickness. Biomed. Pap.
Med. Fac. Univ. Palacky Olomouc. Czech. Repub. 2011, 155, 55–62. [CrossRef]

38. Miyazaki, T.; Hiki, M.; Shimada, K.; Kume, A.; Kiyanagi, T.; Sumiyoshi, K.; Ohmura, H.; Daida, H. The high
molecular weight adiponectin level is associated with the atherogenic lipoprotein profiles in healthy Japanese
males. J. Atheroscler. Thromb. 2014, 21, 672–679. [CrossRef]

39. van Andel, M.; Heijboer, A.C.; Drent, M.L. Adiponectin and Its Isoforms in Pathophysiology. Adv. Clin. Chem.
2018, 85, 115–147. [CrossRef]

40. Lee, Y.A.; Hahm, D.H.; Kim, J.Y.; Sur, B.; Lee, H.M.; Ryu, C.J.; Yang, H.I.; Kim, K.S. Potential therapeutic
antibodies targeting specific adiponectin isoforms in rheumatoid arthritis. Arthritis Res. Ther. 2018, 20, 245.
[CrossRef]

41. Saito, I.; Yamagishi, K.; Chei, C.L.; Cui, R.; Ohira, T.; Kitamura, A.; Kiyama, M.; Imano, H.; Okada, T.;
Kato, T.; et al. Total and high molecular weight adiponectin levels and risk of cardiovascular disease in
individuals with high blood glucose levels. Atherosclerosis 2013, 229, 222–227. [CrossRef]

42. Lara-Castro, C.; Luo, N.; Wallace, P.; Klein, R.L.; Garvey, W.T. Adiponectin multimeric complexes and the
metabolic syndrome trait cluster. Diabetes 2006, 55, 249–259. [CrossRef]

43. Breitfeld, J.; Stumvoll, M.; Kovacs, P. Genetics of adiponectin. Biochimie 2012, 94, 2157–2163. [CrossRef]

http://dx.doi.org/10.3390/ijms18061321
http://dx.doi.org/10.3390/ijms20061505
http://www.ncbi.nlm.nih.gov/pubmed/30917508
http://dx.doi.org/10.1007/BF03344048
http://dx.doi.org/10.1006/bbrc.2000.3739
http://www.ncbi.nlm.nih.gov/pubmed/11071880
http://dx.doi.org/10.3390/ijms21041219
http://dx.doi.org/10.1177/2047487313508034
http://www.ncbi.nlm.nih.gov/pubmed/24104889
http://dx.doi.org/10.1093/humrep/dex087
http://dx.doi.org/10.1111/j.1476-5381.2011.01560.x
http://dx.doi.org/10.1074/jbc.M207198200
http://dx.doi.org/10.1074/jbc.M113.454835
http://dx.doi.org/10.3389/fcvm.2019.00116
http://dx.doi.org/10.2174/092986712803833119
http://www.ncbi.nlm.nih.gov/pubmed/22876925
http://dx.doi.org/10.1136/annrheumdis-2011-200924
http://dx.doi.org/10.3390/metabo4020394
http://www.ncbi.nlm.nih.gov/pubmed/24957032
http://dx.doi.org/10.5551/jat.1073
http://dx.doi.org/10.5507/bp.155.2011.002
http://dx.doi.org/10.5551/jat.22152
http://dx.doi.org/10.1016/bs.acc.2018.02.007
http://dx.doi.org/10.1186/s13075-018-1736-3
http://dx.doi.org/10.1016/j.atherosclerosis.2013.04.014
http://dx.doi.org/10.2337/diabetes.55.01.06.db05-1105
http://dx.doi.org/10.1016/j.biochi.2012.03.004


Int. J. Mol. Sci. 2020, 21, 8265 12 of 14

44. Liu, M.; Liu, F. Regulation of adiponectin multimerization, signaling and function. Best Pract. Res. Clin.
Endocrinol. Metab. 2014, 28, 25–31. [CrossRef]

45. Magkos, F.; Sidossis, L.S. Recent advances in the measurement of adiponectin isoform distribution. Curr.
Opin. Clin. Nutr. Metab. Care 2007, 10, 571–575. [CrossRef]

46. Wang, Z.V.; Scherer, P.E. Adiponectin, the past two decades. J. Mol. Cell Biol. 2016, 8, 93–100. [CrossRef]
47. Geagea, A.G.; Mallat, S.; Matar, C.F.; Zerbe, R.; Filfili, E.; Francis, M.; Haidar, H.; Jurjus, A. Adiponectin and

Inflammation in Health and Disease: An Update. MEDJ Open Med. J. 2018, 5, 20–32. [CrossRef]
48. Otero, M.; Lago, R.; Gomez, R.; Lago, F.; Dieguez, C.; Gómez-Reino, J.J.; Gualillo, O. Changes in plasma

levels of fat-derived hormones adiponectin, leptin, resistin and visfatin in patients with rheumatoid arthritis.
Ann. Rheum. Dis. 2006, 65, 1198–1201. [CrossRef]

49. Lee, Y.H.; Bae, S.C. Circulating adiponectin and visfatin levels in rheumatoid arthritis and their correlation
with disease activity: A meta-analysis. Int. J. Rheum. Dis. 2018, 21, 664–672. [CrossRef]

50. Chedid, P.; Hurtado-Nedelec, M.; Marion-Gaber, B.; Bournier, O.; Hayem, G.; Gougerot-Pocidalo, M.A.;
Frystyk, J.; Flyvbjerg, A.; El Benna, J.; Marie, J.C. Adiponectin and its globular fragment differentially
modulate the oxidative burst of primary human phagocytes. Am. J. Pathol. 2012, 180, 682–692. [CrossRef]
[PubMed]

51. Chen, X.; Lu, J.; Bao, J.; Guo, J.; Shi, J.; Wang, Y. Adiponectin: A biomarker for rheumatoid arthritis? Cytokine
Growth Factor Rev. 2013, 24, 83–89. [CrossRef]

52. Meyer, M.; Sellam, J.; Fellahi, S.; Kotti, S.; Bastard, J.P.; Meyer, O.; Lioté, F.; Simon, T.; Capeau, J.; Berenbaum, F.
Serum level of adiponectin is a surrogate independent biomarker of radiographic disease progression in
early rheumatoid arthritis: Results from the ESPOIR cohort. Arthritis Res. Ther. 2013, 15, R210. [CrossRef]

53. Waki, H.; Yamauchi, T.; Kamon, J.; Ito, Y.; Uchida, S.; Kita, S.; Hara, K.; Hada, Y.; Vasseur, F.; Froguel, P.; et al.
Impaired multimerization of human adiponectin mutants associated with diabetes. Molecular structure and
multimer formation of adiponectin. J. Biol. Chem. 2003, 278, 40352–40363. [CrossRef]

54. Yamauchi, T.; Kamon, J.; Minokoshi, Y.; Ito, Y.; Waki, H.; Uchida, S.; Yamashita, S.; Noda, M.; Kita, S.;
Ueki, K.; et al. Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated
protein kinase. Nat. Med. 2002, 8, 1288–1295. [CrossRef] [PubMed]
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