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Figure 13. Chemerin system expression in the porcine stalk median eminence (SME)—pregnancy vs.
oestrous cycle. Gene and protein expression of chemokine-like receptor 1 (CMKLR1; A and B), G
protein-coupled receptor 1 (GPR1; C and D) and C-C motif chemokine receptor-like 2 (CCRL2; E and
F), as well as chemerin (RARRES2) mRNA content (G) in the porcine SME on days: 10 to 11, 12 to
13, 15 to 16 and 27 to 28 of pregnancy, and on days 10 to 12 of the oestrous cycle. Gene expression
was determined by qPCR. Protein expression was determined by Western blotting; upper panels:
representative immunoblots; lower panels: densitometric analysis of CMKLR1/GPR1/CCRL2 proteins
relative to actin protein. Representative actin blots are identical for all chemerin receptors though
proteins have been analysed on different gels. Results are presented as means ± SEM (n = 5). Bars with
different superscripts differ (one-way ANOVA at p < 0.05 followed by Tuckey post-hoc test at p < 0.05).
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2.11. CHEM Concentrations in the Blood Plasma

During the oestrous cycle, the highest concentrations of CHEM in the blood plasma were observed
on days 2 to 3 (p < 0.05; Figure 14A). During early pregnancy, significantly higher CHEM contents in
the plasma were noted on days 15 to 16 comparing to days 10 to 11 and 27 to 28 (p < 0.05; Figure 14B).
Comparing the studied stages of early pregnancy and days 10 to 12 of the cycle, significantly higher
concentrations of CHEM in the blood plasma were observed on days 15 to 16 of gestation in relation to
the cycle (p < 0.05; Figure 14C).

 
Figure 14. Chemerin concentrations in the porcine blood plasma. Concentrations of chemerin in the
porcine blood plasma was determined during the oestrous cycle on days: 2 to 3, 10 to 12, 14 to 16 and
17 to 19 (A), during early pregnancy on days: 10 to 11, 12 to 13, 15 to 16 and 27 to 28 (B) and compared
between early pregnancy and days 10 to 12 of the oestrous cycle (C). The hormone content in blood
plasma was evaluated using ELISA. Results are presented as means ± SEM (n = 5). Bars with different
superscripts differ (one-way ANOVA at p < 0.05 followed by Tuckey post-hoc test at p < 0.05).

3. Discussion

The present study was the first experiment to report the expression of CHEM and its receptors
genes and proteins in the porcine hypothalamic structures, MBH, POA and SME, responsible for GnRH
production and secretion, during the oestrous cycle and early pregnancy. In our immunohistochemical
analyses, CHEM and its receptors were localised in the porcine paraventricular nucleus, which is
the part of mediobasal hypothalamus and in the preoptic region during the oestrous cycle and early
pregnancy. In the diagonal band of Broca, a part of preoptic region, very high immunoreactivity of
GPR1 was observed. To date, the RARRES2 gene was expressed in the hypothalamus of mice and
rats [10,11]. In the brain of mice, RARRES2 mRNA expression was restricted to the dorsal ventricular
wall of the anterior, medial and posterior hypothalamus [10]. In turn, in the brain of rats, RARRES2
mRNA was present in the tanycytes and ependymal cells layer lining the ventral third ventricle and
SME of the hypothalamus, and CMKLR1 transcript was found in the prefrontal cortex, hippocampus,
cerebellum, ependymal cell layer and SME [11,12]. The transcripts of RARRES2 were also present in the
hypothalamus of baboons and chimpanzees [23]. GPR1 is expressed abundantly in the human brain,
such as hippocampus, glioblastoma cells, brain-derived fibroblast-like cells lines and microglia [13].
In the ependymal cell layer and SME of rats, the gene expression of third CHEM receptor, CCRL2 is
also localised [11]. After CHEM injection, the expression of the cytoskeletal protein vimentin, a marker
for estimating hypothalamic plasticity, was increased in the ependymal cell region of rats. It has been
suggested that CHEM plays an important role in the structural remodelling of the hypothalamus [11].
The above and our studies indicate that the hypothalamus is capable of synthesising the discussed
adipokine. The local production of CHEM and the presence of specific receptors suggest that the
hormone exerts a direct effect on the hypothalamus with possible autocrine and/or paracrine action of
CHEM in the brain.

CHEM is also delivered to the central nervous system (CNS) with the blood. It was found
in the cerebrospinal fluid (CSF) of humans and the CHEM-158K protein is the dominant CHEM
isoform. The total levels of cleaved and noncleaved CHEM were significantly lower in the CSF
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samples from patients with a variety of CNS diseases than in the plasma. In turn, in normal human
plasma, the prochemerin form (CHEM-163S) dominated, whereas CHEM-158K represented only a
small percentage of the total CHEM, and CHEM-157S was barely detectable. Thus, under normal
conditions, the majority of circulating CHEM exists in the relatively inactive prochemerin form and
requires proteolytic processing to bioactive CHEM isoforms. Only about 18% of CHEM is cleaved
in normal plasma, whereas in CSF samples the fraction ranges about 50%. It has been implied that
considerable proteolysis of CHEM is taking place in this extravascular compartment. Moreover, the
differences between the total amount of CHEM as well as the extent of its cleavage that was found in
the CSF supported the hypothesis of local CHEM synthesis and processing [24].

In the human blood, relatively high levels of CHEM (100–200 ng/mL) have been detected [25].
Plasma CHEM levels are correlated with BMI, body mass and adipose tissue mass. A statistically
significant correlation has also been found between the adipokine level, and age and sex. Higher CHEM
levels were found in women and older subjects than in men and younger subjects [3]. Our present
studies indicate the higher levels of porcine plasma CHEM during the early-luteal phase (oestradiol
(E2) and progesterone (P4) plasma concentrations are at moderate levels) than during the mid- and
late-luteal phases (P4 levels are high in the porcine blood) and follicular phase (E2 levels are high in the
porcine blood) of the oestrous cycle. The above results suggest that sex hormones, particularly gonadal
steroids, may affect the synthesis of CHEM. Such a correlation has been documented for androgens
increasing the levels of CHEM in women [19,26] and female rats [17]. A stimulatory effect of insulin on
the synthesis of CHEM and its plasma levels was also demonstrated [19]. The levels of CHEM also
change throughout pregnancy and between pregnancy and the oestrous cycle. In the present study,
during the beginning of implantation, porcine plasma CHEM contents were enhanced compared to
the period of embryos migration within the uterus, end of implantation and mid-luteal phase of the
oestrous cycle. In the blood of pregnant women, CHEM levels were significantly higher than in the
non-pregnant ones [27]. Moreover, plasma levels of CHEM were significantly elevated during late
gestation when compared to the early gestation of humans [27], but the reverse correlation was found
in rats [28]. This may indicate species–specific differences in the activity of CHEM.

To our knowledge, this is the first study that compares CHEM system genes expression and
proteins concentrations in the hypothalamus within the oestrous cycle and early pregnancy and
between these physiological periods. Our obtained results indicate that CHEM expression levels were
determined by the stage of the oestrous cycle and early pregnancy and these results confirmed the
hypothesis that steroid hormones may regulate the synthesis of CHEM. The expression of CMKLR1
and CCLR2 proteins in most hypothalamic structures increased during the mid-luteal phase of the
oestrous cycle, which seems to suggest the up-regulating effect of P4. In POA, the expression of GPR1
protein was also stimulated during the luteal phase of the cycle. However, GPR1 protein contents
in MBH were enhanced during the follicular phase, when plasma levels of oestrogens are very high.
In addition, the concentrations of CHEM receptors proteins in the porcine hypothalamic structures
generally increase with the advancement of pregnancy from days 10 to days 28. In our previous
study, in the porcine peripheral blood plasma from days 10 to days 28 of pregnancy, a statistically
significant decrease in the mean of P4 levels was observed [29]. These results may suggest an inverse
pattern between the expression of CHEM receptors and the levels of P4 during pregnancy. The role
of steroids in the regulation of CHEM system was also investigated in humans and the results are
also unclear. The findings of an inverse association of E2 and CHEM levels have been observed in a
clinical study comprising both lean and overweight men and women [30], but no significant effects of
steroids on CHEM protein production in the control human subcutaneous adipose tissue explants were
reported [19]. It cannot be ruled out that other hormones regulating the oestrous cycle, such as the
pituitary luteinizing hormone (LH), may be involved in the regulation of CHEM expression. Men with
elevated LH levels had lower CHEM contents in relation to those with the normal range of LH [31].
Further studies would be recommended to identify the exact mechanisms of the relationship between
the contents of CHEM and steroid/other hormones. Moreover, in our study, we have also observed the
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higher GPR1 and lower CCRL2 protein concentrations in the porcine MBH and POA during the early
pregnancy versus the oestrous cycle. These findings supported the idea that CHEM/GPR1/CCRL2
could be the one of the regulators of pregnancy at the hypothalamic level. However, the possible roles
of CHEM in the maintenance of pregnancy should be investigated in further studies.

Some lines of evidence suggest that CHEM regulates hypothalamic hormones secretion connected
with feeding behaviour. A direct stimulating effect of CHEM on hypothalamic agouti-related peptide
and pro-opiomelanocortin gene expression was observed in rats after injecting a single dose of CHEM
(8 μg/kg) in the arcuate nucleus [32]. These results are in good agreement with reports indicating that
the administration of the major dosage of CHEM (16 g/kg) increased mRNA contents of both cocaine
and amphetamine-regulated transcript (CART) and neuropeptide Y [15]. The above results confirmed
the role of CHEM in the regulation of hypothalamic modulators. However, there is a lack of data on
the role of CHEM on the reproductive functions at the brain level, in the hypothalamus and pituitary
through the regulation of GnRH, LH and follicle-stimulating hormone production. Several studies
have reported the direct role of CHEM on the gonads. The expression of the RARRES2 gene was found
in the ovaries of women [8], rodents [2,9] and cows [33]. Mammalian ovaries are also sensitive to
CHEM: CMKLR1 expression was identified in the ovaries of women [8] and rats [9], while CMKLR1,
GPR1 and CCLR2 expression was noticed in the ovaries of cows [33]. A clear effect of CHEM on
ovarian steroidogenesis was demonstrated and reflected by the inhibition of FSH-induced secretion
of P4 and E2 by granulosa cells in rats [9,18], cows [33] and the insulin-like growth factor 1-induced
secretion of both steroids in granulosa cells in women [8]. The presence of the CHEM system in
hypothalamic structures responsible for GnRH synthesis and secretion observed in our study implies
that the discussed hormone regulates GnRH generation. Therefore, it cannot be excluded that the
adipokine can affect the gonads indirectly via effects on the central hypothalamic–pituitary–gonadal
axis, i.e., by affecting the GnRH hypothalamic neurons and/or the gonadotrophs of the pituitary;
however, this hypothesis needs to be verified.

4. Materials and Methods

4.1. Experimental Animals and Tissue Collection

Experimental animals were mature gilts (Large White × Polish Landrace), about 7–8 months old,
weighing 120–130 kg, descended from private breeding. All individuals were given access to water
and forage ad libitum. Forty animals were assigned to one of eight experimental groups (n = 5 in
each group) as follows: days 2 to 3 (early luteal phase, the presence of corpora hemorrhagica), 10 to
12 (mid-luteal phase, the phase when the corpus luteum activity is high and similar to that noted
during pregnancy), 14 to 16 (late luteal phase, the period of luteolysis) and 17 to 19 (follicular phase)
of the oestrous cycle, and 10 to 11 (migration of the embryos within the uterus), 12 to 13 (maternal
recognition of pregnancy), 15 to 16 (beginning of implantation) and 27 to 28 (end of implantation)
of pregnancy. Cyclic gilts were monitored daily for an oestrous behaviour in the presence of a boar.
The day of the onset of the second oestrous was designated as day 0 of the oestrous cycle. The phase of
the oestrous cycle was also confirmed based on ovaries morphology [34]. In the case of pregnant pigs,
the insemination was performed on days 1 to 2 of the oestrous cycle. Pregnancy was confirmed by the
presence and morphology of conceptuses. On days 10 to 11 and 12 to 13 of pregnancy, conceptuses
were obtained by the flushing of uterine horns with 20 mL of sterile phosphate-buffered saline (PBS),
whereas on days 15 to 16 and 27 to 28 of pregnancy, by dissection from the endometrium. Within a few
minutes after slaughter, blood samples were collected and the hypothalamus was dissected. Blood
samples were placed into heparinised tubes, centrifuged (2500× g, 15 min, 4 ◦C) and the obtained
plasma was stored at −80 ◦C. Each hypothalamic block was divided into: MBH, POA and SME as
described by Sesti and Britt [35]. The mediobasal hypothalamus was defined as a block of tissue bound
rostrally by the optic chiasma, caudally by mammillary body, laterally by the hypothalamic sulci and
dorsally by a cut 5 mm deep. POA was limited rostrally approximately 5 mm anterior to the optic
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chiasma and caudally by the rostral border of MBH. The stalk median eminence was easily detached
from the MBH and was cut away at its junction with the pituitary gland. Preoptic areas and MBH
from days 15 to 16 of pregnancy and 10 to 12 of the cycle were divided in two parts, from which one
half intended for immunofluorescent staining was placed in 4% buffered paraformaldehyde (pH = 7.4,
4 ◦C), whereas other halves, along with all the rest of the POAs, MBHs and SMEs were frozen in liquid
nitrogen and stored at −80 ◦C until RNA and protein isolation.

Tissue samples were taken from animals intended for commercial slaughter and meat processing.
All studies were conducted in accordance with ethical standards of the Animal Ethics Committee at
the University of Warmia and Mazury in Olsztyn. The animals used in the study were reared and
transported under conditions specified in the “Act on the protection of animals used for scientific or
educational purposes” (Poland, 2015).

4.2. Fluorescent Immunohistochemistry of the Porcine Hypothalamus

The tissue blocks were fixed by immersion for 24 h in 4% buffered paraformaldehyde (pH = 7.4;
4 ◦C). Following fixation, the brains were washed in 0.1 M PBS and then cryoprotected for 3–5 days in
graded solutions (19% and 30%) of sucrose (Sigma Aldrich, St. Louis, MO, USA) at 4 ◦C until they
sank. The tissue blocks comprised of the hypothalamus and adjoining structures were frozen and
cut into 18 μm thick cryostat coronal sections and stored at −80 ◦C. Frozen sections were processed
for double-labelling immunofluorescence by means of primary antisera raised in different species.
The sections were air-dried for 30 min, washed 3 times in cold PBS and incubated for 1 h with
blocking buffer (0.1 M PBS, 10% normal donkey serum, 0.01% bovine serum albumin, 1% Tween,
0.05% thimerosal, 0.01% NaN3). Then sections were incubated overnight at room temperature with a
solution of rabbit polyclonal antibodies against CMKLR1 (0.5 μg/uL, ab230442, Abcam, Cambridge,
UK), or GPR1 (1.25 μg/uL, ab188977, Abcam, Cambridge, UK), or CCRL2 (0.67 μg/uL, ab85224, Abcam,
Cambridge, UK), or CHEM (0.5 μg/uL, ab203040, Abcam, Cambridge, UK). In order to show the
binding sites of the antisera with antigens, the sections were incubated with the Alexa Fluor 555
donkey anti-rabbit antibodies (0.5 μg/uL, A-31572, Molecular Probes, Eugene, OR, USA). After staining,
scraps were washed in PBS and mounted with carbonate-buffered glycerol (pH 8.6) and cover slipped.
All steps of the staining procedures were conducted in humid chambers at room temperature. Standard
controls, i.e., the omission and replacement of primary antisera by non-immune sera were applied to test
antibody and method specificity. The lack of any immunoreactions indicated specificity. The sections
were analysed with an Olympus BX51 microscope equipped with a CC-12 digital camera (Soft Imaging
System GMBH, Münster, Germany). Images were acquired with Cell-F software (Olympus GmbH,
Hamburg, Germany).

4.3. Quantitative Real-Time PCR

Total RNA from MBH, POA and SME samples was isolated using the peqGold TriFast isolation
system (Peqlabs, Erlangen, Germany). RNA quantity and quality were determined spectrometrically
(Infinite M200 Pro, Tecan, Männedorf, Switzerland). First strand cDNA was synthesised using the
Omniscript RT Kit (Qiagen, Hilden, Germany) in a total volume of 20 μL with 1 μg of RNA, 0.5 μg
oligo(dT)15 (Roche, Basel, Switzerland) at 37 ◦C for 1 h and was terminated by the incubation at
93 ◦C for 5 min. Specific primer pairs used to amplify parts of RARRES2, CMKLR1, GPR1, CCRL2,
ubiquitin C (UBC) and 18S ribosomal RNA (18sRNA) genes are detailed in Table 1. Specific primers
for RARRES2, CMKLR1, GPR1 and CCRL2 were designed with the Primer Express 3.0 software (Life
Technologies, Camarillo, CA, USA) and their specificities were confirmed by comparison of their
sequences with the sequences of corresponding genes deposited in a GenBank database. Due to the
calculation of the statistical significance of the match, the Basic Local Alignment Search Tool (BLAST)
was used. Quantitative real-time PCR (qPCR) analysis was carried out using PCR System 7300 (Applied
Biosystems Inc., Foster, CA, USA), as described previously by Smolinska et. al. [36]. Briefly, the qPCR
reaction included 10 ng of cDNA, the appropriate forward and reverse primers at the concentrations
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detailed in Table 1, 12.5 μL Power SYBR Green PCR Master Mix (Applied Biosystems Inc., Foster,
CA, USA), and RNase-free water in a final volume of 25 μL. The constitutively expressed genes, UBC
and 18sRNA, were used as an internal control to verify the qPCR. To ensure that UBC and 18sRNA
were suitable reference genes for this study, we revealed that their expression was stable between the
tested tissues and during the oestrous cycle and early pregnancy. Real-time conditions were as follows:
Initial denaturation and enzyme activation at 95 ◦C for 10 min, followed by 40 cycles of denaturation
at 95 ◦C for 15 s, annealing at 60 ◦C for 1 min and elongation at 70 ◦C for 1 min. Negative controls
were performed by substitution of cDNA with water. All samples were in duplicate. The specificity of
amplification was tested at the end of the qPCR by melting curve analysis. Levels of gene expression
were calculated using the ΔΔCt method and normalised using the geometrical means of reference
gene expression levels: UBC and 18sRNA. The Ct values for all non-template controls were under the
detection threshold.

Table 1. Characteristics of primers used in the study.

Gene Primers Sequences Accession Number
Amplicon
Length, bp

Primer,
nM

Reference

RARRES2
F: 5′-TGGAGGAGTTCCACAAGCAC-3′

EU660865 154
500 [The present

study]R: 5′-GCTTTCTTCCAGTCCCTCTTC-3′ 500

CCRL2
F: 5′-GAGCAGCAGCTACTTACTTCC-3′

NM_001001617.1 196
200 [The present

study]R: 5′-CTGCCCACTGACCGAGTTC-3′ 200

CMKLR1
F: 5′-GGACTACCACTGGGTGTTCG-3′

EU660866 174
200 [The present

study]R: 5′-GCCATGTAAGCCAGTCGGA-3′ 200

GPR1
F: 5′-ACCGACTTGGAGGAGAAAGC-3′ FJ234899.1 159

200 [The present
study]R: 5′-ATTGAGGAACCAGAGCGTGG-3′ 200

UBC
F: 5′-GGAGGAATCTACTGGGGCGG-3′

XM_003483411.3 103
400 [37]

R: 5′-CAGAAGAAACGCAGGCAAACT-3′ 400

18sRNA
F: 5′-TCCAATGGATCCTCGCGGAA-3′

AY265350.1 149
400 [38]

R: 5′-GGCTACCACATCCAAGGAAG-3′ 400

RARRES2: chemerin; CCRL2: C-C motif chemokine receptor like 2; CMLKR1: chemokine-like receptor 1; GPR1:
G protein-coupled receptor 1; UBC: Ubiquitin C; 18sRNA: 18S ribosomal RNA; F: forward; R: reverse.

4.4. Western Blotting

Tissue preparation and lysis, as well as Western blotting analysis was performed essentially
as described by Smolinska et al. [39] with a few modifications. Briefly, equal amounts of porcine
MBH, POA and SME protein lysates (30 μg of total proteins) were resolved by SDS-PAGE (12.5%
gel) for separating CMKLR1, GPR1, CCRL2 and actin, and then transferred to PVDF membranes
and blocked for 1 h at room temperature in Tris-buffered saline Tween-20 (TBST) containing 5%
skimmed milk powder. After blocking, PVDF membranes were incubated overnight with rabbit
polyclonal CMKLR1 (1 μg/uL, ab230442, Abcam, Cambridge, UK), CCRL2 (3.33 μg/uL, ab85224,
Abcam, Cambridge, UK), actin (6.58 μg/uL, A2066, Sigma-Aldrich, St. Louis, MO, USA) antibodies
or mouse polyclonal GPR1 (2.0 μg/uL, ab169331, Abcam, UK) in TBST. Actin immunoblots were
used as an internal control for equal loading and to quantify porcine CMKLR1, GPR1 and CCRL2
proteins. In order to examine immunoreactive bands, PVDF membranes were incubated with goat
anti-rabbit antibodies for CMKLR1, CCRL2 and actin (0.25 μg/uL, sc-2054, Santa Cruz, Santa Cruz,
CA, USA) or goat anti-mouse antibodies for GPR1 (0.5 μg/uL, 115-035-003, Jackson ImmunoResearch
Laboratories Inc., West Grove, PA, USA) conjugated with horse radish peroxidase (HRP) diluted in
TBST containing 5% skimmed milk. PVDF membranes were incubated with Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore, Burlington, MA, USA) and visualised using G:
Box EF Gel Documentation System (Syngene, Cambridge, UK) with GeneSnap software. The same
protocol was performed in relation to the adipose tissue used as the positive controls. The quality of
the experiment was confirmed using reference protein, actin, the expression of which did not vary
across the oestrous cycle and pregnancy or between the studied tissues. The results of Western blotting
analyses were quantified by densitometric scanning of immunoblots with Image StudioTM Lite version
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5.2 software (LI-COR, Lincoln, NE, USA). Data were expressed as the ratio of CHEM receptors proteins
relative to actin proteins in arbitrary optical density units.

4.5. Enzyme-Linked Immune-Sorbent Assay (ELISA) of CHEM

The concentrations of CHEM protein in plasma were determined using a commercial ELISA kit
(FineTest, Wuhan Fine Biotech Co., Ltd., Wuhan, China) according to the manufacturer’s protocol.
The range of standard curve was 0.156–10 ng/mL. The sensitivity of the assay was defined as the
least protein concentration that could be differentiated from zero samples, which was <0.1 ng/mL.
According to the manufacturer, no significant cross-reactivity or interference between CHEM and
homologous proteins assayed has been observed. Species cross-reactivity has not been specifically
determined. Absorbance values were measured at 450 nm using an Infinite M200 Pro reader with
Tecan i-control software (Tecan, Männedorf, Switzerland). The data were linearised by plotting the log
of CHEM concentrations versus the log of the optical density and the best fit line was determined by
regression analysis. Intra-assay coefficient of variation of the ELISA assay for CHEM was 3.89%.

4.6. Statistical Analysis

Data are presented as means ± S.E.M. from five different observations. Differences between
groups were analysed by one-way ANOVA followed by Tukey’s honest significant difference post-hoc
test. Statistical analyses were performed using Statistica Software (StatSoft Inc., Tulsa, OH, USA).
Values for p < 0.05 were considered statistically significant.

5. Conclusions

The presented data indicated, for the first time, the presence of CHEM and its receptors in the
hypothalamic structures responsible for GnRH production and secretion, which suggest that the
adipokine exerts autocrine/paracrine effects on GnRH synthesis and/or secretion. Moreover, the
observed changes in CHEM system expression levels may be dependent on the influence of ovarian
steroids and other hormones controlling reproductive processes. Our present findings expand our
knowledge of the potential role of CHEM as a key neuromodulator of reproductive functions.
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Abstract: Adipokines are a potential link between reproduction and energy metabolism and could
partly explain some infertilities related to some pathophysiology, such as polycystic ovary syndrome
(PCOS). However, adipokines were predominantly assessed in blood samples, while very little
is known concerning their variations in follicular fluid (FF) and ovarian granulosa cells (GCs) of
PCOS women. Thus, the objectives of our study were to investigate adiponectin, chemerin, resistin,
visfatin, omentin, and apelin ovarian expression in PCOS women in comparison with controls
and women with only a polycystic ovary morphology. In total, 78 women undergoing an in vitro
fertilization procedure were divided into three groups: 23 PCOS women, 28 women presenting
only ≥12 follicles per ovary (ECHO group), and 27 control women. Each group almost equally
included normal weight and obese women. Follicular fluid (FF) concentration and granulosa cells
(GCs) mRNA expression of adipokines and their receptors were assessed by ELISA and RT-qPCR,
respectively. Omentin levels in FF and GC were higher in PCOS than in ECHO and control women,
while apelin expression was increased in both PCOS and ECHO groups. FF chemerin concentration
was predominant in normal-weight PCOS women compared to BMI (Body Mass Index)-matched
ECHO and control women, while GC mRNA levels were higher in the obese PCOS group than in
the ECHO one. Compared to PCOS, ECHO women had increased FF adiponectin concentrations
and lower plasma AMH levels. The FF concentration of all adipokines was higher in obese subjects
except for adiponectin, predominant in normal-weight women. In conclusion, women with PCOS
expressed higher GC chemerin and omentin, whereas the ECHO group presented higher levels of FF
adiponectin and apelin and lower plasma AMH and LH concentrations. Chemerin, omentin, and
apelin expression was differently regulated in women with PCOS, suggesting their possible role in
follicular growth arrest and ovulatory dysfunction characterizing PCOS pathogenesis.

Keywords: adipokines; PCOS; polycystic ovary morphology; follicular fluid; human granulosa cells
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1. Introduction

Polycystic ovary syndrome (PCOS) is a very common endocrinopathy affecting 6% to 13% of
women of reproductive age and is one of the leading causes of female poor fertility [1]. It was initially
described as the association of anovulation and clinical and/or biological hyperandrogenism (1990
National Institutes of Health-Sponsored conference). In 2003, the Rotterdam Consensus Conference
introduced polycystic ovaries on ultrasound (corresponding to a follicle number per ovary ≥12 and/or
an ovarian volume ≥10 mL) as a supplementary, not mandatory, diagnostic criterion [2]. Thus, PCOS
diagnosis currently requires the presence of at least two of these three criteria: Oligo/anovulation,
hyperandrogenism, and polycystic ovaries morphology (PCOM) [3]. Despite its typical association with
insulin resistance (IR), abdominal obesity [4], and an increased risk of developing type 2 diabetes [5],
the causal relationship between reproductive and metabolic features in PCOS has not yet been fully
elucidated. Adverse effects of obesity on fertility have largely been discussed and investigated [6,7].
Notably, in PCOS, it has been suggested that an original adipose tissue dysfunction, possibly due to in
utero androgen hyperexposition and leading to excessive visceral fat depots, may play a key role in
determining both IR and altered androgen metabolism [8].

It is well known that white adipose tissue can act as a metabolically active tissue able to synthetize
and secrete many endocrine compounds called adipokines [9,10]. The involvement of these molecules in
human fertility has been earning growing interest in the last years. Leptin implication in the interaction
between energy metabolism and the reproductive system is nowadays widely admitted [11,12]. More
recently, it has been demonstrated that several other adipokines may play a role in female reproductive
function, and notably in ovarian physiology [13]. Indeed, in vitro investigations demonstrated that
adiponectin receptors AdipoR1 and AdipoR2 [14], chemerin and its receptor chemerin chemokine-Like
Receptor 1 (CMKLR1) [15], resistin [16], visfatin [17], omentin [18], apelin, and its receptor APJ
(Apelin Receptor) [19] are expressed at both mRNA and protein levels in human granulosa cells (GCs).
Moreover, some of these adipokines have been in vitro demonstrated to be implicated in human ovarian
follicle function [20] and modulation of steroidogenesis [14–17,19,21]. Plasma levels of adiponectin [4],
chemerin [22,23], resistin [24,25], visfatin [26,27], omentin [28,29], and apelin [19] seem to vary in
women with PCOS, but the literature is poor, and results are often discordant [19,30–34]. Further,
adipokines were predominantly assessed in blood samples, while very little is known concerning their
variations in follicular fluid (FF) and GCs of women with PCOS [19,35–37].

The aim of our study was to investigate the concentration in FF and the mRNA expression in GC
of adiponectin, chemerin, resistin, visfatin, omentin, and apelin and some of their receptors in PCOS
women. Further, to improve the understanding of PCOS etiology that is still under debate, and to
identify adipokines potentially involved in its physiopathology, we chose to compare PCOS subjects to
a cohort of women presenting only PCOM on ultrasound, without any other characteristic feature of
PCOS. This condition, which we named “ECHO”, has in addition significant clinical interest, since it is
well known that a high number of ovarian follicles is a major risk factor of ovarian hyperstimulation
syndrome during a medically assisted reproduction (MAR) procedure [38].

2. Results

2.1. Anthropometric, Clinical, and Hormonal Data

Anthropometric, clinical, and hormonal data as well as IVF procedure outcomes are detailed in
Table 1 and Figure 1. As expected, BMI was higher in obese groups and cycles were longer in PCOS
compared to ECHO and control women. ECHO and PCOS groups were characterized by a greater
follicle count compared to controls; a significant, not predictable difference was also found between
normal-weight and obese women. Plasma AMH and LH levels were higher in PCOS women compared
to controls. Interestingly, as regards AMH, we observed a highly statistically significant difference
also between PCOS and ECHO groups. Concerning IVF procedure outcomes, oocytes and embryos
numbers were greater in ECHO and PCOS women. No difference in plasma FSH and oestradiol levels
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was observed between the groups. No woman of the ECHO and control groups and only 6 out of
23 women with PCOS presented a clinical and/or biological hyperandrogenism. Plasma testosterone
concentrations determined with the same kit for each group are reported in Table 1.

Table 1. Study population’s (n = 78) clinical parameters, hormonal data, and in vitro fertilization
procedure outcomes.

Parameter Age (y)
BMI

(kg/m2)
Cycle

Duration (d)
FSH (UI/L)

Estradiol
(ng/L)

Testosterone (μg/L)

NW Controls (n = 12) 31.08 ± 3.82 21.77 ± 2.07 28.46 ± 2.15 6.78 ± 3.19 43.33 ± 14.39 0.33 ± 0.20 (n = 5)
NW ECHO (n = 13) 31.69 ± 5.88 20.84 ± 1.86 30.25 ± 2.54 6.40 ± 2.15 42.85 ± 16.01 0.28 ± 0.15 (n = 6)
NW PCOS (n = 13) 29.54 ± 3.36 20.68 ± 1.96 98.54 ± 67.77 * 5.86 ± 1.66 41.55 ± 14.85 0.88 ± 0.93 (n = 6)

Obese Controls (n = 15) 33.80 ± 4.62 33.13 ± 2.29 28.97 ± 2.21 6.71 ± 3.49 43.23 ± 17.24 0.41 ± 0.19 (n = 5)
Obese ECHO (n = 15) 32.73 ± 4.50 31.53 ± 3.33 29.89 ± 1.30 5.68 ± 1.09 35.23 ± 13.43 0.43 ± 0.08 (n = 5)
Obese PCOS (n = 10) 30.10 ± 3.25 33.38 ± 2.12 76.11 ± 61.79 # 4.86 ± 1.64 34.13 ± 6.99 0.49 ± 0.24 (n = 7)

Condition Effect p = 0.07 p = 0.14 p < 0.0001 p = 0.13 p = 0.38 -
BMI Effect p = 0.15 p < 0.0001 p = 0.37 p = 0.28 p = 0.13 -
Interaction p = 0.65 p = 0.32 p = 0.46 p = 0.78 p = 0.57 -

Note: BMI = Body Mass Index; FSH = Follicle-Stimulating Hormone; NW = Normal-Weight; * indicated significant
difference (p < 0.001) between Normal-Weight PCOS women and Normal-Weight ECHO/Control women; # indicated
significant difference (p < 0.001) between Obese PCOS and Obese ECHO/Control women. The values are expressed
as mean ± standard deviation.

2.2. FF Adiponectin and AdipoR1 Expression in GC Varied Mainly According to BMI

Adiponectin concentration in FF was clearly significantly higher in normal-weight women then
in obese ones (Figure 2A). According to pathological status, we observed a significant difference
only within the normal-weight group, with greater levels of adiponectin in ECHO as compared to
PCOS women (Figure 2A). Likewise, AdipoR1 was predominantly expressed in GCs of normal-weight
women (Figure 2B). However, differences in pathological condition were limited to the obese group,
with ECHO and PCOS women showing greater AdipoR1 expression compared to controls (Figure 2B).
Both adiponectin concentration in FF and AdipoR1 expression in GCs were negatively correlated with
BMI (r = −0.748 and r = −0.288, respectively, Table 2). FF adiponectin was also negatively correlated
with plasma E2 (r = −0.30, Table 2), while a positive correlation was observed between AdipoR1
expression and follicles (r = 0.554, p < 0.001), oocytes (r = 0.286, p < 0.05), and embryos number (r =
0.309, p < 0.05). No significant correlation was found between adiponectin concentration in FF and
AdipoR1 expression.

Table 2. Correlations between follicular fluid concentration of adipokines and clinical parameters,
hormonal data, and in vitro fertilization procedure outcomes (n = 62).

Parameter Adiponectin Chemerin Resistin Visfatin Omentin Apelin

BMI (kg/m2) r = −0.748 *** r = 0.725 *** r = 0.799 *** r = 0.275 * r = 0.446 *** r = 0.441 ***

Cycle duration (d) NS NS NS NS r = 0.421 *** NS
Follicles Count (n) NS NS NS r = −0.352 ** NS r = 0.480* **

AMH (ng/mL) NS NS NS r = −0.284 * NS NS
Estradiol (ng/L) r = −0.300 * NS NS NS NS r = −0.284 *

Oocytes Retrieved (n) NS NS NS r = −0.37** NS r = 0.300*

Embryos (n) NS NS NS r = −0.262* NS r = 0.268*

Note: BMI = Body Mass Index; AMH = Anti-Müllerian Hormone. NS = Not Statistically Significant; * p < 0.05;
** p < 0.01; *** p < 0.001.
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Figure 1. Clinical parameters, hormonal data, and in vitro fertilization procedure outcomes in patients
of different studied groups. (A) Follicle counts assessed by transvaginal ultrasound, (B) plasma AMH
concentration, (C) plasma LH concentration, (D) number of oocytes withdrawn during transvaginal
retrieval, and (E) number of embryos obtained after in vitro fertilization. For A panel, see Table 1
for the data number per group. For the B, C, D, and E panels, the data were pooled in three groups
(n = 27, n = 28, n = 23 for controls, ECHO, and PCOS groups, respectively) according to the pathological
condition, as the BMI effect was not significant and no interaction between the BMI and pathological
condition effect was found. The values are expressed as mean ± standard errors of means. ◦◦ indicates
significant difference (p < 0.01) between normal-weight and obese subjects; * indicates significant
difference vs. controls (* p < 0.05, ** p < 0.01, *** p < 0.001); ### indicates significant difference (p < 0.001)
vs. ECHO women.
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Figure 2. Follicular fluid adiponectin and chemerin concentration and mRNA expression of
AdipoR1(Adiponectin receptor 1), CMKLR1, and CCRL2 in granulosa cells of obese and normal-weight
PCOS, ECHO, and control groups. (A) Follicular fluid (FF) adiponectin concentration assessed by
ELISA and (B) AdipoR1 mRNA levels in granulosa cells (GCs) quantified by RT-PCR within the six
different groups; (C, D) chemerin levels in FF and GC; (E, F) mRNA levels of CMKLR1 and CCLR2 in
GC. The values are expressed as mean ± standard errors of means (n = 12 for normal-weight controls,
n = 13 for normal-weight ECHO, n = 13 for normal-weight PCOS, n = 15 for obese controls, n = 15 for
obese ECHO, and n = 10 for obese PCOS). ◦ indicates significant difference between normal-weight and
obese subjects (◦◦ p < 0.01, ◦◦◦ p < 0.001); * indicates significant difference vs. controls (*** p < 0.001);
# indicates significant difference vs. ECHO women (# p < 0.05, # # # p < 0.001).
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2.3. Chemerin (FF and GC mRNA Expression) Was Higher in Obese Subjects and in Women with PCOS

Chemerin expression both in FF and GC was greater in obese women than in normal-weight
women (Figure 2C,D). Concerning pathological status, chemerin concentration in FF was clearly
predominant in women with PCOS, but a statistically significant difference was found only in the
normal-weight group (Figure 2C). Otherwise, chemerin expression in GC varied only within the obese
group, with significantly higher levels in PCOS compared to ECHO women (Figure 2D). Interestingly,
chemerin follicular concentration positively correlated with chemerin mRNA levels in GC (r = 0.64,
p < 0.001) and both strongly positively correlated with BMI (r= 0.725 and r= 0.694, respectively, Table 2).

2.4. CMKLR1 and CCRL2 mRNA Expression in GC was Markedly Reduced in Obese Women

Contrary to chemerin, mRNA levels of its receptor, CMKLR1, were almost undetectable in obese
women (Figure 2E). However, in line with what was seen for chemerin, in the normal-weight group,
CMKLR1 expression was predominant in women with PCOS, even if the difference with the ECHO
group failed to reach statistical significance (Figure 2E). C-C Chemokine Receptor-Like 2 (CCRL2)
expression varied only according to BMI, with higher mRNA levels in GCs of normal-weight women
compared to the obese ones (Figure 2F). No significant modification was observed according to
pathological status. G Protein-Coupled Receptor 1 (GPR1) expression did not change in any condition
(data not shown). A positive correlation was observed between CMKLR1 expression and follicle count
(r = 0.520, p < 0.001), cycle duration (r = 0.337, p = 0.01), plasma AMH (r = 0.353, p < 0.01), plasma
LH (r = 0.306, p < 0.05), and plasma E2 concentrations (r = 0.091, p < 0.05). Remarkably, CMKLR1
mRNA levels were negatively correlated with BMI (r = −0.622, p <.001). Indeed, chemerin expression
both in FF and GC was negatively correlated with the mRNA levels of all its receptors, although
statistical significance was found only between FF chemerin and CCRL2 (r = 0.342, p < 0.05) and
between chemerin mRNA levels in GC and CMKLR1 (r = −0.46, p < 0.001).

2.5. FF Resistin Was Higher in Obese Women

Resistin concentration in FF was markedly higher in obese women than in the normal-weight
ones (Figure 3A) and, interestingly, it was positively correlated with BMI (r = 0.799, Table 2). In the
normal-weight group, the highest resistin levels were observed in ECHO and PCOS women (Figure 3A).
Resistin mRNA levels in GCs did not vary according to either BMI or pathological condition. Unlike
chemerin, FF resistin did not significantly correlate with resistin expression in GCs.

2.6. Visfatin Modifications Were Restrained to Its Concentration in FF

As for resistin, visfatin expression varied only in FF and mainly according to BMI, with higher levels
in obese subjects compared to the normal-weight ones (Figure 3B). However, follicular concentration
of visfatin was lower in ECHO and PCOS women compared to controls, especially in the obese group
(Figure 3B). FF visfatin was positively correlated with BMI (r = 0.275, Table 2) and negatively correlated
with plasma AMH concentration (r = −0.284) and follicles (r = −0.352), oocytes (r = −0.37), and embryo
number (r = −0.262) (Table 2). No significant modification nor correlation was found for visfatin
mRNA levels in GCs.

2.7. Omentin Expression (FF and GC mRNA) Was Markedly Predominant in Women with PCOS

Omentin concentration was significantly higher in the FF of obese women (Figure 3C). Remarkably,
independently from BMI, omentin levels were markedly more elevated in PCOS than in ECHO and
control women (Figure 3C). Interestingly, obese ECHO women showed lower omentin follicular
concentrations than controls (Figure 3C). The same significant results were found concerning omentin
expression in GCs (Figure 3D). Further, omentin concentration in FF was strongly positively correlated
with omentin mRNA levels in GCs (r = 0.824, p < 0.001) and both positively correlated with BMI
(r = 0.446 for follicular omentin, Table 2, and r = 0.464 for GC omentin mRNA levels, p < 0.001).
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A positive correlation was also observed between follicular omentin concentration and cycle duration
(r = 0.421, Table 2).

Figure 3. Follicular fluid resistin, visfatin, and omentin concentration and mRNA expression of omentin
in granulosa cells of obese and normal-weight PCOS, ECHO, and control groups. (A) Follicular fluid
(FF) resistin, (B) visfatin, and (C) omentin concentrations assessed by ELISA; (D) mRNA omentin levels
in granulosa cells (GCs) quantified by RT-PCR within the six different groups. The values are expressed
as mean ± standard errors of means (n = 12 for normal-weight controls, n = 13 for normal-weight
ECHO, n = 13 for normal-weight PCOS, n = 15 for obese controls, n = 15 for obese ECHO, and n = 10
for obese PCOS). ◦◦◦ indicates significant difference (p < 0.001) between normal-weight and obese
subjects; * indicates significant difference vs. controls (* p < 0.05, ** p < 0.01, *** p < 0.001); ### indicates
significant difference (p < 0.001) vs. ECHO women.

2.8. Apelin and Its Receptor APJ Were Mostly Expressed in Obese Subjects and in ECHO/PCOS Women

Both apelin FF levels and apelin expression in GCs were significantly higher in obese than in
normal-weight women (Figure 4A and B) and positively correlated with BMI (r = 0.441, Table 2, and
r = 0.554, p < 0.001, respectively). According to pathological status, apelin was mostly expressed in
ECHO and PCOS women in both the normal-weight and obese groups (Figure 4A and 4B). Interestingly,
limited to FF concentration, apelin was significantly lower in normal-weight PCOS than in ECHO
women (Figure 4A). A positive correlation was found between follicle count and both apelin levels
in FF (r = 0.480, Table 2) and apelin expression in GC (r = 0.301, p < 0.05). Follicular apelin also
positively correlated with oocytes and embryo numbers (r = 0.30 and r = 0.268, respectively, Table 2)
and negatively correlated with plasma E2 concentration (r = −0.284, Table 2). Apelin mRNA levels in
GCs were correlated with cycle duration (positive correlation, r = 0.289, p < 0.05) and plasma FSH
(negative correlation, r = −0.298, p < 0.05). Concerning APJ, we found the same significant results,
with a predominant expression of this receptor in the obese group and women with PCOS (Figure 4C).
Further, like apelin, mRNA levels of APJ positively correlated with BMI (r = 0.510, p < 0.001) and cycle
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duration (r = 0.402, p < 0.01) and negatively correlated with plasma FSH concentration (r = −0.282,
p < 0.05). Notably, APJ expression was strongly positively correlated with apelin expression in GCs
(r = 0.866, Figure 4G) and apelin concentration in FF (r = 0.749, Figure 4E right panel), which in turn
were strongly positively correlated to each other (r = 0.821, Figure 4D).

Figure 4. Follicular fluid apelin concentration, mRNA expression of apelin and its receptor, APJ, in GCs
of obese and normal-weight PCOS, ECHO, and controls groups and correlations of apelin FF levels
and apelin or APJ mRNA expression in GCs. (A) Follicular fluid (FF) apelin concentration assessed by
ELISA; (B) apelin and (C) APJ mRNA levels in granulosa cells (GC) quantified by RT-PCR within the
six different groups; (D) correlation between FF concentration and GC expression of apelin; correlations
between APJ mRNA levels in GCs; and (E) apelin FF concentration and (F) apelin mRNA levels in
GCs. The values are expressed as mean ± standard errors of means (n = 12 for normal-weight controls,
n = 13 for normal-weight ECHO, n = 13 for normal-weight PCOS, n = 15 for obese controls, n = 15
for obese ECHO, and n = 10 for obese PCOS). ◦◦◦ indicates significant difference (p < 0.001) between
normal-weight and obese subjects; *** indicates significant difference (p < 0.001) vs. controls; ###
indicates significant difference (p < 0.001) vs. ECHO women.
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3. Discussion

Our study aimed to improve the understanding of PCOS etiology, and to identify adipokines
potentially involved in its physiopathology. Thus, we analyzed the adipokines’ profile at the ovarian
level (FF and GC) in normal-weight and obese women with PCOS diagnosis in comparison with
women presenting only a PCOM, a condition that we named “ECHO”. This condition, as discussed
above, has per se a significant clinical interest and, to the best of our knowledge, there are no data
available about adipokines expression in the FF and GCs of these women. We evaluated adiponectin,
chemerin, resistin, visfatin, omentin, and apelin concentrations in FF samples, as well as the expression
of the same adipokines and some of their receptors in GCs. The results are discussed below for each
single adipokine.

3.1. Adiponectin

Adiponectin is one of the better known and most abundant circulating adipokines. It is mainly
produced by white adipocytes and secreted into plasma circulation as three oligomeric complexes,
whose medium and high molecular weight isoforms represent 90% of circulating protein. It acts mainly
through two G protein-coupled receptors, AdipoR1, which is ubiquitously expressed, and AdipoR2,
which is mainly located in white adipose tissue and liver [30]. Its involvement in energy metabolism
as an insulin-sensitizing, anti-inflammatory, and anti-atherogenic molecule is largely admitted [30]
and obesity and insulin-resistant states have been associated with reduced plasma adiponectin
concentrations [4]. In agreement with literature data, we found that adiponectin concentration in FF
and AdipoR1 mRNA expression in GCs were markedly higher in normal-weight women then in the
obese ones and both negatively correlated with BMI. Interestingly, we also observed that within the
normal-weight group, FF adiponectin levels were significantly lower in PCOS compared to ECHO
women. Consistent with our findings, despite some conflicting results [30], PCOS women have
been reported to present lower adiponectin concentrations in serum [4,39] and FF [35,40], as well
as a decreased expression of AdipoR1 and AdipoR2 in adipose tissue [5]. Although adiponectin
dysregulation may be one of the possible mechanisms responsible for impairment of insulin-sensitivity
in women with PCOS, the reduction of adiponectin levels in serum seems to be independent of IR
severity [41]. Thus, adiponectin might play a role in the pathogenesis of other characteristic features of
PCOS. In particular, several authors evoked a possible role of this adipokine in folliculogenesis [35,40].
Notably, Campos et al. reported that adiponectin acts directly and indirectly, through the interaction
with LH and insulin, on GCs by inducing the expression of genes associated with periovulatory
maturation of ovarian follicles [42]. It is therefore noteworthy that in our study, AdipoR1 expression in
GCs was positively correlated with follicles, oocytes, and embryo count. On the other hand, contrary to
what is reported in the literature [40], we did not find any significant difference in AdipoR2 expression.
In addition, mRNA AdipoR1 levels varied only in the obese group, being greater in PCOS and ECHO
women compared to controls. The meaning of our findings is currently unknown and deserves to be
further elucidated. Although adiponectin involvement in PCOS pathogenesis is supported by several
evidences, including genomic analyses [30], it is possible that the limited data we obtained are due
to the fact that we only investigated GCs. In our study, we did not find any correlation between FF
adiponectin concentration and AdipoR1/AdipoR2 expression in GCs. Hence, since adiponectin levels
are twice higher in FF than in plasma [14], theca cells might represent the key actor in the metabolism
of adiponectin as the main cell responsible for its production in FF and then the most likely target of
its effects.

3.2. Resistin

Resistin is a small cysteine-rich protein mainly expressed by macrophages [43] and within adipose
tissue, it is predominantly released by omental non-adipocyte resident inflammatory cells [44]. Its
relevance and physiological role in humans are currently unclear. Notably, Panidis et al. showed
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that circulating resistin was higher in overweight women with PCOS but did not differ between
PCOS and control women with a normal BMI, although the first were more insulin resistant [45].
Further, after stepwise multiple regression analysis, serum resistin levels were not associated with any
parameter independent of BMI, suggesting that they correlated with IR as a consequence of obesity
itself, rather than as an independent causative factor [45]. In accordance with these data, in our study,
we found that resistin concentration in FF was significantly higher in obese women compared to the
normal-weight ones and positively correlated with BMI. As regards PCOS women, some authors noted
higher plasma resistin concentrations in overweight/obese patients compared to the normal-weight
ones, independently from PCOS diagnosis [45]. However, others showed no difference in serum
resistin levels between obese and non-obese PCOS women [25] and most of the studies failed to
find a significant correlation between circulating resistin and BMI [37,46]. Interestingly, within the
normal-weight group of patients, we observed higher resistin levels in the FF of ECHO and PCOS
women compared to controls. Other studies, however, showed no difference in FF resistin concentration
between PCOS and healthy normal-weight women [37]. Indeed, the association of resistin with PCOS
is largely debated. Resistin mRNA and protein have been detected in granulosa, theca, cumulus cells,
and oocytes from human ovarian follicles [16]. In human granulosa cells, recombinant resistin has been
reported to decrease IGF-1-induced progesterone and estradiol secretion [16], which was associated
with a reduction in P450scc and P450 aromatase levels [16], indicating a role for resistin in the regulation
of ovarian steroidogenesis. However, data concerning serum resistin levels in women affected by
PCOS are inconsistent. While some authors pointed out significantly higher resistin concentrations
in the plasma of women with PCOS [24,25], no difference between PCOS and healthy women was
reported by several others [37,45]. Interestingly, resistin mRNA levels in adipocytes were twice higher
in women with PCOS compared to controls and significantly decreased after laparoscopic ovarian
electrocautery [47,48], suggesting that although systemic resistin does not seem to be actively involved
in PCOS pathogenesis, it may act as a local determining factor for this syndrome [45,48]. However, it is
noteworthy that in agreement with previous literature data [37], in our study, FF resistin levels did
not correlate with any reproductive outcome, making it unlikely that resistin plays a role in oocytes’
maturation and development. Unlike other adipokines, we observed that resistin mRNA levels in
GCs did not vary either according to BMI or pathological condition and did not correlate with FF
concentration. Resistin levels in FF have been repeatedly found to be lower than in plasma [16,37].
It is therefore unlikely that human GCs, while expressing resistin protein [16], secrete it into FF or
circulation. Furthermore, according to our findings and considering that follicular resistin seems to
derive primarily from blood plasma, the regulation of resistin expression appears to be different at the
systemic and ovarian level.

3.3. Visfatin

Visfatin, previously described as a growth factor for early B-cells called pre-B cell colony enhancing
factor (PEBF) [49], was later characterized by Fukuhara et al. as a peptide predominantly expressed in
and secreted from visceral adipose tissue in both humans and mice [50]. Although visfatin has been
proposed as a potential link between visceral obesity and increased metabolic risk [51], data concerning
the relationship between this adipokine, obesity, and IR are widely discordant. In our study, visfatin
concentration in FF was significantly higher in the obese group than in the normal-weight one and
positively correlated with BMI. Despite some conflicting results [52], a recent meta-analysis revealed
that plasma visfatin is significantly increased in subjects presenting overweight/obesity, IR, metabolic
syndrome, and cardiovascular diseases [53]. A positive association between circulating visfatin and
BMI has been reported by several authors [26,27,34,51] but not confirmed by others [52]. On the
contrary, the role of visfatin in the regulation of female reproductive functions is supported by several
evidences. Indeed, it is expressed in human myometrium, placenta, and human fetal membranes,
where it seems to be involved in placentation [17]. In the ovary, its presence has been demonstrated
in human follicles, notably in oocytes, cumulus, and GCs and less abundantly in theca cells [17,53].
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In human GCs, it has been reported to enhance IGF-1-induced progesterone and estradiol secretion,
thus showing a positive effect on steroidogenesis [17]. In our study, we observed significantly lower
levels of visfatin in the FF of obese ECHO and PCOS women compared to obese healthy controls,
a result not in line with literature data. Indeed, in previous studies, FF visfatin was shown to be
similar [54] or higher [36] in women with PCOS when compared to BMI-matched normally ovulatory
women. Similarly, as regards circulating visfatin, although two studies failed to highlight a significant
difference between PCOS and healthy women [34], most of the authors found significantly higher
levels in women with PCOS [26,27,36,54,55]. The decrease in visfatin concentration observed in the FF
of the PCOS and ECHO women of our study, which is characterized by a high antral follicle count
deriving from follicular growth arrest, suggests a positive effect of visfatin on female reproductive
function, and notably folliculogenesis. Indeed, Shen et al. found a significant positive correlation
between visfatin concentration in FF and the number of retrieved oocytes [53] and the administration
of visfatin during ovulation induction in aged female mice improved the developmental competency
of oocytes [56]. However, it needs to be underlined that in our study, follicular visfatin was negatively
correlated with follicle, oocyte, and embryo numbers, as well as with plasma AMH concentration.
As for resistin, visfatin mRNA levels in GCs did not vary either according to BMI or pathological
condition and did not correlate with FF concentration. Visfatin levels in FF have been shown to be
similar [53] or lower [54] compared to those in plasma and no correlation was found between visfatin
concentrations in plasma and FF [53]. In light of our results, the possibility of an ovarian origin for this
adipokine, although previously evoked [53], seems thus unlikely.

3.4. Apelin

Apelin is a bioactive peptide originally identified in bovine stomach extract as the endogenous
ligand of the orphan G protein-coupled receptor, APJ [57]. Its expression has been detected in several
organs, like the stomach, brain, lung, uterus, and ovary, as well as in the endothelium of small
arteries [57], indicating that the apelin/APJ system may play a pivotal role in multiple physiological
functions. In particular, apelin seems to be involved in the regulation of food intake, energy metabolism,
cardiovascular system, angiogenesis, and neuroendocrine functions [57]. In our study, we found that
apelin concentration in FF as well as apelin and APJ mRNA expression in GCs were significantly
higher in obese than in normal-weight women and positively correlated with BMI. These results
already reported by Roche et al. [19] are consistent also with literature data about circulating apelin
levels [58]. As the existence of a correlation between serum apelin levels and IR in PCOS is still a
matter of debate [59], apelin, rather than as a marker of insulin sensitivity, may play a role in other
characteristic features of PCOS, such as ovulatory dysfunction. Indeed, apelin and APJ expression has
been detected in human ovarian follicles, GCs, theca cells, and oocytes and in vitro studies suggest
a potential role of apelin in the control of several aspects of ovarian function [19]. Indeed, apelin
enhances progesterone and estradiol secretion in human and porcine GC cultures [19,60], it improves
rat, bovine, and porcine GC proliferation, and it seems to be involved in the regulation of the bovine
corpus luteum luteolysis process [61] and oocyte maturation [62]. In our study, we demonstrated that
both apelin concentration in FF and apelin/APJ mRNA expression in GCs positively correlated with
antral follicle count and were significantly higher in PCOS and ECHO groups, both characterized by
the accumulation of small antral follicles resulting from the failed selection of a dominant follicle. Thus,
according to these observations, apelin may play a key role in follicular growth arrest at the origin of
PCOM. In support of this hypothesis, apelin has been suggested to be implicated in bovine follicular
atresia [63] and in different animal species; both protein and mRNA levels of apelin and APJ have
been reported to change during follicular growth, with the highest expression in large follicles [60,63].
Folliculogenesis disruption in PCOS is thought to be due to an increased responsiveness to FSH in
terms of oestradiol and progesterone production and to a premature responsiveness to LH in small
follicles [64]. Consequently, in PCOS anovulatory women, plasma estradiol levels are slightly higher
and FSH levels are lower than in the normal early follicular phase [64]. While keeping in mind that

283



Int. J. Mol. Sci. 2019, 20, 3778

correlations may be merely spurious, without causative significance, very interestingly, we found
that apelin mRNA levels in GCs were negatively correlated with plasma FSH levels and positively
correlated with cycle duration, strongly supporting that apelin could also participate in hormonal
disturbances at the origin of PCOS pathogenesis. Indeed, this adipokine has been identified in the
arcuate supraoptic and paraventricular hypothalamic nuclei [62], it has been demonstrated to suppress
LH secretion in rats [65], and a negative correlation between plasma apelin and LH levels has repeatedly
been shown in humans [66,67]. In our study, FF concentration and GC mRNA expression of apelin
was strongly positively correlated with each other and with APJ expression. Further, even if plasma
apelin levels largely depend on the dosage method, FF apelin concentration seems to be higher than
the plasma one [59]. Thus, follicular apelin may partly derive by GC production and act in a paracrine
and/or autocrine manner on GCs themselves.

3.5. Omentin

Omentin, also known as intelectin-1, is a novel adipokine identified from the cDNA library
of omental adipose tissue by Yang et al. and predominantly produced by visceral fat depots [68].
Despite some discordant results [29], serum omentin levels have been shown to be inversely related to
obesity [69,70] and to increase after weight loss [71]. Contrarily to what was reported in plasma, in
our study, we found that FF concentration and GC mRNA expression of omentin were significantly
higher in obese women compared to the normal-weight ones and positively correlated with BMI.
We also demonstrated that omentin expression in both FF and GCs was significantly higher in
women with PCOS compared to controls and ECHO women. These results, already shown by
Cloix et al. [18], once again disagree with literature data concerning plasma omentin levels. Indeed,
most of the studies investigating omentin expression in PCOS women found lower plasma omentin
concentrations [28,29,69,70], as well as decreased omentin mRNA and protein levels in adipose
tissue [72]. Several factors have been evoked to explain such results. First, it has been repeatedly
reported that serum omentin levels are inversely related with HOMA-IR/fasting insulin [29,69,70,72]
and an in vitro study supported the role of hyperinsulinemia in lessening omentin expression in
adipose tissue [72]. Hormonal disturbances, and notably hyperandrogenism, have been suggested as
another key factor contributing to a decrease of omentin synthesis in PCOS women [29,70]. Indeed, as
for some other adipokines, plasma omentin levels are higher in women than in men [73] and negatively
correlate with androgens’ levels [29,70]. At last, omentin may also be regulated by inflammation, as its
expression is altered in inflammatory states [28] and PCOS is actually considered as a proinflammatory
condition [74]. According to these observations, the higher omentin expression that we found in FF
and GCs in PCOS women suggests that omentin production at the ovarian level is independent from
insulin action and differently regulated in these patients. Furthermore, in our study, FF concentration
and GC expression of omentin positively correlated with each other, strongly supporting the hypothesis
that follicular omentin is at least partially produced by GCs. Interestingly, Cloix et al. showed that in
PCOS women, but not in controls, omentin concentration is doubled in FF compared to in plasma [18].
Whether omentin is implicated in PCOS pathogenesis is, however, still to be demonstrated. In humans,
omentin is expressed in reproductive tissues, including the placenta and ovary [70], and it has been
shown to enhance, through induction of visfatin expression, GC IGF-1-induced steroidogenesis and
IGF-1R signaling [18]. Thus, it has been suggested that omentin and visfatin, modulating insulin
sensitivity in GC, could affect ovarian function. Indeed, insulin and IGF-1 act synergistically with FSH
to increase GC estrogens’ synthesis and with LH to enhance theca cells’ androgen production [18].
Interestingly, circulating omentin has already been shown to be positively correlated with serum
estradiol and negatively correlated with the LH/FSH ratio [29]. Mahde et al. also found higher serum
omentin levels in PCOS women with irregular cycles compared to those with regular ones [69], data
that agree with our finding of a positive correlation between follicular omentin and cycle duration,
further confirming the possible role of this adipokine in ovulatory dysfunction characteristics of PCOS.
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3.6. Chemerin

Chemerin, also known as Retinoic Acid Receptor Responder protein 2 (RARRES2), is a small
chemotactic protein originally identified as the natural ligand of the G-protein coupled receptor
CMKLR1 [75]. Initially known as a proinflammatory cytokine involved in adaptative and innate
immunity [76], in 2007, it was discovered as a novel adipokine associated with obesity and metabolic
syndrome [77] and shown to promote adipogenesis and adipocyte metabolism [78]. In addition to
CMKLR1, two other receptors, GPR1 and CCRL2, were reported to bind chemerin with high affinity, but
at present data concerning their functional relevance are poor [75]. In our study, chemerin expression in
both FF and GCs was greater in obese women than in the normal-weight ones and strongly positively
correlated with BMI. This is consistent with Bozaoglu et al.’s data, showing that chemerin and CMKLR1
were highly expressed in mature adipocytes and upregulated in the adipose tissue of obese animals [77].
Circulating chemerin levels have also been reported to be higher in obese subjects compared to those
with a normal BMI and significantly correlated with metabolic syndrome parameters, such as BMI,
triglycerides, and fasting serum insulin [23]. Nevertheless, BMI alone does not seem to be a predictive
factor for circulating chemerin [31]. Indeed, the existence of a correlation between this adipokine and
PCOS has repeatedly been evoked [79]. Our findings showed that both chemerin FF concentration and
chemerin and CMKLR1 mRNA levels in GCs were predominant in women with PCOS. The same results
have recently been found by Wang et al. in a cohort of non-obese women [21]. Further, serum and
ovarian chemerin levels have been shown to be elevated in a dihydrotestosterone (DHT)-induced rat
PCOS model [21] and, despite few discordant data [31], the literature widely reports higher chemerin
levels in the plasma and adipose tissue of PCOS women [22]. Chemerin has been demonstrated to act as
an important negative regulator of ovarian steroidogenesis [80], inhibiting IGF-1-induced secretion of
progesterone and estradiol in human GCs [15] and suppressing FSH-induced expression of aromatase
and P450scc in cultured rat preantral follicles and GCs [21,81]. Furthermore, in DHT-treated rats,
elevated chemerin levels and down-regulated aromatase expression were positively related to increased
GC apoptosis [80], suggesting that chemerin may be involved in the antral follicular growth arrest
associated to the hyperandrogenic proinflammatory state characterizing PCOS [82]. While keeping in
mind that correlations may be merely spurious, without causative significance, it is noteworthy that
in our study CMKLR1 expression in GCs was significantly positively correlated with follicle count,
cycle duration, and plasma AMH, LH, and estradiol levels. As for apelin and omentin, we found
that the follicular concentration of chemerin strongly positively correlated with its mRNA levels in
GCs, suggesting that follicular chemerin may be partly produced in the ovary. Indeed, chemerin and
CMKLR1 expression has been demonstrated in human and mouse placenta [78], in human, mouse, and
rat ovary [21], and more recently in human granulosa and theca cells [15]. In support of this hypothesis,
the concentration of this adipokine has been shown to be higher in FF than in plasma [15] and the
rise of follicular chemerin in PCOS women has been demonstrated to be independent of changes in
its plasma concentration and adiposity, strongly indicating that chemerin is independently regulated
at the ovarian level [82]. Interestingly, in our study, CMKLR1 and chemerin expression seemed to
be inversely regulated as regards adiposity. Indeed, contrarily to chemerin, CMKLR1 mRNA levels
were higher in GCs of normal-weight women and negatively correlated with BMI. Further, chemerin
and CMKLR1 levels in GCs negatively correlated with each other, suggesting the possibility of a
negative feedback between chemerin and its receptor. Such a regulatory mechanism has already been
proposed by Bozaoglu et al. in adipose tissue, but finally, chemerin’s role in the regulation of CMKLR1
expression in adipocytes seems quite limited [77]. As an alternative, these findings could be due to
a resistance mechanism to chemerin action at the ovarian level. Indeed, as hyperinsulinemia in the
IR states, the high chemerin levels found in obese women could be a compensatory response to the
lack of CMKLR1 in GCs. This is, however, a pure hypothesis, since no data is at the moment available
about whether and how this chemerin resistance may occur.

285



Int. J. Mol. Sci. 2019, 20, 3778

3.7. ECHO Condition

In our study, we chose to compare women with PCOS and controls to a third group of women
presenting at least 12 small antral follicles per ovary without any other criterium necessary for PCOS
diagnosis, i.e., hyperandrogenism and/or oligo-anovulation. Besides allowing us to better understand
adipokines’ role in PCOS physiopathology, the “ECHO condition” has relevant clinical interest.
Indeed, despite some discordant results [83], it has repeatedly been reported to be associated with
hyperandrogenism and IR [84,85]. PCOM is also encountered in about 30% of young asymptomatic
women [85], but its actual meaning in this condition is currently unknown [86]. There is little evidence
to suggest that its sole presence has any significant risk to subsequent health, except for circumstances
in which women with PCOM require a gonadotropin treatment, such as during an IVF procedure [86].
Indeed, due to polycystic ovaries’ extreme sensitivity to FSH, an antral follicle count greater than 24
is considered a major risk factor of ovarian hyperstimulation syndrome and nowadays is routinely
recommended for the pre-treatment identification of patients at risk [38]. Interestingly, we found that
FF concentration and GC mRNA expression of omentin, chemerin, and APJ (for the last two, these
observations were limited to the obese group) were significantly lower in ECHO compared to PCOS
women, suggesting that these molecules could play a physiopathological role in other main features of
PCOS, such as anovulatory infertility. On the contrary, the ECHO group was characterized by higher
FF adiponectin levels, possibly reflecting a lower IR compared to the PCOS group or, more intriguingly,
a beneficial effect of adiponectin on follicular maturation and subsequent ovulation. Surprisingly,
we also observed that, despite no difference in terms of follicle numbers between the two groups,
ECHO women presented lower plasma AMH levels than women with PCOS. It has been demonstrated
that AMH plays a key role in protecting growing follicles from premature maturation, directly by
inhibiting the recruitment of primordial follicles and indirectly by opposing the effects of FSH. For
this reason, it is considered an endocrine marker of the number of small antral follicles [87]. Indeed,
plasma AMH concentration was reported to be two to three-fold higher in women with PCOS than in
normal ovulatory women [88] and in vitro studies demonstrated that GCs of normo-ovulatory and
anovulatory PCOS women produce, respectively, 4-fold and 75-fold higher AMH levels compared
to controls [89]. Serum AMH levels are therefore considered to reflect the severity of PCOS [90]
and notably, the ovulatory disturbances characteristic of this disease [87]. In addition, Homburg
et al. reported that AMH levels can be used to differentiate women with PCOS from women with
PCOM alone and controls [91], further strengthening our results. As for AMH, plasma LH levels in
the ECHO group were intermediate between controls and women with PCOS. Women with PCOM
had already been reported to present a hormonal profile, as well as a per-follicle AMH production,
intermediate between normal and PCOS women, suggesting that isolated PCOM might represent a
PCOS-like phenotype characterized by a mild GC dysfunction, not yet sufficient to affect the ovulatory
process [86]. Our findings also agree with literature data showing a tight positive correlation between
LH and AMH [86] and support the role of AMH in hormonal alterations at the origin of the ovulatory
dysfunction observed in women with PCOS [92].

3.8. Limitations and Perspectives

Although this study provided meaningful information, it has some limitations. Firstly, it was a
retrospective and observational study and, as such, it did not permit determination of whether the
modifications in adipokines’ concentration were at the origin of the development of polycystic ovaries
in PCOS, or rather a consequence or a compensatory response. Secondly, we studied only women
requiring IVF and hence under controlled ovarian stimulation, a condition that surely modifies the
normal functions of the female reproductive system. Thus, our results might not be generalized to all
PCOS and ECHO women. Finally, data about the IR state were not available for most of the women
included in the study. This could have given us more information about patients’ hormonal profile
and, mostly, helped us to better understand and interpret adipokines’ modifications. Our current
understanding of the role of chemerin, omentin, and apelin in PCOS is far from complete and deserves
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further studies. Notably, it would be of importance to elucidate the molecular mechanisms involved in
their effects on GCs and, above all, to study their expression and action on theca cells, which play a key
role in the hyperandrogenism characterizing PCOS women.

4. Materials and Methods

4.1. Ethics Approval

Study was conducted according to principles set in the Declaration of Helsinki. Informed
consent was signed by each participant and study protocol was approved by the Institutional Review
Board (Authorization protocol 2016_075, 1 January 2016) Ethic Committee of University Hospital of
Tours, France).

4.2. Study Population

Biological samples and clinical data of a total of 78 women undergoing an in vitro fertilization
(IVF) procedure between 2011 and 2017 at the referral center for reproductive medicine of University
Hospital of Tours were analyzed.

Three groups of patients were created: 23 women suffering from PCOS (PCOS group), 28 women
presenting ≥12 follicles per ovary on transvaginal ultrasound without other criteria necessary for
diagnosis of PCOS (ECHO group), and 27 women affected by another cause of infertility requiring a
MAR procedure (control group). Each group almost equally included normal weight (BMI 18–25 kg/m2)
and obese (BMI > 30 kg/m2) women. A total of 6 groups was then analyzed. Diagnosis of PCOS
followed 2003 Rotterdam Consensus Conference Criteria [2]. All women with PCOS presented an
oligo/anovulation and follicle count ≥12 per ovary. Clinical and/or biological hyperandrogenism was
reported for 6 out of 23 of them. Signs of clinical hyperandrogenism included acne, alopecia, and
hirsutism as evaluated by a physician experienced in the field. No woman included in the ECHO and
control groups had clinical and/or biological hyperandrogenism and all were characterized by normal
ovulatory cycles. They underwent an IVF procedure because of male infertility, tubal sterility, ovarian
insufficiency, endometriosis, or a combination of male and female causes. The antral follicle number
was assessed in the early follicular phase by transvaginal ultrasound scans of the ovaries performed by
experienced sonographers. Blood samples for hormonal evaluations were collected between day 3
and day 5 of the menstrual cycle before the IVF stimulation protocol. Plasma levels of testosterone,
oestradiol (E2), luteinizing hormone (LH), and follicle-stimulating hormone (FSH) were measured
using an Immulite® 2500 immunoassay analyzer (Siemens, Munich, Germany). However, none of the
control and ECHO women included in our study showed clinical and biological hyperandrogenism.
Plasma anti-Mullerian hormone (AMH) was determined by Eurofin Biomnis (Lyon, France).

4.3. Collection of FF Samples and Isolation of GCs

GCs were obtained from preovulatory follicles during oocyte retrieval preceding IVF. The
controlled ovarian stimulation protocol and IVF procedures employed have already been reported [93].
After isolation of cumulus-oocyte complexes, FF was recovered and centrifuged (400× g, 10 min) to
separate cell remnants. The supernatant was stored at −80 ◦C for later analyses. GCs were isolated from
erythrocytes with 20 min of centrifugation at 400× g on two layers of discontinuous Percoll gradient
(40%, 60% in Ham’s F-12 medium; GIBCO-BRL/Life Technologies, Lyon, France). The 40% fraction was
collected and treated with hemolytic medium (NH4Cl 10 mM in Tris HCL, pH 7.5; Sigma Aldrich,
Saint Quentin-Fallavier, France) to remove the remaining erythrocytes. Following centrifugation, the
pellet was washed with fresh medium (Ham’s F-12) and stored at −80 ◦C for later use.
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4.4. Adipokines Concentration in FF

Adiponectin, chemerin, resistin, visfatin, omentin, and apelin concentrations were measured by
ELISA in FF samples. ELISA R&D Bio-Techne Ltd. kits (Abingdon, United Kingdom, intra-assay
coefficients of variations<6% and inter-assay coefficients of variations≤8%) were used for all adipokines.

4.5. RNA Extraction and Real-Time Quantitative PCR (qPCR)

Total RNA from GCs was extracted with TRIzol reagent according to the manufacturer’s procedure
(Sigma Aldrich, Saint Quentin-Fallavier, France). The concentration and the purity of isolated RNA
were determined with a NanoDrop spectrophotometer (Peqlab Biotechnologie GmbH, Erlangen,
Germany). The integrity of RNA was checked on 1.25% agarose-formaldehyde gels. The cDNA
was generated by reverse transcription (RT) of total RNA (1 μg) and real-time quantitative PCR was
performed as reported previously [18]. Briefly, total RNA (1 μg) was denatured and reverse transcripted
in a 20 μL reaction mixture containing 50 mM Tris-HCL (pH 8.3), 75 mM KCL, 3 mM MgCl2, 200 mM of
each deoxynucleotide triphosphate, 50 pmol of oligo(dT), 15.5 IU of ribonuclease inhibitor, and 15 IU
of Moloney Murine Leukaemia Virus (M-MLV) reverse transcriptase. The mixture was incubated for 1
h at 37 ◦C. Targeted cDNAs were quantified by real-time PCR using SYBR Green Supermix (Bio-Rad,
Marnes la Coquette, France) and 250 nM of specific primers (as mentioned below) in a total volume
of 20 μL in a MyiQ Cycle device (Bio-Rad). Samples were tested in duplicate on the same plate and
PCR amplification with water instead of cDNA was done systemically as a negative control. After
incubation for 2 min at 50 ◦C and a denaturation step of 10 min at 95 ◦C, samples were subjected to
40 cycles (30 s at 95 ◦C, 30 s at 60 ◦C, 30 s at 72 ◦C), followed by the acquisition of the melting curve. The
levels of mRNA expression were standardized to the geometric mean of three reference genes (GAPDH,
beta-actin, and PPIA), which has been reported as an accurate normalization procedure [94]. The
relative amounts of gene transcripts (R) were calculated according to the equation: R= (Egene

−Ct gene)/
(geometric mean (EGAPDH

−Ct GAPDH; EBETA ACTIN
−Ct BETA ACTIN; EPPIA

−Ct PPIA)), where E is the primer
efficiency and Ct is the cycle threshold.

The primers’ efficiency (E) was performed from serial dilutions of a pool of
obtained cDNA and ranged from 1.8 to 2. The specific primer pairs used were:
Adiponectin: Fw (forward) 5′-GAAAGGAGATCCAGGTCTTATTG-3′ and Rev (reverse)
5′-TCAGCAAAACCACTATGATGG-3′; AdipoR1: Fw 5′-TTCTTCCTCATGGCTGTGATGT-3′ and
Rev 5′-AAGAAGCGCTCAGG-AATTCG-3′; AdipoR2; Fw 5′-CCACCACCTTGCTTCATCTA-3′
and Rev 5′-GATACTGAGGGGTGGCAAAC-3′; visfatin or NAMPT: Fw
5′-CAGCAGAACACAGTACCATA-3′ and Rev 5′-CTCTAAGATAAGGTGGCAGC-3′; omentin: Fw
5′-GGATTTGTTCAGTTCAGGGTATTTAA-3′ and Rev 5′-GCCTCTGGAAAGTATCCTCCT-3′; resistin
Fw: 5′-GGACAGGAGCTAATACCCAGAAC-3′ and Rev 5′-GGAAAAGGAGGGGAAATGAA-3′; apelin:
Fw 5′-CTCTGGCTCTCCTTGACCG-3′ and Rev 5′-GGCCCATTCCTTGACCCTC-3′; apelin receptor (APJ):
Fw 5′-CTATCCTGTTTTCTGAGTGTGAGG-3′ and Rev 5′-CTAAGGGCTGGAGCACTAATTATC-3′;
chemerin (rarres2): Fw 5′-CCCAATGGGAGGAAACG-3′ and Rev 5′-CCAGGGAAGTAGAAGCTGTG-3′;
CMKLR1: Fw 5′-CCCAATCCATATCACCTATGCC-3′ and Rev 5′-GTCCCGAAAACCCAGTGGTA-3′;
CCRL2: Fw 5′-CACATAACTAGGAAGTGGCAGAAC-3′ and Rev 5′-AGCGTAGGCTCTGACCAAAT-3′;
GPR1:Fw 5′-CTGTCATTTGGTTCACAGGA-3′ and Rev 5′-AACAACCTGAGGTCCACATC-3′; GADPH:
Fw 5′-TGCACCACCAACTGCTTAGC-3′ and Rev 5′GGCATGGACTGTGGTCATGAG-3′; PPIA: Fw
5′-CTGAGCACTGGAGAGAAAGG-3′ and Rev 5′-AGGAATGATCTGGTGGTTAAG-3′; beta Actin; Fw
5′-CTTCTACAATGAGCTGCGTGTG-3′ and Rev 5′- GTGAGGATCTTCATGAGGTAGTCAGTC-3′. PCR
products were analyzed on an agarose gel (1.5%) stained with ethidium bromide and the cDNA fragment
of interest was confirmed after sequencing by Genewiz (Leipzig, Germany).
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4.6. Statistical Analyses

Values are reported as mean ± standard deviation (SD). Statistical analyses included two-way
ANOVA, followed by Bonferroni post-hoc tests. For each parameter, we examined the effect of BMI and
pathological condition, and the interaction between these two parameters. In case of a not-significant
BMI effect and no interaction, the data for subsequent analysis were pooled in three groups according
to pathological status (controls, PCOS, and ECHO). In all other cases, normal-weight and obese
groups were investigated separately. Correlations were analyzed by simple regression analysis and
the correlation-Z-test. Neither adjustment for age nor any other factor was made. StatView software
(version version 9.3, Distributors: SAS Institute Inc., SAS Campus Drive, Cary NC 27513, USA) was
used, with p < 0.05 as a threshold statistically significant level.

5. Conclusions

In conclusion, we showed in a cohort of women affected by infertility that chemerin and omentin
expression in FF and GCs is electively increased in the PCOS group, while ECHO women are
characterized by high levels of adiponectin, apelin, and APJ, as well as lower plasma AMH and LH
levels. We also demonstrated that the regulation at the ovarian level of these adipokines differs from the
systemic one, suggesting that follicular chemerin, omentin, and apelin may be at least partly produced
by GCs and act in an autocrine and/or paracrine manner on ovarian follicles’ cells, modulating their
functions and, in particular, steroid production. FF concentration of all adipokines varied according to
BMI, with resistin, visfatin, chemerin, omentin, and apelin levels higher in obese subjects in contrast
with a predominant adiponectin expression in normal-weight women. Our findings thus provide
novel insights into the role of chemerin, omentin, and apelin in follicular growth arrest and ovulatory
dysfunction characterizing PCOS pathogenesis.

Author Contributions: The authors’ responsibilities were as follows: J.D. and A.B. were involved in the
conceptualization and the methodology of the research; N.M., C.R., M.C., F.G., P.F. and J.D. conducted the
investigation; formal analysis. M.C. and F.G. recruited the patients and collected all biological data about these
patients. A.B. and J.D. analyzed the data; A.B. prepared the original draft and wrote it. A.B., N.M., C.R., M.C.,
F.G., P.F. and J.D. reviewed and edited the manuscript; J.D. got the funding and realized the project administration.
J.D. had primary responsibility for the final content.

Acknowledgments: We thank all the in vitro fertilization team and Anthony Estienne for the layout of the figures.
This work was financially supported by Région Centre Val de Loire (PREVADI project number 32000820 and
HAPOERTI project number 32000496) and Agence de Biomedecine.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Teede, H.; Deeks, A.; Moran, L. Polycystic ovary syndrome: A complex condition with psychological,
reproductive and metabolic manifestations that impacts on health across the lifespan. BMC Med. 2010, 8, 41.
[CrossRef] [PubMed]

2. Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group. Revised 2003 consensus on
diagnostic criteria and long-term health risks related to polycystic ovary syndrome. Fertil. Steril. 2004, 81,
19–25. [CrossRef] [PubMed]

3. Teede, H.J.; Misso, M.L.; Costello, M.F.; Dokras, A.; Laven, J.; Moran, L.; Piltonen, T.; Norman, R.J.;
International, P.N. Recommendations from the international evidence-based guideline for the assessment
and management of polycystic ovary syndrome. Fertil. Steril. 2018, 110, 364–379. [CrossRef] [PubMed]

4. Toulis, K.A.; Goulis, D.G.; Farmakiotis, D.; Georgopoulos, N.A.; Katsikis, I.; Tarlatzis, B.C.; Papadimas, I.;
Panidis, D. Adiponectin levels in women with polycystic ovary syndrome: A systematic review and a
meta-analysis. Hum. Reprod. Update 2009, 15, 297–307. [CrossRef] [PubMed]

289



Int. J. Mol. Sci. 2019, 20, 3778

5. Benrick, A.; Chanclon, B.; Micallef, P.; Wu, Y.; Hadi, L.; Shelton, J.M.; Stener-Victorin, E.; Wernstedt
Asterholm, I. Adiponectin protects against development of metabolic disturbances in a PCOS mouse model.
Proc. Natl. Acad. Sci. USA 2017, 114, E7187–E7196. [CrossRef] [PubMed]

6. Pasquali, R.; Pelusi, C.; Genghini, S.; Cacciari, M.; Gambineri, A. Obesity and reproductive disorders in
women. Hum. Reprod. Update 2003, 9, 359–372. [CrossRef]

7. Norman, J.E. The adverse effects of obesity on reproduction. Reproduction 2010, 140, 343–345. [CrossRef]
[PubMed]

8. Pasquali, R.; Gambineri, A.; Pagotto, U. The impact of obesity on reproduction in women with polycystic
ovary syndrome. BJOG 2006, 113, 1148–1159. [CrossRef] [PubMed]

9. Bluher, M. Adipose tissue dysfunction in obesity. Exp. Clin. Endocrinol. Diabetes 2009, 117, 241–250.
[CrossRef]

10. Ohashi, K.; Shibata, R.; Murohara, T.; Ouchi, N. Role of anti-inflammatory adipokines in obesity-related
diseases. Trends. Endocrinol. Metab. 2014, 25, 348–355. [CrossRef]

11. Vazquez, M.J.; Romero-Ruiz, A.; Tena-Sempere, M. Roles of leptin in reproduction, pregnancy and polycystic
ovary syndrome: Consensus knowledge and recent developments. Metabolism 2015, 64, 79–91. [CrossRef]
[PubMed]

12. Landry, D.; Cloutier, F.; Martin, L.J. Implications of leptin in neuroendocrine regulation of male reproduction.
Reprod. Biol. 2013, 13, 1–14. [CrossRef] [PubMed]

13. Dupont, J.; Pollet-Villard, X.; Reverchon, M.; Mellouk, N.; Levy, R. Adipokines in human reproduction. Horm.
Mol. Biol. Clin. Investig. 2015, 24, 11–24. [CrossRef] [PubMed]

14. Chabrolle, C.; Tosca, L.; Rame, C.; Lecomte, P.; Royere, D.; Dupont, J. Adiponectin increases insulin-like
growth factor I-induced progesterone and estradiol secretion in human granulosa cells. Fertil. Steril. 2009,
92, 1988–1996. [CrossRef] [PubMed]

15. Reverchon, M.; Cornuau, M.; Rame, C.; Guerif, F.; Royere, D.; Dupont, J. Chemerin inhibits IGF-1-induced
progesterone and estradiol secretion in human granulosa cells. Hum. Reprod. 2012, 27, 1790–1800. [CrossRef]
[PubMed]

16. Reverchon, M.; Cornuau, M.; Rame, C.; Guerif, F.; Royere, D.; Dupont, J. Resistin decreases insulin-like
growth factor I-induced steroid production and insulin-like growth factor I receptor signaling in human
granulosa cells. Fertil. Steril. 2013, 100, 247–255. [CrossRef] [PubMed]

17. Reverchon, M.; Cornuau, M.; Cloix, L.; Rame, C.; Guerif, F.; Royere, D.; Dupont, J. Visfatin is expressed
in human granulosa cells: Regulation by metformin through AMPK/SIRT1 pathways and its role in
steroidogenesis. Mol. Hum. Reprod. 2013, 19, 313–326. [CrossRef] [PubMed]

18. Cloix, L.; Reverchon, M.; Cornuau, M.; Froment, P.; Rame, C.; Costa, C.; Froment, G.; Lecomte, P.; Chen, W.;
Royere, D.; et al. Expression and regulation of INTELECTIN1 in human granulosa-lutein cells: Role in
IGF-1-induced steroidogenesis through NAMPT. Biol. Reprod. 2014, 91, 50. [CrossRef]

19. Roche, J.; Rame, C.; Reverchon, M.; Mellouk, N.; Cornuau, M.; Guerif, F.; Froment, P.; Dupont, J. Apelin (APLN)
and Apelin Receptor (APLNR) in Human Ovary: Expression, Signaling, and Regulation of Steroidogenesis
in Primary Human Luteinized Granulosa Cells. Biol. Reprod. 2016, 95, 104. [CrossRef]

20. Tang, M.; Huang, C.; Wang, Y.F.; Ren, P.G.; Chen, L.; Xiao, T.X.; Wang, B.B.; Pan, Y.F.; Tsang, B.K.;
Zabel, B.A.; et al. CMKLR1 deficiency maintains ovarian steroid production in mice treated chronically with
dihydrotestosterone. Sci. Rep. 2016, 6, 21328. [CrossRef]

21. Wang, Q.; Kim, J.Y.; Xue, K.; Liu, J.Y.; Leader, A.; Tsang, B.K. Chemerin, a novel regulator of follicular
steroidogenesis and its potential involvement in polycystic ovarian syndrome. Endocrinology 2012, 153,
5600–5611. [CrossRef]

22. Tan, B.K.; Chen, J.; Farhatullah, S.; Adya, R.; Kaur, J.; Heutling, D.; Lewandowski, K.C.; O’Hare, J.P.;
Lehnert, H.; Randeva, H.S. Insulin and metformin regulate circulating and adipose tissue chemerin. Diabetes
2009, 58, 1971–1977. [CrossRef]

23. Bozaoglu, K.; Segal, D.; Shields, K.A.; Cummings, N.; Curran, J.E.; Comuzzie, A.G.; Mahaney, M.C.;
Rainwater, D.L.; VandeBerg, J.L.; MacCluer, J.W.; et al. Chemerin is associated with metabolic syndrome
phenotypes in a Mexican-American population. J. Clin. Endocrinol. Metab. 2009, 94, 3085–3088. [CrossRef]

24. Munir, I.; Yen, H.W.; Baruth, T.; Tarkowski, R.; Azziz, R.; Magoffin, D.A.; Jakimiuk, A.J. Resistin stimulation
of 17alpha-hydroxylase activity in ovarian theca cells in vitro: Relevance to polycystic ovary syndrome.
J. Clin. Endocrinol. Metab. 2005, 90, 4852–4857. [CrossRef]

290



Int. J. Mol. Sci. 2019, 20, 3778

25. Baldani, D.P.; Skrgatic, L.; Kasum, M.; Zlopasa, G.; Kralik Oguic, S.; Herman, M. Altered leptin, adiponectin,
resistin and ghrelin secretion may represent an intrinsic polycystic ovary syndrome abnormality. Gynecol.
Endocrinol. 2019, 35, 401–405. [CrossRef]

26. Chan, T.F.; Chen, Y.L.; Chen, H.H.; Lee, C.H.; Jong, S.B.; Tsai, E.M. Increased plasma visfatin concentrations
in women with polycystic ovary syndrome. Fertil. Steril. 2007, 88, 401–405. [CrossRef]

27. Panidis, D.; Farmakiotis, D.; Rousso, D.; Katsikis, I.; Delkos, D.; Piouka, A.; Gerou, S.; Diamanti-Kandarakis, E.
Plasma visfatin levels in normal weight women with polycystic ovary syndrome. Eur. J. Intern. Med. 2008,
19, 406–412. [CrossRef]

28. Tan, B.K.; Adya, R.; Farhatullah, S.; Chen, J.; Lehnert, H.; Randeva, H.S. Metformin treatment may increase
omentin-1 levels in women with polycystic ovary syndrome. Diabetes 2010, 59, 3023–3031. [CrossRef]

29. Orlik, B.; Madej, P.; Owczarek, A.; Skalba, P.; Chudek, J.; Olszanecka-Glinianowicz, M. Plasma omentin
and adiponectin levels as markers of adipose tissue dysfunction in normal weight and obese women with
polycystic ovary syndrome. Clin. Endocrinol. (Oxf) 2014, 81, 529–535. [CrossRef]

30. Barbe, A.; Bongrani, A.; Mellouk, N.; Estienne, A.; Kurowska, P.; Grandhaye, J.; Elfassy, Y.; Levy, R.; Rak, A.;
Froment, P.; et al. Mechanisms of Adiponectin Action in Fertility: An. Overview from Gametogenesis to
Gestation in Humans and Animal Models in Normal and Pathological Conditions. Int. J. Mol. Sci. 2019, 20.
[CrossRef]

31. Guvenc, Y.; Var, A.; Goker, A.; Kuscu, N.K. Assessment of serum chemerin, vaspin and omentin-1 levels in
patients with polycystic ovary syndrome. J. Int. Med. Res. 2016, 44, 796–805. [CrossRef]

32. Farshchian, F.; Ramezani Tehrani, F.; Amirrasouli, H.; Rahimi Pour, H.; Hedayati, M.; Kazerouni, F.; Soltani, A.
Visfatin and resistin serum levels in normal-weight and obese women with polycystic ovary syndrome. Int.
J. Endocrinol. Metab. 2014, 12, e15503. [CrossRef]

33. Akbarzadeh, S.; Ghasemi, S.; Kalantarhormozi, M.; Nabipour, I.; Abbasi, F.; Aminfar, A.; Jaffari, S.M.;
Motamed, N.; Movahed, A.; Mirzaei, M.; et al. Relationship among plasma adipokines, insulin and
androgens level as well as biochemical glycemic and lipidemic markers with incidence of PCOS in women
with normal BMI. Gynecol. Endocrinol. 2012, 28, 521–524. [CrossRef]

34. Kim, J.J.; Choi, Y.M.; Hong, M.A.; Kim, M.J.; Chae, S.J.; Kim, S.M.; Hwang, K.R.; Yoon, S.H.; Ku, S.Y.; Suh, C.S.;
et al. Serum visfatin levels in non-obese women with polycystic ovary syndrome and matched controls.
Obstet. Gynecol. Sci. 2018, 61, 253–260. [CrossRef]

35. Tao, T.; Xu, B.; Liu, W. Ovarian HMW adiponectin is associated with folliculogenesis in women with
polycystic ovary syndrome. Reprod. Biol. Endocrinol. 2013, 11, 99. [CrossRef]

36. Tsouma, I.; Kouskouni, E.; Demeridou, S.; Boutsikou, M.; Hassiakos, D.; Chasiakou, A.; Hassiakou, S.;
Baka, S. Correlation of visfatin levels and lipoprotein lipid profiles in women with polycystic ovary syndrome
undergoing ovarian stimulation. Gynecol. Endocrinol. 2014, 30, 516–519. [CrossRef]

37. Seow, K.M.; Juan, C.C.; Hsu, Y.P.; Ho, L.T.; Wang, Y.Y.; Hwang, J.L. Serum and follicular resistin levels in
women with polycystic ovarian syndrome during IVF-stimulated cycles. Hum. Reprod. 2005, 20, 117–121.
[CrossRef]

38. Practice Committee of the American Society for Reproductive Medicine. Prevention and treatment of
moderate and severe ovarian hyperstimulation syndrome: A guideline. Fertil. Steril. 2016, 106, 1634–1647.
[CrossRef]

39. Li, S.; Huang, X.; Zhong, H.; Peng, Q.; Chen, S.; Xie, Y.; Qin, X.; Qin, A. Low circulating adiponectin levels
in women with polycystic ovary syndrome: An updated meta-analysis. Tumour. Biol. 2014, 35, 3961–3973.
[CrossRef]

40. Artimani, T.; Saidijam, M.; Aflatoonian, R.; Ashrafi, M.; Amiri, I.; Yavangi, M.; SoleimaniAsl, S.; Shabab, N.;
Karimi, J.; Mehdizadeh, M. Downregulation of adiponectin system in granulosa cells and low levels of HMW
adiponectin in PCOS. J. Assist. Reprod. Genet. 2016, 33, 101–110. [CrossRef]

41. O’Connor, A.; Phelan, N.; Tun, T.K.; Boran, G.; Gibney, J.; Roche, H.M. High-molecular-weight adiponectin is
selectively reduced in women with polycystic ovary syndrome independent of body mass index and severity
of insulin resistance. J. Clin. Endocrinol. Metab. 2010, 95, 1378–1385. [CrossRef]

42. Campos, D.B.; Palin, M.F.; Bordignon, V.; Murphy, B.D. The ‘beneficial’ adipokines in reproduction and
fertility. Intj. Obes. (Lond.) 2008, 32, 223–231. [CrossRef]

291



Int. J. Mol. Sci. 2019, 20, 3778

43. Patel, L.; Buckels, A.C.; Kinghorn, I.J.; Murdock, P.R.; Holbrook, J.D.; Plumpton, C.; Macphee, C.H.; Smith, S.A.
Resistin is expressed in human macrophages and directly regulated by PPAR gamma activators. Biochem.
Biophys. Res. Commun. 2003, 300, 472–476. [CrossRef]

44. Fain, J.N.; Cheema, P.S.; Bahouth, S.W.; Lloyd Hiler, M. Resistin release by human adipose tissue explants in
primary culture. Biochem. Biophys. Res. Commun. 2003, 300, 674–678. [CrossRef]

45. Panidis, D.; Koliakos, G.; Kourtis, A.; Farmakiotis, D.; Mouslech, T.; Rousso, D. Serum resistin levels in
women with polycystic ovary syndrome. Fertil. Steril. 2004, 81, 361–366. [CrossRef]

46. Lee, J.H.; Chan, J.L.; Yiannakouris, N.; Kontogianni, M.; Estrada, E.; Seip, R.; Orlova, C.; Mantzoros, C.S.
Circulating resistin levels are not associated with obesity or insulin resistance in humans and are not regulated
by fasting or leptin administration: Cross-sectional and interventional studies in normal, insulin-resistant,
and diabetic subjects. J. Clin. Endocrinol. Metab. 2003, 88, 4848–4856. [CrossRef]

47. Seow, K.M.; Juan, C.C.; Hsu, Y.P.; Hwang, J.L.; Huang, L.W.; Ho, L.T. Amelioration of insulin resistance in
women with PCOS via reduced insulin receptor substrate-1 Ser312 phosphorylation following laparoscopic
ovarian electrocautery. Hum. Reprod. 2007, 22, 1003–1010. [CrossRef]

48. Seow, K.M.; Juan, C.C.; Wu, L.Y.; Hsu, Y.P.; Yang, W.M.; Tsai, Y.L.; Hwang, J.L.; Ho, L.T. Serum and adipocyte
resistin in polycystic ovary syndrome with insulin resistance. Hum. Reprod. 2004, 19, 48–53. [CrossRef]

49. Samal, B.; Sun, Y.; Stearns, G.; Xie, C.; Suggs, S.; McNiece, I. Cloning and characterization of the cDNA
encoding a novel human pre-B-cell colony-enhancing factor. Mol. Cell. Biol. 1994, 14, 1431–1437. [CrossRef]

50. Fukuhara, A.; Matsuda, M.; Nishizawa, M.; Segawa, K.; Tanaka, M.; Kishimoto, K.; Matsuki, Y.; Murakami, M.;
Ichisaka, T.; Murakami, H.; et al. Visfatin: A protein secreted by visceral fat that mimics the effects of insulin.
Science 2005, 307, 426–430. [CrossRef]

51. Berndt, J.; Kloting, N.; Kralisch, S.; Kovacs, P.; Fasshauer, M.; Schon, M.R.; Stumvoll, M.; Bluher, M. Plasma
visfatin concentrations and fat depot-specific mRNA expression in humans. Diabetes 2005, 54, 2911–2916.
[CrossRef]

52. Chen, M.P.; Chung, F.M.; Chang, D.M.; Tsai, J.C.; Huang, H.F.; Shin, S.J.; Lee, Y.J. Elevated plasma level
of visfatin/pre-B cell colony-enhancing factor in patients with type 2 diabetes mellitus. J. Clin. Endocrinol.
Metab. 2006, 91, 295–299. [CrossRef]

53. Shen, C.J.; Tsai, E.M.; Lee, J.N.; Chen, Y.L.; Lee, C.H.; Chan, T.F. The concentrations of visfatin in the follicular
fluids of women undergoing controlled ovarian stimulation are correlated to the number of oocytes retrieved.
Fertil. Steril. 2010, 93, 1844–1850. [CrossRef]

54. Plati, E.; Kouskouni, E.; Malamitsi-Puchner, A.; Boutsikou, M.; Kaparos, G.; Baka, S. Visfatin and leptin
levels in women with polycystic ovaries undergoing ovarian stimulation. Fertil. Steril. 2010, 94, 1451–1456.
[CrossRef]

55. Tan, B.K.; Chen, J.; Digby, J.E.; Keay, S.D.; Kennedy, C.R.; Randeva, H.S. Increased visfatin messenger
ribonucleic acid and protein levels in adipose tissue and adipocytes in women with polycystic ovary
syndrome: Parallel increase in plasma visfatin. J. Clin. Endocrinol. Metab. 2006, 91, 5022–5028. [CrossRef]

56. Choi, K.H.; Joo, B.S.; Sun, S.T.; Park, M.J.; Son, J.B.; Joo, J.K.; Lee, K.S. Administration of visfatin during
superovulation improves developmental competency of oocytes and fertility potential in aged female mice.
Fertil. Steril. 2012, 97, 1234–1241. [CrossRef]

57. Tatemoto, K.; Hosoya, M.; Habata, Y.; Fujii, R.; Kakegawa, T.; Zou, M.X.; Kawamata, Y.; Fukusumi, S.;
Hinuma, S.; Kitada, C.; et al. Isolation and characterization of a novel endogenous peptide ligand for the
human APJ receptor. Biochem. Biophys. Res. Commun. 1998, 251, 471–476. [CrossRef]

58. Boucher, J.; Masri, B.; Daviaud, D.; Gesta, S.; Guigne, C.; Mazzucotelli, A.; Castan-Laurell, I.; Tack, I.;
Knibiehler, B.; Carpene, C.; et al. Apelin, a newly identified adipokine up-regulated by insulin and obesity.
Endocrinology 2005, 146, 1764–1771. [CrossRef]

59. Chang, Y.H.; Chang, D.M.; Lin, K.C.; Shin, S.J.; Lee, Y.J. Visfatin in overweight/obesity, type 2 diabetes
mellitus, insulin resistance, metabolic syndrome and cardiovascular diseases: A meta-analysis and systemic
review. Diabetes Metab. Res. Rev. 2011, 27, 515–527. [CrossRef]

60. Rak, A.; Drwal, E.; Rame, C.; Knapczyk-Stwora, K.; Slomczynska, M.; Dupont, J.; Gregoraszczuk, E.L.
Expression of apelin and apelin receptor (APJ) in porcine ovarian follicles and in vitro effect of apelin on
steroidogenesis and proliferation through APJ activation and different signaling pathways. Theriogenology
2017, 96, 126–135. [CrossRef]

292



Int. J. Mol. Sci. 2019, 20, 3778

61. Shirasuna, K.; Shimizu, T.; Sayama, K.; Asahi, T.; Sasaki, M.; Berisha, B.; Schams, D.; Miyamoto, A. Expression
and localization of apelin and its receptor APJ in the bovine corpus luteum during the estrous cycle and
prostaglandin F2alpha-induced luteolysis. Reproduction 2008, 135, 519–525. [CrossRef]

62. Roche, J.; Rame, C.; Reverchon, M.; Mellouk, N.; Rak, A.; Froment, P.; Dupont, J. Apelin (APLN) regulates
progesterone secretion and oocyte maturation in bovine ovarian cells. Reproduction 2017, 153, 589–603.
[CrossRef]

63. Shimizu, T.; Kosaka, N.; Murayama, C.; Tetsuka, M.; Miyamoto, A. Apelin and APJ receptor expression in
granulosa and theca cells during different stages of follicular development in the bovine ovary: Involvement
of apoptosis and hormonal regulation. Anim. Reprod. Sci. 2009, 116, 28–37. [CrossRef]

64. Franks, S.; Stark, J.; Hardy, K. Follicle dynamics and anovulation in polycystic ovary syndrome. Hum. Reprod.
Update 2008, 14, 367–378. [CrossRef]

65. Taheri, S.; Murphy, K.; Cohen, M.; Sujkovic, E.; Kennedy, A.; Dhillo, W.; Dakin, C.; Sajedi, A.; Ghatei, M.;
Bloom, S. The effects of centrally administered apelin-13 on food intake, water intake and pituitary hormone
release in rats. Biochem. Biophys. Res. Commun. 2002, 291, 1208–1212. [CrossRef]

66. Altinkaya, S.O.; Nergiz, S.; Kucuk, M.; Yuksel, H. Apelin levels in relation with hormonal and metabolic
profile in patients with polycystic ovary syndrome. Eurj. Obstet. Gynecol. Reprod. Biol. 2014, 176, 168–172.
[CrossRef]

67. Olszanecka-Glinianowicz, M.; Madej, P.; Nylec, M.; Owczarek, A.; Szanecki, W.; Skalba, P.; Chudek, J.
Circulating apelin level in relation to nutritional status in polycystic ovary syndrome and its association with
metabolic and hormonal disturbances. Clin. Endocrinol. (Oxf) 2013, 79, 238–242. [CrossRef]

68. Yang, R.Z.; Lee, M.J.; Hu, H.; Pray, J.; Wu, H.B.; Hansen, B.C.; Shuldiner, A.R.; Fried, S.K.; McLenithan, J.C.;
Gong, D.W. Identification of omentin as a novel depot-specific adipokine in human adipose tissue: Possible
role in modulating insulin action. Am. J. Physiol. Endocrinol. Metab. 2006, 290, E1253–E1261. [CrossRef]

69. Mahde, A.; Shaker, M.; Al-Mashhadani, Z. Study of Omentin1 and Other Adipokines and Hormones in
PCOS Patients. Oman. Med. J. 2009, 24, 108–118. [CrossRef]

70. Choi, J.H.; Rhee, E.J.; Kim, K.H.; Woo, H.Y.; Lee, W.Y.; Sung, K.C. Plasma omentin-1 levels are reduced in
non-obese women with normal glucose tolerance and polycystic ovary syndrome. Eur. J. Endocrinol. 2011,
165, 789–796. [CrossRef]

71. Moreno-Navarrete, J.M.; Catalan, V.; Ortega, F.; Gomez-Ambrosi, J.; Ricart, W.; Fruhbeck, G.;
Fernandez-Real, J.M. Circulating omentin concentration increases after weight loss. Nutr. Metab. (Lond) 2010,
7, 27. [CrossRef]

72. Tan, B.K.; Pua, S.; Syed, F.; Lewandowski, K.C.; O’Hare, J.P.; Randeva, H.S. Decreased plasma omentin-1
levels in Type 1 diabetes mellitus. Diabet. Med. 2008, 25, 1254–1255. [CrossRef]

73. de Souza Batista, C.M.; Yang, R.Z.; Lee, M.J.; Glynn, N.M.; Yu, D.Z.; Pray, J.; Ndubuizu, K.; Patil, S.;
Schwartz, A.; Kligman, M.; et al. Omentin plasma levels and gene expression are decreased in obesity.
Diabetes 2007, 56, 1655–1661. [CrossRef]

74. Spritzer, P.M.; Lecke, S.B.; Satler, F.; Morsch, D.M. Adipose tissue dysfunction, adipokines, and low-grade
chronic inflammation in polycystic ovary syndrome. Reproduction 2015, 149, R219–R227. [CrossRef]

75. De Henau, O.; Degroot, G.N.; Imbault, V.; Robert, V.; De Poorter, C.; McHeik, S.; Gales, C.; Parmentier, M.;
Springael, J.Y. Signaling Properties of Chemerin Receptors CMKLR1, GPR1 and CCRL2. PLoS ONE 2016, 11,
e0164179. [CrossRef]

76. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brezillon, S.; Tyldesley, R.;
Blanpain, C.; Detheux, M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel
processed ligand from human inflammatory fluids. J. Exp. Med. 2003, 198, 977–985. [CrossRef]

77. Bozaoglu, K.; Bolton, K.; McMillan, J.; Zimmet, P.; Jowett, J.; Collier, G.; Walder, K.; Segal, D. Chemerin is
a novel adipokine associated with obesity and metabolic syndrome. Endocrinology 2007, 148, 4687–4694.
[CrossRef]

78. Goralski, K.B.; McCarthy, T.C.; Hanniman, E.A.; Zabel, B.A.; Butcher, E.C.; Parlee, S.D.; Muruganandan, S.;
Sinal, C.J. Chemerin, a novel adipokine that regulates adipogenesis and adipocyte metabolism. J. Biol. Chem.
2007, 282, 28175–28188. [CrossRef]

79. Kort, D.H.; Kostolias, A.; Sullivan, C.; Lobo, R.A. Chemerin as a marker of body fat and insulin resistance in
women with polycystic ovary syndrome. Gynecol. Endocrinol. 2015, 31, 152–155. [CrossRef]

293



Int. J. Mol. Sci. 2019, 20, 3778

80. Tsatsanis, C.; Dermitzaki, E.; Avgoustinaki, P.; Malliaraki, N.; Mytaras, V.; Margioris, A.N. The impact of
adipose tissue-derived factors on the hypothalamic-pituitary-gonadal (HPG) axis. Horm. (Athens) 2015, 14,
549–562. [CrossRef]

81. Kim, J.Y.; Xue, K.; Cao, M.; Wang, Q.; Liu, J.Y.; Leader, A.; Han, J.Y.; Tsang, B.K. Chemerin suppresses ovarian
follicular development and its potential involvement in follicular arrest in rats treated chronically with
dihydrotestosterone. Endocrinology 2013, 154, 2912–2923. [CrossRef]

82. Lima, P.D.A.; Nivet, A.L.; Wang, Q.; Chen, Y.A.; Leader, A.; Cheung, A.; Tzeng, C.R.; Tsang, B.K. Polycystic
ovary syndrome: Possible involvement of androgen-induced, chemerin-mediated ovarian recruitment of
monocytes/macrophages. Biol. Reprod. 2018, 99, 838–852. [CrossRef]

83. Dunaif, A. Insulin resistance and the polycystic ovary syndrome: Mechanism and implications for
pathogenesis. Endocr. Rev. 1997, 18, 774–800. [CrossRef]

84. Panidis, D.; Tziomalos, K.; Misichronis, G.; Papadakis, E.; Betsas, G.; Katsikis, I.; Macut, D. Insulin resistance
and endocrine characteristics of the different phenotypes of polycystic ovary syndrome: A prospective study.
Hum. Reprod. 2012, 27, 541–549. [CrossRef]

85. Dewailly, D.; Pigny, P.; Soudan, B.; Catteau-Jonard, S.; Decanter, C.; Poncelet, E.; Duhamel, A. Reconciling the
definitions of polycystic ovary syndrome: The ovarian follicle number and serum anti-Mullerian hormone
concentrations aggregate with the markers of hyperandrogenism. J. Clin. Endocrinol. Metab. 2010, 95,
4399–4405. [CrossRef]

86. Dewailly, D.; Lujan, M.E.; Carmina, E.; Cedars, M.I.; Laven, J.; Norman, R.J.; Escobar-Morreale, H.F. Definition
and significance of polycystic ovarian morphology: A task force report from the Androgen Excess and
Polycystic Ovary Syndrome Society. Hum. Reprod. Update 2014, 20, 334–352. [CrossRef]

87. Pigny, P.; Merlen, E.; Robert, Y.; Cortet-Rudelli, C.; Decanter, C.; Jonard, S.; Dewailly, D. Elevated serum level
of anti-mullerian hormone in patients with polycystic ovary syndrome: Relationship to the ovarian follicle
excess and to the follicular arrest. J. Clin. Endocrinol. Metab. 2003, 88, 5957–5962. [CrossRef]

88. Teede, H.; Misso, M.; Tassone, E.C.; Dewailly, D.; Ng, E.H.; Azziz, R.; Norman, R.J.; Andersen, M.; Franks, S.;
Hoeger, K.; et al. Anti-Mullerian Hormone in PCOS: A Review Informing International Guidelines. Trends
Endocrinol. Metab. 2019, 30, 467–478. [CrossRef]

89. Victoria, M.; Labrosse, J.; Krief, F.; Cedrin-Durnerin, I.; Comtet, M.; Grynberg, M. Anti Mullerian Hormone:
More than a biomarker of female reproductive function. J. Gynecol. Obstet. Hum. Reprod. 2019, 48, 19–24.
[CrossRef]

90. Pierre, A.; Peigne, M.; Grynberg, M.; Arouche, N.; Taieb, J.; Hesters, L.; Gonzales, J.; Picard, J.Y.; Dewailly, D.;
Fanchin, R.; et al. Loss of LH-induced down-regulation of anti-Mullerian hormone receptor expression
may contribute to anovulation in women with polycystic ovary syndrome. Hum. Reprod. 2013, 28, 762–769.
[CrossRef]

91. Homburg, R.; Crawford, G. The role of AMH in anovulation associated with PCOS: A hypothesis. Hum.
Reprod. 2014, 29, 1117–1121. [CrossRef]

92. Cimino, I.; Casoni, F.; Liu, X.; Messina, A.; Parkash, J.; Jamin, S.P.; Catteau-Jonard, S.; Collier, F.; Baroncini, M.;
Dewailly, D.; et al. Novel role for anti-Mullerian hormone in the regulation of GnRH neuron excitability and
hormone secretion. Nat. Commun. 2016, 7, 10055. [CrossRef]

93. Guerif, F.; Bidault, R.; Gasnier, O.; Couet, M.L.; Gervereau, O.; Lansac, J.; Royere, D. Efficacy of blastocyst
transfer after implantation failure. Reprod. Biomed. Online 2004, 9, 630–636. [CrossRef]

94. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 2002, 3, RESEARCH0034. [CrossRef]

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

294



 International Journal of 

Molecular Sciences

Review

The Adipokine Network in Rheumatic Joint Diseases

Mar Carrión 1, Klaus W. Frommer 2, Selene Pérez-García 1, Ulf Müller-Ladner 2, Rosa P. Gomariz 1

and Elena Neumann 2,*
1 Department of Cellular Biology, Faculty of Biology, Complutense University, 28040 Madrid, Spain
2 Department of Rheumatology and Clinical Immunology, Justus-Liebig-University Giessen, Campus

Kerckhoff, 61231 Bad Nauheim, Germany
* Correspondence: e.neumann@kerckhoff-klinik.de; Tel.: +49-6032-996-2801

Received: 31 July 2019; Accepted: 19 August 2019; Published: 22 August 2019
��������	
�������

Abstract: Rheumatic diseases encompass a diverse group of chronic disorders that commonly affect
musculoskeletal structures. Osteoarthritis (OA) and rheumatoid arthritis (RA) are the two most
common, leading to considerable functional limitations and irreversible disability when patients
are unsuccessfully treated. Although the specific causes of many rheumatic conditions remain
unknown, it is generally accepted that immune mechanisms and/or uncontrolled inflammatory
responses are involved in their etiology and symptomatology. In this regard, the bidirectional
communication between neuroendocrine and immune system has been demonstrated to provide
a homeostatic network that is involved in several pathological conditions. Adipokines represent
a wide variety of bioactive, immune and inflammatory mediators mainly released by adipocytes
that act as signal molecules in the neuroendocrine-immune interactions. Adipokines can also be
synthesized by synoviocytes, osteoclasts, osteoblasts, chondrocytes and inflammatory cells in the joint
microenvironment, showing potent modulatory properties on different effector cells in OA and RA
pathogenesis. Effects of adiponectin, leptin, resistin and visfatin on local and systemic inflammation
are broadly described. However, more recently, other adipokines, such as progranulin, chemerin,
lipocalin-2, vaspin, omentin-1 and nesfatin, have been recognized to display immunomodulatory
actions in rheumatic diseases. This review highlights the latest relevant findings on the role of the
adipokine network in the pathophysiology of OA and RA.

Keywords: adipokine; rheumatic diseases; inflammation; osteoarthritis; rheumatoid arthritis

1. Introduction

According to the World Health Organization “Musculoskeletal disorders comprise more than
150 diagnoses that affect the locomotor system—that is, muscles, bones, joints and associated tissues
such as tendons and ligaments—and are the second largest contributor to disability worldwide [1].
Musculoskeletal conditions generally comprise disorders that affect joints such as osteoarthritis
(OA) and rheumatoid arthritis (RA). Although both diseases have an inflammatory component, the
underlying pathological mechanisms are different.

OA is the most common joint disease affecting 18% of the population above 60 years of age
although young individuals, especially juvenile athletes, can also suffer from this disorder [2]. It has
been demonstrated that it is triggered mainly by biomechanical stress and joint overload, although
obesity and metabolic disease are also considered key risk factors for its development [3–5]. Cartilage,
subchondral bone, and synovium are the main tissues involved in OA pathogenesis. In recent years,
the important contribution of pro-inflammatory mediators such as cytokines, reactive oxygen species
(ROS), nitric oxide, and matrix degrading enzymes have been reported [6].

RA is a severe autoimmune disorder, characterized by chronic inflammation of diarthrodial joints,
leading to cartilage and bone destruction. RA affects 1% of the population worldwide and is related to
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loss of physical function, quality of life and high prevalence of comorbid conditions [7]. RA develops
in genetically susceptible individuals, under the influence of environmental factors, as well as with
the involvement of epigenetic mechanisms. It is a heterogeneous disorder with diverse pathogenic
mechanisms and variable clinical forms [8,9].

Unraveling the mechanisms that underlie both immune regulation and resolution of inflammation
is crucial for the design of new strategies to treat these two highly prevalent rheumatic disorders.
One of the approaches to understand these mechanisms is the study of the neuro-endocrine-immune
systems balance, which is crucial for the maintenance of homeostasis and the effective adaptation to
stressors [10,11]. This intricate communication and their regulatory mechanisms rely in the presence of
common mediators such as neurotransmitters, cytokines, hormones and their receptors. In this sense,
on the one hand, dysregulation in immune-endocrine integrated circuitries have been involved in the
development of chronic metabolic diseases, comprising obesity, diabetes, and metabolic syndrome [12].
On the other hand, RA has been defined as an example of a disease resulting from abnormal interactions
between these systems [13]. Reversal of abnormal cellular phenotypes in this disease has also been
shown: As an example, synovial fibroblasts (SF) from RA patients (RASF) could be reprogrammed
from a cartilage-degrading phenotype towards a regulatory type by hormones/neurotransmitters [14].

Interestingly, adipose tissue has been shown to be not only involved in the energetic homeostasis
but also to act as an endocrine organ by secreting a diverse array of factors referred as adipocytokines.
Products of adipose tissue include adipokines, cytokines, chemokines and complement factors [15].
Adipokines are bioactive proteins, which have emerged as modulators of inflammatory and immune
response, exerting key roles in rheumatic diseases, both at local and systemic level. Adipose tissue is
not the only source of adipokines. Immune cells, chondrocytes as well as synoviocytes also synthesize
these mediators. In musculoskeletal disorders, autocrine, paracrine and endocrine pathways acting
on target cells and tissues such as bone, cartilage and synovial membrane have been described [16].
Higher levels of adipokines in both serum and synovial fluid from RA patients compared with healthy
controls have been reported [17,18]. Moreover, an inflammatory profile in the infrapatellar fat pad
(IPFP) of OA patients has been described [19]. Overall, increasing evidence postulates that adipokines
play an important role in both immune-mediated rheumatic disease and in degenerative disorders
such as OA. In the next sections, we will disclose the most recent data about the role played by these
mediators in these two rheumatic diseases.

2. Pathophysiology of Osteoarthritis and Rheumatoid Arthritis

2.1. Osteoarthritis

OA is a chronic rheumatic disease, considered one of the leading causes of substantial physical and
psychological disability worldwide. OA is a complex multifactorial disorder [20,21], where mechanical,
genetic, biological, biochemical and metabolic factors are involved. It is characterized by cell stress and
extracellular matrix (ECM) degradation, resulting in an imbalance in joint tissue metabolism [22–24].
Although cartilage degradation is the main event in the pathology, OA affects the whole joint, including
the remodeling of adjacent subchondral bone, osteophyte formation and synovial inflammation, which
might culminate in pain, loss of joint function, and disability in advanced stages [21,24–31].

OA cartilage is characterized by an increase of ECM remodeling, cartilage calcification and
angiogenesis [32,33]. Chondrocytes have receptors for responding to mechanical stress and
inflammatory mediators, many of which are also receptors for ECM components, including
cartilage-degradation products [31,34–36]. Activated chondrocytes acquire a hypertrophic phenotype,
proliferating and increasing the release of inflammatory cytokines and chemokines, stress-induced
intracellular signals, ROS, and matrix-degrading enzymes, including aggrecanases and matrix
metalloproteinases (MMPs). In addition, ECM protein production is decreased. Depletion of aggrecan
and degradation of type II collagen are the main events in cartilage destruction when the process
becomes irreversible [37–40].
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Changes in subchondral bone are related to cartilage remodeling, thus playing an important
role in OA progression by the release of catabolic mediators that promote an abnormal metabolism
in chondrocytes [30,41]. Production of inflammatory and degradative mediators by joint cells also
induces the synovial inflammation. Synovitis is characterized by synovial hyperplasia, with SF and
synovial macrophage proliferation, as well as immune cell infiltration. These cells release inflammatory
mediators including interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), among other cytokines
and chemokines which aggravate inflammation [31,42,43]. In addition, SF produce matrix-degrading
enzymes, also contributing to cartilage ECM degradation [28,29,44].

2.2. Rheumatoid Arthritis

RA is a severe and chronic systemic inflammatory autoimmune disease with unknown etiology
that mainly affects peripheral joints symmetrically, leading to progressive articular damage and joint
dysfunction. One of the hallmarks of RA is the persistent inflammatory infiltration of the synovial
sublining layer that contributes to generate a microenvironment in which stromal cells display a
hyper-activated phenotype, releasing several pro-inflammatory and tissue damaging mediators to
the joint space [45,46]. Although many of the underlying causes of RA are still unclear, systemic
and local immune dysregulation is considered to orchestrate its pathogenesis. In fact, this disease is
characterized by the production of autoantibodies such as anti-citrullinated protein antibody (ACPA)
and rheumatoid factor (RF), as well as by increased levels of e.g., TNF-α, IL-1β and IL-6 which are
recognised as central pro-inflammatory cytokines involved in chronic synovitis, osteoclast formation
and subsequent erosive joint damage. In this context, SF and synovial macrophages are recognized to
play a key role in driving RA pathology [8,47,48].

RASF characteristically exhibit an autonomous pathogenic phenotype that includes the capability
for hyperproliferation and migration, thus contributing to synovial hyperplasia and spreading RA
to unaffected joints [8,47,49]. Likewise, resident and monocyte-derived RA synovial macrophages
display a pro-inflammatory profile that has been linked to the pathological activity of RASF, and the
number of these cells in the synovium of affected joints has been shown to correlate with disease
activity and joint erosion [50–52]. Furthermore, it is generally accepted that endothelial cells under
synovial inflammatory conditions also contribute to chronic synovitis via angiogenesis and recruitment
of immune cells in RA [53].

3. Adiponectin

Adiponectin has previously been described as an anti-inflammatory adipokine mainly produced
and secreted by adipocytes [54]. The highly complex adiponectin molecules exist in different isoforms,
the globular form, the trimer (low molecular weight, LMW), the hexamer (middle molecular weight,
MMW) and the multimeric (high molecular weight, HMW) adiponectin. LMW, MMW and HMW
represent the main circulating forms of adiponectin while the monomer only seems to occur as an
intermediate in adipocytes [55].

Two receptors are mainly responsible for adiponectin signaling and the adiponectin isoforms
differ in their affinity to the respective receptors [56]. Other receptors such as T cadherin [57–60]
and PAQR3 [61] have also been discussed. Mainly anti-inflammatory effects at the systemic level
have been described for adiponectin in atherosclerosis but also for example in metabolic syndrome,
type 2 diabetes mellitus [56,62]. In contrast, adiponectin seems to have opposing effects on effector
cells of arthritis. Adiponectin was one of the first adipokines to be evaluated in the pathophysiology
of arthritis. Numerous studies found that cultured RASF respond to adiponectin by an increase
of pro-inflammatory factors including prostaglandin E2, IL-6, IL-8, MMPs-1, -13 [56,62]. However,
a stronger pro-inflammatory effect of the HMW isoforms has been described in contrast to LMW
adiponectin in these cells [56,62]. For some cell types, even opposing effects have been described for
specific adiponectin isoforms. For example, IL-6 secretion was induced by HMW adiponectin in human
monocytes (but had no such effect on lipopolysaccharide (LPS)-activated monocytes), while LMW
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adiponectin reduced IL-6 and increased IL-10 secretion in LPS-activated monocytes [63]. Other cell
types including chondrocytes, endothelial cells and lymphocytes showed a mainly pro-inflammatory
response to adiponectin [56,62]. Bone cells are affected as well by adiponectin in both OA and RA [15].

3.1. Adiponectin in OA

A recent meta-analysis showed that the systemic adiponectin concentration is higher in OA
patients compared to healthy controls [64] and a cross-sectional study described that serum adiponectin
and leptin were significantly and negatively associated with bone mineral density in OA of the knee in
contrast to resistin [65]. Furthermore, serum adiponectin levels were found to be significantly lower
in OA patients with metabolic syndrome when compared to OA without metabolic syndrome [66]
independent of the body mass index (BMI) [67]. In the context of OA, adiponectin was associated with
pain while resistin and visfatin were mainly associated with disability [68]. Interestingly, adiponectin
serum levels were shown to be negatively associated with serum MMP-13 in OA-related knee structural
abnormalities [69]. The synovial tissue and IPFP of OA patients with metabolic syndrome secreted less
adiponectin compared to those OA patients with metabolic syndrome, whereas leptin was increased in
OA patients with metabolic syndrome. Adipokine secretion by tissue reflected the systemic adipokine
levels observed in these patients [66]. In another study, evaluation of perisynovial and infrapatellar
adipose tissue depots revealed differences that were influenced by the BMI of the patient. Compared to
adipocytes in the IPFP and synovium of lean OA patients, obese patients showed significantly larger
adipocytes with increased synovial fibrosis, macrophage infiltration and toll-like receptor (TLR) 4 gene
expression in those patients while adiponectin expression in the synovium was lower in obese patients
compared to lean patients [70].

3.2. Adiponectin in RA

Systemic adiponectin levels have been described to be increased in chronic-inflammatory RA
and to be associated with disease activity and radiographic disease progression [56,62]. However, the
correlation with disease activity has been shown in some studies but not by others [62], a discrepancy
which still needs to be elucidated. Besides serum levels, synovial fluid concentrations of adiponectin
are increased in RA [17,71]. In RA patients, subcutaneous abdominal adipose tissue has been found
to secrete more adiponectin compared to subcutaneous abdominal adiposetissue from OA patients,
and the amount of adiponectin secreted from this tissue positively correlated with the 28-joint disease
activity score (DAS28) and disease duration [72].

Interestingly, RA patients with higher baseline adiponectin showed a more pronounced
improvement in inflammatory parameters after anti-TNF-α treatment [73]. Along this line, anti-IL-6
treatment significantly increased adiponectin and reduced chemerin levels in RA patients independently
of the disease treatment response [74].

In another recent study, adiponectin indirectly affected T follicular helper cells (Tfh), which did
not directly respond to adiponectin, by activating these cells via adiponectin stimulation of RASF,
mainly through IL-6. Liu et al. confirm that intraarticular injection of adiponectin increased synovial
inflammation with an increased frequency of Tfh in adiponectin-treated collagen-induced arthritis
(CIA) mice [75]. Targeting specific adiponectin isoforms using therapeutic antibodies specifically
against MMW/HMW adiponectin reduced the IL-6 and IL-8 induction in osteoblasts induced by those
isoforms [76]. In addition, Lee et al. showed that antibodies against MMW/HMW as well as against
MMW alone significantly ameliorated CIA in mice and that hence both these adiponectin isoforms
may contribute to progression of arthritis.

In another recent study, Qian and colleagues suggested a potential cardiovascular protective role
of IL-6 inhibition. Adiponectin and osteopontin (OPN) levels were increased and associated with each
other in RA serum [77], and RASF stimulation with adiponectin led to a dose-dependent increase in
OPN, which in turn caused increased monocyte (RAW264.7) migration. This increased migration could
be inhibited by blocking OPN. In vivo, OPN silencing reduced the amount of tartrate-resistant acid
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phosphatase positive osteoclasts and bone erosion in collagen-induced arthritis (CIA) mice. Therefore,
enhanced bone erosion in RA is suggested to be mediated by the induction of OPN in SF, thus increasing
the differentiation and recruitment of osteoclast precursors [77].

4. Leptin

Discovered in 1994 by Jeffrey Friedman et al. [78], leptin is the main adipokine secreted by
adipocytes, with a positive correlation with white adipose tissue mass [79,80]. It is a 16kDa
non-glycosylated protein encoded by the LEP (ob) gene, involved in appetite and obesity regulation
by the induction of anorexigenic factors and suppression of orexigenic neuropeptides. Leptin is
also implicated in basal metabolism, insulin secretion, bone mass, and reproduction among other
functions [78,80,81]. In addition to food intake- and eating-related hormones, leptin synthesis is
regulated by energy status, sex hormones and inflammatory mediators [82]. Leptin is mainly secreted
by adipose tissue but it is able to act peripherally and centrally, in the hypothalamus, by its release
to circulation [83]. Its biological effects are mediated by binding to the long form of leptin receptor
(LEPR), which belongs to the class I cytokine receptor superfamily [84].

Leptin is considered a pro-inflammatory adipokine involved in the “low-grade inflammatory
state” described in overweight and obese people [85]. In the immune system, leptin modulates
both innate and adaptive immunity: it activates proliferation and phagocytosis of monocytes and
macrophages, regulates cytotoxicity of natural killer (NK) cells, modulates neutrophils chemotaxis,
induces proliferation and inhibits memory T CD4 cells, suppresses type 2 T helper (Th2) phenotype
in favour of Th1, and modulates T regulatory (Treg) activity [80,86]. Most immune cells express
LEPR at their surface, which has also been described for chondrocytes, SF and osteoblasts [87,88].
In addition, pro-inflammatory cytokines induce leptin synthesis in acute infection and sepsis [89].
Involvement of leptin has been described in several physiological and pathophysiological conditions,
including vascular function, reproduction, immunity, and inflammation, as well as in rheumatic
diseases [80,90–94].

4.1. Leptin in OA

Increased leptin levels in serum and synovial fluid from OA patients have been described to be
involved in the physiopathology [95–99] and to be associated with pain and disease severity [99,100].
Single nucleotide polymorphisms (SNP) in the leptin gene and its receptor are linked to OA
development [101,102]. Moreover, DNA methylation in OA chondrocytes correlates with leptin
expression [103], which associates with the BMI [96]. Fan et al. reported different genes associated with
the leptin-induced OA phenotype in rats by microarray analysis, including genes related to MMPs,
inflammatory factors, growth factors, apoptosis, and osteogenesis [104].

In OA chondrocytes, leptin increased the production of the pro-inflammatory cytokine IL-1β,
as well as matrix-degrading enzymes, including MMP-1, -3, -9, and -13 [80,96,103], suggesting a
role in the inflammatory and degradative process that takes place during OA. Accordingly, leptin
also increased MMP-2, MMP-9, a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS)-4 and ADAMTS-5, while it decreased fibroblast growth factor (FGF) and proteoglycan
synthesis in rats cartilage [105]. Moreover, leptin induced activation of type 2 nitric oxide synthase
(NOS2) in human and mouse chondrocytes, with the involvement of JAK2, PI3K, MEK1 and p38
MAPK signaling [106,107]. By contrast, Dumond et al. showed an anabolic effect of leptin in rat
chondrocytes [108]. Leptin also induced changes in chondrogenic progenitor cells causing senescence
by the inhibition of their migratory and chondrogenic potential, and the induction of their osteogenic
transformation [109].

A role of leptin in OA subchondral bone has also been described, showing an increased expression
which is related to high levels of alkaline phosphatase, osteocalcin, collagen type I and transforming
growth factor β (TGF-β) [110]. Finally, in relation to the inflammatory process, an increase of IL-6, IL-8
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and chemokine ligand 3 (CCL3) by leptin has been described in CD4+T cells from OA patients [111]. In
addition, Griffin et al. showed that leptin-impaired mice did not develop knee OA inflammation [112].

4.2. Leptin in RA

In RA, higher leptin serum levels are related to disease course and activity [113–116]. In addition
to the activity, leptin in serum and synovial fluid has also been linked to disease duration and joint
erosion [117].

Several authors have reported the involvement of leptin in joint inflammation by the modulation
of different inflammatory mediators. Correlation of leptin and IL-17 has been reported in plasma
from RA patients [118]. In addition, leptin induced IL-6 and IL-8 expression in SF from RA and OA
patients, where JAK2/STAT3, NF κB, and AP-1 signaling pathways were involved [119,120]. Leptin
also increased expression of the vascular cell adhesion molecule (VCAM)-1 in human and murine
chondrocytes, and is involved in leukocyte extravasation during RA and OA inflammatory processes.
JAK2, PI3K and MAPK intracellular signaling was shown to play a role in this context [87]. Moreover,
induction of MAPK signaling by leptin has also been described in RASF [120].

Correlation of leptin with RA pathology has been shown in animal models. Busso et al. reported
less severe arthritis in leptin-deficient mice, accompanied with a reduction in IL-1β and TNF-α
levels [121]. In addition, leptin injection in CIA mice increased Th17 response, exacerbating RA
severity and increasing synovial hyperplasia and joint damage [122]. Serum leptin concentrations also
correlated with body fat percentage in RA patients, working as an obesity marker [123]. Cardiovascular
risk is another factor associated to obesity and RA pathology. Accordingly, Batun et al. reported an
association between leptin and IL-6 concentrations with cardiovascular risk in these patients [124].

5. Resistin

Resistin is a dimeric cysteine-rich protein that circulates as a 108-amino acid homodimer in
human blood [125]. In humans, this adipokine is mainly produced by macrophages whereas in mice
it is primarily secreted by adipocytes [126]. In line with this, human resistin has been primarily
associated with inflammatory responses by promoting immune cell recruitment [127–129], whereas in
mice it has been mostly linked to the development of type 2 diabetes and obesity-mediated insulin
resistance [130,131]. However, conflicting results have been published regarding the modulatory role
of resistin on inflammatory responses, and whether this adipokine induces anti- or pro-inflammatory
effects on cells may depend on both the tissue and organ context and the disease studied [125].
Nevertheless, it is accepted that resistin is generally involved in inflammation and insulin resistance,
and subsequently in the development of different pathologies such as coronary artery disease,
atherosclerosis, type 2 diabetes, psoriasis and colorectal cancer [132–136]. In this sense, resistin has also
emerged as an adipokine implicated in the pathogenesis of OA and RA given its immunomodulatory
effects and the ability to enhance the activated phenotype of the effector cells involved in these
rheumatic diseases [98,129].

5.1. Resistin in OA

Numerous clinical studies have revealed that serum, plasma and synovial fluid resistin levels are
increased in OA patients compared with healthy subjects [98,137], suggesting that this adipokine may
act as a linker between the inflammatory process and the altered metabolism of joint tissues in the
pathogenesis of OA [138].

Resistin levels in the synovial fluid of OA joints have been found to exhibit a positive association
with symptomatic and radiographic severity as well as with articular cartilage damage. Moreover,
such levels of resistin have been reported to correlate with resistin released from cultured OA
cartilage [139–141]. Likewise, presence of inflammatory and catabolic factors in synovial fluid,
including IL-6, MMP-1, MMP-3 and collagen type II C-telopeptide fragments, also exhibited a positive
correlation with synovial fluid resistin levels [141,142]. Furthermore, these adipokine levels have been
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linked with pain and disability in OA patients with join effusion [143], although no association with
knee cartilage volume has been found [97,144].

Interestingly, in vitro studies have shown that resistin-stimulated human articular chondrocytes
display an upregulated expression of several pro-inflammatory mediators, including TNF-α, IL-6 and
IL-12 [145], and different cartilage catabolic enzymes and mediators, such as MMP1, MMP3, ADAMTS-4
and inducible cyclooxygenase (COX)-2, as well as a decreased production of some components of
cartilage ECM such as type II collagen and the proteoglycan aggrecan [146–148]. This ability of resistin
to promote catabolic over anabolic activity in OA chondrocytes has been confirmed in a recent study,
which further found that resistin modulates the expression of several microRNAs (miRNA) involved
in the pathogenesis of OA [149]. Accordingly, resistin stimulation of meniscal tissue explants from
OA patients resulted in a significant increase of sulfated glycosaminoglycan depletion [150] similar to
the dose-dependent loss of proteoglycan in murine cartilage [148]. Furthermore, resistin has also has
been found to induce the expression of monocyte chemoattractant protein-1 (MCP-1) by SF from OA
patients and to subsequently promote the monocyte migration and infiltration in synovium [151].

However, some inconsistent results have been published regarding the involvement of resistin
circulating levels in the pathophysiology of OA. On the one hand, serum levels of resistin have
demonstrated a positive correlation with bone marrow lesions and cartilage degradation, also
showing an association with different scoring systems for measuring severity, progression and
pain in OA [141,152]. Likewise, plasma resistin levels in OA were shown to be associated with
progression of radiographic knee [153]. On the other hand, other authors have not found any
significant relationship between serum resistin and OA radiographic severity, bone mineral density,
pain or cartilage damage [65,97,98,142,154]. Nevertheless, such serum levels exhibited a weak but
positive association with histological signs of synovial inflammation in OA patients [98]. Therefore,
while the potential pathogenic role of serum/plasma resistin levels needs to be further investigated,
there is evidence of the involvement of synovial fluid resistin in OA pathogenic mechanisms by
promoting pro-inflammatory responses and cartilage catabolic activity.

5.2. Resistin in RA

Resistin is present in blood plasma or serum, synovial fluid, and synovial tissue of RA patients.
Synovial stromal cells, including SF, and infiltrating immune cells, such as macrophages and B cells,
express resistin in joints affected by RA [155,156]. Higher resistin levels in synovial sublining layers
and also in synovial fluid from RA patients compared with OA have been described [17,155,157].
Regarding the potential pathological impact of synovial resistin levels in RA, it has been shown that
increased levels correlate with RA disease activity, joint damage [71], and inflammation intensity
defined by the intra-articular leukocytes count and IL-6 levels [128]. Conversely, in another study,
synovial fluid resistin did not show any significant relationship with inflammation degree based on
C-reactive protein (CRP) levels [155].

Besides, the available data concerning the circulating resistin levels in RA patients have also
generated conflicting conclusions. Although most studies describe no differences between serum or
plasma resistin levels in RA patients and controls [71,113,128,156,158], other authors have reported
higher resistin serum levels in RA when compared with healthy controls or with OA patients [155,159].
There is evidence that resistin serum levels in RA patients are positively correlated with inflammatory
markers, such as erythrocyte sedimentation rate (ESR) and CRP levels, as well as with the degree
of disease activity measured by DAS28 [113,155,160]. Another study also demonstrated a positive
correlation between circulating levels of this adipokine and TNF-α levels in blood from RA patients [161],
whereas no relationship with TNF-α, CRP levels, leukocytes counts, or with other pro-inflammatory
cytokines such as IL6, IL8, or MCP-1 was found by other authors [128,155].

Despite these controversial results regarding correlations between resistin levels in circulating
blood or in the joint with parameters of disease activity, there is a general agreement that this adipokine
is involved in the pathogenesis of RA. In fact, the intra-articular injection of recombinant resistin
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in healthy mice induced leukocyte infiltration and hyperplasia of the synovia, leading to a joint
inflammation similar to human arthritis [128]. Furthermore, in vitro stimulation of human synovial
fluid leukocytes and peripheral blood mononuclear cells (PBMC) with resistin induced the secretion of
IL-6, IL-1 and TNF-α by an NF κB-dependent pathway, providing a positive feedback circuit in PBMC
by stimulating also its own production [128]. Likewise, stimulatory effect of this adipokine on IL-12 and
TNF-α release by both murine and human macrophages was demonstrated to be mediated by the NF
κB pathway [127]. More recently, the ability of resistin to increase the production of pro-inflammatory
chemokines by SF has been shown [162]. Moreover, resistin has been considered as a key factor
triggering angiogenesis in RA affected joints through the upregulation of vascular endothelial growth
factor (VEGF) expression in endothelial progenitor cells and causing the homing of these cells to the
synovium [163].

The potential involvement of resistin in the RA inflammatory cascade is also sustained by the
rapid reduction of its serum levels observed in patients after anti-TNF-α therapy, showing a close
association with the inflammation marker CRP [164,165]. Accordingly, a downregulation of resistin
gene expression in CD4 Th lymphocytes and CD14 monocytes in RA patients responding to TNF-α
inhibitor therapy has recently been demonstrated, showing an increased expression in patients who
failed to respond to the therapy [166]. In addition, recent studies in a Chinese population have
demonstrated the association of SNP in the resistin gene with RA susceptibility as well as with its
clinicopathological characteristics [167,168].

6. Visfatin

Visfatin is also called pre-B-cell colony-enhancing factor (PBEF) for its ability to promote B cell
precursor differentiation (in synergy with IL-7) or nicotinamide phosphoribosyl-transferase (Nampt)
due to its enzymatic activity. However, whether altered systemic or local visfatin levels are associated
with changes in the nicotinamide adenine dinucleotide content due to the Nampt activity of visfatin is
not well studied. It is produced by adipose tissue but also other tissues such as the liver, bone marrow,
and muscle tissue. Visfatin can be induced by inflammatory factors such as TNF-α, IL-1β, IL-6, LPS
and chemokines as well as itself [15,56,62].

Hypoxia as found in inflamed joints may also play a role since hypoxia-inducible factor 2alpha
(HIF-2α) directly induced visfatin in chondrocytes [169]. In turn, visfatin is able to induce a
pro-inflammatory response in a large number of different cell types [115]. In contrast to adiponectin,
visfatin is primarily pro-inflammatory. These pro-inflammatory responses have also been described in
the effector cells of joints affected by arthritis, for example in SF, lymphocytes, monocytes, chondrocytes
or bone cells [15,170]. However, although visfatin is increased in both OA and RA, compared to healthy
controls, the levels differ between these two diseases. Likewise, the potential to respond to visfatin is
similar in OA- and RA-derived cells but the responses, although pro-inflammatory in both cases, differ
in strength between RA and OA [11,29].

Visfatin is also associated with insulin-like effects: It regulates insulin secretion, insulin receptor
phosphorylation and insulin-related intracellular signaling [171,172] but the work by Fukuhara et al.
(2007) that originally reported visfatin to interact with the insulin receptor was retracted. Therefore, as
of now, visfatin does not have a known receptor and several studies showed that its effects are at least
in part due to its Nampt activity [173].

Another mechanism includes its influence on insulin-like growth factor-1 (IGF-1) function.
Amongst others, IGF-1 is involved in cartilage synthesis and repair by stimulating proteoglycan and
collagen type II synthesis. Visfatin has been shown to inhibit these IGF-1 functions, independently of
IGF-1 receptor activation [174]. Altered levels of miRNAs may be another means how visfatin mediates
its effects as a range of miRNAs were either increased (miR-155, -34a, -181a) or decreased (miR-140,
-146a) in OA chondrocytes by visfatin [149].
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6.1. Visfatin in OA

Systemic visfatin levels are increased in OA patients compared to healthy controls [175,176] but
serum levels are lower compared to chronic-inflammatory diseases such as RA. However, OASF
respond to visfatin even at low concentrations with increased secretion of pro-inflammatory factors
such as IL-8, MCP-1 and other chemokines [170]. Visfatin also induced IL-6 and TNF-α in SF from OA
patients, which was mediated by the repression of the miRNA miR-199a-5p via different signaling
pathways including ERK, p38, and JNK [177].

A cell culture study on OA suggests a catabolic effect of visfatin because treatment of human
chondrocytes with IL-1β resulted in an increased synthesis of the matrix-degrading enzymes MMP-3,
MMP-13, ADAMTS-4 and ADAMTS-5 and a decreased synthesis of the extracellular matrix component
aggrecan [178]. In line with these effects, visfatin significantly reduced viability, induced apoptosis as
well as MMP-1 and MMP-13 secretion in OA chondrocytes [149].

6.2. Visfatin in RA

In RA patients, systemic visfatin levels have been shown to be increased in comparison to OA
patients and healthy donors and a positive correlation between visfatin and RA disease activity and
inflammatory parameters such as CRP has been described [56,62,115]. According to a recent study,
visfatin expression is associated with reduced atherosclerotic risk in RA patients [179].

Animal models have also shown a potential role of visfatin in RA. In a murine CIA model,
visfatin-deficient mice displayed reduced bone destruction, inflammation and disease progression [180].
In this study from Li and coworkers, visfatin has been shown to be required for osteoclastogenesis. In
another study, use of the selective inhibitor APO866, which inhibits the Nampt activity of visfatin,
reduced the severity of arthritis in a CIA mouse model and the production of pro-inflammatory
cytokines in the affected mouse joints [173].

7. Other Adipokines in OA and RA

7.1. Progranulin

Human progranulin (PGRN, also known as granulin/epithelin precursor) is a glycoprotein of
approximately 75–80 kDa which is composed of seven granulin/epithelin repeats (granulins) that
can undergo enzymic proteolysis into small homologous subunits. Both full-length protein and its
constituent granulin peptides are biologically active although often with anti- and pro-inflammatory
actions, respectively [181]. PGRN was originally described as an autocrine growth factor that stimulates
chondrocyte differentiation and proliferation [182], as well as endochondral ossification [183,184].
Moreover, PGRN has also been identified as an adipokine with anti-inflammatory properties mainly
mediated by its competitive binding to TNF-α receptors (TNFR1 and TNFR2), which disturbs
TNF-α-induced responses [80,185].

Multiple studies have reported significantly increased PGRN levels in cartilage, synovial fluid,
as well as in serum from OA and RA patients compared with healthy donors, with higher levels in
RA [186–188]. Regarding the potential pathogenic role of PGRN, a correlation between circulating
PGRN levels and disease activity has been shown in RA patients [189]. In this sense, a recent study in
Hispanic RA patients found a correlation between changes in serum PGRN levels and RA progression
scores over time, although serum concentrations of PGRN did not predict the clinical response to
TNF-α-antagonist therapy [190]. The presence of antibodies against PGRN (PGRN-abs) has been
detected in sera from patients with different rheumatic diseases, including RA, showing neutralizing
effects on PGRN plasma levels [191]. More recently, it has been proved that PGRN-abs positive RA
patients exhibit higher disease activity compared to negative patients, and that a pattern of increased
rates of PGRN-abs is observed in the serum of RA patients with poorer outcome [192].

PGRN is secreted by a broad spectrum of cells, including adipocytes, macrophages and
chondrocytes [193], and an increased expression of this adipokine has been found during chondrocytes
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differentiation in vitro, in the IPFP from OA patients [186], as well as in cells infiltrating the sublining
layer of RA synovium [187]. Hence, the increased expression of PGRN at local sites of inflammation is
suggested to be linked to its ability to initiate immune activation by recruiting fibroblasts, macrophages
and neutrophils at the site of inflammation [194]. However, on the other hand, it is now generally
accepted that PGRN is also an important mediator in the maintenance of cartilage integrity. This
adipokine is able to inhibit the ADAMTS-7/-12 mediated degradation of cartilage oligomeric matrix
protein by interfering with direct interactions between these catabolic enzymes and their substrate, as
well as by inhibiting the TNF-α-induced expression of both ADAMTS in human chondrocytes [195].
Furthermore, treatment with PGRN has been demonstrated to inhibit proteoglycan loss and the
expression of catabolic inflammatory biomarkers induced by TNF-α in cultured human cartilage [196].
In fact, PGRN has been described to trigger anabolic pathways in human cartilage and primary
chondrocytes by binding to TNFR2, and to inhibit the IL-1β and LPS induced catabolic metabolism in
chondrocytes by blocking TNFR1 [193,197]. In addition, a negative modulation of Wnt/catenin signaling
by PGRN has been shown, with the consequent reduction of osteophyte formation and cartilage
degeneration [198,199]. PGRN has also demonstrated a protective effect on osteoblast differentiation
under an inflammatory milieu by blocking the inhibitory effects of TNF-α on this process [200]. Despite
its chondro- and osteoprotective potential, increased PGRN levels as observed in both OA and RA
patients are obviously not sufficient to compensate for the catabolic effect of other mediators [181].

Interestingly, an association between serum PGRN levels, functional impairment and disease
activity has been found in RA patients [189], in which the balance between PGRN and TNF-α
also showed a direct correlation with disease progression [186]. In this regard, different
animal models of both OA and RA have demonstrated that loss of PGRN expression results
in hyper-susceptibility to develop more severe disease phenotypes [185,196]. Along this line, a
recent study has showed that the miR-29b-3p promotes disease development and chondrocyte
apoptosis in an OA rat model by modulating PGRN expression [201]. Accordingly, administration
of recombinant PGRN or the PGRN-derived atsttrin in OA and RA animal models protected against
the development of such rheumatic disorders by, at least in part, inhibiting the TNF-α/TNFR
signaling in vivo [183,185,196,202–204]. Moreover, atsttrin-transduced mesenchymal stem cells have
demonstrated to inhibit cartilage degeneration in an OA murine model after intra-articular injection,
and to reduce the TNF-α induced expression of pro-inflammatory molecules by human primary
chondrocytes [197].

Other studies in animal arthritis models have shown that PGRN also exerts its immunosuppressive
effect by promoting the differentiation, proliferation and recruitment of Treg cells under inflammatory
conditions, as well as by inducing IL-10 production [185,205,206]. In this regard, more recently, a study
described higher levels of PGRN and human B regulatory cells in RA patients, but without finding a
correlation between them [189].

7.2. Chemerin

Chemerin is expressed as a 163 amino acid residues-long adipokine that becomes activated after
hydrolization by cysteine or serine proteases [207]. The precursor is composed of a hydrophobic signal
peptide sequence, a cystatin fold-containing domain, and a labile C terminus. Removal of the signal
sequence results in a 143-amino acid secreted preform (prochemerin or chem163S) with low biological
activity. Different cleaved isoforms of chemerin have been described depending on the location.
Cleavage of the last four amino acids from chem163S rise to chem158K, and removal of the C-terminal
lysine from chem158K, results in chem157S, the most active chemerin form. In addition, chem156F, a
chemerin C-terminal peptide, is functionally active in vitro [208,209]. Anti-inflammatory properties
have been described by mouse chem156S, homologous to human chem157S, on macrophage [210] and
in a LPS-induced acute lung injury model [211]. Chemerin plays an important role in the development
of coronary atherosclerosis, metabolic syndrome and other diseases [212]. It is also involved in innate
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and adaptative immunity working as a chemoattractant for NK cells, macrophages and dendritic
cells [213,214].

In relation to rheumatic diseases, chondrocytes and SF from RA and OA patients express both
chemerin and its receptor chemokine-like receptor 1 (CMKLR1) [208,215,216]. In addition, Zhao et al.
described the presence of chem156F in synovial fluid samples from patients with OA and RA [208].
Chemerin induced expression of inflammatory and degradative mediators in these cells, including IL-6,
CCL2, and MMP-3 in RASF, CCL2, and TLR4 in SF from RA and OA patients, and IL-1β in chondrocytes.
In addition, chemerin stimulated SF motility and leukocyte migration to the joint [209,216–218].

Cleaved isoforms of chemerin have been described in synovial fluid samples from RA and
OA patients [208]. Ma et al. reported higher levels of chemerin in the synovial fluid and synovial
membrane of knee OA patients compared to controls. Chemerin levels also correlated with serum
levels of CRP and OA severity [219,220]. Similar results were obtained in patients with OA of the
temporomandibular joint, with higher levels this adipokine in synovial fluid and correlation with OA
severity and pain [221]. A recent study in a rat OA model showed that chemerin aggravated the disease
by inducing activation of Akt/ERK signaling, and by increasing the expression of MMP-1, MMP-3, and
MMP-13 in IL-1β activated chondrocytes as well as by decreasing their proliferative capability [222].

In RA, chemerin plasma levels correlated with disease activity and BMI, which is a risk factor
in the pathology, arising as a biomarker of meta-inflammation [223]. In addition, the IL-6 inhibitor
tocilizumab has an anti-inflammatory and antithrombotic/fibrinolytic role and is able to decrease serum
chemerin levels in RA patients [74].

7.3. Lipocalin-2

LCN2 is an adipokine produced in joint tissues in response to both mechanical loading and
inflammatory mediators [218,224,225]. Specifically, LCN2 expression in chondrocytes is induced
by IL-1β, LPS, dexamethasone, adipokines (leptin and adiponectin) [218,226,227] and by osteoblast
conditioned medium [228], establishing also a feedback regulatory loop with the catabolic factor
nitric oxide [229]. In osteoblasts, the inflammatory molecules TNF-α and IL-17 [230] can induce
an upregulated expression of this adipokine, which is able to shift the balance between pro- and
anti-osteoclastogenic factors toward a more catabolic metabolism [227,231]. In this sense, a recent
study confirmed the catabolic effects of LCN2 in osteoblasts and chondrocytes from OA osteochondral
junctions, also showing that osteoblasts induced its expression in a paracrine manner [228].

Although there are data pointing to the involvement of LCN2 in the joint pathophysiology of
OA and RA, further studies are needed to elucidate its role in human development of such rheumatic
diseases. LCN2 concentration was found to be elevated in synovial fluid of patients with OA and
RA, with higher levels in RA [224,225,232]. In OA patients, elevated LCN2 levels in synovial fluid
and cartilage have been linked to cartilage matrix destruction given its ability to reduce chondrocyte
proliferation and to form a covalent complex with MMP-9 that blocks its auto-degradation [224,225,227].
However, studies in mice have shown that LCN2 overexpression in mouse cartilage is not enough
to induce OA pathogenesis, and that its absence has no consequences in the induction of cartilage
destruction in Lcn2-knockout mice [233]. Regarding RA patients, serum levels of this adipokine have
been reported to be an indicator for structural damage in early-stage RA, but not for monitoring disease
activity [234]. Likewise, induced LCN2 expression in neutrophils by the granulocyte macrophage
colony-stimulating factor has been linked with synovial cell proliferation and inflammatory cell
infiltration in RA synovium [225]. Of note, glucocorticoids (normally used to treat OA and RA)
have been described to induce the expression of LCN2 by mouse chondrocytes in synergy with IL-1,
suggesting that this adipokine may mediate some of the degradative effects on cartilage described
after prolonged treatment with such drugs [235].
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7.4. Vaspin

The adipokine vaspin belongs to a serine protease inhibitor family known to be associated with
insulin resistance as well as metabolic syndrome [236]. Also, a link between vaspin and artherosclerosis
and cardiovascular disease has been suggested [237]. Vaspin is expressed in several tissues including
subcutaneous adipose tissue, skin, stomach and skeletal muscle [238]. In OA patients undergoing joint
surgery, it was detected in cartilage, synovium and osteophytes [239]. In the same study, it was found
that vaspin serum levels exceeded synovial fluid levels in paired samples.

Studies investigating potential inflammation-related effects of this adipokine are not always in
agreement, which may be due to differences between the studied diseases including RA, OA, PsA,
juvenile idiopathic arthritis and ankylosing spondylitis. For example, vaspin has been shown to be
involved in skeletal muscle inflammation [238] and its serum levels were associated with inflammation
in RA [165,240] and with the development of clinically manifest RA after follow up (in contrast to other
adipokines) [241]. In an animal study, Transgenic mice overexpressing vaspin showed specific changes
in metabolism- and inflammation-related markers: Glucose tolerance was improved, the mice were
resistant to high-fat diet induced obesity and had lower systemic IL-6 levels [242]. Cellular effects for
this adipokine have also been observed, mainly in the context of metabolism. For example, vaspin has
been described to modulate adipocyte differentiation and glucose homeostasis [243]. In the context of
human coronary atheromatous plaques, the pro-inflammatory phenotype of human macrophages was
suppressed by vaspin [244].

Systemically, serum levels of vaspin were found to be higher in psoriatic arthritis (PsA) patients
compared to healthy controls [245], whereas levels were lower in OA patients compared to healthy
controls [239]. In synovial fluid, vaspin levels were significantly higher in RA compared to OA patients
with a tendency to correlate with DAS28 in the RA group [246]. However, an association of serum vaspin
with the inflammation markers CRP or ESR could not be identified in this study. Interestingly, inhibiting
inflammation in RA patients by short-term treatment with high-dose glucocorticoids increased vaspin
levels [165], suggesting an association with inflammation albeit probably not in a causal manner. On
the other hand, in juvenile idiopathic arthritis, vaspin level did not differ significantly compared
to healthy controls [247] and there was no association between disease activity and vaspin serum
levels [248]. Interestingly, in patients with ankylosing spondylitis low vaspin levels were related to
endothelial dysfunction [249].

However, vaspin also affected bone cells and chondrocytes in vitro: Human osteoblasts were
protected from apoptosis [250] and osteoclastogenesis was inhibited in the pre-osteoblast cell
line MC3T3-E1 [251], the murine macrophage cell line RAW264.7 and bone marrow-derived cells.
Furthermore, in the RAW264.7 cells, vaspin reduced the RANKL-induced expression of cathepsin K
and MMP-9 [252]. Vaspin was also able to inhibit the IL-1β [253] as well as the leptin [254] induced
production of catabolic and pro-inflammatory mediators in murine or rat chondrocytes, respectively.
These are potential pathomechanisms by which vaspin might contribute to certain arthritic diseases.

7.5. Omentin-1

Omentin was discovered as a secretory glycoprotein binding to galactofuranosyl residues on
microorganisms as well as a lactoferrin-binding protein. Its role in omental adipose tissue, hence
its name, was described in patients with Crohn’s disease. But omentin is also highly abundant in
plasma of healthy donors [255]. Most studies point towards omentin as an anti-inflammatory molecule.
For example, this adipokine showed anti-inflammatory and anti-atherogenic properties in obese
individuals [256] and a negative association with inflammatory bowel disease and metabolic syndrome
has been described [255,257,258].

As far as rheumatic diseases are concerned, the role of omentin is rather inconclusive. In serum,
omentin was found to be higher in juvenile idiopathic arthritis (JIA) [247] and PsA [248] patients
compared to healthy controls. Furthermore, serum levels were higher in JIA patients with active
synovitis in comparison to those without active joints [247]. On the other hand, in synovial fluid,
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omentin levels were found to be lower in chronic-inflammatory RA compared to OA [246]. For RA,
an association of omentin with the inflammation marker CRP at baseline has been reported [241].
The level of omentin-1 in synovial fluid of OA patients negatively correlated with self-reported pain
and physical disability (as measured by the WOMAC score) in OA patients [259], intended to reflect
symptomatic severity in OA. This is in line with the observed inverse correlation between synovial
fluid omentin-1 and radiographic severity as assessed by the Kellgren-Lawrence grading [260].

In synovial tissue, omentin was expressed in the synovial lining layer as well as perivascularly ;
however, no difference was detectable between RA and OA tissues [261]. In RA, omentin concentrations
were inversely associated with MMP-3 levels and influenced by different factors such as disease activity
but showed no association with endothelial activation and atherosclerosis in this study [262].

The knowledge regarding specific effects of omentin on different cell types in synovial tissue
and systemic inflammation is very limited. For example, the response of RA and OA SF towards
omentin was very low [67], suggesting that other effector cells may respond to omentin. Interestingly,
Calvet et al. observed a non-significant trend between adiponectin and omentin levels was observed
when other adipokines were included in the multivariate linear statistical model using the partial
correlation coefficient (PCC) for interpretation [143].

7.6. Nesfatin

Nesfatin-1 (nesfastin) is an N-terminal 82-amino-acid peptide nucleobindin-2-derived adipokine,
involved in satiety induction and energy homeostasis. Nesfatin was first described as an anorexigenic
molecule secreted by the hypothalamus [263] but it is also secreted by subcutaneous adipose tissue,
gastric mucosa, pancreatic cells, and testes [264].

Higher nesfatin levels have been detected in serum from OA patients compared to controls [265,266].
Moreover, nesfatin serum and synovial fluid concentrations have been associated with radiographic
severity in OA [266], where its levels also correlated with CRP and IL-18 in serum and synovial fluid,
respectively. In addition, nesfatin has been detected in human and murine chondrocytes, inducing
pro-inflammatory mediators such as COX-2, IL-8, IL-6, and CCL3 in chondrocytes from OA patients [95].
In contrast, recent studies also described this adipokine as an anti-inflammatory molecule [264,267]
able to reduce cardiovascular risk [268,269].

In relation to RA, a study demonstrated a positive association between nesfastin and rheumatoid
factor in RA patients. In addition, nesfatin concentration correlated with MMP-2, and reduced
atherosclerosis in these patients [179].

Akour et al.also described nesfatin activation by the endocrine growth factor FGF21 [270], which
has been described as a new adipokine related to BMI in RA patients [271]. Association between
FGF21 and rheumatic diseases would be of interest as FGF21 ameliorates CIA by regulating oxidative
stress and inflammatory response [272,273]. In addition, FGF21, also inhibits macrophage-mediated
inflammation [274] and down-regulates Th17-IL17 axis in CIA mice [275]. In relation to OA, FGF21
concentration in serum and synovial fluid is associated with radiographic knee bone loss [276].

8. Concluding Remarks

Common consequences of two of the most prevalent rheumatic diseases, OA and RA, are severe
long-term pain and loss of locomotor function, with the subsequent negative impact on health care
burden and social system. In order to reduce such socio-economic costs it is necessary to progress in
the diagnosis, treatment and in the identification of disease severity biomarkers which requires a more
detailed understanding of the diverse factors involved in the initiation and progression of these joint
diseases. While the complex etiology of OA and RA are still unclear, and despite the differences between
the pathophysiology underlying these joint degenerative diseases, it is now generally accepted that
they share similar inflammatory pathways that contribute to synovitis and the loss of balance between
cartilage and subchondral bone, leading to the progressive destruction of affected joints [6,8,31,45].
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This review summarized the more relevant clinical and experimental lines of evidence for
the connection between classic and novel adipokines and the cellular and molecular pathogenic
characteristics of two of the most common rheumatic diseases, OA and RA. However, given the
pleiotropic action of these molecules and their immunomodulatory effects at both local and systemic
levels, the study of their role in the pathogenesis and progression of rheumatic diseases is very complex
and has generated conflicting results. In this sense, both pro- and anti-inflammatory effects have
been associated with the same adipokine, evidencing that their biological actions depend on the
inflammatory context and the disease conditions (Figure 1). Moreover, the correlation between the
levels of a particular adipokine in the synovial fluid and the activity/progression of a rheumatic disease
may disappear when circulating levels are considered. In fact, when it has been studied whether there
is an relationship between synovial and serum levels of adipokines with the development of arthritis
in autoantibody-positive individuals at risk of RA, only a significant association between serum levels
of vaspin and the disease development was found [241], thus evidencing the complexity of assessing
their potential as diagnostic biomarkers.

 
Figure 1. Graphical schematic representation of the role of classic and novel adipokines in two rheumatic
diseases: osteoarthritis (OA) and rheumatoid arthritis (RA). A variety of adipokines produced by
adipose tissue (blue line of arrows) as well as by chondrocytes, osteoclasts, osteoblasts, synoviocytes
and inflammatory cells (blue dashed line and blue line formed by arrows), contribute to multiple
pathological mechanisms (solid arrows) involved in the development of OA and RA. Although there are
differences between the pathogenesis of OA and RA, common mechanisms have also been identified that
affect cartilage extracellular matrix (ECM) integrity, dysregulation of bone metabolism, the pathogenic
phenotype of synovial fibroblasts and macrophages, modulation of the immune system and synovial
angiogenesis. Depending on the context, both pro- and anti-inflammatory effects have been associated
with some adipokines, such as visfatin and resistin. Adipokines with a dominant pro-inflammatory
role in arthritis are shown with a light red background, whereas those in which an anti-inflammatory
action predominates are shown with a green background.
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All in all, it is worthy to note that the contribution of adipokines to the pathogenesis of rheumatic
diseases should be understood as cross-talking networks that coordinate with other molecular mediators
to orchestrate the activity of effector cells involved in OA and RA. In this regard, activated resident
cells in joints affected by these rheumatic diseases are probably the main contributors to the increased
levels of adipokines detected in synovium, consequently suggesting that antagonizing local specific
adipokines may be a viable option for the development of new therapeutic strategies. However, further
research is needed to determine the exact contribution of the adipokine network to rheumatic disorders,
which would also help to identify which adipokine could be considered a potential diagnostic and/or
prognostic biomarker for OA and RA.
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OA Osteoarthritis
RA Rheumatoid arthritis
ROS Reactive oxygen species
SF Synovial fibroblasts
IPFP Infrapatellar fat pad
ECM Extracellular matrix
MMPs Matrix metalloproteinases
IL-1β Interleukin-1β
TNF-α Tumor necrosis factor-α
ACPA Anti-citrullinated protein
RF Rheumatoid factor
LMW Low molecular weight
HMW High molecular weight
LPS Lipopolysaccharide
TLR Toll-like receptor
DAS-28 28-joint disease activity score
OPN Osteopontin
CIA Collagen-induced arthritis
Tfh T follicular helper cells
LEPR Leptin receptor
NK Natur killer
Th2 Type 2 T helper cells
Treg T regulatory cells
SNP Single nucleotide polymorphism
ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs
NOS2 Type 2 nitric oxide synthase
TGF-β Transforming growth factor β
CCL3 Chemokine ligand 3
VCAM-1 Vascular cell adhesion molecule-1
COX-2 Catabolic cyclooxygenase-2
miRNA MicroRNA
MCP-1 Monocyte chemoattractant protein-1
CPR C-reactive protein
PBMC Peripheral blood mononuclear cells
VEGF Vascular endothelial growth factor
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PBEF Pre-B-cell colony-enhancing factor
Nampt Nicotinamide phosphoribosyl-transferase
HIF-2α Hypoxia-inducible factor 2alpha
IGF-1 Insulin-like growth factor-1
PGRN Progranulin
TNFR TNF-α receptors
PGRN-abs Antibodies against Progranulin
CMKLR1 Chemokine-like receptor 1
LCN2 Lipocalin-2
PsA Psoriatic arthritis
JIA Juvenile idiopathic arthritis
WOMAC Western Ontario and McMaster Universities Arthritis Index
PCC Partial correlation coefficient

References

1. Yoshikawa, H.; Nara, K.; Suzuki, N. Recent Advances in Neuro-Endocrine-Immune Interactions in the
Pathophysiology of Rheumatoid Arthritis. Curr. Rheumatol. Rev. 2006, 2, 191–205. [CrossRef]

2. Glyn-Jones, S.; Palmer, A.J.; Agricola, R.; Price, A.J.; Vincent, T.L.; Weinans, H.; Carr, A.J. Osteoarthritis.
Lancet 2015, 386, 376–387. [CrossRef]

3. Mobasheri, A.; Batt, M. An update on the pathophysiology of osteoarthritis. Ann. Phys. Rehabil. Med. 2016,
59, 333–339. [CrossRef] [PubMed]

4. Felson, D.T.; Anderson, J.J.; Naimark, A.; Walker, A.M.; Meenan, R.F. Obesity and knee osteoarthritis. Fram.
Study Ann. Intern. Med. 1988, 109, 18–24. [CrossRef] [PubMed]

5. Aspden, R.M.; Scheven, B.A.; Hutchison, J.D. Osteoarthritis as a systemic disorder including stromal cell
differentiation and lipid metabolism. Lancet 2001, 357, 1118–1120. [CrossRef]

6. Rahmati, M.; Mobasheri, A.; Mozafari, M. Inflammatory mediators in osteoarthritis: A critical review of the
state-of-the-art, current prospects, and future challenges. Bone 2016, 85, 81–90. [CrossRef] [PubMed]

7. Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [CrossRef]
8. Firestein, G.S.; McInnes, I.B. Immunopathogenesis of Rheumatoid Arthritis. Immunity 2017, 46, 183–196.

[CrossRef]
9. 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]
10. Del Rey, A.; Besedovsky, H.O. Immune-Neuro-Endocrine Reflexes, Circuits, and Networks: Physiologic and

Evolutionary Implications. Front. Horm Res. 2017, 48, 1–18.
11. 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.
12. Silva, A.R.; Goncalves-de-Albuquerque, C.F.; Perez, 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. Pharm.
2019, 854, 272–281. [CrossRef]

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

14. Lowin, T.; Straub, R.H. Synovial fibroblasts integrate inflammatory and neuroendocrine stimuli to drive
rheumatoid arthritis. Expert Rev. Clin. Immunol. 2015, 11, 1069–1071. [CrossRef]

15. Neumann, E.; Junker, S.; Schett, G.; Frommer, K.; Muller-Ladner, U. Adipokines in bone disease. Nat. Rev.
Rheumatol. 2016, 12, 296–302. [CrossRef]

16. Azamar-Llamas, D.; Hernandez-Molina, G.; Ramos-Avalos, B.; Furuzawa-Carballeda, J. Adipokine
Contribution to the Pathogenesis of Osteoarthritis. Mediat. Inflamm. 2017, 2017, 5468023. [CrossRef]
[PubMed]

17. Schaffler, A.; Ehling, A.; Neumann, E.; Herfarth, H.; Tarner, I.; Scholmerich, J.; Muller-Ladner, U.; Gay, S.
Adipocytokines in synovial fluid. JAMA 2003, 290, 1709–1710. [PubMed]

18. Sglunda, O.; Mann, H.; Hulejova, H.; Kuklova, M.; Pecha, O.; Plestilova, L.; Filkova, M.; Pavelka, K.;
Vencovsky, J.; Senolt, L. Decreased circulating visfatin is associated with improved disease activity in early
rheumatoid arthritis: Data from the PERAC cohort. PLoS ONE 2014, 9, e103495. [CrossRef] [PubMed]

310



Int. J. Mol. Sci. 2019, 20, 4091

19. Klein-Wieringa, I.R.; Kloppenburg, M.; Bastiaansen-Jenniskens, Y.M.; Yusuf, E.; Kwekkeboom, J.C.;
El-Bannoudi, H.; Nelissen, R.G.; Zuurmond, A.; Stojanovic-Susulic, V.; Van Osch, G.J.; et al. The infrapatellar
fat pad of patients with osteoarthritis has an inflammatory phenotype. Ann. Rheum. Dis. 2011, 70, 851–857.
[CrossRef]

20. Brooks, P. Inflammation as an important feature of osteoarthritis. Bull. World Health Organ. 2003, 81, 689–690.
21. Goldring, M.B.; Goldring, S.R. Osteoarthritis. J. Cell Physiol. 2007, 213, 626–634. [CrossRef]
22. Abramson, S.B.; Attur, M. Developments in the scientific understanding of osteoarthritis. Arthritis Res. 2009,

11, 227. [CrossRef]
23. Hunter, D.J.; McDougall, J.J.; Keefe, F.J. The symptoms of osteoarthritis and the genesis of pain. Rheum Dis

Clin. North. Am. 2008, 34, 623–643. [CrossRef] [PubMed]
24. Sharma, L. Osteoarthritis year in review 2015: Clinical. Osteoarthr. Cart. 2016, 24, 36–48. [CrossRef] [PubMed]
25. Goldring, M.B.; Marcu, K.B. Cartilage homeostasis in health and rheumatic diseases. Arthritis Res. 2009, 11,

224. [CrossRef]
26. Benito, M.J.; Veale, D.J.; FitzGerald, O.; van den Berg, W.B.; Bresnihan, B. Synovial tissue inflammation in

early and late osteoarthritis. Ann. Rheum. Dis. 2005, 64, 1263–1267. [CrossRef]
27. Batlle-Gualda, E.; Benito-Ruiz, P.; Blanco, F.J.; Martín, E. Manual SER de la Artrosis; IM&C: Madrid, España,

2002.
28. Pérez-García, S.; Carrión, M.; Jimeno, R.; Ortiz, A.M.; González-Álvaro, I.; Fernández, J.; Gomariz, R.P.;

Juarranz, Y. Urokinase plasminogen activator system in synovial fibroblasts from osteoarthritis patients:
Modulation by inflammatory mediators and neuropeptides. J. Mol. Neurosci. 2014, 52, 18–27. [CrossRef]
[PubMed]

29. Pérez-García, S.; Gutiérrez-Cañas, I.; Seoane, I.V.; Fernández, J.; Mellado, M.; Leceta, J.; Tío, L.;
Villanueva-Romero, R.; Juarranz, Y.; Gomariz, R.P. Healthy and Osteoarthritic Synovial Fibroblasts Produce
a Disintegrin and Metalloproteinase with Thrombospondin Motifs 4, 5, 7, and 12: Induction by IL-1beta and
Fibronectin and Contribution to Cartilage Damage. Am. J. Pathol. 2016, 186, 2449–2461. [CrossRef] [PubMed]

30. Martel-Pelletier, J.; Pelletier, J.P. Is osteoarthritis a disease involving only cartilage or other articular tissues?
Eklem Hast. Cerrahisi 2010, 21, 2–14.

31. Goldring, M.B.; Otero, M. Inflammation in osteoarthritis. Curr. Opin. Rheumatol. 2011, 23, 471–478. [CrossRef]
32. Loeser, R.F.; Goldring, S.R.; Scanzello, C.R.; Goldring, M.B. Osteoarthritis: A disease of the joint as an organ.

Arthritis Rheum. 2012, 64, 1697–1707. [CrossRef] [PubMed]
33. Musumeci, G.; Castrogiovanni, P.; Leonardi, R.; Trovato, F.M.; Szychlinska, M.A.; Di Giunta, A.; Loreto, C.;

Castorina, S. New perspectives for articular cartilage repair treatment through tissue engineering: A
contemporary review. World J. Orthop. 2014, 5, 80–88. [CrossRef]

34. Pulai, J.I.; Chen, H.; Im, H.J.; Kumar, S.; Hanning, C.; Hegde, P.S.; Loeser, R.F. NF-kappa B mediates the
stimulation of cytokine and chemokine expression by human articular chondrocytes in response to fibronectin
fragments. J. Immunol. 2005, 174, 5781–5788. [CrossRef]

35. Millward-Sadler, S.J.; Salter, D.M. Integrin-dependent signal cascades in chondrocyte mechanotransduction.
Ann. Biomed. Eng. 2004, 32, 435–446. [CrossRef] [PubMed]

36. Long, D.L.; Willey, J.S.; Loeser, R.F. Rac1 is required for matrix metalloproteinase-13 production by
chondrocytes in response to fibronectin fragments. Arthritis Rheum. 2013, 65, 1561–1568. [CrossRef]

37. Bondeson, J.; Wainwright, S.; Hughes, C.; Caterson, B. The regulation of the ADAMTS4 and ADAMTS5
aggrecanases in osteoarthritis: A review. Clin. Exp. Rheumatol. 2008, 26, 139–145.

38. Huang, K.; Wu, L.D. Aggrecanase and aggrecan degradation in osteoarthritis: A review. J. Int. Med. Res.
2008, 36, 1149–1160. [CrossRef] [PubMed]

39. Piecha, D.; Weik, J.; Kheil, H.; Becher, G.; Timmermann, A.; Jaworski, A.; Burger, M.; Hofmann, M.W. Novel
selective MMP-13 inhibitors reduce collagen degradation in bovine articular and human osteoarthritis
cartilage explants. Inflamm. Res. 2010, 59, 379–389. [CrossRef]

40. Troeberg, L.; Nagase, H. Proteases involved in cartilage matrix degradation in osteoarthritis. Biochim. Et
Biophys. Acta 2012, 1824, 133–145. [CrossRef]

41. Funck-Brentano, T.; Cohen-Solal, M. Crosstalk between cartilage and bone: When bone cytokines matter.
Cytokine Growth Factor Rev. 2011, 22, 91–97. [CrossRef]

42. Sellam, J.; Berenbaum, F. The role of synovitis in pathophysiology and clinical symptoms of osteoarthritis.
Nat. Rev. Rheumatol. 2010, 6, 625–635. [CrossRef] [PubMed]

311



Int. J. Mol. Sci. 2019, 20, 4091

43. Pelletier, J.P.; Martel-Pelletier, J.; Abramson, S.B. Osteoarthritis, an inflammatory disease: Potential implication
for the selection of new therapeutic targets. Arthritis Rheum. 2001, 44, 1237–1247. [CrossRef]

44. Perez-Garcia, S.; Carrion, M.; Villanueva-Romero, R.; Hermida-Gomez, T.; Fernandez-Moreno, M.;
Mellado, M.; Blanco, F.J.; Juarranz, Y.; Gomariz, R.P. Wnt and RUNX2 mediate cartilage breakdown
by osteoarthritis synovial fibroblast-derived ADAMTS-7 and -12. J. Cell Mol. Med. 2019, 23, 3974–3983.
[CrossRef] [PubMed]

45. Orr, C.; Vieira-Sousa, E.; Boyle, D.L.; Buch, M.H.; Buckley, C.D.; Canete, J.D.; Catrina, A.I.; Choy, E.H.S.;
Emery, P.; Fearon, U.; et al. Synovial Tissue Research: A state-of-the-art review. Nat. Rev. Rheumatol. 2017,
13, 630. [CrossRef] [PubMed]

46. Dakin, S.G.; Coles, M.; Sherlock, J.P.; Powrie, F.; Carr, A.J.; Buckley, C.D. Pathogenic stromal cells as
therapeutic targets in joint inflammation. Nat. Rev. Rheumatol. 2018, 14, 714–726. [CrossRef]

47. 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] [PubMed]

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

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

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

51. 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]

52. Soler Palacios, B.; Estrada-Capetillo, L.; Izquierdo, E.; Criado, G.; Nieto, C.; Municio, C.; Gonzalez-Alvaro, I.;
Sanchez-Mateos, P.; Pablos, J.L.; Corbi, 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]

53. 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] [PubMed]

54. Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. A novel serum protein similar to C1q,
produced exclusively in adipocytes. J. Biol. Chem. 1995, 270, 26746–26749. [CrossRef] [PubMed]

55. Garaulet, M.; Hernandez-Morante, J.J.; de Heredia, F.P.; Tebar, F.J. Adiponectin, the controversial hormone.
Public Health Nutr. 2007, 10, 1145–1150. [CrossRef] [PubMed]

56. Neumann, E.; Frommer, K.W.; Vasile, M.; Muller-Ladner, U. Adipocytokines as driving forces in rheumatoid
arthritis and related inflammatory diseases? Arthritis Rheum. 2011, 63, 1159–1169. [CrossRef]

57. Tanaka, Y.; Kita, S.; Nishizawa, H.; Fukuda, S.; Fujishima, Y.; Obata, Y.; Nagao, H.; Masuda, S.; Nakamura, Y.;
Shimizu, Y.; et al. Adiponectin promotes muscle regeneration through binding to T-cadherin. Sci. Rep. 2019,
9, 16. [CrossRef]

58. Fujishima, Y.; Maeda, N.; Matsuda, K.; Masuda, S.; Mori, T.; Fukuda, S.; Sekimoto, R.; Yamaoka, M.;
Obata, Y.; Kita, S.; et al. Adiponectin association with T-cadherin protects against neointima proliferation
and atherosclerosis. Faseb J. 2017, 31, 1571–1583. [CrossRef] [PubMed]

59. Obata, Y.; Kita, S.; Koyama, Y.; Fukuda, S.; Takeda, H.; Takahashi, M.; Fujishima, Y.; Nagao, H.; Masuda, S.;
Tanaka, Y.; et al. Adiponectin/T-cadherin system enhances exosome biogenesis and decreases cellular
ceramides by exosomal release. Jci. Insight 2018, 3, e99680. [CrossRef]

60. 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]

61. Garitaonandia, I.; Smith, J.L.; Kupchak, B.R.; Lyons, T.J. Adiponectin identified as an agonist for PAQR3/RKTG
using a yeast-based assay system. J. Recept Signal. Transduct Res. 2009, 29, 67–73. [CrossRef]

62. Fatel, E.C.S.; Rosa, F.T.; Simao, A.N.C.; Dichi, I. Adipokines in rheumatoid arthritis. Adv. Rheumatol. 2018, 58,
25. [CrossRef]

312



Int. J. Mol. Sci. 2019, 20, 4091

63. Neumeier, M.; Weigert, J.; Schaffler, A.; Wehrwein, G.; Muller-Ladner, U.; Scholmerich, J.; Wrede, C.;
Buechler, C. Different effects of adiponectin isoforms in human monocytic cells. J. Leukoc Biol. 2006, 79,
803–808. [CrossRef]

64. Tang, Q.; Hu, Z.C.; Shen, L.Y.; Shang, P.; Xu, H.Z.; Liu, H.X. Association of osteoarthritis and circulating
adiponectin levels: A systematic review and meta-analysis. Lipids Health Dis. 2018, 17, 189. [CrossRef]

65. Wu, J.; Xu, J.; Wang, K.; Zhu, Q.; Cai, J.; Ren, J.; Zheng, S.; Ding, C. Associations between circulating
adipokines and bone mineral density in patients with knee osteoarthritis: A cross-sectional study. BMC
Musculoskelet Disord 2018, 19, 16. [CrossRef]

66. Liu, B.; Gao, Y.H.; Dong, N.; Zhao, C.W.; Huang, Y.F.; Liu, J.G.; Qi, X. Differential expression of adipokines
in the synovium and infrapatellar fat pad of osteoarthritis patients with and without metabolic syndrome.
Connect. Tissue Res. 2019, 1–8. [CrossRef]

67. Dong, N.; Gao, Y.H.; Liu, B.; Zhao, C.W.; Yang, C.; Li, S.Q.; Liu, J.G.; Qi, X. Differential expression of
adipokines in knee osteoarthritis patients with and without metabolic syndrome. Int. Orthop. 2018, 42,
1283–1289. [CrossRef]

68. Calvet, J.; Orellana, C.; Albinana Gimenez, N.; Berenguer-Llergo, A.; Caixas, A.; Garcia-Manrique, M.;
Galisteo Lencastre, C.; Navarro, N.; Larrosa, M.; Gratacos, J. Differential involvement of synovial adipokines
in pain and physical function in female patients with knee osteoarthritis. A cross-sectional study. Osteoarthr.
Cartil. 2018, 26, 276–284. [CrossRef]

69. Ruan, G.; Xu, J.; Wang, K.; Wu, J.; Zhu, Q.; Ren, J.; Bian, F.; Chang, B.; Bai, X.; Han, W.; et al. Associations
between knee structural measures, circulating inflammatory factors and MMP13 in patients with knee
osteoarthritis. Osteoarthr. Cartil. 2018, 26, 1063–1069. [CrossRef]

70. Harasymowicz, N.S.; Clement, N.D.; Azfer, A.; Burnett, R.; Salter, D.M.; Simpson, A. Regional Differences
Between Perisynovial and Infrapatellar Adipose Tissue Depots and Their Response to Class II and Class III
Obesity in Patients With Osteoarthritis. Arthritis Rheumatol. 2017, 69, 1396–1406. [CrossRef]

71. Alkady, E.A.; Ahmed, H.M.; Tag, L.; Abdou, M.A. Serum and synovial adiponectin, resistin, and visfatin
levels in rheumatoid arthritis patients. Relation to disease activity. Z Rheumatol. 2011, 70, 602–608. [CrossRef]

72. Kontny, E.; Zielinska, A.; Ksiezopolska-Orlowska, K.; Gluszko, P. Secretory activity of subcutaneous
abdominal adipose tissue in male patients with rheumatoid arthritis and osteoarthritis - association with
clinical and laboratory data. Reumatologia 2016, 54, 227–235. [CrossRef] [PubMed]

73. Sikorska, D.; Rutkowski, R.; Luczak, J.; Samborski, W.; Witowski, J. Serum adiponectin as a predictor of
laboratory response to anti-TNF-alpha therapy in rheumatoid arthritis. Cent. Eur. J. Immunol. 2018, 43,
289–294. [CrossRef] [PubMed]

74. Fioravanti, A.; Tenti, S.; Bacarelli, M.R.; Damiani, A.; Li Gobbi, F.; Bandinelli, F.; Cheleschi, S.; Galeazzi, M.;
Benucci, M. Tocilizumab modulates serum levels of adiponectin and chemerin in patients with rheumatoid
arthritis: Potential cardiovascular protective role of IL-6 inhibition. Clin. Exp. Rheumatol. 2019, 37, 293–300.

75. 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. 2019, (in press).

76. 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. 2018, 20, 245.
[CrossRef] [PubMed]

77. Qian, J.; Xu, L.; Sun, X.; Wang, Y.; Xuan, W.; Zhang, Q.; Zhao, P.; Wu, Q.; Liu, R.; Che, N.; et al. Adiponectin
aggravates bone erosion by promoting osteopontin production in synovial tissue of rheumatoid arthritis.
Arthritis Res. 2018, 20, 26. [CrossRef] [PubMed]

78. Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional cloning of the mouse
obese gene and its human homologue. Nature 1994, 372, 425–432. [CrossRef] [PubMed]

79. IJ, M.D.; 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.

80. Abella, V.; Scotece, M.; Conde, J.; Pino, J.; Gonzalez-Gay, M.A.; Gomez-Reino, J.J.; Mera, A.; Lago, F.;
Gomez, R.; Gualillo, O. Leptin in the interplay of inflammation, metabolism and immune system disorders.
Nat. Rev. Rheumatol. 2017, 13, 100–109. [CrossRef]

313



Int. J. Mol. Sci. 2019, 20, 4091

81. Francisco, V.; Perez, T.; Pino, J.; Lopez, V.; Franco, E.; Alonso, A.; Gonzalez-Gay, M.A.; Mera, A.; Lago, F.;
Gomez, R.; et al. Biomechanics, obesity, and osteoarthritis. The role of adipokines: When the levee breaks. J.
Orthop. Res. 2018, 36, 594–604. [CrossRef]

82. Gualillo, O.; Eiras, S.; Lago, F.; Dieguez, C.; Casanueva, F.F. Elevated serum leptin concentrations induced by
experimental acute inflammation. Life Sci. 2000, 67, 2433–2441. [CrossRef]

83. Tang, C.H.; Lu, D.Y.; Yang, R.S.; Tsai, H.Y.; Kao, M.C.; Fu, W.M.; Chen, Y.F. Leptin-induced IL-6 production is
mediated by leptin receptor, insulin receptor substrate-1, phosphatidylinositol 3-kinase, Akt, NF-kappaB,
and p300 pathway in microglia. J. Immunol. 2007, 179, 1292–1302. [CrossRef]

84. Lago, F.; Dieguez, C.; Gomez-Reino, J.; Gualillo, O. Adipokines as emerging mediators of immune response
and inflammation. Nat. Clin. Pr. Rheum. 2007, 3, 716–724. [CrossRef]

85. Lago, F.; Gomez, R.; Gomez-Reino, J.J.; Dieguez, C.; Gualillo, O. Adipokines as novel modulators of lipid
metabolism. Trends Biochem. Sci. 2009, 34, 500–510. [CrossRef]

86. Hasenkrug, K.J. The leptin connection: Regulatory T cells and autoimmunity. Immunity 2007, 26, 143–145.
[CrossRef]

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

88. Procaccini, C.; Jirillo, E.; Matarese, G. Leptin as an immunomodulator. Mol. Asp. Med. 2012, 33, 35–45.
[CrossRef]

89. Behnes, M.; Brueckmann, M.; Lang, S.; Putensen, C.; Saur, J.; Borggrefe, M.; Hoffmann, U. Alterations of
leptin in the course of inflammation and severe sepsis. BMC Infect. Dis. 2012, 12, 217. [CrossRef]

90. Feijoo-Bandin, S.; Portoles, M.; Rosello-Lleti, E.; Rivera, M.; Gonzalez-Juanatey, J.R.; Lago, F. 20 years of leptin:
Role of leptin in cardiomyocyte physiology and physiopathology. Life Sci. 2015, 140, 10–18. [CrossRef]

91. Chou, S.H.; Mantzoros, C. 20 years of leptin: Role of leptin in human reproductive disorders. J. Endocrinol.
2014, 223, T49–T62. [CrossRef]

92. Conde, J.; Scotece, M.; Abella, V.; Lopez, V.; Pino, J.; Gomez-Reino, J.J.; Gualillo, O. An update on leptin as
immunomodulator. Expert Rev. Clin. Immunol. 2014, 10, 1165–1170. [CrossRef]

93. Scotece, M.; Conde, J.; Vuolteenaho, K.; Koskinen, A.; Lopez, V.; Gomez-Reino, J.; Lago, F.; Moilanen, E.;
Gualillo, O. Adipokines as drug targets in joint and bone disease. Drug Discov. Today 2014, 19, 241–258.
[CrossRef]

94. Gomez, R.; Conde, J.; Scotece, M.; Gomez-Reino, J.J.; Lago, F.; Gualillo, O. What’s new in our understanding
of the role of adipokines in rheumatic diseases? Nat. Rev. Rheumatol. 2011, 7, 528–536.

95. Scotece, M.; Conde, J.; Abella, V.; Lopez, V.; Lago, F.; Pino, J.; Gomez-Reino, J.J.; Gualillo, O. NUCB2/nesfatin-1:
A new adipokine expressed in human and murine chondrocytes with pro-inflammatory properties, an
in vitro study. J. Orthop. Res. 2014, 32, 653–660. [CrossRef]

96. Simopoulou, T.; Malizos, K.N.; Iliopoulos, D.; Stefanou, N.; Papatheodorou, L.; Ioannou, M.; Tsezou, A.
Differential expression of leptin and leptin’s receptor isoform (Ob-Rb) mRNA between advanced and
minimally affected osteoarthritic cartilage; effect on cartilage metabolism. Osteoarthr. Cartil. 2007, 15, 872–883.
[CrossRef]

97. Zheng, S.; Xu, J.; Xu, S.; Zhang, M.; Huang, S.; He, F.; Yang, X.; Xiao, H.; Zhang, H.; Ding, C. Association
between circulating adipokines, radiographic changes, and knee cartilage volume in patients with knee
osteoarthritis. Scand. J. Rheumatol. 2016, 45, 224–229. [CrossRef]

98. De Boer, T.N.; van Spil, W.E.; Huisman, A.M.; Polak, A.A.; Bijlsma, J.W.; Lafeber, F.P.; Mastbergen, S.C. Serum
adipokines in osteoarthritis; comparison with controls and relationship with local parameters of synovial
inflammation and cartilage damage. Osteoarthr. Cartil. 2012, 20, 846–853. [CrossRef]

99. Ku, J.H.; Lee, C.K.; Joo, B.S.; An, B.M.; Choi, S.H.; Wang, T.H.; Cho, H.L. Correlation of synovial fluid leptin
concentrations with the severity of osteoarthritis. Clin. Rheumatol. 2009, 28, 1431–1435. [CrossRef]

100. Azim, S.; Nicholson, J.; Rebecchi, M.J.; Galbavy, W.; Feng, T.; Rizwan, S.; Reinsel, R.A.; Kaczocha, M.;
Benveniste, H. Interleukin-6 and leptin levels are associated with preoperative pain severity in patients with
osteoarthritis but not with acute pain after total knee arthroplasty. Knee 2018, 25, 25–33. [CrossRef]

101. Qin, J.; Shi, D.; Dai, J.; Zhu, L.; Tsezou, A.; Jiang, Q. Association of the leptin gene with knee osteoarthritis
susceptibility in a Han Chinese population: A case-control study. J. Hum. Genet. 2010, 55, 704–706. [CrossRef]

314



Int. J. Mol. Sci. 2019, 20, 4091

102. Ma, X.J.; Guo, H.H.; Hao, S.W.; Sun, S.X.; Yang, X.C.; Yu, B.; Jin, Q.H. Association of single nucleotide
polymorphisms (SNPs) in leptin receptor gene with knee osteoarthritis in the Ningxia Hui population. Yi
Chuan 2013, 35, 359–364. [CrossRef]

103. Iliopoulos, D.; Malizos, K.N.; Tsezou, A. Epigenetic regulation of leptin affects MMP-13 expression in
osteoarthritic chondrocytes: Possible molecular target for osteoarthritis therapeutic intervention. Ann.
Rheum. Dis. 2007, 66, 1616–1621. [CrossRef]

104. Fan, Q.; Liu, Z.; Shen, C.; Li, H.; Ding, J.; Jin, F.; Sha, L.; Zhang, Z. Microarray study of gene expression
profile to identify new candidate genes involved in the molecular mechanism of leptin-induced knee joint
osteoarthritis in rat. Hereditas 2018, 155, 4. [CrossRef]

105. Bao, J.P.; Chen, W.P.; Feng, J.; Hu, P.F.; Shi, Z.L.; Wu, L.D. Leptin plays a catabolic role on articular cartilage.
Mol. Biol. Rep. 2010, 37, 3265–3272. [CrossRef]

106. Otero, M.; Lago, R.; Lago, F.; Reino, J.J.; Gualillo, O. Signalling pathway involved in nitric oxide synthase
type II activation in chondrocytes: Synergistic effect of leptin with interleukin-1. Arthritis Res. Ther. 2005, 7,
R581–R591. [CrossRef]

107. Otero, M.; Gomez Reino, J.J.; Gualillo, O. Synergistic induction of nitric oxide synthase type II: In vitro effect
of leptin and interferon-gamma in human chondrocytes and ATDC5 chondrogenic cells. Arthritis Rheum.
2003, 48, 404–409. [CrossRef]

108. Dumond, H.; Presle, N.; Terlain, B.; Mainard, D.; Loeuille, D.; Netter, P.; Pottie, P. Evidence for a key role of
leptin in osteoarthritis. Arthritis Rheum. 2003, 48, 3118–3129. [CrossRef]

109. Zhao, X.; Dong, Y.; Zhang, J.; Li, D.; Hu, G.; Yao, J.; Li, Y.; Huang, P.; Zhang, M.; Zhang, J.; et al. Leptin
changes differentiation fate and induces senescence in chondrogenic progenitor cells. Cell Death Dis. 2016, 7,
e2188. [CrossRef]

110. Mutabaruka, M.S.; Aoulad Aissa, M.; Delalandre, A.; Lavigne, M.; Lajeunesse, D. Local leptin production
in osteoarthritis subchondral osteoblasts may be responsible for their abnormal phenotypic expression.
Arthritis Res. Ther. 2010, 12, R20. [CrossRef]

111. Scotece, M.; Perez, T.; Conde, J.; Abella, V.; Lopez, V.; Pino, J.; Gonzalez-Gay, M.A.; Gomez-Reino, J.J.;
Mera, A.; Gomez, R.; et al. Adipokines induce pro-inflammatory factors in activated Cd4+ T cells from
osteoarthritis patient. J. Orthop. Res. 2017, 35, 1299–1303. [CrossRef]

112. Griffin, T.M.; Huebner, J.L.; Kraus, V.B.; Guilak, F. Extreme obesity due to impaired leptin signaling in mice
does not cause knee osteoarthritis. Arthritis Rheum. 2009, 60, 2935–2944. [CrossRef]

113. Yoshino, T.; Kusunoki, N.; Tanaka, N.; Kaneko, K.; Kusunoki, Y.; Endo, H.; Hasunuma, T.; Kawai, S. Elevated
serum levels of resistin, leptin, and adiponectin are associated with C-reactive protein and also other clinical
conditions in rheumatoid arthritis. Intern. Med. 2011, 50, 269–275. [CrossRef]

114. Lee, S.W.; Park, M.C.; Park, Y.B.; Lee, S.K. Measurement of the serum leptin level could assist disease activity
monitoring in rheumatoid arthritis. Rheumatol. Int. 2007, 27, 537–540. [CrossRef]

115. Lee, Y.H.; Bae, S.C. Circulating leptin level in rheumatoid arthritis and its correlation with disease activity: A
meta-analysis. Z Rheumatol. 2016, 75, 1021–1027. [CrossRef]

116. Cao, H.; Lin, J.; Chen, W.; Xu, G.; Sun, C. Baseline adiponectin and leptin levels in predicting an increased
risk of disease activity in rheumatoid arthritis: A meta-analysis and systematic review. Autoimmunity 2016,
49, 547–553. [CrossRef]

117. Olama, S.M.; Senna, M.K.; Elarman, M. Synovial/serum leptin ratio in rheumatoid arthritis: The association
with activity and erosion. Rheumatol. Int. 2012, 32, 683–690. [CrossRef]

118. Xibille-Friedmann, D.; Bustos-Bahena, C.; Hernandez-Gongora, S.; Burgos-Vargas, R.; Montiel-Hernandez, J.L.
Two-year follow-up of plasma leptin and other cytokines in patients with rheumatoid arthritis. Ann. Rheum.
Dis. 2010, 69, 930–931. [CrossRef]

119. Yang, W.H.; Liu, S.C.; Tsai, C.H.; Fong, Y.C.; Wang, S.J.; Chang, Y.S.; Tang, C.H. Leptin induces IL-6
expression through OBRl receptor signaling pathway in human synovial fibroblasts. PLoS ONE 2013, 8,
e75551. [CrossRef]

120. Muraoka, S.; Kusunoki, N.; Takahashi, H.; Tsuchiya, K.; Kawai, S. Leptin stimulates interleukin-6 production
via janus kinase 2/signal transducer and activator of transcription 3 in rheumatoid synovial fibroblasts. Clin.
Exp. Rheumatol. 2013, 31, 589–595.

315



Int. J. Mol. Sci. 2019, 20, 4091

121. Busso, N.; So, A.; Chobaz-Peclat, V.; Morard, C.; Martinez-Soria, E.; Talabot-Ayer, D.; Gabay, C. Leptin
signaling deficiency impairs humoral and cellular immune responses and attenuates experimental arthritis.
J. Immunol. 2002, 168, 875–882. [CrossRef]

122. Deng, J.; Liu, Y.; Yang, M.; Wang, S.; Zhang, M.; Wang, X.; Ko, K.H.; Hua, Z.; Sun, L.; Cao, X.; et al. Leptin
exacerbates collagen-induced arthritis via enhancement of Th17 cell response. Arthritis Rheum. 2012, 64,
3564–3573. [CrossRef] [PubMed]

123. Guimaraes, M.; de Andrade, M.V.M.; Machado, C.J.; Vieira, E.L.M.; Pinto, M.; Junior, A.L.T.; Kakehasi, A.M.
Leptin as an obesity marker in rheumatoid arthritis. Rheumatol. Int. 2018, 38, 1671–1677. [CrossRef]
[PubMed]

124. Batun-Garrido, J.A.J.; Salas-Magana, M.; Juarez-Rojop, I.E. Association between leptin and IL-6 concentrations
with cardiovascular risk in patients with rheumatoid arthritis. Clin. Rheumatol. 2018, 37, 631–637. [CrossRef]
[PubMed]

125. Zhao, C.W.; Gao, Y.H.; Song, W.X.; Liu, B.; Ding, L.; Dong, N.; Qi, X. An Update on the Emerging Role of
Resistin on the Pathogenesis of Osteoarthritis. Mediat. Inflamm. 2019, 2019, 1532164. [CrossRef] [PubMed]

126. Steppan, C.M.; Bailey, S.T.; Bhat, S.; Brown, E.J.; Banerjee, R.R.; Wright, C.M.; Patel, H.R.; Ahima, R.S.;
Lazar, M.A. The hormone resistin links obesity to diabetes. Nature 2001, 409, 307–312. [CrossRef] [PubMed]

127. Silswal, N.; Singh, A.K.; Aruna, B.; Mukhopadhyay, S.; Ghosh, S.; Ehtesham, N.Z. Human resistin stimulates
the pro-inflammatory cytokines TNF-alpha and IL-12 in macrophages by NF-kappaB-dependent pathway.
Biochem. Biophys. Res. Commun. 2005, 334, 1092–1101. [CrossRef] [PubMed]

128. Bokarewa, M.; Nagaev, I.; Dahlberg, L.; Smith, U.; Tarkowski, A. Resistin, an adipokine with potent
proinflammatory properties. J. Immunol. 2005, 174, 5789–5795. [CrossRef]

129. Krysiak, R.; Handzlik-Orlik, G.; Okopien, B. The role of adipokines in connective tissue diseases. Eur. J. Nutr.
2012, 51, 513–528. [CrossRef]

130. Nakata, M.; Okada, T.; Ozawa, K.; Yada, T. Resistin induces insulin resistance in pancreatic islets to impair
glucose-induced insulin release. Biochem. Biophys. Res. Commun. 2007, 353, 1046–1051. [CrossRef]

131. Li, F.P.; He, J.; Li, Z.Z.; Luo, Z.F.; Yan, L.; Li, Y. Effects of resistin expression on glucose metabolism and
hepatic insulin resistance. Endocrine 2009, 35, 243–251. [CrossRef]

132. Emamalipour, M.; Seidi, K.; Jahanban-Esfahlan, A.; Jahanban-Esfahlan, R. Implications of resistin in type 2
diabetes mellitus and coronary artery disease: Impairing insulin function and inducing pro-inflammatory
cytokines. J. Cell Physiol. 2019. [CrossRef] [PubMed]

133. Jiang, Y.; Lu, L.; Hu, Y.; Li, Q.; An, C.; Yu, X.; Shu, L.; Chen, A.; Niu, C.; Zhou, L.; et al. Resistin Induces
Hypertension and Insulin Resistance in Mice via a TLR4-Dependent Pathway. Sci. Rep. 2016, 6, 22193.
[CrossRef]

134. He, Y.; Bai, X.J.; Li, F.X.; Fan, L.H.; Ren, J.; Liang, Q.; Li, H.B.; Bai, L.; Tian, H.Y.; Fan, F.L.; et al. Resistin may
be an independent predictor of subclinical atherosclerosis formale smokers. Biomarkers 2017, 22, 291–295.
[CrossRef]

135. Tu, C.; He, J.; Wu, B.; Wang, W.; Li, Z. An extensive review regarding the adipokines in the pathogenesis and
progression of osteoarthritis. Cytokine 2019, 113, 1–12. [CrossRef] [PubMed]

136. Uyar, G.O.; Sanlier, N. Association of Adipokines and Insulin, Which Have a Role in Obesity, with Colorectal
Cancer. Eurasian J. Med. 2019, 51, 191–195.

137. Li, X.C.; Tian, F.; Wang, F. Clinical significance of resistin expression in osteoarthritis: A meta-analysis.
Biomed. Res. Int. 2014, 2014, 208016. [CrossRef] [PubMed]

138. Doherty, A.L.; Battaglino, R.A.; Donovan, J.; Gagnon, D.; Lazzari, A.A.; Garshick, E.; Zafonte, R.; Morse, L.R.
Adiponectin is a candidate biomarker of lower extremity bone density in men with chronic spinal cord injury.
J. Bone Min. Res. 2014, 29, 251–259. [CrossRef] [PubMed]

139. Berry, P.A.; Jones, S.W.; Cicuttini, F.M.; Wluka, A.E.; Maciewicz, R.A. Temporal relationship between serum
adipokines, biomarkers of bone and cartilage turnover, and cartilage volume loss in a population with
clinical knee osteoarthritis. Arthritis Rheum. 2011, 63, 700–707. [CrossRef]

140. Kontunen, P.; Vuolteenaho, K.; Nieminen, R.; Lehtimaki, L.; Kautiainen, H.; Kesaniemi, Y.; Ukkola, O.;
Kauppi, M.; Hakala, M.; Moilanen, E. Resistin is linked to inflammation, and leptin to metabolic syndrome,
in women with inflammatory arthritis. Scand. J. Rheumatol. 2011, 40, 256–262. [CrossRef] [PubMed]

316



Int. J. Mol. Sci. 2019, 20, 4091

141. Song, Y.Z.; Guan, J.; Wang, H.J.; Ma, W.; Li, F.; Xu, F.; Ding, L.B.; Xie, L.; Liu, B.; Liu, K.; et al. Possible
Involvement of Serum and Synovial Fluid Resistin in Knee Osteoarthritis: Cartilage Damage, Clinical, and
Radiological Links. J. Clin. Lab. Anal. 2016, 30, 437–443. [CrossRef]

142. Koskinen, A.; Vuolteenaho, K.; Moilanen, T.; Moilanen, E. Resistin as a factor in osteoarthritis: Synovial fluid
resistin concentrations correlate positively with interleukin 6 and matrix metalloproteinases MMP-1 and
MMP-3. Scand. J. Rheumatol. 2014, 43, 249–253. [CrossRef]

143. Calvet, J.; Orellana, C.; Gratacos, J.; Berenguer-Llergo, A.; Caixas, A.; Chillaron, J.J.; Pedro-Botet, J.;
Garcia-Manrique, M.; Navarro, N.; Larrosa, M. Synovial fluid adipokines are associated with clinical severity
in knee osteoarthritis: A cross-sectional study in female patients with joint effusion. Arthritis Res. 2016, 18,
207. [CrossRef]

144. Martel-Pelletier, J.; Raynauld, J.P.; Dorais, M.; Abram, F.; Pelletier, J.P. The levels of the adipokines adipsin
and leptin are associated with knee osteoarthritis progression as assessed by MRI and incidence of total
knee replacement in symptomatic osteoarthritis patients: A post hoc analysis. Rheumatology (Oxf.) 2016, 55,
680–688. [CrossRef]

145. Fang, W.Q.; Zhang, Q.; Peng, Y.B.; Chen, M.; Lin, X.P.; Wu, J.H.; Cai, C.H.; Mei, Y.F.; Jin, H. Resistin level is
positively correlated with thrombotic complications in Southern Chinese metabolic syndrome patients. J.
Endocrinol. Invest. 2011, 34, e36–42. [CrossRef]

146. Zhang, Z.; Xing, X.; Hensley, G.; Chang, L.W.; Liao, W.; Abu-Amer, Y.; Sandell, L.J. Resistin induces
expression of proinflammatory cytokines and chemokines in human articular chondrocytes via transcription
and messenger RNA stabilization. Arthritis Rheum. 2010, 62, 1993–2003.

147. Su, Y.P.; Chen, C.N.; Chang, H.I.; Huang, K.C.; Cheng, C.C.; Chiu, F.Y.; Lee, K.C.; Lo, C.M.; Chang, S.F. Low
Shear Stress Attenuates COX-2 Expression Induced by Resistin in Human Osteoarthritic Chondrocytes. J.
Cell Physiol. 2017, 232, 1448–1457. [CrossRef]

148. Lee, J.H.; Ort, T.; Ma, K.; Picha, K.; Carton, J.; Marsters, P.A.; Lohmander, L.S.; Baribaud, F.; Song, X.Y.;
Blake, S. Resistin is elevated following traumatic joint injury and causes matrix degradation and release of
inflammatory cytokines from articular cartilage in vitro. Osteoarthr. Cartil. 2009, 17, 613–620. [CrossRef]

149. Cheleschi, S.; Giordano, N.; Volpi, N.; Tenti, S.; Gallo, I.; Di Meglio, M.; Giannotti, S.; Fioravanti, A. A Complex
Relationship between Visfatin and Resistin and microRNA: An In Vitro Study on Human Chondrocyte
Cultures. Int. J. Mol. Sci. 2018, 19, 3909. [CrossRef]

150. Nishimuta, J.F.; Levenston, M.E. Meniscus is more susceptible than cartilage to catabolic and anti-anabolic
effects of adipokines. Osteoarthr. Cartil. 2015, 23, 1551–1562. [CrossRef]

151. Chen, W.C.; Wang, S.W.; Lin, C.Y.; Tsai, C.H.; Fong, Y.C.; Lin, T.Y.; Weng, S.L.; Huang, H.D.; Liao, K.W.;
Tang, C.H. Resistin Enhances Monocyte Chemoattractant Protein-1 Production in Human Synovial Fibroblasts
and Facilitates Monocyte Migration. Cell Physiol. Biochem. 2019, 52, 408–420.

152. Wang, K.; Xu, J.; Cai, J.; Zheng, S.; Yang, X.; Ding, C. Serum levels of resistin and interleukin-17 are associated
with increased cartilage defects and bone marrow lesions in patients with knee osteoarthritis. Mod. Rheumatol.
2017, 27, 339–344. [CrossRef] [PubMed]

153. Van Spil, W.E.; Welsing, P.M.; Kloppenburg, M.; Bierma-Zeinstra, S.M.; Bijlsma, J.W.; Mastbergen, S.C.;
Lafeber, F.P. Cross-sectional and predictive associations between plasma adipokines and radiographic signs
of early-stage knee osteoarthritis: Data from CHECK. Osteoarthr. Cartil. 2012, 20, 1278–1285. [CrossRef]
[PubMed]

154. Gandhi, R.; Perruccio, A.V.; Rizek, R.; Dessouki, O.; Evans, H.M.; Mahomed, N.N. Obesity-related adipokines
predict patient-reported shoulder pain. Obes. Facts. 2013, 6, 536–541. [CrossRef] [PubMed]

155. Senolt, L.; Housa, D.; Vernerova, Z.; Jirasek, T.; Svobodova, R.; Veigl, D.; Anderlova, K.; Muller-Ladner, U.;
Pavelka, K.; Haluzik, M. Resistin in rheumatoid arthritis synovial tissue, synovial fluid and serum. Ann.
Rheum. Di.s 2007, 66, 458–463. [CrossRef] [PubMed]

156. Otero, M.; Lago, R.; Gomez, R.; Lago, F.; Dieguez, C.; Gomez-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. Di.s 2006, 65, 1198–1201. [CrossRef] [PubMed]

157. Fadda, S.M.; Gamal, S.M.; Elsaid, N.Y.; Mohy, A.M. Resistin in inflammatory and degenerative rheumatologic
diseases. Relationship between resistin and rheumatoid arthritis disease progression. Z. Rheumatol. 2013, 72,
594–600. [CrossRef] [PubMed]

317



Int. J. Mol. Sci. 2019, 20, 4091

158. Forsblad d’Elia, H.; Pullerits, R.; Carlsten, H.; Bokarewa, M. Resistin in serum is associated with higher levels
of IL-1Ra in post-menopausal women with rheumatoid arthritis. Rheumatology (Oxf.) 2008, 47, 1082–1087.
[CrossRef] [PubMed]

159. Huang, Q.; Tao, S.S.; Zhang, Y.J.; Zhang, C.; Li, L.J.; Zhao, W.; Zhao, M.Q.; Li, P.; Pan, H.F.; Mao, C.; et al. Serum
resistin levels in patients with rheumatoid arthritis and systemic lupus erythematosus: A meta-analysis.
Clin. Rheumatol. 2015, 34, 1713–1720. [CrossRef]

160. Bustos Rivera-Bahena, C.; Xibille-Friedmann, D.X.; Gonzalez-Christen, J.; Carrillo-Vazquez, S.M.;
Montiel-Hernandez, J.L. Peripheral blood leptin and resistin levels as clinical activity biomarkers in
Mexican Rheumatoid Arthritis patients. Reum. Clin. 2016, 12, 323–326. [CrossRef]

161. Migita, K.; Maeda, Y.; Miyashita, T.; Kimura, H.; Nakamura, M.; Ishibashi, H.; Eguchi, K. The serum levels of
resistin in rheumatoid arthritis patients. Clin. Exp. Rheumatol. 2006, 24, 698–701.

162. Sato, H.; Muraoka, S.; Kusunoki, N.; Masuoka, S.; Yamada, S.; Ogasawara, H.; Imai, T.; Akasaka, Y.;
Tochigi, N.; Takahashi, H.; et al. Resistin upregulates chemokine production by fibroblast-like synoviocytes
from patients with rheumatoid arthritis. Arthritis Res. 2017, 19, 263. [CrossRef] [PubMed]

163. Su, C.M.; Huang, C.Y.; Tang, C.H. Characteristics of resistin in rheumatoid arthritis angiogenesis. Biomark
Med. 2016, 10, 651–660. [CrossRef] [PubMed]

164. Gonzalez-Gay, M.A.; Garcia-Unzueta, M.T.; Gonzalez-Juanatey, C.; Miranda-Filloy, J.A.;
Vazquez-Rodriguez, T.R.; De Matias, J.M.; Martin, J.; Dessein, P.H.; Llorca, J. Anti-TNF-alpha
therapy modulates resistin in patients with rheumatoid arthritis. Clin. Exp. Rheumatol. 2008, 26, 311–316.
[PubMed]

165. Klaasen, R.; Herenius, M.M.; Wijbrandts, C.A.; de Jager, W.; van Tuyl, L.H.; Nurmohamed, M.T.; Prakken, B.J.;
Gerlag, D.M.; Tak, P.P. Treatment-specific changes in circulating adipocytokines: A comparison between
tumour necrosis factor blockade and glucocorticoid treatment for rheumatoid arthritis. Ann. Rheum. Dis.
2012, 71, 1510–1516. [CrossRef] [PubMed]

166. Nagaev, I.; Andersen, M.; Olesen, M.K.; Nagaeva, O.; Wikberg, J.; Mincheva-Nilsson, L.; Andersen, G.N.
Resistin Gene Expression is Downregulated in CD4(+) T Helper Lymphocytes and CD14(+) Monocytes in
Rheumatoid Arthritis Responding to TNF-alpha Inhibition. Scand. J. Immunol. 2016, 84, 229–236. [CrossRef]

167. Li, H.M.; Zhang, T.P.; Li, X.M.; Pan, H.F.; Ma, D.C. Association of single nucleotide polymorphisms in resistin
gene with rheumatoid arthritis in a Chinese population. J. Clin. Lab. Anal. 2018, 32, e22595. [CrossRef]
[PubMed]

168. Wang, L.; Tang, C.H.; Lu, T.; Sun, Y.; Xu, G.; Huang, C.C.; Yang, S.F.; Su, C.M. Resistin polymorphisms are
associated with rheumatoid arthritis susceptibility in Chinese Han subjects. Medicine (Baltimore) 2018, 97,
e0177. [CrossRef]

169. Yang, S.; Ryu, J.H.; Oh, H.; Jeon, J.; Kwak, J.S.; Kim, J.H.; Kim, H.A.; Chun, C.H.; Chun, J.S. NAMPT (visfatin),
a direct target of hypoxia-inducible factor-2alpha, is an essential catabolic regulator of osteoarthritis. Ann.
Rheum. Dis. 2015, 74, 595–602. [CrossRef]

170. Meier, F.M.; Frommer, K.W.; Peters, M.A.; Brentano, F.; Lefevre, S.; Schroder, D.; Kyburz, D.; Steinmeyer, J.;
Rehart, S.; Gay, S.; et al. Visfatin/pre-B-cell colony-enhancing factor (PBEF), a proinflammatory and cell
motility-changing factor in rheumatoid arthritis. J. Biol. Chem. 2012, 287, 28378–28385. [CrossRef]

171. Brown, J.E.; Onyango, D.J.; Ramanjaneya, M.; Conner, A.C.; Patel, S.T.; Dunmore, S.J.; Randeva, H.S. Visfatin
regulates insulin secretion, insulin receptor signalling and mRNA expression of diabetes-related genes in
mouse pancreatic beta-cells. J. Mol. Endocrinol. 2010, 44, 171–178. [CrossRef]

172. Revollo, J.R.; Korner, A.; Mills, K.F.; Satoh, A.; Wang, T.; Garten, A.; Dasgupta, B.; Sasaki, Y.; Wolberger, C.;
Townsend, R.R.; et al. Nampt/PBEF/Visfatin regulates insulin secretion in beta cells as a systemic NAD
biosynthetic enzyme. Cell Metab 2007, 6, 363–375. [CrossRef] [PubMed]

173. Busso, N.; Karababa, M.; Nobile, M.; Rolaz, A.; Van Gool, F.; Galli, M.; Leo, O.; So, A.; De Smedt, T.
Pharmacological inhibition of nicotinamide phosphoribosyltransferase/visfatin enzymatic activity identifies
a new inflammatory pathway linked to NAD. PLoS ONE 2008, 3, e2267. [CrossRef] [PubMed]

174. Yammani, R.R.; Loeser, R.F. Extracellular nicotinamide phosphoribosyltransferase (NAMPT/visfatin) inhibits
insulin-like growth factor-1 signaling and proteoglycan synthesis in human articular chondrocytes. Arthritis
Res. Ther. 2012, 14, R23. [CrossRef] [PubMed]

175. Liao, L.; Chen, Y.; Wang, W. The current progress in understanding the molecular functions and mechanisms
of visfatin in osteoarthritis. J. Bone Min. Metab. 2016, 34, 485–490. [CrossRef] [PubMed]

318



Int. J. Mol. Sci. 2019, 20, 4091

176. Fioravanti, A.; Giannitti, C.; Cheleschi, S.; Simpatico, A.; Pascarelli, N.A.; Galeazzi, M. Circulating levels of
adiponectin, resistin, and visfatin after mud-bath therapy in patients with bilateral knee osteoarthritis. Int. J.
Biometeorol. 2015, 59, 1691–1700. [CrossRef] [PubMed]

177. Wu, M.H.; Tsai, C.H.; Huang, Y.L.; Fong, Y.C.; Tang, C.H. Visfatin Promotes IL-6 and TNF-alpha Production
in Human Synovial Fibroblasts by Repressing miR-199a-5p through ERK, p38 and JNK Signaling Pathways.
Int. J. Mol. Sci. 2018, 19, 190. [CrossRef] [PubMed]

178. Gosset, M.; Berenbaum, F.; Salvat, C.; Sautet, A.; Pigenet, A.; Tahiri, K.; Jacques, C. Crucial role of visfatin/pre-B
cell colony-enhancing factor in matrix degradation and prostaglandin E2 synthesis in chondrocytes: Possible
influence on osteoarthritis. Arthritis Rheum. 2008, 58, 1399–1409. [CrossRef]

179. Robinson, C.; Tsang, L.; Solomon, A.; Woodiwiss, A.J.; Gunter, S.; Mer, M.; Hsu, H.C.; Gomes, M.; Norton, G.R.;
Millen, A.M.E.; et al. Nesfatin-1 and visfatin expression is associated with reduced atherosclerotic disease
risk in patients with rheumatoid arthritis. Peptides 2018, 102, 31–37. [CrossRef]

180. Li, X.; Islam, S.; Xiong, M.; Nsumu, N.N.; Lee, M.W., Jr.; Zhang, L.Q.; Ueki, Y.; Heruth, D.P.; Lei, G.; Ye, S.Q.
Epigenetic regulation of NfatC1 transcription and osteoclastogenesis by nicotinamide phosphoribosyl
transferase in the pathogenesis of arthritis. Cell Death Discov. 2019, 5, 62. [CrossRef]

181. Wei, J.; Hettinghouse, A.; Liu, C. The role of progranulin in arthritis. Ann. N. Y. Acad. Sci. 2016, 1383, 5–20.
[CrossRef]

182. Xu, K.; Zhang, Y.; Ilalov, K.; Carlson, C.S.; Feng, J.Q.; Di Cesare, P.E.; Liu, C.J. Cartilage oligomeric matrix
protein associates with granulin-epithelin precursor (GEP) and potentiates GEP-stimulated chondrocyte
proliferation. J. Biol. Chem. 2007, 282, 11347–11355. [CrossRef]

183. Zhao, Y.P.; Tian, Q.Y.; Frenkel, S.; Liu, C.J. The promotion of bone healing by progranulin, a downstream
molecule of BMP-2, through interacting with TNF/TNFR signaling. Biomaterials 2013, 34, 6412–6421.
[CrossRef] [PubMed]

184. Bai, X.H.; Wang, D.W.; Kong, L.; Zhang, Y.; Luan, Y.; Kobayashi, T.; Kronenberg, H.M.; Yu, X.P.; Liu, C.J.
ADAMTS-7, a direct target of PTHrP, adversely regulates endochondral bone growth by associating with
and inactivating GEP growth factor. Mol. Cell Biol. 2009, 29, 4201–4219. [CrossRef] [PubMed]

185. Tang, W.; Lu, Y.; Tian, Q.Y.; Zhang, Y.; Guo, F.J.; Liu, G.Y.; Syed, N.M.; Lai, Y.; Lin, E.A.; Kong, L.; et al. The
growth factor progranulin binds to TNF receptors and is therapeutic against inflammatory arthritis in mice.
Science 2011, 332, 478–484. [CrossRef]

186. Abella, V.; Scotece, M.; Conde, J.; Lopez, V.; Pirozzi, C.; Pino, J.; Gomez, R.; Lago, F.; Gonzalez-Gay, M.A.;
Gualillo, O. The novel adipokine progranulin counteracts IL-1 and TLR4-driven inflammatory response in
human and murine chondrocytes via TNFR1. Sci. Rep. 2016, 6, 20356. [CrossRef]

187. Cerezo, L.A.; Kuklova, M.; Hulejova, H.; Vernerova, Z.; Kasprikova, N.; Veigl, D.; Pavelka, K.; Vencovsky, J.;
Senolt, L. Progranulin Is Associated with Disease Activity in Patients with Rheumatoid Arthritis. Mediat.
Inflamm. 2015, 2015, 740357.

188. Yamamoto, Y.; Takemura, M.; Serrero, G.; Hayashi, J.; Yue, B.; Tsuboi, A.; Kubo, H.; Mitsuhashi, T.;
Mannami, K.; Sato, M.; et al. Increased serum GP88 (Progranulin) concentrations in rheumatoid arthritis.
Inflammation 2014, 37, 1806–1813. [CrossRef] [PubMed]

189. Chen, J.; Li, S.; Shi, J.; Zhang, L.; Li, J.; Chen, S.; Wu, C.; Shen, B. Serum progranulin irrelated with Breg
cell levels, but elevated in RA patients, reflecting high disease activity. Rheumatol. Int. 2016, 36, 359–364.
[CrossRef] [PubMed]

190. Johnson, J.; Yeter, K.; Rajbhandary, R.; Neal, R.; Tian, Q.; Jian, J.; Fadle, N.; Thurner, L.; Liu, C.; Stohl, W. Serum
progranulin levels in Hispanic rheumatoid arthritis patients treated with TNF antagonists: A prospective,
observational study. Clin. Rheumatol. 2017, 36, 507–516. [CrossRef] [PubMed]

191. Thurner, L.; Preuss, K.D.; Fadle, N.; Regitz, E.; Klemm, P.; Zaks, M.; Kemele, M.; Hasenfus, A.; Csernok, E.;
Gross, W.L.; et al. Progranulin antibodies in autoimmune diseases. J. Autoimmun. 2013, 42, 29–38. [CrossRef]
[PubMed]

192. Assmann, G.; Zinke, S.; Gerling, M.; Bittenbring, J.T.; Preuss, K.D.; Thurner, L. Progranulin-autoantibodies in
sera of rheumatoid arthritis patients negative for rheumatoid factor and anti-citrullinated peptide antibodies.
Clin. Exp. Rheumatol. 2019, (in press).

193. Abella, V.; Pino, J.; Scotece, M.; Conde, J.; Lago, F.; Gonzalez-Gay, M.A.; Mera, A.; Gomez, R.; Mobasheri, A.;
Gualillo, O. Progranulin as a biomarker and potential therapeutic agent. Drug Discov. Today 2017, 22,
1557–1564. [CrossRef] [PubMed]

319



Int. J. Mol. Sci. 2019, 20, 4091

194. He, Z.; Ong, C.H.; Halper, J.; Bateman, A. Progranulin is a mediator of the wound response. Nat. Med. 2003,
9, 225–229. [CrossRef]

195. Guo, F.; Lai, Y.; Tian, Q.; Lin, E.A.; Kong, L.; Liu, C. Granulin-epithelin precursor binds directly to ADAMTS-7
and ADAMTS-12 and inhibits their degradation of cartilage oligomeric matrix protein. Arthritis Rheum. 2010,
62, 2023–2036. [CrossRef]

196. Zhao, Y.; Liu, B.; Liu, C.J. Establishment of a surgically-induced model in mice to investigate the protective
role of progranulin in osteoarthritis. J. Vis. Exp. 2014, 84, e50924. [CrossRef]

197. Xia, Q.; Zhu, S.; Wu, Y.; Wang, J.; Cai, Y.; Chen, P.; Li, J.; Heng, B.C.; Ouyang, H.W.; Lu, P. Intra-articular
transplantation of atsttrin-transduced mesenchymal stem cells ameliorate osteoarthritis development. Stem
Cells Transl. Med. 2015, 4, 523–531. [CrossRef]

198. Wang, M.; Tang, D.; Shu, B.; Wang, B.; Jin, H.; Hao, S.; Dresser, K.A.; Shen, J.; Im, H.J.; Sampson, E.R.; et al.
Conditional activation of beta-catenin signaling in mice leads to severe defects in intervertebral disc tissue.
Arthritis Rheum. 2012, 64, 2611–2623. [CrossRef]

199. Haynes, K.R.; Pettit, A.R.; Duan, R.; Tseng, H.W.; Glant, T.T.; Brown, M.A.; Thomas, G.P. Excessive bone
formation in a mouse model of ankylosing spondylitis is associated with decreases in Wnt pathway inhibitors.
Arthritis Res. Ther. 2012, 14, R253. [CrossRef] [PubMed]

200. Wang, N.; Zhang, J.; Yang, J.X. Growth factor progranulin blocks tumor necrosis factor-alpha-mediated
inhibition of osteoblast differentiation. Genet. Mol. Res. 2016, 15, gmr.15038126.

201. Chen, L.; Li, Q.; Wang, J.; Jin, S.; Zheng, H.; Lin, J.; He, F.; Zhang, H.; Ma, S.; Mei, J.; et al. MiR-29b-3p
promotes chondrocyte apoptosis and facilitates the occurrence and development of osteoarthritis by targeting
PGRN. J. Cell Mol. Med. 2017, 21, 3347–3359. [CrossRef] [PubMed]

202. Wei, J.L.; Fu, W.; Ding, Y.J.; Hettinghouse, A.; Lendhey, M.; Schwarzkopf, R.; Kennedy, O.D.; Liu, C.J.
Progranulin derivative Atsttrin protects against early osteoarthritis in mouse and rat models. Arthritis Res.
Ther. 2017, 19, 280. [CrossRef] [PubMed]

203. Li, P.; Schwarz, E.M. The TNF-alpha transgenic mouse model of inflammatory arthritis. Springer Semin.
Immunopathol. 2003, 25, 19–33. [CrossRef] [PubMed]

204. Thwin, M.M.; Douni, E.; Aidinis, V.; Kollias, G.; Kodama, K.; Sato, K.; Satish, R.L.; Mahendran, R.;
Gopalakrishnakone, P. Effect of phospholipase A2 inhibitory peptide on inflammatory arthritis in a TNF
transgenic mouse model: A time-course ultrastructural study. Arthritis Res. Ther. 2004, 6, R282–R294.
[CrossRef] [PubMed]

205. Wei, F.; Zhang, Y.; Zhao, W.; Yu, X.; Liu, C.J. Progranulin facilitates conversion and function of regulatory T
cells under inflammatory conditions. PLoS ONE 2014, 9, e112110. [CrossRef] [PubMed]

206. Wei, F.; Zhang, Y.; Jian, J.; Mundra, J.J.; Tian, Q.; Lin, J.; Lafaille, J.J.; Tang, W.; Zhao, W.; Yu, X.; et al. PGRN
protects against colitis progression in mice in an IL-10 and TNFR2 dependent manner. Sci. Rep. 2014, 4, 7023.
[CrossRef] [PubMed]

207. Roh, S.G.; Song, S.H.; Choi, K.C.; Katoh, K.; Wittamer, V.; Parmentier, M.; Sasaki, S. Chemerin—A new
adipokine that modulates adipogenesis via its own receptor. Biochem. Biophys. Res. Commun. 2007, 362,
1013–1018. [CrossRef]

208. Zhao, L.; Yamaguchi, Y.; Ge, X.; Robinson, W.H.; Morser, J.; Leung, L.L.K. Chemerin 156F, generated by
chymase cleavage of prochemerin, is elevated in joint fluids of arthritis patients. Arthritis Res. Ther. 2018, 20,
132. [CrossRef] [PubMed]

209. Yamaguchi, Y.; Du, X.Y.; Zhao, L.; Morser, J.; Leung, L.L. Proteolytic cleavage of chemerin protein is necessary
for activation to the active form, Chem157S, which functions as a signaling molecule in glioblastoma. J. Biol.
Chem. 2011, 286, 39510–39519. [CrossRef] [PubMed]

210. Cash, J.L.; Hart, R.; Russ, A.; Dixon, J.P.; Colledge, W.H.; Doran, J.; Hendrick, A.G.; Carlton, M.B.; Greaves, D.R.
Synthetic chemerin-derived peptides suppress inflammation through ChemR23. J. Exp. Med. 2008, 205,
767–775. [CrossRef] [PubMed]

211. Luangsay, S.; Wittamer, V.; Bondue, B.; De Henau, O.; Rouger, L.; Brait, M.; Franssen, J.D.; de Nadai, P.;
Huaux, F.; Parmentier, M. Mouse ChemR23 is expressed in dendritic cell subsets and macrophages, and
mediates an anti-inflammatory activity of chemerin in a lung disease model. J. Immunol. 2009, 183, 6489–6499.
[CrossRef]

320



Int. J. Mol. Sci. 2019, 20, 4091

212. Bozaoglu, K.; Segal, D.; Shields, K.A.; Cummings, N.; Curran, J.E.; Comuzzie, A.G.; Mahaney, M.C.;
Rainwater, D.L.; VandeBerg, J.L.; MacCluer, J.W.; et al. Chemerin is associated with metabolic syndrome
phenotypes in a Mexican-American population. J. Clin. Endocrinol. Metab. 2009, 94, 3085–3088. [CrossRef]
[PubMed]

213. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brezillon, S.; Tyldesley, R.;
Blanpain, C.; Detheux, M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel
processed ligand from human inflammatory fluids. J. Exp. Med. 2003, 198, 977–985. [CrossRef] [PubMed]

214. Meder, W.; Wendland, M.; Busmann, A.; Kutzleb, C.; Spodsberg, N.; John, H.; Richter, R.; Schleuder, D.;
Meyer, M.; Forssmann, W.G. Characterization of human circulating TIG2 as a ligand for the orphan receptor
ChemR23. FEBS Lett. 2003, 555, 495–499. [CrossRef]

215. Berg, V.; Sveinbjornsson, B.; Bendiksen, S.; Brox, J.; Meknas, K.; Figenschau, Y. Human articular chondrocytes
express ChemR23 and chemerin; ChemR23 promotes inflammatory signalling upon binding the ligand
chemerin(21-157). Arthritis Res. Ther. 2010, 12, R228. [CrossRef]

216. Kaneko, K.; Miyabe, Y.; Takayasu, A.; Fukuda, S.; Miyabe, C.; Ebisawa, M.; Yokoyama, W.; Watanabe, K.;
Imai, T.; Muramoto, K.; et al. Chemerin activates fibroblast-like synoviocytes in patients with rheumatoid
arthritis. Arthritis Res. Ther. 2011, 13, R158. [CrossRef]

217. Eisinger, K.; Bauer, S.; Schaffler, A.; Walter, R.; Neumann, E.; Buechler, C.; Muller-Ladner, U.; Frommer, K.W.
Chemerin induces CCL2 and TLR4 in synovial fibroblasts of patients with rheumatoid arthritis and
osteoarthritis. Exp. Mol. Pathol. 2012, 92, 90–96. [CrossRef]

218. Conde, J.; Gomez, R.; Bianco, G.; Scotece, M.; Lear, P.; Dieguez, C.; Gomez-Reino, J.; Lago, F.; Gualillo, O.
Expanding the adipokine network in cartilage: Identification and regulation of novel factors in human and
murine chondrocytes. Ann. Rheum. Dis. 2011, 70, 551–559. [CrossRef]

219. Ma, J.; Niu, D.S.; Wan, N.J.; Qin, Y.; Guo, C.J. Elevated chemerin levels in synovial fluid and synovial
membrane from patients with knee osteoarthritis. Int. J. Clin. Exp. Pathol. 2015, 8, 13393–13398. [PubMed]

220. Huang, K.; Du, G.; Li, L.; Liang, H.; Zhang, B. Association of chemerin levels in synovial fluid with the
severity of knee osteoarthritis. Biomarkers 2012, 17, 16–20. [CrossRef] [PubMed]

221. Simsek Kaya, G.; Yapici Yavuz, G.; Kiziltunc, A. Expression of chemerin in the synovial fluid of patients with
temporomandibular joint disorders. J. Oral. Rehabil. 2018, 45, 289–294. [CrossRef] [PubMed]

222. Ma, J.; Ren, L.; Guo, C.J.; Wan, N.J.; Niu, D.S. Chemerin affects the metabolic and proliferative capabilities
of chondrocytes by increasing the phosphorylation of AKT/ERK. Eur. Rev. Med. Pharmacol. Sci. 2018, 22,
3656–3662. [PubMed]

223. Tolusso, B.; Gigante, M.R.; Alivernini, S.; Petricca, L.; Fedele, A.L.; Di Mario, C.; Aquilanti, B.; Magurano, M.R.;
Ferraccioli, G.; Gremese, E. Chemerin and PEDF Are Metaflammation-Related Biomarkers of Disease Activity
and Obesity in Rheumatoid Arthritis. Front Med (Lausanne) 2018, 5, 207. [CrossRef]

224. Gupta, K.; Shukla, M.; Cowland, J.B.; Malemud, C.J.; Haqqi, T.M. Neutrophil gelatinase-associated lipocalin
is expressed in osteoarthritis and forms a complex with matrix metalloproteinase 9. Arthritis Rheum. 2007,
56, 3326–3335. [CrossRef] [PubMed]

225. Katano, M.; Okamoto, K.; Arito, M.; Kawakami, Y.; Kurokawa, M.S.; Suematsu, N.; Shimada, S.; Nakamura, H.;
Xiang, Y.; Masuko, K.; et al. Implication of granulocyte-macrophage colony-stimulating factor induced
neutrophil gelatinase-associated lipocalin in pathogenesis of rheumatoid arthritis revealed by proteome
analysis. Arthritis Res. Ther. 2009, 11, R3. [CrossRef] [PubMed]

226. Owen, H.C.; Roberts, S.J.; Ahmed, S.F.; Farquharson, C. Dexamethasone-induced expression of the
glucocorticoid response gene lipocalin 2 in chondrocytes. Am. J. Physiol. Endocrinol. Metab. 2008,
294, E1023–E1034. [CrossRef] [PubMed]

227. Abella, V.; Scotece, M.; Conde, J.; Gomez, R.; Lois, A.; Pino, J.; Gomez-Reino, J.J.; Lago, F.; Mobasheri, A.;
Gualillo, O. The potential of lipocalin-2/NGAL as biomarker for inflammatory and metabolic diseases.
Biomarkers 2015, 20, 565–571. [CrossRef]

228. Villalvilla, A.; Garcia-Martin, A.; Largo, R.; Gualillo, O.; Herrero-Beaumont, G.; Gomez, R. The adipokine
lipocalin-2 in the context of the osteoarthritic osteochondral junction. Sci. Rep. 2016, 6, 29243. [CrossRef]
[PubMed]

229. Gomez, R.; Scotece, M.; Conde, J.; Lopez, V.; Pino, J.; Lago, F.; Gomez-Reino, J.J.; Gualillo, O. Nitric oxide
boosts TLR-4 mediated lipocalin 2 expression in chondrocytes. J. Orthop. Res. 2013, 31, 1046–1052. [CrossRef]

321



Int. J. Mol. Sci. 2019, 20, 4091

230. Shen, F.; Ruddy, M.J.; Plamondon, P.; Gaffen, S.L. Cytokines link osteoblasts and inflammation: Microarray
analysis of interleukin-17- and TNF-alpha-induced genes in bone cells. J. Leukoc. Biol. 2005, 77, 388–399.
[CrossRef] [PubMed]

231. Rucci, N.; Capulli, M.; Piperni, S.G.; Cappariello, A.; Lau, P.; Frings-Meuthen, P.; Heer, M.; Teti, A. Lipocalin
2: A new mechanoresponding gene regulating bone homeostasis. J. Bone Miner. Res. 2015, 30, 357–368.
[CrossRef] [PubMed]

232. Staikos, C.; Ververidis, A.; Drosos, G.; Manolopoulos, V.G.; Verettas, D.A.; Tavridou, A. The association of
adipokine levels in plasma and synovial fluid with the severity of knee osteoarthritis. Rheumatology (Oxford)
2013, 52, 1077–1083. [CrossRef]

233. Choi, W.S.; Chun, J.S. Upregulation of lipocalin-2 (LCN2) in osteoarthritic cartilage is not necessary for
cartilage destruction in mice. Osteoarthr. Cartil. 2017, 25, 401–405. [CrossRef] [PubMed]

234. Gulkesen, A.; Akgol, G.; Poyraz, A.K.; Aydin, S.; Denk, A.; Yildirim, T.; Kaya, A. Lipocalin 2 as a clinical
significance in rheumatoid arthritis. Cent. Eur. J. Immunol. 2017, 42, 269–273. [CrossRef]

235. Conde, J.; Lazzaro, V.; Scotece, M.; Abella, V.; Villar, R.; Lopez, V.; Gonzalez-Gay, M.A.; Pino, J.; Gomez, R.;
Mera, A.; et al. Corticoids synergize with IL-1 in the induction of LCN2. Osteoarthr. Cartil. 2017, 25,
1172–1178. [CrossRef]

236. Dimova, R.; Tankova, T. The role of vaspin in the development of metabolic and glucose tolerance disorders
and atherosclerosis. Biomed. Res. Int. 2015, 2015, 823481. [CrossRef] [PubMed]

237. Choi, S.H.; Kwak, S.H.; Lee, Y.; Moon, M.K.; Lim, S.; Park, Y.J.; Jang, H.C.; Kim, M.S. Plasma vaspin
concentrations are elevated in metabolic syndrome in men and are correlated with coronary atherosclerosis
in women. Clin. Endocrinol. (Oxf) 2011, 75, 628–635. [CrossRef]

238. Nicholson, T.; Church, C.; Baker, D.J.; Jones, S.W. The role of adipokines in skeletal muscle inflammation and
insulin sensitivity. J. Inflamm. (Lond) 2018, 15, 9. [CrossRef] [PubMed]

239. Bao, J.P.; Jiang, L.F.; Chen, W.P.; Hu, P.F.; Wu, L.D. Expression of vaspin in the joint and the levels in the
serum and synovial fluid of patients with osteoarthritis. Int. J. Clin. Exp. Med. 2014, 7, 3447–3453.

240. Ozgen, M.; Koca, S.S.; Dagli, N.; Balin, M.; Ustundag, B.; Isik, A. Serum adiponectin and vaspin levels in
rheumatoid arthritis. Arch. Med. Res. 2010, 41, 457–463. [CrossRef]

241. Maijer, K.I.; Neumann, E.; Muller-Ladner, U.; Drop, D.A.; Ramwadhdoebe, T.H.; Choi, I.Y.; Gerlag, D.M.;
de Hair, M.J.; Tak, P.P. Serum Vaspin Levels Are Associated with the Development of Clinically Manifest
Arthritis in Autoantibody-Positive Individuals. PLoS ONE 2015, 10, e0144932. [CrossRef] [PubMed]

242. Nakatsuka, A.; Wada, J.; Iseda, I.; Teshigawara, S.; Higashio, K.; Murakami, K.; Kanzaki, M.; Inoue, K.;
Terami, T.; Katayama, A.; et al. Vaspin is an adipokine ameliorating ER stress in obesity as a ligand for
cell-surface GRP78/MTJ-1 complex. Diabetes 2012, 61, 2823–2832. [CrossRef]

243. Hida, K.; Wada, J.; Eguchi, J.; Zhang, H.; Baba, M.; Seida, A.; Hashimoto, I.; Okada, T.; Yasuhara, A.;
Nakatsuka, A.; et al. Visceral adipose tissue-derived serine protease inhibitor: A unique insulin-sensitizing
adipocytokine in obesity. Proc. Natl. Acad. Sci. 2005, 102, 10610–10615. [CrossRef] [PubMed]

244. Sato, K.; Shirai, R.; Yamaguchi, M.; Yamashita, T.; Shibata, K.; Okano, T.; Mori, Y.; Matsuyama, T.A.;
Ishibashi-Ueda, H.; Hirano, T.; et al. Anti-Atherogenic Effects of Vaspin on Human Aortic Smooth Muscle
Cell/Macrophage Responses and Hyperlipidemic Mouse Plaque Phenotype. Int. J. Mol. Sci. 2018, 19, 1732.
[CrossRef] [PubMed]

245. Colak, S.; Omma, A.; Sandikci, S.C.; Yucel, C.; Omma, T.; Turhan, T. Vaspin, neutrophil gelatinase-associated
lipocalin and apolipoprotein levels in patients with psoriatic arthritis. Bratisl. Lek. Listy 2019, 120, 65–69.
[CrossRef] [PubMed]

246. Senolt, L.; Polanska, M.; Filkova, M.; Cerezo, L.A.; Pavelka, K.; Gay, S.; Haluzik, M.; Vencovsky, J. Vaspin and
omentin: New adipokines differentially regulated at the site of inflammation in rheumatoid arthritis. Ann.
Rheum. Dis. 2010, 69, 1410–1411. [CrossRef] [PubMed]

247. Cantarini, L.; Simonini, G.; Fioravanti, A.; Generoso, M.; Bacarelli, M.R.; Dini, E.; Galeazzi, M.; Cimaz, R.
Circulating levels of the adipokines vaspin and omentin in patients with juvenile idiopathic arthritis, and
relation to disease activity. Clin. Exp. Rheumatol. 2011, 29, 1044–1048. [PubMed]

248. Xue, Y.; Jiang, L.; Cheng, Q.; Chen, H.; Yu, Y.; Lin, Y.; Yang, X.; Kong, N.; Zhu, X.; Xu, X.; et al. Adipokines in
psoriatic arthritis patients: The correlations with osteoclast precursors and bone erosions. PLoS ONE 2012, 7,
e46740. [CrossRef] [PubMed]

322



Int. J. Mol. Sci. 2019, 20, 4091

249. Wang, H.H.; Wang, Q.F. Low vaspin levels are related to endothelial dysfunction in patients with ankylosing
spondylitis. Braz. J. Med. Biol. Res. 2016, 49, e5231. [CrossRef]

250. Zhu, X.; Jiang, Y.; Shan, P.F.; Shen, J.; Liang, Q.H.; Cui, R.R.; Liu, Y.; Liu, G.Y.; Wu, S.S.; Lu, Q.; et al. Vaspin
attenuates the apoptosis of human osteoblasts through ERK signaling pathway. Amino Acids 2013, 44,
961–968. [CrossRef] [PubMed]

251. Liu, Y.; Xu, F.; Pei, H.X.; Zhu, X.; Lin, X.; Song, C.Y.; Liang, Q.H.; Liao, E.Y.; Yuan, L.Q. Vaspin regulates
the osteogenic differentiation of MC3T3-E1 through the PI3K-Akt/miR-34c loop. Sci. Rep. 2016, 6, 25578.
[CrossRef] [PubMed]

252. Kamio, N.; Kawato, T.; Tanabe, N.; Kitami, S.; Morita, T.; Ochiai, K.; Maeno, M. Vaspin attenuates
RANKL-induced osteoclast formation in RAW264.7 cells. Connect. Tissue Res. 2013, 54, 147–152. [CrossRef]
[PubMed]

253. Bao, J.P.; Jiang, L.F.; Li, J.; Chen, W.P.; Hu, P.F.; Wu, L.D. Visceral adipose tissue-derived serine protease
inhibitor inhibits interleukin-1beta-induced catabolic and inflammatory responses in murine chondrocytes.
Mol. Med. Rep. 2014, 10, 2191–2197. [CrossRef] [PubMed]

254. Bao, J.P.; Xu, L.H.; Ran, J.S.; Xiong, Y.; Wu, L.D. Vaspin prevents leptininduced inflammation and catabolism
by inhibiting the activation of nuclear factorkappaB in rat chondrocytes. Mol. Med. Rep. 2017, 16, 2925–2930.
[CrossRef]

255. Schaffler, A.; Neumeier, M.; Herfarth, H.; Furst, A.; Scholmerich, J.; Buchler, C. Genomic structure of human
omentin, a new adipocytokine expressed in omental adipose tissue. Biochim. et Biophys. Acta 2005, 1732,
96–102. [CrossRef]

256. Zhou, J.Y.; Chan, L.; Zhou, S.W. Omentin: Linking metabolic syndrome and cardiovascular disease. Curr.
Vasc. Pharmacol. 2014, 12, 136–143. [CrossRef]

257. Yin, J.; Hou, P.; Wu, Z.; Nie, Y. Decreased levels of serum omentin-1 in patients with inflammatory bowel
disease. Med. Sci. Monit. 2015, 21, 118–122.

258. Jaikanth, C.; Gurumurthy, P.; Cherian, K.M.; Indhumathi, T. Emergence of omentin as a pleiotropic
adipocytokine. Exp. Clin. Endocrinol Diabetes 2013, 121, 377–383. [CrossRef] [PubMed]

259. Li, Z.G.; Zhao, D.W.; Xia, C.J.; Wang, T.N.; Liu, Y.P.; Zhang, Y.; Wang, B.J. Decreased synovial fluid omentin-1
concentrations reflect symptomatic severity in patients with knee osteoarthritis. Scand. J. Clin. Lab. Invest.
2012, 72, 623–628. [CrossRef] [PubMed]

260. Xu, L.; Zhu, G.B.; Wang, L.; Wang, D.F.; Jiang, X.R. Synovial fluid omentin-1 levels are inversely correlated
with radiographic severity of knee osteoarthritis. J. Investig. Med. 2012, 60, 583–586. [CrossRef]

261. Frommer, K.W.; Vasile, M.; Muller-Ladner, U.; Neumann, E. The Adipokine Omentin in Late-stage Rheumatoid
Arthritis and Endstage Osteoarthritis. J. Rheumatol. 2017, 44, 539–541. [CrossRef]

262. Robinson, C.; Tsang, L.; Solomon, A.; Woodiwiss, A.J.; Gunter, S.; Millen, A.M.; Norton, G.R.;
Fernandez-Lopez, M.J.; Hollan, I.; Dessein, P.H. Omentin concentrations are independently associated
with those of matrix metalloproteinase-3 in patients with mild but not severe rheumatoid arthritis. Rheumatol.
Int. 2017, 37, 3–11. [CrossRef] [PubMed]

263. Oh, I.S.; Shimizu, H.; Satoh, T.; Okada, S.; Adachi, S.; Inoue, K.; Eguchi, H.; Yamamoto, M.; Imaki, T.;
Hashimoto, K.; et al. Identification of nesfatin-1 as a satiety molecule in the hypothalamus. Nature 2006, 443,
709–712. [CrossRef] [PubMed]

264. Ayada, C.; Toru, U.; Korkut, Y. Nesfatin-1 and its effects on different systems. Hippokratia 2015, 19, 4–10.
[PubMed]

265. Zhang, Y.; Shui, X.; Lian, X.; Wang, G. Serum and synovial fluid nesfatin-1 concentration is associated with
radiographic severity of knee osteoarthritis. Med. Sci. Monit. 2015, 21, 1078–1082. [PubMed]

266. Jiang, L.; Bao, J.; Zhou, X.; Xiong, Y.; Wu, L. Increased serum levels and chondrocyte expression of nesfatin-1
in patients with osteoarthritis and its relation with BMI, hsCRP, and IL-18. Mediators Inflamm 2013, 2013,
631251. [CrossRef] [PubMed]

267. Tang, C.H.; Fu, X.J.; Xu, X.L.; Wei, X.J.; Pan, H.S. The anti-inflammatory and anti-apoptotic effects of nesfatin-1
in the traumatic rat brain. Peptides 2012, 36, 39–45. [CrossRef]

268. Dai, H.; Li, X.; He, T.; Wang, Y.; Wang, Z.; Wang, S.; Xing, M.; Sun, W.; Ding, H. Decreased plasma nesfatin-1
levels in patients with acute myocardial infarction. Peptides 2013, 46, 167–171. [CrossRef] [PubMed]

269. Ding, S.; Qu, W.; Dang, S.; Xie, X.; Xu, J.; Wang, Y.; Jing, A.; Zhang, C.; Wang, J. Serum nesfatin-1 is reduced
in type 2 diabetes mellitus patients with peripheral arterial disease. Med. Sci. Monit. 2015, 21, 987–991.

323



Int. J. Mol. Sci. 2019, 20, 4091

270. Akour, A.; Kasabri, V.; Boulatova, N.; Bustanji, Y.; Naffa, R.; Hyasat, D.; Khawaja, N.; Bustanji, H.; Zayed, A.;
Momani, M. Levels of metabolic markers in drug-naive prediabetic and type 2 diabetic patients. Acta.
Diabetol. 2017, 54, 163–170. [CrossRef]

271. Hulejova, H.; Andres Cerezo, L.; Kuklova, M.; Pecha, O.; Vondracek, T.; Pavelka, K.; Vencovsky, J.; Haluzik, M.;
Senolt, L. Novel adipokine fibroblast growth factor 21 is increased in rheumatoid arthritis. Physiol. Res. 2012,
61, 489–494.

272. Yu, D.; Ye, X.; Che, R.; Wu, Q.; Qi, J.; Song, L.; Guo, X.; Zhang, S.; Wu, H.; Ren, G.; et al. FGF21 exerts
comparable pharmacological efficacy with Adalimumab in ameliorating collagen-induced rheumatoid
arthritis by regulating systematic inflammatory response. Biomed. Pharm. 2017, 89, 751–760. [CrossRef]
[PubMed]

273. Yu, Y.; Li, S.; Liu, Y.; Tian, G.; Yuan, Q.; Bai, F.; Wang, W.; Zhang, Z.; Ren, G.; Zhang, Y.; et al. Fibroblast
growth factor 21 (FGF21) ameliorates collagen-induced arthritis through modulating oxidative stress and
suppressing nuclear factor-kappa B pathway. Int. Immunopharmacol. 2015, 25, 74–82. [CrossRef] [PubMed]

274. Yu, Y.; He, J.; Li, S.; Song, L.; Guo, X.; Yao, W.; Zou, D.; Gao, X.; Liu, Y.; Bai, F.; et al. Fibroblast growth factor
21 (FGF21) inhibits macrophage-mediated inflammation by activating Nrf2 and suppressing the NF-kappaB
signaling pathway. Int. Immunopharmacol. 2016, 38, 144–152. [CrossRef] [PubMed]

275. Li, S.M.; Yu, Y.H.; Li, L.; Wang, W.F.; Li, D.S. Treatment of CIA Mice with FGF21 Down-regulates TH17-IL-17
Axis. Inflammation 2016, 39, 309–319. [CrossRef] [PubMed]

276. Li, Z.C.; Xiao, J.; Wang, G.; Li, M.Q.; Hu, K.Z.; Ma, T.; Wang, W.L.; Liu, Z.D.; Zhang, J.D. Fibroblast growth
factor-21 concentration in serum and synovial fluid is associated with radiographic bone loss of knee
osteoarthritis. Scand. J. Clin. Lab. Invest. 2015, 75, 121–125. [CrossRef] [PubMed]

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

324



 International Journal of 

Molecular Sciences

Article

Effects of Tocilizumab, an Anti-Interleukin-6 Receptor
Antibody, on Serum Lipid and Adipokine Levels
in Patients with Rheumatoid Arthritis

Elinoar Hoffman 1,2,3,†, Michal A. Rahat 2,3,†, Joy Feld 1, Muna Elias 1, Itzhak Rosner 3,4,

Lisa Kaly 4, Idit Lavie 3,5, Tal Gazitt 1 and Devy Zisman 1,3,*

1 Rheumatology Unit, Carmel Medical Center, Haifa 3436212, Israel; elinoard@gmail.com (E.H.);
joyfeld@gmail.com (J.F.); MUNAEL@clalit.org.il (M.E.); tgazitt@gmail.com (T.G.)

2 The Immunotherapy Laboratory, Carmel Medical Center, Haifa 3436212, Israel; mrahat@netvision.net.il
3 The Ruth and Bruce Rappaport Faculty of Medicine, Technion, Haifa 3109601, Israel;

itzhak.rosner@b-zion.org.il (I.R.); lavi_idit@clalit.org.il (I.L.)
4 Rheumatology Unit, Bnai Zion Medical Center, Haifa, 3339419, Israel; lisakaly@yahoo.fr
5 Department of Community Medicine and Epidemiology, Carmel Medical Center, Haifa 3436212, Israel
* Correspondence: devyzisman@gmail.com; Tel.: +972-4-8250486; Fax: +972-4-8260213
† These authors contributed equally to the manuscript.

Received: 17 August 2019; Accepted: 16 September 2019; Published: 18 September 2019
��������	
�������

Abstract: Patients with rheumatoid arthritis (RA) are at increased risk of cardiovascular disease.
Dyslipidemia is a known adverse effect of tocilizumab (TCZ), an anti-interleukin-6 receptor antibody
used in RA treatment. We aimed to assess the effect of TCZ on lipid profile and adipokine levels in RA
patients. Height, weight, disease activity scores, lipid profile and atherogenic indices (AI), leptin,
adiponectin, resistin, interleukin-6, and high-sensitivity C-reactive protein (CRP) were measured
before and four months after initiation of TCZ in 40 RA patients and 40 healthy controls. Following
TCZ treatment, total cholesterol, high density lipoprotein (HDL), and triglycerides were significantly
elevated, but no significant changes in weight, body mass index (BMI), low density lipoprotein (LDL),
and AI were observed. Compared with controls, significantly higher adiponectin levels were measured
in the RA group at baseline. Following TCZ treatment, resistin levels and the leptin-to-adiponectin
ratio increased, adiponectin levels decreased, and leptin levels remained unchanged. No correlation
was found between the change in adipokine serum levels and changes in the disease activity indices,
nor the lipid profile. In conclusion, the changes observed suggest a protective role for TCZ on
the metabolic and cardiovascular burden associated with RA, but does not provide a mechanistic
explanation for this phenomenon.

Keywords: rheumatoid arthritis; tocilizumab; lipids; adipokines; adiponectin; resistin; leptin

1. Introduction

Rheumatoid arthritis (RA), a chronic inflammatory disease with typical bone erosion and damage,
is also associated with an increased incidence of metabolic syndrome and cardiovascular disease
(CVD). Although CVD risk factors such as obesity, smoking, hypertension, and diabetes are also
increased in RA patients, systemic inflammation caused by RA itself seems to contribute to CVD
risk in these patients. Chronic low-grade inflammation—often assessed by C-reactive protein (CRP),
an acute phase reaction protein—is associated with accelerated atherosclerosis, increased CVD risk,
and increased mortality [1]. Hence, it is suggested that successful treatment of RA patients so as to
reduce the inflammatory burden may decrease CVD risk [2–4]. This has already been shown for the
administration of tumor necrosis factor-alpha (TNF-α) inhibitors [5].
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Adipokines, cytokines secreted mostly by white adipose tissue, are involved in inflammation,
endothelial dysfunction, and atherosclerosis, placing them as possible molecular links between RA,
the metabolic syndrome, and CVD risk [2,6–8]. However, their putative role as key inflammatory
mediators contributing to CVD risk is still controversial, as their serum levels vary. For instance,
the pro-inflammatory adipokine leptin has been shown to variably exhibit either elevated or similar
serum levels in RA patients relative to healthy controls, while resistin, another pro-inflammatory
adipokine, has been shown to have either elevated, similar, or reduced levels relative to healthy controls.
Surprisingly, the serum and synovial fluid level of the anti-inflammatory adipokine adiponectin was
found to be consistently elevated in RA patients [3,4,6,7,9–13]. Notably, the levels of these three
major adipokines—leptin, resistin, and adiponectin—were shown to correlate with insulin resistance.
The leptin-to-adiponectin ratio (LAR) is used to assess insulin resistance among type-2 diabetes mellitus
patients and healthy individuals [14–18], while resistin levels were found to correlate with insulin
resistance in septic patients [6].

Tocilizumab (TCZ), a human monoclonal antibody that targets the interleukin-6 (IL-6) receptor,
is a novel biologic disease-modifying anti-rheumatic drug (bDMARD) effective in treating RA
in humans [19]. TCZ has been shown to worsen dyslipidemia, a significant adverse metabolic effect
that was attributed to the blockage of IL-6 and its ability to induce the expression of apolipoproteins
in the liver [20]. However, despite that dyslipidemia is known to be associated with TCZ treatment,
this biologic agent was not found to increase CVD risk in RA patients [21]. We hypothesized that TCZ
might affect adipokine levels, thus exerting a cardioprotective role in RA patients.

Our aim in the present study was to evaluate the effects of TCZ treatment on serum lipid and
adipokine levels in RA patients compared with healthy controls, and to evaluate whether any changes
in adipokine profile mediated by TCZ are cardioprotective.

2. Results

2.1. Patient Characteristics

The average age of the 40 patients in the RA group was 57.5 years, and 82.5% were women,
with a mean disease duration of 7.7 ± 5.6 years. All participants completed the four month follow-up.
Their demographic and clinical characteristics are summarized by disease activity class (DAS28-CRP
score) at baseline (Table 1).

Table 1. Patients demographic and clinical characteristics according to disease activity at baseline
(disease activity score-28 joint count (DAS28)-C-reactive protein (CRP)).

Characteristic
Moderate Disease Activity

(DAS ≤ 5.1) (n = 15)
High Disease Activity
(DAS > 5.1) (n = 25)

Total
(n = 40)

p Value

Age (years) 60 ± 14.96 56.04 ± 7.90 57.53 ± 11.07 NS

Gender (% female) 13 (86.7%) 20 (80%) 33 (82.5%) NS

RF positive (%) 8 (53.3%) 13 (54.2%) 21 (53.8%) NS

Anti-CCP positive (N) (%) 6 (10) (60.0%) 6 (13) (46.2%) 12/23 (52.2%) NS

Disease duration (years) 6.46 ± 5.71 8.44 ± 5.52 7.7 ± 5.6 NS

Concomitant Diseases

Ischemic heart disease (%) 1 (6.7%) 0 (0.0%) 1 (2.5%) NS

Diabetes mellitus (%) 3 (20.0%) 5 (20.0%) 8 (20.0%) NS

Hypertension (%) 5 (33.3%) 7 (28%) 12 (30%) NS

Chronic obstructive lung
disease (%) 1 (6.7%) 0 (0%) 1 (2.5%) NS

Dyslipidemia (%) 6 (40.0%) 13 (52.0%) 19 (47.5%) NS

Prior malignancy (%) 1 (6.7%) 0 (0.0%) 1 (2.5%) NS
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Table 1. Cont.

Characteristic
Moderate Disease Activity

(DAS ≤ 5.1) (n = 15)
High Disease Activity
(DAS > 5.1) (n = 25)

Total
(n = 40)

p Value

Therapy at Baseline

Methotrexate 8 (53.3%) 19 (76.0%) 27 (67.5%) NS

Sulfasalazine 1 (6.7%) 4 (16.0%) 5 (12.5%) NS

Hydroxycholoroquine 1 (6.7%) 3 (12.0%) 4 (10.0%) NS

Leflunomide 0 (0.0%) 3 (12.0%) 3 (7.5%) NS

Corticosteroid dose
in milligrams (mean + SD) 3 ± 5.92 7.2 ± 10.52 5.63 ± 9.22 NS

Statin use 6 (40%) 15 (56%) 20 (50%) NS

Anti-diabetic therapy 3 (20.0%) 5 (20.0%) 8 (20.0%) NS

* anti-CCP = anti-cyclic citrullinated peptide, (N) = number, NS = not significant, RF = rheumatoid factor, SD =
standard deviation.

There were no significant differences between the groups with respect to demographics, clinical
parameters, comorbidities, and medical regimen.

The majority of the patients responded clinically to TCZ after four months of treatment (Table 2) with
a reduction in disease activity as assessed by CDAI (25 patients, 62.5%) or DAS28-CRP (22 patients, 55%).

Table 2. Effect of tocilizumab (TCZ) on clinical and laboratory parameters.

Parameter
Before

Treatment
After 4 Months

of Treatment
p Value

Inflammation Scores and Markers

DAS28-CRP score 5.45 ± 1.06 3.46 ± 1.37 <0.0001

CDAI score 36.59 ± 12.48 20.0 ± 12.56 <0.0001

28-tender joint count 12.48 ± 6.47 5.93 ± 5.21 <0.0001

28-swollen joint count 9.25 ± 5.39 4.06 ± 4.18 <0.0001

Patient global assessment of disease activity (0–100 mm) 76.45 ± 19.15 56.78 ± 23.18 <0.0001

Provider global assessment of disease activity (0–100 mm) 72.1 ± 15.5 44.1 ± 26.1 <0.0001

CRP (mg/dL) 1.33 ± 1.8 0.13 ± 0.42 <0.0001

hsCRP (mg/dL) 3.37 ± 2.0 0.74 ± 1.36 <0.001

IL-6 (pg/mL) 28.4 ± 94.42 69.28 ± 109.05 <0.001

Anthropometric Measurements

Weight (kg) 74.5 ± 17.52 75.31 ± 16.91 NS*

BMI (kg/m2) 27.77 ± 6.6 27.96 ± 6.45 NS

Lipid Profile and Atherogenic Indices

Total cholesterol (mg/dl) 199.4 ± 52.71 220.83 ± 53.39 0.003

LDL (mg/dl) 123.67 ± 36.87 131.38 ± 36.95 NS

HDL (mg/dl) 54.53 ± 19.0 59.0 ± 23.27 0.039

TG (mg/dl) 139.56 ± 68.53 167.67 ± 106.93 0.04

AI (HDL/cholesterol) 3.79 ± 0.78 3.96 ± 1.13 NS

AI of plasma [log(TG/HDL)] 0.93 ± 0.09 0.95 ± 0.11 NS

RA Therapy

Prednisone (Mean ± SD) 5.63 ± 9.21 5.13 ± 8.28 NS

Methotrexate (%) 27 (67.5%) 25 (62.5%) NS

Sulfasalazine (%) 5 (12.5%) 1 (2.5%) NS

Hydroxychloroquine (%) 4 (10%) 3 (7.5%) NS

Leflunomide (%) 3 (7.5%) 1 (2.5%) NS

AI = atherogenic index, BMI = body mass index, CDAI = clinical disease activity index, CRP = C-reactive protein,
hsCRP = high sensitivity CRP, DAS28-CRP = disease activity score-28 joint count, HDL = high density lipoproteins,
IL-6 = interleukin-6, LDL = low density lipoproteins, SD = standard deviation, TG = triglycerides. * not significant.
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Following four months of treatment, 27.5% and 15% of the patients achieved low disease activity
or remission by CDAI and DAS28-CRP criteria, respectively. There were no significant changes
in concomitant medications including doses of corticosteroids, statins, or other disease modifying
agents (DMARDs) during the four months of follow-up.

The effects of TCZ treatment on serum samples are summarized in Table 2. Following four months
of treatment, CRP and hsCRP levels decreased significantly, while IL-6 levels increased significantly,
demonstrating the predictable pharmacological effect of TCZ.

2.2. TCZ Effects on Metabolic Parameters

Upon recruitment, 25 RA patients were overweight (BMI > 25) and 11 were obese (BMI > 30).
There were no significant changes in weight or BMI following four months of treatment. Total
cholesterol, HDL, and TG levels increased significantly following treatment, with the increase in LDL
not reaching statistical significance. Of note, three patients had incalculable LDL levels owing to
hypertriglyceridemia. Atherogenic indices did not change significantly following treatment (Table 2).

2.3. TCZ Effects on Adipokine Levels

Before TCZ treatment, adiponectin levels adjusted to BMI and statin treatment were higher in RA
patients compared with healthy controls (p < 0.0001), whereas LAR was decreased (p = 0.03) (Table 3).
TCZ treatment normalized the adiponectin and resistin levels, which decreased to the levels observed
in the healthy control group. Only leptin levels continued to increase after four months of treatment.

Table 3. Serum adipokine levels in healthy controls compared with RA patients before and after four
months of tocilizumab (TCZ) treatment.

Cytokine Control
Patients before

Treatment
Patients after

Treatment
p Value

Control vs.
Patient before

treatment*

Control vs.
Patients after

treatment*

Patients before
treatment vs Patents

following four months
of treatment**

Adiponectin
(ng/mL)

Mean (± SD) 3.75 ± 1.63 5.59 ± 2.39 4.53 ± 2.12
<0.0001 0.17 0.0001Median 3.56 5.33 4.44

Leptin (pg/mL)
Mean (± SD) 21.92 ± 21.63 25.15 ± 26.36 29.36 ± 30.25

0.84 0.92 0.125Median 15.05 19.38 15.95

Resistin (pg/mL)
Mean (± SD) 21.53 ± 8.19 16.25 ± 7.17 20.42 ± 8.06

0.63 0.63 0.001Median 20.24 14.73 19.91

Leptin/
Adiponectin ratio

Mean (± SD) 6.44 ± 6.44 5.52 ± 6.08 7.99 ± 7.84
0.03 0.59 0.002Median 4.36 3.93 4.90

SD = standard deviation; * p value adjusted to BMI and statin; ** p value adjusted to BMI, statin treatment,
and disease duration.

Following four months of TCZ treatment, significant changes in the levels of adiponectin, resistin,
and LAR were noted after adjustment to BMI, statin treatment, and disease duration. Adiponectin
levels decreased (p ≤ 0.0001), whereas resistin and LAR increased. The adipokine profile following
four months of TCZ treatment trended to the levels measured in the control group, and no statistically
significant differences were found between the patient group after treatment and controls in the three
adipokine levels or the LAR measured in the study (Table 3).

The changes in the serum levels of the three adipokines prior to starting TCZ treatment and after
four months of treatment did not correlate with the changes in the clinical and metabolic parameters
that are associated with the risk of CVD (Table 4). The only significant correlation we found was
a positive correlation between the changes in HDL values and levels of leptin.
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Table 4. Correlation between the changes in adipokine levels and clinical and biochemical parameters
of RA reflecting cardiovascular disease (CVD) risk and disease activity, before and after four months of
TCZ treatment.

ΔDAS28 ΔCDAI ΔhsCRP ΔHDL ΔLDL ΔTG ΔCholesterol ΔAI ΔAI-Plasma

ΔAdiponectin
r 0.026 0.020 −0.045 0.160 0.162 −0.005 0.257 0.106 −0.085

p 0.875 0.902 0.782 0.365 0.393 0.979 0.135 0.549 0.633

ΔLeptin
r 0.186 0.025 −0.009 0.390 0.208 −0.008 0.200 −0.196 −0.217

p 0.250 0.879 0.957 0.023 0.270 0.964 0.248 0.267 0.218

ΔLAR
r −0.026 −0.078 −0.041 0.177 0.157 0.013 0.000 −0.194 −0.121

p 0.876 0.631 0.803 0.318 0.408 0.938 1.000 0.273 0.494

ΔResistin
r 0.068 0.096 −0.058 0.009 0.240 −0.086 0.165 0.097 −0.008

p 0.679 0.555 0.722 0.961 0.201 0.619 0.345 0.586 0.963

AI = atherogenic index, CDAI = clinical disease activity index, hsCRP = high sensitive CRP, DAS28-CRP = disease
activity score-28 joint count, HDL = high density lipoproteins, LDL = low density lipoproteins, SD = standard
deviation, TG = triglycerides. r = Pearson’s correlation coefficient, p = significance value.

There were no statistically significant differences in the adipokine levels when patients were
stratified into responders and non-responders according to DAS28-CRP or CDAI score response after
adjustment to BMI, statin treatment, and disease duration.

3. Discussion

In this study, we show that TCZ treatment improves disease activity and reduces the inflammatory
burden in RA patients, as has been shown before. As expected, disease activity scores were significantly
reduced with TCZ treatment, as were the values of hsCRP, a measure considered to reflect vascular
inflammation and that serves as a predictor of cardiovascular events [1]. However, this improvement
in disease activity was accompanied by increased dyslipidemia, as previously reported for TCZ.
Therefore, we asked whether adipokines, which are the hypothesized link between inflammation and
increased CVD risk, were responsible for this effect. Contrary to this hypothesis, we show that there is
no correlation between changes in adipokine serum levels as a result of TCZ treatment and changes
in the disease activity or lipid profile, indicating that the adipokines we examined do not directly
regulate these parameters in our cohort.

Our RA study population was more overweight and obese (60% and 27.5%, respectively) than
the general population in Israel (49% and 16%, respectively, in 2012) [22], and the four months of
treatment with TCZ did not affect their BMI. The increased prevalence of obesity among our RA
patients may be explained by the metabolic impact of the inflammatory state, which limits physical
activity, as well as by prolonged corticosteroid treatment. However, the effects of TCZ on obesity
are still controversial. Similar to our study, other studies found no significant change in weight or
BMI in TCZ-treated non-diabetic RA patients over a period of three [23] or six months [24], or when
patients were stratified to responders versus non-responders according to the DAS28-CRP criteria [25].
In contrast, Younis et al. demonstrated a significant rise in weight and BMI in TCZ-treated RA patients
over a period of four months [26]. As TCZ blocks IL-6 signaling and leads to its elevated serum levels,
as we demonstrated here, the metabolic effects of increased IL-6 should be taken into consideration.
Elevated IL-6 levels in cancer patients are associated with cachexia, and IL-6 inhibitors have been
suggested as possible treatment adjuncts in cancer patients in order to prevent this catabolic effect [27].

In line with the documented ability of TCZ to induce dyslipidemia, we observed significantly
elevated levels of total cholesterol, HDL, and TG, as well as a rise in LDL that did not reach statistical
significance in our RA patients following four months of TCZ treatment. While the elevated lipid profile
raises concerns about its potential to increase CVD risk in RA patients, we did not detect changes in the
two atherogenic indices we evaluated. Notably, atherogenic indices fluctuate less among RA patients
and are considered more reliable in the assessment of CVD risk in these patients [28,29]. This finding is
consistent with previous studies reporting elevation in the lipid profile with no change in atherogenic
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indices following TCZ treatment [23,28,30,31]. Moreover, the increase in HDL, which is considered
to have a cardioprotective role in the general healthy population, could potentially mitigate this
concern. The reported increase in RA patients of HDL particles, which might possess anti-inflammatory
and athero-protective properties, indicates that the effects of TCZ on CVD risk are complex and
still unclear [32].

Adipokines, and particularly leptin, are important mediators of the pathophysiology of RA and
its comorbidities [10,12,33]. Xibillé-Friedmann et al. found that leptin, but not adiponectin, levels
predict disease activity and response to conventional DMARD treatment in RA patients [34]. Indeed,
many studies have shown elevated serum levels of adiponectin, leptin, and resistin in RA patients
relative to healthy controls [3,4,6,7,9–13]. However, the literature is inconsistent regarding the effects
of TCZ treatment on serum levels of adipokines in RA patients. We found that adiponectin levels
decreased following therapy, while resistin levels and LAR increased following therapy. In contrast,
Fioravanti et al. showed that after six months of TCZ treatment, resistin and leptin serum levels were not
significantly changed, but the adiponectin level was increased [24]. Tournadre et al. showed no change
in resistin and adiponectin levels, but a reduction in leptin serum levels [35]. Schultz et al. demonstrated
that after three months of treatment, TCZ increased adiponectin levels, but did not change leptin levels,
leading to a reduction in LAR [23]. In comparison, other treatments, such as infliximab (anti-TNFα),
were found to decrease resistin levels [36], or did not have any effect on leptin and adiponectin levels
in patients with RA [37,38]. Thus, the effects of TCZ are not straightforward, and may depend on
additional, yet unknown factors.

Most of the above noted studies only compared the adipokine levels in RA patients before and
after TCZ treatment. Therefore, it is noteworthy that we show here that in comparison with healthy
controls, TCZ treatment normalized adipokine levels. The ability of TCZ to normalize adiponectin
and resistin levels and to bring them closer to levels found in the healthy control group demonstrates
a positive effect of TCZ on metabolism, in addition to its anti-inflammatory properties, and may hint at
a putative cardioprotective role of this biologic agent. However, the increase in LAR and resistin levels,
which have been shown to have pro-atherogenic and insulin resistant effects [5,14,17], cast doubt on
this supposition.

Possible explanations for the differences between our study results and those of other studies
include small sample sizes, demographic differences such as age and race, differences in disease
duration, and treatment. BMI differences between study populations in the different studies may
also be significant because BMI directly impacts leptin levels [6,10,23,34]. Of note, there were no
significant changes in conventional DMARDs or prednisone dose in our RA patients throughout the
study, suggesting that these medications were not confounding factors in our assessments.

Finally, we show that the change in the adipokine levels did not correlate with most of the known
biochemical parameters that are associated with increased CVD risk or with RA disease activity.
The only exception was the positive correlation found between the changes in HDL and leptin levels.
HDL levels were previously found to negatively correlate with leptin and positively correlate with
adiponectin in a healthy cohort, suggesting a link between leptin, insulin resistance, and the metabolic
syndrome, as well as a cardioprotective role for adiponectin [39]. However, such a link would imply
that other CVD risk factors, such as LDL, total cholesterol, or TG levels, should also correlate with
leptin levels, which was not found in our study. Therefore, it is likely that the positive correlation
between HDL and leptin levels that we observed is not representative, probably resulting from the
small patient cohort. In contrast, the lack of correlation between adipokine levels with other parameters
of CVD risk that we observed is similar to a previous study [24]. Taken together, our findings do
not support a direct link between the adipokines leptin, resistin, and adiponectin and the reduction
in CVD risk observed following initiation of TCZ treatment in RA patients, and may suggest that other
adipokines or cytokines may play a greater role in mediating this effect, as was recently suggested [24],
or that other mechanisms play a cardioprotective role in RA patients treated with this biologic agent.
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Our results should be viewed with certain limitations, specifically the short follow-up period
of four months and the relatively small sample size. Our study analyzed serum levels of only a few
selected adipokines, and other adipokines could be included in a larger study. Because of the variation
between serum and synovial fluid concentrations of various pro-inflammatory and anti-inflammatory
mediators in RA patients [40], future studies should also include a comparison between serum and
synovial fluid adipokine levels.

In conclusion, the impact of TCZ treatment on the metabolic profile of RA patients is complex.
When taking all the changes recorded in our patients’ lipid and adipokine profiles into consideration,
the following findings should be highlighted: the rise in HDL, the lack of worsening in atherogenic
indices, and the normalization of adiponectin and resistin levels in TCZ responders in comparison with
healthy controls. These changes suggest a protective role for TCZ on the metabolic and cardiovascular
burden associated with RA, but still do not provide a mechanistic explanation for this phenomenon.

4. Methods

4.1. Study Population

Forty RA patients with active disease who were suitable candidates for TCZ treatment were
recruited from rheumatology clinics in two medical centers in Israel. All patients met the 2010 American
College of Rheumatology/European League Against Rheumatism (ACR/EULAR) RA criteria [41].
Patients were treated with 8 mg/kg TCZ infusions every four weeks. All other medical decisions
were at the treating physicians’ discretion. Patients with diagnosis of another inflammatory arthritis
or neoplastic disease were excluded. Parameters collected at baseline and after four months of
TCZ treatment included demographic data, height, weight, calculated body mass index (BMI)
(weight/height2), patient comorbidities with emphasis on CVD risk factors, current medications,
and physical examination data with a focus on swollen and tender joint counts.

Laboratory variables studied included complete blood count and chemistry panel, lipid panel,
CRP, and rheumatoid factor (RF), all analyzed by standard methods in a central laboratory. Total
cholesterol, high density lipoprotein (HDL), and triglyceride (TG) levels were used to calculate the
atherogenic index (AI, total cholesterol/HDL) and the AI of plasma (the base 10 logarithm of TG/HDL).
Blood samples were obtained for the analysis of adipokines (leptin, adiponectin, and resistin), as well
as for measurement of IL-6 levels and high sensitivity CRP (hsCRP). Leptin and adiponectin levels
were used to calculate the LAR.

The control group of 40 volunteers without inflammatory diseases, renal failure, CVD or
malignancies was age-and gender-matched with the RA group. Blood samples from this group
were drawn at recruitment and tested for leptin, adiponectin, resistin, LAR, IL-6, and hsCRP levels.

The study protocol was approved by the local institutional review boards of the participating
medical centers, and informed consent was obtained from all participants at recruitment (approval
number at Carmel Medical Center CMC-0018-11 on 23 March 2011; approval number at Bnei Zion
Medical Center BNZ043-11 on 27 July 2011).

4.2. Assessment of Clinical Response

Clinical response was assessed using the disease activity score-28 joint count (DAS28-CRP) and
clinical disease activity index (CDAI) scores. Patients were categorized as responders by DAS28-CRP
if their score was reduced by more than 1.2 points (ΔDAS28-CRP ≥ 1.2), and their total DAS28-CRP
score was <5.1 following four months of treatment; this represents moderate-to-large response to
therapy according to the EULAR response criteria [42]. Patients were categorized as responders by
CDAI if they demonstrated a reduction of at least one disease activity class after four months of
treatment (i.e., from high disease activity (CDAI > 22) to moderate disease activity (CDAI 10–22) or
from moderate disease activity to low disease activity or remission (CDAI < 10) [43,44].
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4.3. Biochemical Analysis

Blood samples were drawn at baseline and after completing four months of TCZ therapy,
immediately centrifuged at 1200 rpm, and stored at −80 ◦C until analysis. Serum concentrations of
leptin, adiponectin, resistin, and IL-6 were determined using DuoSet enzyme-linked immunosorbent
assay (ELISA) kits (R&D systems, Minneapolis, MN, USA), and hsCRP concentrations were determined
using the hsCRP enzyme-linked immunosorbent assay (ELISA) kit (AssayPRO, St. Charles, MO, USA),
according to manufacturer’s instructions.

4.4. Statistical Analysis

Continuous data are presented as mean ± standard deviation (SD) and median; categorical
variables as numbers and percentages. The changes in the DAS28-CRP and CDAI scores, total
cholesterol, HDL, TG, weight, and BMI levels between baseline and follow-up visits in RA patients
were analyzed by paired t-test.

ANCOVA models adjusted to baseline BMI and statin treatment were used to compare the
log-transformed adipokine concentrations in the RA and control groups. Mann–Whitney test was
used to compare serum concentrations of IL-6 and hsCRP between the two groups, as appropriate.
Correlation between the changes in adipokine levels and clinical and biochemical parameters of RA
reflecting CVD risk before and after four months of TCZ treatment was calculated using Pearson’s
correlation coefficient. The changes in adipokine serum concentrations in the RA group between
baseline (before treatment) and follow-up time, four months after TCZ treatment, adjusted to BMI,
statin treatment, and RA disease duration, were analyzed by linear mixed models with repeated
measures. All tests were two-sided and p values of <0.05 were considered statistically significant.
All statistical analyses were done using SPSS, version 24.0 (IBP Corp. Released 2016, IBM SPSS Statistics
for Windows, version 24.0. Armonk, NY, USA: IBM Corp).
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Abstract: Sepsis represents a major global health burden. Early diagnosis of sepsis as well as guiding
early therapeutic decisions in septic patients still represent major clinical challenges. In this context,
a whole plethora of different clinical and serum-based markers have been tested regarding their
potential for early detection of sepsis and their ability to stratify patients according to their probability
to survive critical illness and sepsis. Adipokines represent a fast-growing class of proteins that
have gained an increasing interest with respect to their potential to modulate immune responses
in inflammatory and infectious diseases. We review current knowledge on the role of different
adipokines in diagnostic work-up and risk stratification of sepsis as well as critical illness. We discuss
recent data from animal models as well as from clinical studies and finally highlight the limitations of
these analyses that currently prevent the use of adipokines as biomarkers in daily practice.

Keywords: critical illness; sepsis; adipokines; biomarker; prognosis; ICU

1. Introduction

1.1. Critical Illness and Sepsis

Sepsis has recently been defined as “life-threatening organ dysfunction caused by a dysregulated
host response to infection” [1–3]. In the United States, up to two percent of patients admitted to hospital
suffer from sepsis. Half of these patients need treatment in an intensive care unit (ICU), representing
10% of all admissions [4]. Sepsis is still the leading cause of death among ICU patients. Between
28.3% and 41% of all sepsis patients will not survive their acute illness, with multi-organ failure being
the most important cause of death [5]. In addition, survivors often show severe prolonged physical,
neurological, and psychological limitations. Notably, the severity of sepsis correlates with the extent of
post-sepsis disabilities in surviving patients [6], highlighting the need for early diagnosis and early
treatment of this disease.

1.2. Biomarkers for Critical Illness and Sepsis

Adapting the diagnostic and therapeutic management to the personalized characteristics and
needs of each individual patient represents one of the main challenges of precision medicine in the 21st
century. In the last decade, many different treatment approaches were approved based on specific
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genetic characteristics such as anti-EGFR directed therapies in patients with RAS wild-type colorectal
cancer [7]. Thus, providing individualized or personalized medicine requires the availability of specific
“biomarkers” that allow stratification of patients into different subgroups [8]. The National Institutes
of Health (NIH) define a biomarker as “any substance, structure, or process that can be measured
in the body or its products and influence or predict the incidence or outcome of disease” or, more
broadly, as “almost any measurement reflecting an interaction between a biological system and a
potential hazard, which may be chemical, physical, or biological. The measured response may be
functional and physiological, biochemical at the cellular level, or a molecular interaction” (reviewed
in the work of [9]). Because, in recent years, manifold specific sepsis therapies have failed, current
effective treatment strategies consist of detecting sepsis as early as possible, fluid resuscitation, and
anti-infective treatments [1]. Especially easily accessible biomarkers, for example, from patients’ serum,
might provide an important tool in the diagnostic process of sepsis at an early stage, to detect subgroups
of patients with a high-risk profile and to monitor disease progression [10]. At present, microbiological
cultures are widely accepted as the gold standard for diagnosis of septic disease [11]. However, in
most cases, the results from microbiological cultures are only available days after sample collection
and are associated with high rates of false negative results, leading to an ongoing search for other
markers that might serve as surrogate for the presence of sepsis [12]. The C-reactive protein (CRP) has
been identified as an inexpensive, but sensitive surrogate for infection and inflammation [13]. Named
for its ability to bind the C-polysaccharide of Streptococcus pneumoniae, it represents an acute-phase
protein that is secreted by hepatocytes in response to infection, inflammation, and tissue damage [13].
However, to distinguish between sepsis and non-infectious disease etiology, CRP lacks specificity, and
elevated CRP serum levels are also common in patients with inflammatory (but not infectious) diseases
states such as cancer, thromboembolic- or cardiovascular diseases, and burns [13]. Moreover, owing to
the hepatic provenience of CRP, in the case of severe liver failure, CRP levels may be falsely low and
may rather reflect the degree of hepatic dysfunction than sepsis or inflammation [14], limiting its use in
clinical routine. Besides CRP, procalcitonin (PCT) was more recently established in clinical routine to
identify patients with septic disease. PCT represents a precursor-hormone of calcitonin. It is produced
by various organs and, in healthy individuals, the liver is considered to be the most important source
of PCT [15]. During infection, PCT is secreted by cytokine-activated macrophages as well as by the
parenchyma of many organs, leading to a dramatic increase in circulating PCT levels [15]. Despite
that different guidelines recommend the use of PCT to distinguish between sepsis and non-septic
cause of disease in critically ill patients, recent meta-analyses have demonstrated that the use of PCT
for guidance of therapy had no influence on further therapeutic procedures for ICU patients [11,16].
Moreover, the use of PCT is further hampered by the lack of a clear cut-off defining sepsis in patients
with critical illness [17].

In addition to CRP and PCT, interleukin-6 (IL-6) has been suggested as a biomarker in the context
of critical illness and sepsis. IL-6 represent the most potent inducer for the secretion of acute phase
proteins in the liver. IL-6 serum concentrations were elevated in the blood of patients with septic
disease and IL-6 concentrations were associated with the severity of sepsis. Moreover, patients with
elevated IL-6 levels demonstrated an impaired prognosis compared with patients with lower levels [18].
However, similar to CRP and PCT, IL-6 concentrations were also elevated in non-septic disease states,
limiting its specificity for the assessment of sepsis in patients with critical illness [19]. Therefore, owing
to a lack in specificity and sensitivity of available markers for critical illness and sepsis, innovative
biomarkers reflecting novel pathophysiological concepts are eagerly awaited to improve the outcome
of patients treated on medical ICU. In this context, adipokines might represent biological plausible
markers for diagnosis of sepsis and prognosis estimation in critically ill patients, because many
processes that are regulated by or reflected by adipokines are involved in the pathophysiology of
critical illness and sepsis. As an example, hyperglycemia, impaired glucose tolerance, and insulin
resistance are commonly observed in critically ill patients with sepsis or septic shock and have been
correlated with an impaired prognosis of these patients [20]. On the basis of these recent findings, many
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authors have measured serum concentrations of different adipokines in serum and plasma of critically
ill patients with or without sepsis. Here, we review these previous data on the role of adipokines in
diagnostic work-up and risk stratification of sepsis as well as critical illness.

2. Adipokines

Until recently, the adipose tissue was only considered an energy storage organ, but many
novel studies have demonstrated that it is deeply integrated into different physiological and
pathophysiological regulatory processes including the regulation of diseases associated with systemic
inflammatory responses [21]. In this context, it became obvious that the adipose tissue is able to secrete
different factors that are collectively referred to as adipokines [22]. In obese patients, the secretory
profiles of adipose tissue are decisively altered dependent on the degree of overweight. Secretion of
almost all known adipokines is upregulated in patients with obesity, promoting systemic inflammation
and the development of metabolic diseases. In detail, next to leptin, TNF, and IL-6, elevated levels
of a broad panel of other proinflammatory adipokines (resistin, retinol-binding protein 4 (RBP4),
lipocalin 2, IL-18, angiopoietin-like protein 2 (ANGPTL2), monocyte chemoattractant protein 1 (MCP1),
CXC-chemokine ligand 5 (CXCL5), nicotinamide phosphoribosyltransferase (NAmPT)) were found to
be upregulated in obese patients (reviewed in the work of [21]). In contrast, adiponectin expression
was shown to be lower in adipocytes of obese patients. In line, data from animal models revealed
that adiponectin is protective against metabolic and cardiovascular diseases that might develop in the
context of obesity. Thus, it seems likely that the inflammatory response and metabolic dysfunction
occurring in patients with obesity represent the consequence of a disturbed balance in the secretion of
pro- and anti-inflammatory adipokines.

The concept of adipokines as regulators of body homeostasis and responders to injurious threats
might be of tremendous relevance for understanding the pathophysiology of critical illness and sepsis.
Moreover, concentrations of adipokines can be easily determined in clinical routine, and different
authors have suggested using adipokines as biomarkers in treated ICU patients. Within this review,
we aim at summarizing available data on the most relevant adipokines in critical illness and sepsis and
discuss limitations of the present analyses that have prevented the use of adipokine measurements in
clinical routine until now.

3. Selected Adipokines with a Potential Role in Critical Illness and Sepsis

The following section will give an overview of the most relevant adipokines in the context of
critical illness as sepsis. Table 1 summarizes the most significant findings with respect to adipokine
regulation in critically ill patients.

3.1. Omentin

Omentin represents a relatively new member of the adipokine family and is mainly secreted by the
visceral adipose tissue [23]. Experimental data support a decisive role of omentin in the inflammatory
crosstalk. As such, it negatively influences a TNFa dependent activation of well-known inflammatory
signaling pathways such as p38 or JNK. Clinical data further suggest aberrant omentin serum levels in
patients with obesity, inflammatory bowel disease, diabetes mellitus, or coronary heart disease [24,25].

In patients with critical illness and/or sepsis, only little is known on a potential role of omentin as
a biomarker for the assessment of disease severity or the patients’ clinical outcome. Our group has
assessed omentin serum levels in a cohort of n = 117 ICU patients with different disease etiologies.
While serum omentin levels at admission to the ICU or 72 h after did not differ between ICU patients
and healthy controls and were independent of disease etiology and the presence of sepsis, low omentin
serum levels were an independent predictor for overall survival [26]. However, these data need further
validation before omentin might be implemented into clinical risk prediction scores.
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3.2. C1q/TNF-Related Protein 1 (CTRP1)

The CTRP1 represents a member of the CTRP family that consists of 15 proteins that are involved
in numerous physiological and pathophysiological processes such as the immune defense, systemic
inflammation, cell differentiation and apoptosis, and autoimmunity [27]. CTRP1 is known to regulate
important processes within the systemic energy homeostasis and insulin sensitivity and is, for
example, involved in PI3K-dependent signaling pathways to induce intracellular glucose transport by
insulin [28,29]. Moreover, CTRP1 stimulates human vascular smooth muscle cells, which results in an
upregulation of pro-inflammatory cytokines such as interleukin 6 (IL-6), monocyte chemoattractant
protein 1 (MCP1), and intracellular adhesion molecule 1 (ICAM1) [30].

In critically ill patients, recent data suggest a significant upregulation of CTRP1 compared with
healthy controls [31]. Moreover, CTRP1 levels were significantly higher in patients who fulfilled
the criteria of sepsis compared with non-sepsis patients. Importantly, our group showed a strong
correlation with markers of systemic inflammation (CRP, IL-6, and PCT), obesity/diabetes (BMI and
HbA1c), liver function and cholestasis (bilirubin, GGT, GLDH, AP), and renal function (creatinine,
urea). Although these data clearly link CTRP1 to inflammatory and metabolic disturbance in critically
ill patients, especially in those patients with septic disease stage, circulating CTRP1 levels were not
indicative for the patients’ short- or long-term mortality [31]. In a different cohort of n = 539 patients
undergoing coronary angiography for the evaluation of coronary artery disease, CTRP1 was likewise
correlated to obesity and the presence of metabolic syndrome or type 2 diabetes, but circulating levels
of CTRP were also a significant predictor of major adverse cardiovascular events such as cardiovascular
death, non-fatal myocardial infarction, and non-fatal stroke over a follow-up period of eight years [32].

3.3. C1q/TNFa-Related Protein 3 (CTRP3)

Similar to CTRP1, CTRP3 is a recently recognized adipokine that is also involved in various
physiological and pathophysiological processes such as food intake and metabolism, inflammation,
vascular disorders, and tumor metastases [33]. CTRP3 is expressed by visceral and subcutaneous
adipose tissue [34] and is generally referred to as a “beneficial” mediator as it lowers levels of glucose,
inhibits gluconeogenesis, and exerts anti-inflammatory effects [35,36]. In line, serum levels of CTRP3
are reduced in patients with obesity or diabetes [29].

In terms of septic disease, animal models suggest an anti-inflammatory and protective role of
CTRP3. As an example, intramyocardial overexpression of CTRP3 in mice resulted in a significantly
attenuated myocardial dysfunction in an LPS-induced model of sepsis [37]. In human critical illness,
circulating CTRP3 levels were found to be reduced. In a cohort of n = 218 patients, both critically
ill patients with (n = 145) or without (n = 73) sepsis had significantly decreased plasma CTRP3
levels compared with healthy controls [38]. Moreover, low CTRP3 levels were directly associated
with the presence of sepsis among ICU patients. Interestingly, we did not observe an association of
CTRP3 levels with obesity or diabetes in ICU patients, arguing that critical illness might overrule the
regulation mechanisms of CTRP3 in non-critically ill patients. In line, CTRP3 plasma concentrations
were inversely correlated with inflammatory cytokines and standard markers of sepsis such as CRP and
PCT. Importantly, the authors described a direct association between low CTRP3 levels (<620.6 ng/mL)
and an increased overall mortality [38]. Although these data need to be confirmed in further trials, it
suggests a clinically relevant role of CTRP3 as a potential new diagnostic and prognostic biomarker in
patients with critical illness and sepsis.

3.4. Leptin and Leptin-Receptor

Leptin represents a 16 kDa hormone that was initially described in 1994 and has since been
extensively studied for its regulatory role with respect to food intake, glucose homeostasis, and energy
expenditure [39,40]. It mainly originates from adipocytes and was also found to be involved in
cell-mediated immunity as well as inflammatory cytokine crosstalk [41]. There is a direct correlation of
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circulating leptin levels with body fat mass; starvation or malnutrition leads to low serum concentrations,
while obesity increases leptin serum levels [42].

Several clinical studies have evaluated the role of circulating leptin as a biomarker in the context
of critical illness, but the results are partly inconclusive. In a first study of n = 137 critically ill patients
(95 with sepsis, 42 without sepsis), serum leptin concentrations at admission to ICU were similar
compared with healthy controls and did not differ between septic and non-septic patients [43]. Similar
results were obtained for the soluble leptin receptor, which is known to form complexes with circulating
leptin. In line, a smaller series of patients with severe sepsis revealed no significant regulation of
serum leptin levels in septic disease [44]. Contrarily, serum leptin levels were significantly elevated in
septic patients compared with non-septic patients in a cohort of n = 331 patients with critical illness
from a medical ICU [41]. In a longitudinal study including patients with sepsis, leptin levels were
significantly higher compared with controls and showed a positive correlation with insulin levels and
insulin resistance. Interestingly, a decline of leptin serum levels was found during prolonged sepsis,
which was, however, not related to survival [45]. A potential explanation for these contradictory results
might relate to different sampling time points, divergent BMI or feeding state prior and during sepsis,
or from heterogeneous cohorts in terms of disease etiology.

In terms of a prognostic marker, low leptin serum levels (<10 ng/mL) were associated with an
adverse outcome in a cohort of 230 adult patients with severe secondary peritonitis [46]. Moreover,
elevated leptin-receptor receptor levels (>32 ng/mL) were associated with an impaired overall survival
compared with patients with low serum levels (<32 ng/mL) [44].

3.5. Visfatin

Visfatin, which is also referred to as pre-B-cell colony-enhancing factor (PBEF) given its initial
identification in lymphocytes, represents an adipokine with key functions in the process of systemic
inflammation. It was shown that visfatin acts as a chemoattractant to recruit neutrophils and promotes
their survival [47,48], and is further capable of stimulating cytokine release from monocytes [49].
Visfatin has also been associated with human critical illness and sepsis and was primarily suggested as
a diagnostic marker. In septic infants, visfatin serum levels were significantly elevated compared with
healthy controls and showed a positive correlation with CRP, PCT, and IL-6 [50]. At a cut-off value of
10 ng/mL, visfatin revealed a sensitivity and specificity of 92% and 94%, respectively, for the diagnosis
of neonatal sepsis.

In a larger study including 229 critically ill medical ICU patients, circulating visfatin levels were
also significantly higher in ICU patients when compared with healthy controls [51]. Visfatin serum
levels were highest in patients who fulfilled the diagnostic criteria for sepsis, and visfatin concentrations
strongly correlated with disease severity and organ failure. Although visfatin serum levels were
comparable between patients with or without type 2 diabetes or obesity, the authors observed a
significant correlation between visfatin levels and biomarkers of liver and kidney dysfunction and
other adipokines such as resistin and leptin. Most importantly, high visfatin levels upon admission to
ICU were associated with both an increased ICU as well as long-term mortality [51].

3.6. Resistin

Resistin was first described in 2001 as an adipokine. Data from rodent models revealed an
association between resistin and the presence of metabolic diseases including obesity and type 2
diabetes. In these studies, elevated serum levels of glucose as well as hyperinsulinemia correlated with
an increase in resistin [52]. When translating data from animal models to humans, it is important to
consider that the protein sequences of murine and human resistin demonstrate important differences [53].
Moreover, in mice, adipocytes represent the main source of circulating resistin, while in humans, resistin
seems to be mainly secreted by macrophages [54,55], suggesting that the role of resistin in humans
and mice may vary. In this context, data from a ‘humanized mouse’ model in which only human
resistin was produced by macrophages suggested that human resistin might display pro-inflammatory
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characteristics mediating insulin resistance [56]. Therefore, a role of resistin in the pathophysiology of
critical illness and sepsis seemed likely. Just recently, it was demonstrated that serum levels of resistin
are elevated in patients with critical illness compared with controls [20]. Moreover, patients with sepsis
displayed further elevated resistin concentrations compared with non-septic patients, suggesting
a link between inflammation and infection and the secretion of resistin in humans. In line, serum
resistin concentrations were closely correlated to inflammatory parameters such as CRP, the leukocyte
count, PCT, and cytokines such as IL6 and TNF [20]. Moreover, elevated resistin levels indicated an
impaired prognosis [20]. Notably, these data were subsequently corroborated by similar findings of
different groups, demonstrating that elevated resistin concentrations correlate with disease severity,
inflammatory cytokine, lactate levels, and serum creatinine concentrations in patients with severe
sepsis and septic shock [57,58]. These data might at least partly be explained by the fact that resistin
represents a uremic toxin, inhibiting neutrophils and thereby modulating sepsis-related immune
responses at concentrations that can be found in patients with end-stage kidney failure [59]. In line
with these data from adult patients, recently, Gokmen et al. demonstrated that resistin levels are
elevated in preterm infants with sepsis, concluding that resistin may represent a marker for sepsis in
premature infants [60].

3.7. Adiponectin

Adiponectin represents an adipokine of 30 kDa that is exclusively secreted by adipocytes and
has been extensively studied for its role in glucose and lipid metabolism and in the context of insulin
resistance [61]. In obese and patients with diabetes mellitus, circulating levels of adiponectin are
reduced compared with healthy individuals [62]. Moreover, circulating adiponectin levels negatively
correlate with serum levels of low-density lipoprotein cholesterol and triglycerides, blood pressure,
and insulin resistance [63], arguing for a protective function of adiponectin in human metabolic
homoeostasis. This concept is supported by animal studies suggesting an anti-inflammatory and
protective role of adiponectin in mouse models of sepsis [64,65].

Only limited data on a regulation of adiponectin in critical illness and sepsis are available. In a
study evaluating circulating levels of adiponectin in 170 critically ill patients at admission to the ICU,
the authors found comparable adiponectin levels in ICU patients with or without sepsis and healthy
controls [66]. Similar to patients without critical illness, ICU patients with obesity or preexisting
diabetes mellitus displayed significantly reduced levels of circulating adiponectin. Interestingly,
although not regulated in ICU patients, the authors found that low adiponectin levels at ICU admission
are an independent positive predictive marker for short-term and overall survival [66]. During
the clinical course of critical illness, two studies have reported low to normal levels of circulating
adiponectin. In a small series of patients, plasma adiponectin concentrations in an ICU cohort at day 3
and day 7 after admission were significantly lower compared with healthy control samples [67]. In line,
a study including 318 patients with respiratory critical illness revealed low adiponectin levels, which
were enhanced by insulin therapy and returned to normal when critical illness was sustained [68].

3.8. Retinol Binding Protein 4

Retinol binding protein 4 (RBP4) is involved in the transport of hepatic retinol to distant organs.
Levels of circulating RBP4 have been linked to metabolic diseases such as insulin resistance, obesity,
metabolic syndrome, diabetes, and fatty liver disease, representing chronic inflammatory diseases [68].
Recently, the group of Langouche et al. demonstrated in 318 critically ill patients that those patients with
sepsis had significantly lower RBP4 levels than those with other disease etiologies [68]. In a different
study, RBP4 levels were also lower in ICU patients, regardless of whether or not sepsis was present,
compared with controls [69]. Interestingly, in these patients, liver cirrhosis was associated with further
reduced RBP4 concentrations and RBP4 was correlated with markers of liver dysfunction. Interestingly,
RBP4 concentrations were independent on the presence of obesity or preexisting diabetes and were
not associated with overall survival in the analyzed cohort. In contrast, Chen et al. demonstrated
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that baseline RBP levels predicted short-term mortality in critically ill patients with underlying
liver disease. Interestingly, in this analysis, those patients that survived ICU treatment displayed
significantly increased RBP4 levels after ICU discharge [70], highlighting the potential of this biomarker
in predicting survival in patients treated on a medical ICU.

Table 1. Overview of regulated adipokines in critically illness and sepsis.

Adipokine
Circulating Adipokine Levels in

Critical Illness and/or Sepsis
Prognostic
Relevance?

Reference

1 Omentin − + [26]

2 CTRP1 ↑ −/(+) [31,32]

3 CTRP3 ↓ + [38]

4 Leptin and Leptin Receptor −/↑ + [41,43–46]

5 Visfatin ↑ + [50,51]

6 Resistin ↑ + [20,57,58]

7 Adiponectin −/↓ + [66–68]

8 RBP4 ↓ −/(+) [68–70]

CTRP1: C1q/TNFa-related protein 1, CTRP3: C1q/TNFa-related protein 3, RBP4: retinol binding protein 4, −:
no regulation/no prognostic relevance, +: prognostic relevance, ↑: elevated circulating levels, ↓: decreased
circulating levels.

4. Discussion and Outlook

Adipokines represent a growing class of proteins that exert a wide range of metabolic effects.
Moreover, adipokines have been shown to withhold regulatory effects in immune responses during
inflammation and infectious disease. Because adipokines are secreted into the blood, recent studies
have analyzed their potential as biomarkers in many different pathological conditions. While many
papers found an association between serum levels of adipokines and the presence of sepsis and/or the
prognosis of patients with critical illness, it is important to highlight some limitations that apply at
least for most of the available studies. Many of the available studies featured a retrospective design
and the missing longitudinal approach may have induced a bias. Moreover, some of the analyzed
cohorts were extremely heterogeneous and relatively small in terms of patients’ numbers; therefore,
larger prospective studies are needed to finally infer about the role of circulating adipokines in patients
with critical illness, a collective of patients with a still unacceptably poor prognosis. Within this review,
we summarized available data on the potential role of these proteins in critically ill and septic patients.
We highlight that, despite that their use as single marker might be limited owing to a lack of sensitivity
and specificity, measurements of circulating adipokines might be integrated into available and future
scoring systems for the diagnosis of sepsis and risk stratification of critically ill patients.
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Abstract: Adiponectin, an adipokine derived from the adipose tissue, manifests anti-inflammatory
effects in the metabolically active organs and is, therefore, beneficial in various metabolic diseases
associated with inflammation. However, the role of adiponectin in alleviating the hypothalamic
inflammation connected to the pathogenesis of obesity has not yet been clearly interrogated. Here,
we identified that the systemic administration of adiponectin suppresses the activation of microglia
and thereby reverses the hypothalamic inflammation during short-term exposure to a high-fat diet.
Additionally, we show that adiponectin induces anti-inflammatory effects in the microglial cell line
subjected to an exogenous treatment with a saturated free fatty acid. In conclusion, the current
study suggests that adiponectin suppresses the saturated free fatty acid-triggered the hypothalamic
inflammation by modulating the microglial activation and thus maintains energy homeostasis.

Keywords: energy metabolism; inflammation; hypothalamus; microglia; adiponectin

1. Introduction

Inflammation is one of the major pathological causes implicated in the development of obesity
and its related metabolic disorders [1–3]. Chronic inflammation triggered by over-nutrition results
in perturbation of the activity of hypothalamic neurons, which govern the whole-body energy
balance [4–6]. Recent studies report that microglia, the resident macrophages of the central nervous
system (CNS), respond to the elevation of saturated free fatty acid (FFA) following consumption of
the fat-rich diet and thereby trigger the hypothalamic inflammation [6]. This results in abnormal
functioning of the neuronal circuit that controls the energy homeostasis.

Adiponectin, an adipokine derived from adipose tissue, has been reported as beneficial in
alleviating multiple physiological disturbances [7–9]. It helps in alleviating a variety of metabolic
diseases by ameliorating the cellular stresses including inflammation, oxidative stress, and endoplasmic
reticulum stress [7,8,10–12]. Although, a recent study identified an anti-inflammatory effect of
adiponectin in the CNS [11], the role of adiponectin in rectifying the hypothalamic inflammation
during early over-nutrition period remains elusive. Therefore, this study was aimed at identification
of the contribution of adiponectin in regulating the hypothalamic inflammation and the microglial
function. We evaluated the inflammatory responses and microglial activation utilizing mice model
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treated for a short-term with fat-rich diet and a microglial cell line treated with a saturated FFA. In crux,
the current study unravels the potential contribution of adiponectin in preventing the initiation of
inflammatory response in the hypothalamic microglial cells in an early stage of obesity development.

2. Results

2.1. Adiponectin Reverses the Hypothalamic Inflammation Induced by Short-Term Exposure to High Fat Diet

In order to verify if adiponectin exerts anti-inflammatory effect in the hypothalamus during the
early over-nutrition period, we evaluated the pattern of the hypothalamic inflammation after treatment
with high fat diet (HFD) for 4 weeks combined with the systemic administration of globular adiponectin,
which has a more potent effect on their identified functions [13]. In line with the previous finding
that identified a reduction in circulating adiponectin level during short-term exposure to a fat-rich
diet [13], we also confirmed a reduction in adiponectin mRNA level in epididymal white adipose tissue
(eWAT) 4 weeks after high-fat diet treatment (Figure 1A). In accordance with the previous reports, we
observed that HFD treatment resulted in a drastic increase in the expression levels of mRNA encoding
inflammatory cytokines such as IL-1β (Figure 1B), IL-6 (Figure 1C), TNF-α (Figure 1D) as well as Cox-2
gene (Figure 1E), the rate-limiting enzyme involved in the synthesis of the prostaglandin E2, which
controls the cellular inflammatory process. This elevation of mRNA levels was effectively reversed by
a systemic treatment with adiponectin for five days. Furthermore, we observed that an elevation in the
levels of hypothalamic Iba-1 and CD11b mRNA, the molecular markers of microglia, in HFD-treated
group was almost completely rescued by the systemic treatment with adiponectin (Figure 1F,G). These
findings suggest that adiponectin treatment exerts anti-inflammatory effects on the hypothalamus
following short-term HFD exposure, at least in part, via targeting the microglial cells.

Figure 1. Systemic administration of adiponectin reverses the hypothalamic inflammation in response
to short-term HFD treatment. C57BL/6 mice were fed either a Standard diet (STD) or a HFD for 4 weeks
followed by i.p. injection of adiponectin or saline (as a control group) for 5 days. (A) The level of
adiponectin mRNA in eWAT was significantly elevated 4 weeks after HFD treatment. The elevated
mRNA levels of hypothalamic genes involved in inflammatory processes such as (B) IL-1β, (C) IL-6,
and (D) TNF-α and (E) Cox-2 observed in HFD-treated group were significantly reversed by i.p
administration of adiponectin. Adiponectin treatment dampened the increase in the mRNA levels of
hypothalamic (F) Iba-1 and (G) CD11b, markers for microglia activation, in response to HFD treatment.
Results are presented as mean ± SEM. n = at least 5 mice per group. * p < 0.05, ** p < 0.01 for effects of
adiponectin on HFD-treated group versus effects of adiponectin on STD-treated group. CTL, control
group; ADN, adiponectin-treated group.
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2.2. Adiponectin Suppresses the Microglial Activation Induced by Short-Term Exposure to HFD

To determine whether adiponectin relieves the development of HFD-triggered hypothalamic
inflammation by targeting the hypothalamic microglial cells, we identified the presence of adiponectin
receptor 1 (AdipoR1) and adiponectin receptor 2 (AdipoR2) in the hypothalamic glial cells utilizing
cultured primary microglia and astrocytes (Figure 2A). We also validated the purification of a single
cell type determined by a strong expression of Iba-1, a molecular marker for microglia participating
in membrane ruffling and phagocytosis in activated microglia (Figure 2B) [14], or GFAP, a molecular
marker for astrocytes (Figure 2C). Based on the anti-inflammatory effects of adiponectin on hypothalamic
inflammation triggered by short-term HFD treatment, we next performed immunohistochemistry (IHC)
using an antibody against Iba-1 on brain slices from mice fed either a STD or a HFD combined with
adiponectin to evaluate the impact of adiponectin treatment on microglia activation in the hypothalamus.
We observed that the HFD treatment resulted in an increase in body weight (Figure 2D) and WAT
weight (Figure 2E) as compared to the STD-treated group. On the contrary, the systemic administration
of adiponectin for 7 days did not alter the increase in the body weight and WAT weight seen in the
HFD-treated group (Figure 2D,E). Consistent with our cellular data, we observed that adiponectin
treatment effectively reverses the microglial activation in the hypothalamus characterized by increased
in a number of microglia (Figure 2F,G). In addition, we found that systemic treatment of adiponectin
blocked the increase in microglia soma area in the HFD-treated hypothalamus (Figure 2H). However,
adiponectin did not rescue the elevated of Iba-1 intensity seen in the HFD-treated hypothalamus
(Figure 2I). These findings indicate that adiponectin reverses the effects of HFD on the hypothalamic
inflammation by ameliorating the microglial activation during the early over-nutrition period.

Figure 2. Cont.
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Figure 2. Adiponectin rescues the microglial activation caused by short-term exposure to high fat
diet. (A) RT-PCR bands indicate the presence of AdipoR1 and AdipoR2 in both primary microglia and
astrocytes. Confirmation of purification of microglia and astrocytes, as determined by levels of (B) Iba-1
and (C) GFAP mRNAs. (D) Changes of body weight and (E) white adipose tissue weight seen in mice
fed with either a STD or a HFD for 4 weeks followed by i.p. injection of adiponectin or saline (as a
control group) for 5 days. (F) Representative images showing immunohistochemistry staining of Iba-1
in the sections of the hypothalamus from each group. Scale bar = 100 μm. The increased (G) number
of microglial cells, and (H) soma area of microglia, observed in the hypothalamus of mice exposed
to HFD were reversed by systemic adiponectin administration. (I) Adiponectin treatment did not
alter the increased intensity of Iba-1 signals seen in the hypothalamus of mice fed a HFD. Results are
presented as mean ± SEM. n = 5 mice per group. *** p < 0.001 for effects of adiponectin on HFD-treated
group versus effects of adiponectin on STD-treated group or Iba-1 mRNA level in astrocyte versus Iba-1
mRNA level in microglia; * p < 0.05 for GFAP mRNA level in astrocyte versus GFAP mRNA level in
microglia. NS, not significant; CTL, control group; ADN, adiponectin-treated group.

2.3. Adiponectin Improves Palmitic Acid-Induced Inflammatory Responses in the Microglial Cells

The consumption of fat-rich diet results in an elevation in the levels of circulating free fatty acids
which cause the obesity pathogenesis linked to the hypothalamic inflammation [15,16]. Our previous
study identified that the levels of saturated free fatty acid were elevated in both the hypothalamus
and sera of mice fed a HFD for 4 weeks [17]. Therefore, to verify the anti-inflammatory role of
adiponectin in alleviating the microglial inflammation induced by over-nutrition, we further evaluated
the anti-inflammatory effect of adiponectin in the BV-2 microglial cell line by an administration of
palmitic acid, a saturated free fatty acid followed by adiponectin treatment. We confirmed that single
treatment of adiponectin did not alter cell viability (Figure 3A) or IL-1β release (Figure 3B) in cultured
BV-2 microglial cells. However, adiponectin treatment led to a reduction in IL-6 secretion (Figure 3C).
These findings indicated that adiponectin itself did not affect cellular inflammation and degeneration.
In accordance with previous reports, palmitic acid treatment induced increase in the mRNA levels
of inflammatory cytokines such as IL-1β (Figure 3D), IL-6 (Figure 3E) and TNF- α (Figure 3F), and
Cox-2 gene (Figure 3G) in cultured BV-2 microglial cells. This elevation of inflammatory responses
triggered by palmitic acid was completely rescued by an exogenous adiponectin treatment. Moreover,
the administration of adiponectin reversed the palmitic acid-induced release of IL-1β (Figure 3H) and
IL-6 (Figure 3I) in the BV-2 microglial cells. These observations confirmed that adiponectin treatment
reverses the development of hypothalamic inflammation and the associated microglial activation.
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Figure 3. Adiponectin rescues the palmitic acid-induced inflammation in the microglial cell line.
The BV-2 cells were seeded at a density of 5 × 105 cells/well and pretreated with adiponectin at indicated
concentration for 1 h followed by palmitic acid (200 μM) treatment for 4 h. Exogenous treatment
of adiponectin did not change cell viability (A) or IL-1β release (B), but reduced IL-6 secretion (C).
The palmitic acid-induced elevations of IL-1β (D), IL-6 (E) TNF- α (F) and Cox-2 (G) mRNA levels were
reversed by adiponectin treatment in the BV-2 cells as determined by qPCR analysis. The palmitic
acid-induced increase of IL-1β (H) and IL-6 (I) cytokine release was reversed by adiponectin treatment
in the BV-2 cells as determined by ELISA. Results are presented as mean ± SEM. * p < 0.05 and ** p < 0.01
for palmitic acid-treated group versus vehicle-treated group; # p < 0.05 and ## p < 0.01 for palmitic acid
+ adiponectin (ADN)-treated group versus palmitic acid-treated group.

2.4. Adiponectin Reverses the Palmitic Acid-Induced Alterations in the Intracellular Signaling Molecules
Involved in Inflammation

In order to further verify anti-inflammatory functions of adiponectin, we evaluated the
phosphorylation of ERK, a molecular component of intracellular signal transduction in the inflammatory
signaling pathway [18,19], and the level of IkB-α protein, which inhibits the activity of NF-κB
transcription factor regulating the expression of multiple inflammatory cytokines [20]. As shown in
the Figure 4, adiponectin reversed the palmitic acid-induced phosphorylation of ERK (Figure 4A) and
degradation of IkB-α (Figure 4B). These observations suggest that adiponectin treatment suppresses
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the microglial inflammation in response to saturated FFA, at least in part, via modulating the general
signaling molecules linked to the development of cellular inflammation.

Figure 4. Adiponectin reverses palmitic acid-induced changes of the inflammatory mediators in
the microglial cells. The BV-2 cells were seeded at a density of 1 × 106 cells/well and pretreated
with adiponectin for 1 h followed by a palmitic acid (200 μM) treatment for 30 min or 4 h. Palmitic
acid-induced phosphorylation of ERK (A) and reduction of IkB-α synthesis (B) were reversed by
adiponectin treatment at indicated concentration. Results are presented as mean ± SEM. ** p < 0.01 and
*** p < 0.005 for palmitic acid-treated group versus vehicle-treated group; # p < 0.05, ## p < 0.01 and
### p < 0.005 for palmitic acid + adiponectin (AND)-treated group versus palmitic acid-treated group.

3. Discussion

The present study highlights the beneficial effects of adiponectin in the alleviating the hypothalamic
inflammation triggered by the over-nutrition that causes the disturbance in the functioning of
hypothalamic neurons that regulate the whole-body energy metabolism.

Multiple lines of evidence have suggested that chronic inflammation in the hypothalamic neuronal
circuit, which controls the appetite and energy expenditure, causes a variety of cellular stresses and
thereby results in the energy imbalance [4–6]. The adipose tissue is a specialized connective tissue that
functions as a major storage site for fats in the body [21–23]. However, it has been well established
that the adipose tissue also acts as an endocrine organ besides regulating the energy balance [22,24,25].
The adipose tissue communicated with the hypothalamus by releasing multiple chemical messengers
that systemically propagate the signals reflecting nutrient availability for the homeostatic control of
energy homeostasis [21,22,26]. In addition, the adipose tissue also regulates the obesity pathogenesis by
secreting a variety of inflammatory cytokines and adipokines that deteriorate the cellular stresses such
as inflammation, endoplasmic reticulum stress, and oxidative stresses [21,22]. Although majority of
the adipokines act as proinflammatory factors, adiponectin displays anti-inflammatory properties that
potentially improve the dysfunction of metabolic controls in the body [8,27,28]. In the CNS, adiponectin
inhibits neuronal degeneration by ameliorating the cellular stresses including inflammation [10,11,29].

A growing body of evidence suggested that the microglial cells essentially participates in the
development of the neuronal inflammation [16,30,31] and the reactive gliosis is an important cellular
event for both acute and chronic inflammation triggered by the over-nutrition [32,33]. Therefore, it is
not surprising that the anti-inflammatory role of adiponectin in the microglial cells is coupled to the
improvement of metabolic abnormalities. Since adiponectin binds via adiponectin receptors, AdipoR1
and AdipoR2 in the microglial cells, we confirmed the presence of these receptors in the microglial cells.

It has been quite well established that the short-term exposure of HFD results in an increased
hypothalamic inflammation accompanied by the reactive gliosis of both microglia and astrocytes [5,6,34].
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Intriguingly, mice having HFD for a couple of days displayed a significant increase in the inflammatory
cytokines expression in the hypothalamus [5,6]. In line with this notion, we verified the role of
adiponectin in ameliorating the hypothalamic inflammation during the consumption of the short-term
fat-rich diet. Furthermore, we verified that adiponectin successfully reverses the inflammatory
responses in the hypothalamic microglia during early over-nutrition period by observing the reduced
microgliosis as determined by the accumulation of Iba-1 protein and the altered number and morphology
of microglial cells.

A variety of substances are involved in the obesity-related pathogenesis. Among them, saturated
FFAs are critical substances that trigger the inflammation in brain during early obesity period [16].
We observed that adiponectin effectively rescues the palmitic acid-induced microglial inflammation via
regulation of the intracellular signaling molecules that mediate the inflammatory responses. Although
there are substantial evidences highlighting the pathogenic factors associated with obesity and their
impact on the development of metabolic dysfunction [35,36], the pathogenic substances involved in
the initiation of hypothalamic inflammation during early over-nutrition period remain unexplored.
Thus, it is also valuable to investigate the cellular and molecular responses following induction or
prevention of the hypothalamic inflammation during early over-nutrition period. Indeed, previous
studies indicated that adiponectin levels are slightly elevated during short-term exposure to HFD [37].
Therefore, we suggest that the anti-inflammatory effects of adiponectin might be due to the homeostatic
response to suppress the hypothalamic inflammation induced by the multiple humoral factors such
saturated FFAs and adipokines. However, the beneficial effects of adiponectin treatment on the severe
obesity associated with the chronic inflammation need to be determined. Therefore, further studies are
required to identify the beneficial effects of adiponectin in alleviating the cellular stresses following
long-term treatment of adiponectin to the obesity model accompanied by chronic hypothalamic
inflammation and the cellular lipotoxicity. Collectively, the current study identifies a reversible effect
exerted by adiponectin treatment on the initiation of the hypothalamic inflammation during early
over-nutrition period and provides novel insight into the strategies to prevent early disruption of the
energy homeostasis.

4. Materials and Methods

4.1. Animals

Seven-week-old C57B/L6 mice (Dae Han Bio Link, Eumseong, Korea) were maintained under
specific pathogen-free conditions at 22 ◦C and given access to food and water ad libitum. To examine
the effects of adiponectin on early obesity stage-induced hypothalamic inflammation, mice were
adapted for a week, randomly divided into two groups and fed either a standard diet (STD, 10%
calories from fat, Research Diet Inc., New Brunswick, NJ, USA) or a high-fat diet (HFD, 60% of calories
from fat, Research Diets Inc.) for four weeks. The components of the HFD and STD are indicated
in Table 1. For adiponectin treatment, mice were given intraperitoneal (i.p) injections of globular
adiponectin (3 mg/kg, Lugen Sci, Bucheon, Korea) for five days. Brains and serum were collected 3 h
after last injection. In addition, body weight and epididymal fat weight were measured when tissue
was harvested. The experimental procedure is described in a flowchart (Figure 5). All the animal
care and experimental procedures were performed in accordance with the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the Incheon National University (permission
number: INU-2016-001).
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Table 1. Components of the HFD and STD.

High-Fat Diet
(5.24 kcal/g)

Standard Diet
(3.85 kcal/g)

g% kcal% g% kcal%

Protein 26.2 20 19.2 20
Carbohydrate 26.3 20 67.3 70

Fat 34.9 60 4.3 10
g kcal g kcal

Casein80-mesh 200 800 200 800
L-Cystine 3 12 3 12

Cornstarch 0 0 315 1260
Maltodextrin 10 125 500 35 140

Sucrose 68.8 275.2 350 1400
Cellulose BW200 50 0 50 0

Soybean oil 25 225 25 225
Lard 245 2205 20 180

Mineral mix S10026 10 0 10 0
Dicalcium phosphate 13 0 13 0

Calcium carbonate 5.5 0 5.5 0
Potassium citrate 16.5 0 16.5 0

Vitamin mix V10001 10 40 10 40
Choline bitartrate 2 0 2 0

FD and C dye 0.05 0 0.05 0

Figure 5. Flowchart showing the experimental procedure. Arrows indicate the start of treatment,
sample preparation and analysis.

4.2. Immunohistochemistry

Mice were anesthetized and perfused transcardially with 0.9% saline (w/v), followed by fixation
with 4% paraformaldehyde in phosphate buffer (PB, 0.1 M, pH 7.4). Brains were isolated and post-fixed
overnight with 4% paraformaldehyde PB buffer before the coronal sections (50 μm thickness) were
prepared using a vibratome (5100 mz Campden Instruments; Leicestershire, UK). After washing in PB
several times, the sections were preincubated with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA) for 30 min at room temperature (RT) and then incubated with Iba-1 antibody (1:1000 dilution,
Wako, Osaka, Japan) for overnight at RT. For diaminobenzidine- (DAB-) based Iba-1 IHC, sections
were extensively washed and incubated with biotinylated anti-rabbit secondary antibody, ABC reagent
(Vector Laboratories, Burlingame, CA, USA), and DAB substrate (Vector Laboratories).

4.3. Cell Culture and Treatments

The murine microglial BV-2 cells were maintained in Dulbecco′s modified Eagle medium (DMEM)
with high glucose (Gibco BRL, Grand Island NY, USA), containing 5% (v/v) fetal bovine serum (Gibco
BRL, Grand Island NY, USA) and incubated at 37 ◦C in humidified 5% CO2. For gene expression assay,
cells were seeded at a density of 5 × 105 cells/well in 12-well plate. After 24 h, the attached cells were
pre-treated with adiponectin (100 ng/mL or 1000 ng/mL) for 1 h followed by the treatment with 200 μM
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palmitic acid (Sigma-Aldrich) for 4 h. The palmitic acid was dissolved in ethanol and conjugated into
10% bovine serum albumin (BSA).

4.4. Primary Astrocyte Culture

Following decapitation of five-day-old C57BL/6 mice, the diencephalon was removed under
sterile conditions and triturated in Dulbecco’s modified Eagle′s medium (DMEM) F-12 containing
1% penicillin-streptomycin. The cell suspension was filtered through a 100-μm sterile cell strainer
to remove debris and fibrous layers. The suspension was centrifuged, and the pellet resuspended
in DMEM F-12, containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells
were then grown in this culture medium in 75-cm3 culture flasks at 37 ◦C and 5% CO2. When the cells
reached confluence (at approximately nine days), microglia were separated from adhered astrocytes
by shaking the culture at approximately 250 rpm for 2 h. The cells were then seeded onto 12-well
tissue culture plates, previously coated with poly-d-lysine hydrobromide (50 μg/mL), after which
they were distributed at 7.5 × 104 cells/well and incubated at 37 ◦C with 5% CO2. For the astrocyte
primary culture, the adhered cells were harvested using 0.05% trypsin-ethylenediamine tetraacetic
acid, resuspended in DMEM F-12 containing 10% FBS and 1% penicillin-streptomycin, and centrifuged
for 5 min at 1000 rpm. The cells were then seeded at a concentration of 5 × 105 cells/mL in culture
plates previously treated with poly-l-lysine hydrobromide (50 μg/mL), and grown for 24 h.

4.5. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the hypothalamus, cultured BV-2 cells, primary microglia and
primary astrocytes, and reverse-transcribed to make cDNA using maxime RT PreMix kit (Intron
Biotechnology, Seoul, Korea). Real-time PCR amplification of the cDNA was analyzed with SYBR
Green Real-time PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) in a Bio-Rad CFX 96 Real-Time
Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The results were analyzed by the
CFX Manager software and normalized to the housekeeping gene β-actin. Primer sequences
used are IL-1β F-AGGGCTGCTTCCAAACCTTTGAC, R-ATACTGCCTGCCTGAAGCTCTTGT;
IL-6 F-CCACTTCACAAGTCGGAGGCTTA, R-GCAAGTGCATCATCGTTGTTCATAC; TNF-α
F-TGGGACAGTGACCTGGACTGT, R-TTCGGAAAGCCCATTTGAGT; Cox-2F-TGCTGTACAA
GCAGTGGCAA, R-AGGGCTTTCAATTCTGCAGCC; Iba-1 F-AGCTTTTGGACTGCTGAAGG,
R-TTTGGACGGCAGATCCTCATC; CD11b F-CCACTCATTGTGGGCAGCTC, R-GGGCAGCTT
CATTCATCATGTC; Adiponectin F-GTTGCAAGCTCTCCTGTTCC, R-TCTCCA GGAGTGCCATCTCT;
GFAP F-TCAATGACCGCTTTG CTAGC, R-ACTCGTGCAGCCTTACACAG; β-Actin F-TGGAATCCT
GTGGCATCCATGAAAC, R-TAAAACGCAGCTCAGTAACAGTAACAGTCCG.

4.6. Measurement of Cytokine Levels

Supernatant from cultured BV-2 cells were collected 1 h after adiponectin (100 ng/mL or 1000 ng/mL)
treatment followed by administration of palmitic acid (200 μM) for 24 h. The concentration of released
cytokines was measured using mouse IL-1β and IL-6 DuoSet (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer′s instructions.

4.7. Immunoblot Analysis

BV-2 cells were seeded at a density of 1 × 106 cells/well in 6-well plate and pre-treated with
adiponectin (100 ng/mL or 1000 ng/mL) for 1 h followed by palmitic acid treatment for 30 min or 4 h.
The cells were rinsed with phosphate buffered saline (PBS), followed by scraping and resuspension of
the cell pellet in RIPA lysis buffer containing protease inhibitors, and centrifuged to remove debris,
unbroken cells and cellular nuclei. The samples containing 20 μg of total protein were subjected
to immunoblot analysis using polyclonal antibodies including anti-phospho-ERK, anti-ERK (Cell
Signaling, Danvers, MA, USA), anti-IκBα (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
anti-β-actin (Sigma-Aldrich, St. Louis, MO, USA). Quantification of band intensity was conducted
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using Image J software. The band intensities were normalized by dividing their values by the value for
the total ERK protein, or β-actin protein, for the same sample on the same blot.

4.8. Statistical Analysis

Statistical analyses were performed by Prism 6.0 software (GraphPad Software, San Diego, CA,
USA). All the data are expressed as mean ± SEM. An unpaired t test was performed to analyze the
significance between the two experimental groups. Two-way ANOVA analysis was performed to
detect the interaction between two treatments. Significance was taken at p < 0.05.
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Abstract: First seen as a fat-storage tissue, the adipose tissue is considered as a critical player in
the endocrine system. Precisely, adipose tissue can produce an array of bioactive factors, including
cytokines, lipids, and extracellular vesicles, which target various systemic organ systems to regulate
metabolism, homeostasis, and immune response. The global effects of adipokines on metabolic
events are well defined, but their impacts on brain function and pathology remain poorly defined.
Receptors of adipokines are widely expressed in the brain. Mounting evidence has shown that leptin
and adiponectin can cross the blood–brain barrier, while evidence for newly identified adipokines is
limited. Significantly, adipocyte secretion is liable to nutritional and metabolic states, where defective
circuitry, impaired neuroplasticity, and elevated neuroinflammation are symptomatic. Essentially,
neurotrophic and anti-inflammatory properties of adipokines underlie their neuroprotective roles in
neurodegenerative diseases. Besides, adipocyte-secreted lipids in the bloodstream can act endocrine
on the distant organs. In this article, we have reviewed five adipokines (leptin, adiponectin, chemerin,
apelin, visfatin) and two lipokines (palmitoleic acid and lysophosphatidic acid) on their roles
involving in eating behavior, neurotrophic and neuroprotective factors in the brain. Understanding
and regulating these adipokines can lead to novel therapeutic strategies to counteract metabolic
associated eating disorders and neurodegenerative diseases, thus promote brain health.

Keywords: adipokine; adipose-brain axis; brain health; neurodegeneration; depression

1. Introduction

Adipose tissues are recognized as highly dynamic endocrine tissues exhibiting extensive
physiological functions [1]. Adipose tissue is composed of mature adipocytes as well as the stromal
vascular fraction, where adipose-derived stem cells, blood cells, fibroblasts, and nerves reside [2].
White and brown adipose tissues are the two fat tissues in mammals. The adipocytes in white and
brown adipose tissues are morphologically and functionally distinct. Brown adipose tissues are
accountable for thermogenesis by their abundant mitochondria and extensive vascularization [3,4],
whereas white adipose tissues are preferably responsible for energy storage in the form of triglycerides.
During fasting conditions, insulin inhibits lipolysis in white adipose tissues, where triglycerides are
hydrolyzed into fatty acids and glycerol to generate energy [5]. In response to the nutritional states,
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adipose tissue plays an endocrine role by synthesizing and secreting bioactive compounds termed
adipokines. Adipokine secretion is essential to energy and metabolic homeostasis [6]. Adipsin and
leptin are the first adipokines identified [7,8]. Since then, many pivotal adipokines, such as adiponectin,
resistin, and tumor necrosis factor α (TNF-α), have been extensively studied in metabolism and
metabolic syndromes [9]. Novel adipokines, including chemerin, omentin, apelin, and adipocyte fatty
acid-binding protein, have been identified by their metabolic functions resembling former adipokines
and their alterations afflicted by metabolic diseases in humans [10].

The adipose-brain axis was first established with the discovery of leptin as an endocrine hormone
targeting the hypothalamus to regulate energy balance, satiety, metabolism, and body weight [11].
It was later demonstrated that leptin signaling is also involved in hippocampal neuroplasticity [12].
De la Monte et al. have suggested that energy metabolism, glucose utilization, and insulin
sensitization are compromised in Alzheimer’s disease (AD) patients, whereas these pathological
symptoms may contribute to AD neuropathology [13–16]. Since AD neuropathology highly resembles
the pathology of diabetes mellitus, AD is now recognized as the ‘type 3 diabetes’. Adiponectin
promotes insulin sensitivity [17], whereas adiponectin deficiency exacerbates insulin resistance [18]
and AD neuropathology [19]. Concerns are raised regarding how metabolic syndromes are linked to
neurodegenerative diseases and mood disorders [20,21]. Given that adipose tissue is a major organ to
regulate metabolism through adipokines, understanding the central function of adipokines in the brain
can illustrate how the adipose-brain crosstalk works to prevent metabolic diseases and to promote
brain health.

Metabolic dysfunction could share common molecular mechanisms with neurodegenerative
diseases [22]. Therefore, emerging studies aim at investigating how adipose tissue exerts
neuroprotective effects and influences neuroplasticity through secreting adipokines. Notably, several
adipokines can cross the blood–brain barrier and act on the brain directly [1], while a damaged barrier
will hinder adipose-secreting compounds entering the brain [23]. At present, it is noticeable that
adipokines can modulate neuroplasticity. Accumulated studies have shown that leptin and adiponectin
pathways can regulate cell proliferation [24,25], survival [19,26,27], and synaptic plasticity [12,28]
by modulating cellular metabolism [29,30] and suppressing inflammatory response [31–33] in the
brain. Previous studies focus on the acute action of leptin on synaptic plasticity, whereas recent
studies report insulin resistance afflicts circulating leptin levels and affects central neuroplasticity and
cognitive functions. Besides, animal studies have demonstrated a possible link between metabolic
disorders with aberrant circulating adipokine levels and cognitive behavioral deficits [34–38] or
neuropathology [39–41].

This review summarizes the emerging evidence on the roles of five adipokines, including leptin,
adiponectin, chemerin, apelin, and visfatin, on promoting neuroplasticity. Furthermore, this review
will discuss how diet-, obesity-, and diabetes-related conditions alter the adipokine levels and impair
neuroplasticity and cognitive function in terms of mood as well as learning and memory.

2. Effects of Conventional and Novel Adipokines on the Brain

The neuroendocrine roles of leptin and adiponectin have been widely studied. Leptin and
adiponectin receptors are widely expressed across many brain regions, in particular, the hippocampus,
a critical region for spatial learning and memory formation, and emotional regulation [42]. Both
leptin and adiponectin are shown to affect synaptic plasticity in the hippocampus. However,
the neuroprotective effects of other adipokines, including chemerin, apelin, and visfatin, are
mostly unknown.

2.1. Leptin

Leptin is mostly secreted by white adipose tissue to regulate energy homeostasis by suppressing
food intake and thereby reducing weight loss [43]. Circulating leptin levels are positively correlated
with adiposity [44] and caloric intake [45–49]. In the obese population, increased adiposity is the
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primary cause of hyperleptinemia, a condition with high circulating leptin levels [44]. Obese subjects
are refractory to the anorexigenic effect of leptin due to leptin resistance in the brain and peripheral
tissues [50]. Similarly, patients with type 2 diabetes mellitus comorbid with obesity show both
insulin-resistance and hyperleptinemia [51]. Multiple studies have demonstrated the effectiveness
of exogenous leptin administration on improving insulin resistance in different obese and diabetic
rodent models. Mouse models that feature obesity, hyperglycemia, hyperinsulinemia, particularly
db/db (leptin-deficient) mice, and Zucker fa/fa (loss-of-function leptin receptor) rats resemble type 2
diabetic conditions in humans. Infusion of recombinant leptin for seven days is sufficient to ameliorate
hyperglycemia and hyperinsulinemia in leptin-deficient ob/ob mice [52]. Leptin treatment can also
improve insulin resistance, and glucose and lipid imbalances in some type 2 diabetic models [53–56].
However, mice receiving chronic (>20 weeks) high-fat diet are resistant to leptin even when leptin
is directly infused into the cerebral ventricle of the brain [57–60]. Prominently, leptin also fails to
improve diabetes and insulin resistance in type 2 diabetic patients comorbid with obesity [61,62]. These
suggest that leptin replacement therapy is feasible when deficient. However, further elevation in the
leptin-resistant state will not improve metabolic syndrome.

Adiposity hinges on excessive caloric intake and accumulation, whereas food consumption is a
complex behavior integrating energy homeostasis, reward system, and stress. Leptin is an appetite
hormone, where leptin receptors are expressed in multiple brain regions [63]. Leptin exerts dual
actions to regulate anorexigenic-mediated energy homeostasis [64] as well as to suppress the food-cued
reward circuit in the hypothalamus [65,66]. Hypothalamus is the main target of leptin in the brain by
eliciting a homeostatic response to energy accumulation in accord with nutritional states. In response
to energy accumulation, leptin inhibits orexigenic neurons expressing neuropeptide Y (NPY) and
agouti-related peptide (AgRP) as well as activates the anorexigenic proopiomelanocortin (POMC)
neurons in the hypothalamic arcuate nucleus (ARC). The inclusive anorexigenic effect prevails during
energy accumulation after feeding together with an increased body fat oxidation, and hence suppresses
leptin synthesis and secretion in a negative feedback loop [67]. On the other hand, plasma leptin levels
are decreased by fasting before fat depletion [68], which in turn, disinhibits orexigenic action and
stimulates the appetite.

Hedonic behavior in response to food is mediated by the mesolimbic circuit involving
endocannabinoid [69], orexinergic [70], and dopaminergic signaling. The food-induced hedonic
circuit can possibly override homeostatic feeding. The lateral hypothalamic (LH) together with the
mesolimbic reward circuit, which involves the ventral tegmental area (VTA) and nucleus accumbens
(NAc) predominate the hedonic circuit, where leptin elicits anorectic action by inhibiting multiple
signaling along the circuit [71–73]. Orexin is a neuropeptide that mediates energy sensing, appetite,
body weight, and reinforces reward behaviors [74–76]. Orexin-expressing neurons located in the LH
innervate in the VTA, where leptin receptors are expressed [77]. Leptin can suppress activities of
orexin-expressing neurons in the LH, as shown in electrophysiological recordings [77]. Besides, intra-LH
leptin infusion abolishes high-fat diet-conditioned place preference mediated by orexin-expressing
neurons [77]. Of note, endocannabinoid signaling is in part involved in the leptin inhibitory action
on orexin-expressing neurons. Leptin deficiency and high-fat diet could enhance cannabinoid
receptor-mediated presynaptic inhibitory control of orexin-expressing neurons in the hypothalamic
ARC [69]. These findings taken together suggest the leptin suppresses hedonic behavior in the
hypothalamus involving orexigenic and endocannabinoid signaling. In addition, dopamine release in
the NAc is an adaptive response to palatable food consumption in association with reward learning and
incentive salience [78–80]. A recent review has comprehensively addressed the crosstalk of leptin and
dopamine signaling in inhibiting the food reward system through the LH-VTA-NAc neural circuit [81].
The LH GABA-ergic projection to the VTA expresses leptin receptors [82]. Leptin promotes GABA
release from the LH to VTA is associated with reduced food consumption in leptin-deficient mice [82].
The inhibitory effect of leptin in the reward circuit is further supported by the lentiviral-mediated
knockdown of the leptin receptor in the LH [83]. Finally, leptin receptors are also expressed in
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dopaminergic innervation from the VTA to the NAc. Intra-VTA infusion of leptin suppresses food
intake [84]. Inhibition of dopaminergic neuron activity in the VTA neurons [85] and the reduced
dopamine levels in the NAc [86] may downregulate the reward system. The underlying molecular
signaling for leptin inhibition in the VTA dopaminergic neuron may activate the Janus kinase-signal
transducer and activator of transcription proteins JAK/STAT/PI3K/mTOR pathway [84,87]. Significantly,
long-term overexpression of leptin in the VTA causes leptin receptor desensitization [88]. Conversely,
adenoviral-mediated knockdown of leptin receptor in the VTA promotes food intake and sucrose
preference [89], and leptin antagonism or knockout in the VTA increases NAc dopamine levels [90].
The abovementioned studies concertedly suggest the overconsumption behavior and continuous body
weight gain regardless of hyperleptinemia in obese subjects [91]. Enlarged adipocyte is the culprit of
hyperleptinemia. And potentially, instead of exhibiting a stronger anorexigenic effect or a stronger
inhibition of hedonic reward, prolonged hyperleptinemia may desensitize the leptin receptor-mediated
signaling [60]. These result in a vicious cycle of hedonic eating and obesity.

Excessive caloric intake and energy accumulation are not the only causes of obesity. Chronic
atypical antipsychotic medication is obesogenic in association with severe metabolic disorders, including
hyperglycemia, insulin resistance, and hyperleptinemia [92–98]. In particular, weight gain, increased
food consumption, and hyperleptinemia are frequently reported in psychotic patients receiving
olanzapine medication [99,100]. Significant elevation of circulating leptin is detected in schizophrenic
subjects receiving haloperidol medication (pre, typical antipsychotic treatment) versus risperidone
and clozapine medication (post, atypical antipsychotic treatment) [101]. Elevated leptin levels and
weight gain in schizophrenic patients treated with atypical antipsychotics may be involved in an
adiposity-induced feedback mechanism [102]. Rodent studies further support the fact that the atypical
antipsychotics, namely risperidone and olanzapine, are obesogenic as well as induce leptin expression
and secretion [103–106]. Essentially, antipsychotics can act on multiple neuroendocrine pathways.
Alongside with serotoninergic antagonism that may underline hedonic feeding behaviors and atypical
weight gain [107–109], some atypical antipsychotics can contravene energy homeostasis by inhibiting
peripheral adrenergic system [97]. β-3 antagonism by atypical antipsychotics can not only disrupt
energy homeostasis [110,111] but also induce hyperleptinemia [112]. In sum, atypical antipsychotics
are obesogenic by contravening brain anorexigenic and reward circuit as well as disrupting normal
adipocyte functioning.

Besides, leptin receptors are found in the hippocampus and neocortex, suggesting their possible
roles in the cognitive process [63]. Leptin resistance in obese and diabetic patients can be linked to
impaired leptin receptor signaling [64] and leptin insensitivity at the blood–brain barrier [50,113].
Although both leptin mRNA and protein expressions are widely detected in the brain [114,115],
circulating leptin can pass through the blood–brain barrier [116] and could function as a neurotrophic
factor in modulating neuroplasticity and cognitive functions [117]. db/db mice, which show loss of
function in leptin receptor signaling, display neuronal atrophy in the hippocampus, including reduced
hippocampal progenitor cell proliferation [118], reduced dendritic branching and dendritic spine [119].
Besides, both db/db mice and Zucker fa/fa rats show spatial memory deficits in the Morris water maze
task [118,120,121] and exhibit despair behaviors [122], suggesting that impaired leptin signaling could
affect structural plasticity in the hippocampus. HFD-induced diabetic model [123] and db/db mice [124]
display hyperleptinemia and leptin resistance. Enhancing leptin levels enhances neuroplasticity and
cognitive function in rodents under physiological conditions. For example, intraperitoneal injection
with 1 mg/kg recombinant leptin continuously for 14 days promotes hippocampal cell proliferation
and survival of newborn neurons in healthy male mice [24]. An in vitro study has demonstrated
that leptin promotes dendritic branching and spine maturation in cultured primary neurons [125].
Moreover, leptin elicits a rapid antidepressant effect by reducing depression-like behavior in the
forced swim test and tail suspension test [126]. Intrahippocampal infusion with leptin immediately
after training improves memory processing in T-maze footshock avoidance and step down passive
avoidance tests [127], suggesting that leptin has a direct effect on influencing hippocampal function
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and enhances behavioral outcome. Notably, previous studies have shown that leptin treatment
via systemic injection or intra-hippocampus injection to the dorsal part can improve spatial and
context-cued learning and memory. Nonetheless, a study has reported that leptin infusion in the
ventral hippocampus, but not in the dorsal hippocampus, impairs memory consolidation for the spatial
location of food [128]. A recent review suggests that activating the leptin signaling pathway, specifically
in the ventral hippocampus, could suppress spatial working memory [129]. Mechanisms of how
leptin affects structural plasticity in the hippocampus are still unclear. Leptin receptors are coupled
to JAK/STAT and PI3K/Akt signaling cascades in hippocampal neurons. Activation of the above
cascades increases the production of manganese superoxide dismutase (Mn-SOD), an antioxidant
enzyme, as well as the anti-apoptotic protein Bcl-xL. The synergistic antioxidant and anti-apoptotic
effects may stabilize the mitochondrial membrane potential, and hence lessen mitochondrial oxidative
stress to promote neuronal proliferation in the hippocampus [26]. Leptin treatment could increase
hippocampal cell proliferation and survival by increasing mitochondrial functioning. In addition,
leptin can also promote synaptogenesis via increasing expression of microRNA-132 (miR-132) [119].
Leptin induces long-term potentiation (LTP) by modulating post-synaptic signaling pathway and
glutamatergic N-methyl-D-aspartate (NMDA) receptor. LTP is considered as a cellular mechanism
of learning and memory formation. The NMDA receptor-dependent LTP in the CA1 region of the
hippocampus underlies spatial memory formation [130]. Both db/db mice and Zucker fa/fa rats with
defective leptin receptors impair hippocampal LTP formation [120], whereas infusion of 1μM leptin into
the hippocampal dentate gyrus enhances LTP [131]. Ex vivo studies also show that leptin can increase
pharmacologically-isolated NMDA receptor-mediated excitatory postsynaptic currents (EPSCs) in the
CA1 region in acute rat hippocampal slices [132] (Table 1).

Neuroprotective effects of leptin have also been shown in animal models. Eight weeks of systemic
infusion with leptin reduces amyloid-β levels in the brain and serum of six-month old CRND8
transgenic mouse model of AD. Leptin treatment also improves object recognition and contextual fear
learning [133]. Moreover, intracerebroventricular injection of leptin (1 μg) for ten days improves spatial
memory in Y-maze and water maze tasks, as well as restores LTP in the CA1 region in an Aβ-induced
AD rat model [134]. The neuroprotective effects of leptin could be linked to a leptin/JAK2/STAT3
signaling pathway [135] or leptin mediated PI3K/Akt/mTOR signaling pathway [136]. In sum, leptin
can directly modulate structural and synaptic plasticity, however prolonged elevation in leptin levels
could be detrimental to neuroplasticity under hyperleptinemia condition.

2.2. Adiponectin

Adiponectin is secreted by white adipose tissue and exerts anti-inflammatory effects on both
endocrine and cardiovascular systems [137,138]. Adiponectin receptors (AdipoRs) express differentially
in peripheral tissues. AdipoR1 is highly expressed in skeletal muscle, while AdipoR2 is abundant
in the liver [139]. Hypoadiponectinemia, a condition of low circulating adiponectin, is commonly
observed in obese and type 2 diabetic patients [140–142]. In line with clinical evidence, diabetic and
obese mice also have reduced adiponectin expression in adipose tissues as well as the blood [143–146].
Circulating adiponectin levels are reduced in obesity [140–142], whereas the expressions of adiponectin
receptors are increased, as evidenced by higher mRNA expressions of AdipoR1 in skeletal muscle
in obese subjects [147] and AdipoR2 in insulin-resistant subjects [148]. Recombinant adiponectin
treatment can reduce body weight and increase hepatic and muscular insulin sensitivity in an
adiponectin-deficient mouse model [149]. Similarly, patients receiving rosiglitazone, an insulin
sensitizer targeting the adipose tissue, experience increased plasma adiponectin by approximately
two-fold [150]. These findings indicate that upregulating adiponectin expression can improve insulin
sensitivity. Adiponectin receptors (AdipoR) are widely expressed in rodent brains, including the
hypothalamus, brainstem, prefrontal cortex, and hippocampus, suggesting its role in the CNS in
addition to its role in metabolism [27,139,151–159]. Overnight fasting by food deprivation for
sixteen hours concomitantly downregulates mRNA expression of adiponectin and upregulates mRNA
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expression levels of AdipoR1 and APPL1 in the hypothalamic ARC [160], a brain area in the mediobasal
hypothalamus regulating energy and glucose homeostasis [161].

Adiponectin could enter the blood–brain barrier since the low-molecular weight trimeric form of
adiponectin is detectable in cerebrospinal fluid after intravenous injection in adiponectin-deficient
mice [25,162]. Prominently, adiponectin is involved in energy homeostasis and appetite in concordance
with leptin. A recent investigation shows that adiponectin promotes anorexigenic POMC activity in
the hypothalamic ARC [163] possibly through PI3-K signaling [164]. Adiponectin elicits an excitatory
effect on POMC neurons in a leptin-receptor dependent manner [163], whereas leptin synergistically
potentiates adiponectin excitatory effect on POMC neuronal activity [163]. Simultaneously, adiponectin
inhibits the neighboring orexigenic NPY/AgRP neurons, which then disinhibit POMC activity [163].
Further studies show that adiponectin action on the hypothalamic POMC activity may occur in
a glucose-dependent reciprocal manner. Adiponectin infusion in the cerebral ventricle exerts an
orexigenic effect at high glucose levels but is anorexigenic at low glucose levels [165]. Moreover,
adiponectin increases the anorexigenic POMC activity at low glucose levels (2.5–5 mM), mimicking
the fasting and physiological states, but decreases the POMC activity at high glucose levels (10 mM),
mimicking a fed state [165] in electrophysiological recordings. The state-dependent adiponectin
mechanism of action may act differentially on different molecular pathways: Adiponectin inhibits
POMC neurons at high glucose via AMPK signaling, while it activates POMC neurons at low glucose
via PI3-K signaling [165]. In contrast to the glucose-dependent effect in POMC, adiponectin enhances
the activity of inhibitory GABA-ergic NPY neurons in a glucose-independent fashion [166]. Altogether,
at low glucose conditions, adiponectin suppresses orexigenic NPY neurons and activates anorexigenic
POMC neurons to attenuate appetite and food intake under conditions of fasting or low blood glucose.
On the other hand, at high glucose levels, feeding behavior is nullified [165] as adiponectin inhibits
both anorexigenic and orexigenic activities. Since leptin resistance and hypoadiponectinemia are
symptomatic in obese and type 2 diabetic subjects, disrupted interplay of leptin and adiponectin
may collectively impair anorectic actions and thus promote caloric intake and energy accumulation
in obese and diabetic conditions. Hypoadiponectinemia is often documented in patients receiving
atypical antipsychotics medication, including olanzapine and clozapine, in association with increased
adiposity and hyperleptinemia [68,167,168]. Specifically, clozapine medication leads to body weight
gain, high triglyceride profile, and hypoadiponectinemia [169,170]. GABA-facilitated orexigenic NPY
activation and the subsequent suppression of anorexigenic POMC activity is suggested to be a potential
mechanism of olanzapine-induced obesity [171]. The disrupted hypothalamic control of energy
homeostasis may, therefore, lead to hyperleptinemia and hypoadiponectinemia. Still, some atypical
antipsychotics, including risperidone and quetiapine, do not affect adiponectin levels [168,172–174].

AdipoR1 is expressed in dopaminergic neurons in the VTA [175]. The adiponectin receptor
expression implicates the crosstalk of adiponectin and dopamine signaling pathways. Hedonic
behaviors and affective behaviors are intertwined by dopamine signaling [176–179]. Recent research
dissecting the role of adiponectin receptor in mediating anxiety reveals that intra-VTA infusion of
adiponectin or the adiponectin receptor agonist AdipoRon suppresses dopaminergic neuron firing in
an AdipoR1-dependent manner [175]. However, impaired adiponectin signaling due to adiponectin
haploinsufficiency or AdipoR1 ablation increases dopaminergic activity and anxiety behavior.
Adiponectin action shares similarities with the inhibitory action of leptin on the VTA dopaminergic
neurons. Importantly, anxiety symptoms are often comorbid with metabolic disorders [180], where
hypoadiponectinemia is indicative in obese and type 2 diabetic subjects [140,141,181]. It is speculated
that the interplay of leptin and adiponectin may also exist in the VTA dopaminergic neurons to
modulate reward and affective behaviors.

Patients with type 2 diabetes or dementia display decreased adiponectin levels [182–184]. High fat
diet-induced and streptozotocin-induced diabetic conditions reduce AdipoR1 and AdipoR2 expressions
in the hippocampus [27]. Adiponectin knockout reduces proliferating cells, differentiating cells, and
cell survival in the hippocampus [185]. Adiponectin stimulates the proliferation of hippocampal
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progenitors through p38MAPK/GSK-3β/β-catenin cascade [157]. Moreover, adiponectin deficiency
reduces the dendritic length, branching, and spine density of dentate granule neurons, particularly in
early-born granule neurons in the hippocampal dentate gyrus [185]. Low levels of adiponectin are
associated with cognitive dysfunction [184]. Chronic adiponectin deficiency impairs spatial memory
and learning and induces anxiety-like behavior [19]. Moreover, AdipoR1 knockdown causes metabolic
dysfunction and neurodegeneration in an association with the cognitive deficit in Morris water
maze [186]. Overexpression of adiponectin in the brain [25] or infusion of recombinant adiponectin
into the cerebral ventricle induces antidepressant effects [158,187,188]. The antidepressant effect could
be linked to the activation of the AdipoR1/APPL1/AMPK pathway [25]. Rosiglitazone, a blood–brain
barrier-impermeable PPARγ-selective agonist, enhances adiponectin levels and elicits antidepressant-
and anxiolytic-like effects in wild-type mice, but not adiponectin-deficient mice or mice pretreated
with PPARγ-selective antagonist [189].

The pro-cognitive effect of adiponectin in AD could be linked to its anti-inflammatory effect and
enhanced effects on synaptic plasticity. Globular adiponectin predominantly binds to AdipoR1 and
inhibits nuclear factor-κB (NF-κB) activation in macrophages, which in turn, suppresses its production of
pro-inflammatory cytokines [190,191]. Therefore, adiponectin may reduce the extracellular deposition
of amyloid-β via its suppressive effect on microglial activation. Moreover, adiponectin attenuates
streptozotocin-induced Tau hyperphosphorylation and cognitive deficits through PI3K/Akt/GSK-3β
pathway [192]. Activating AMPK can suppress GSK-3β action on Tau phosphorylation, whereas
chronic adiponectin deficiency fails to phosphorylate AMPK, which in turn, enables GSK3β action
on promoting Tau hyperphosphorylation, and subsequently results in AD-like neuropathology [19].
Nine-month-old adiponectin-deficient, 5×FAD mice show microglia activation together with elevated
TNFα and IL-1β levels in the cortex and hippocampus [193]. In accordance with the previous study,
an in vivo study illustrates that globular adiponectin exerts anti-inflammatory effects on microglia
by reducing IL-1β, IL-6, and TNFα [33]. Pre-treatment with adiponectin can diminish TNFα and
IL-1β release in vitro [193]. Adiponectin potentially exerts anti-inflammatory action on microglia
via AdipoR1/NF-κB signaling [33,193]. Other studies have further demonstrated that adiponectin
exhibits anti-inflammatory response dependent on PPARγ [194] or IL-4/STAT6 signaling pathway [191].
Recently, an ex vivo study has demonstrated that adiponectin exhibits a beneficial effect on hippocampal
synaptic plasticity in 5×FAD mice. Acute perfusion for 10-min or 2-h incubation of 2.7 nM adiponectin
can induce LTP in the hippocampal CA1 region in five to six months old 5×FAD mice. Acute incubation
of adiponectin also increases expressions of AdipoR1 and AdipoR2, increases protein expressions of
GluA1, GluN1, GluN2B, and PSD-95 as well as elicits anti-apoptotic and anti-inflammatory effects [195].
These findings suggest that adiponectin inhibits neuronal apoptosis and inflammatory mechanisms
and promotes hippocampal long-term potentiation. Taken together, these data have suggested the
neuroprotective and neurogenic effects of adiponectin in the hippocampus (Table 1).

2.3. Chemerin

Chemerin is a novel adipokine that acts autocrine, paracrine, and endocrine on different
tissues [196] by binding to either chemokine-like receptor 1 [197], chemokine receptor-like receptor
2 [198] or G protein-coupled receptor 1 [199]. Chemerin is highly expressed in white adipose
tissue [200] and acts as a pro-inflammatory cytokine [201] and anti-inflammatory cytokine. It promotes
adipogenesis [200], angiogenesis [202], and inflammation [203]. Clinical study has shown that change
of chemerin levels is linked to obesity because the circulating levels of chemerin is positively correlated
with high body-mass index and elevated obesity-related biomarkers [204–206]. Similarly, high fat
diet-induced obese mice display an increase in plasma chemerin levels, and this increase can be reduced
by overnight fasting [207]. Another study has shown that chemerin administration exacerbates the
glucose intolerance in obese and diabetic mice by reducing hepatic glucose uptake [208]. Chemerin
deficiency results in insulin resistance in adipose tissue and liver, leading to elevated hepatic glucose
production and increased blood glucose levels [209]. On the other hand, chemokine-like receptor 1
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knockout mice have reduced glucose uptake in adipose tissue and skeletal muscle [210], whereas
high-fat diet further exacerbates glucose intolerance, hyperinsulinemia and enhances insulin resistance
in these mice [211].

Activation of the chemerin signaling pathway plays a vital role in the neuroendocrine axis
by regulating appetite. Chemerin receptors are highly expressed in multiple rodent brain regions,
including the prefrontal cortex, hippocampus, and hypothalamus [212]. Continuous intracerebral
infusion of chemerin into photoperiodic-sensitive F344 rats can promote food intake [213], whereas
chemokine-like receptor 1 deficiency reduces food intake and body weight [210]. Chemerin can also
aggravate glucose intolerance [208]. Consistently, clinical data indicate that circulating chemerin levels
are increased in patients with obesity, diabetes, and cardiovascular diseases [214].

A recent study has shown that intranasal administration of human recombinant chemerin
(rh-chemerin) exerts neuroprotective effects in a rat model of neonatal hypoxia-ischemia brain
injury [215]. Intranasal treatment with chemerin significantly reduces infarct volume and attenuates
developmental delay 24 h after hypoxic-ischemic encephalopathy. Chemerin treatment significantly
improves cognitive and sensorimotor performance in animals with hypoxic-ischemic encephalopathy.
Moreover, recombinant chemerin treatment significantly reduces apoptosis and the expressions of
pro-apoptotic markers [215], suggesting a neuroprotective role of chemerin. Chemerin signaling is
proposed to mediate neuro-inflammatory action in the brain. It is reported that the expression of
chemokine like receptor 1 (CMKLR1) is upregulated in AD patients, suggesting the role of central
chemerin signaling in the progression of AD [216]. Systemic lipopolysaccharide administration is known
to upregulate CMKLR1 expression and promote neuroinflammation [216]. This study has reported
that CMKLR1 and Aβ42 are colocalized in hippocampal neurons of APP/PS1 AD mice, and CMKLR1 is
involved in Aβprocessing and clearance. CMKLR1 is detected in the hippocampus and prefrontal cortex,
two critical brain regions involved in the pathology of depression [217]. Intracerebral administration
of chemerin elicits antidepressant effects [218]. In the lipopolysaccharide-induced depression mouse
model, intracerebral administrations of chemerin receptor agonist: Eicosapentaenoic acid-derived
resolvins E1 (1 ng) or E2 (10 ng) produce antidepressant effects depending on ChemR23/mTORC1
pathway in the medial prefrontal cortex and hippocampal dentate gyrus [218] (Table 1), suggesting
activating chemerin signaling could be a novel antidepressant target.

2.4. Apelin

Apelin, a peptide hormone secreted by adipocytes, is involved in insulin secretion [219], glucose
and lipid metabolism [220], angiogenesis [221], blood pressure regulation [222], and food intake [223].
Apelin has similar properties as physical exercise does in metabolism, and so given entitled it as an
exerkine [224]. Apelin can be proteolytically cleaved into several bioactive forms, including apelin-13,
-17, and -36, as well as the pyroglutaminated apelin-13 isoform [225]. Apelin receptors are widely
distributed in rodent brain and systemic tissues [226].

Apelin is necessary for balancing the fat composition and promoting insulin sensitivity.
Apelin-knockout mice exhibit obese and diabetic symptoms, including increased abdominal fat
mass, glucose intolerance, hyperinsulinemia, and hypo-adiponectinemia [227]. High-fat diet and
high-sucrose consumption aggravate glucose and insulin intolerance in apelin-deficient mice [228].
Clinical study has reported a positive correlation between plasma insulin levels and apelin expression in
adipocytes from obese subjects. Given this insulin-sensitizing property, apelin has become a promising
therapeutic target for treating obesity and diabetes. Single intravenous injection of 200 pmol/kg
Pyr(1)-apelin-13 can improve glucose intolerance in high-fat diet-induced obese and insulin-resistant
mice [229]. Chronic apelin treatment (two to four weeks) improves insulin sensitivity, lowers blood
glucose levels, and protect the animals from hyperinsulinemia and glucose intolerance in mice with
obesity or insulin resistance [228,230]. Apelin treatment can also significantly reduce adiposity and
plasma triglycerides [230]. Apelin is involved in lipid metabolism by inhibiting isoproterenol-induced
lipolysis in cultured adipocytes [227]. Moreover, exogenous apelin reduces the number of differentiated
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adipocytes and increases the size of lipid droplets inside the cells, suggesting that apelin might suppress
lipolysis [231]. In vitro studies reveal that apelin-13 and [Pyr1]-apelin-13 improve glycemia in an
AMPK/eNOS-dependent [229] and PI3K/Akt-dependent [232] pathways respectively. These findings
have collectively suggested that apelin treatment could be useful in reducing adiposity, improving
insulin sensitivity, and improving diabetic conditions.

Similar to other adipokines, apelin exhibits anti-inflammatory properties [232] and possesses
neuroprotective effects [233]. In an ischemia/reperfusion (I/R) stroke rat model, the post-stroke
intracerebral injection of apelin-13 can significantly reduce the infarct volume [234]. Similarly,
intracerebral infusion of apelin-13 significantly decreases blood–brain barrier permeability and increases
vascular endothelial growth factor levels in post-stroke mice [235]. Furthermore, post-stroke treatment
with intranasal apelin-13 for three days can reduce infarct volume, reduce neuronal apoptosis, suppress
inflammation, and increase angiogenesis [236]. In mice with traumatic brain injury, intracerebral
administration of apelin-13 reduces brain damage via suppressing autophagy [237]. Apelin-13 also
elicits an anti-inflammatory effect by inhibiting microglia and astrocyte activation and upregulates
hippocampal BDNF and TrkB expression in streptozotocin-induced sporadic AD rats. Furthermore,
the apelin-13 treatment also promotes learning and memory performance, as evidenced by its effect on
improving novel object recognition and spatial recognition through the BDNF/TrkB pathway [238].
In a rat model of depression, apelin-13 treatment elicits antidepressant effect and improves recognition
memory via activating phosphatidylinositol 3-kinases (PI3K) and extracellular signal-regulated kinase
1/2 (ERK1/2) signaling pathways. The hippocampus is thought to be the critical brain region mediating
the antidepressant-like response of apelin [239,240]. Similarly, intracerebral infusion of apelin-13 can
ameliorate depression-like phenotypes in rats subjected to chronic restraint stress. Apelin-13 can also
suppress hypothalamic-pituitary-adrenal axis hyperactivity, promote hippocampal BDNF expression,
and restore hippocampal glucocorticoid receptor functions in rats with chronic stress [241] (Table 1).

2.5. Visfatin (Nicotinamide phosphoribosyltransferase, NAMPT)

Nicotinamide phosphoribosyltransferase (NAMPT) is an enzyme which catalyzes the biosynthesis
of nicotinamide adenine dinucleotide (NAD+) in mammals [242]. There are two isoforms of
NAMPT: Intracellular NAMPT (iNAMPT) and extracellular NAMPT (eNAMPT or visfatin) [242].
Growing evidence shows that NAD+/NADH metabolism in adipose tissue is linked to obesity and
insulin resistance. In humans, visceral adipose NAMPT expression and serum NAMPT levels are
positively correlated with obesity [243]. In mice, adipose NAMPT expression and NAD+ contents
are markedly reduced by high-fat diet feeding [244,245], but increased by caloric restriction [246,247].
Adipocyte-specific Nampt knockout mice show severe insulin resistance in multiple organs under a
chow-fed condition, which is independent of body weight and adiposity [248]. Loss of Nampt causes
adipose tissue inflammation, increases plasma free fatty acid concentrations, and decreases adiponectin.
Notably, oral administration with nicotinamide mononucleotide, a key NAD+ intermediate, can restore
adipose tissue NAD+ biosynthesis and significantly restore insulin resistance, plasma adiponectin
and free fatty acid concentrations in adipocyte-specific Nampt knockout mice. On the other hand,
visfatin is secreted from white adipose tissue through sirtuin1 (SIRT1)-mediated deacetylation of
iNAMPT [249]. At present, it remains uncertain whether visfatin can cross the blood–brain barrier.
However, adipose-secreted visfatin serves as a neuroendocrine factor. Adipose tissue-specific Nampt
knockout mice display a significant reduction in circulating visfatin, as well as reduced hypothalamic
NAD+ content and SIRT1 activity [249]. On the other hand, adipose-specific Nampt knock-in mice show
increases in hypothalamic NAD+ content, SIRT1 activity, and neural activity in response to fasting.
Therefore, adipose-secreted visfatin has a strong implication on modulating brain functions.

Visfatin protects neurons against ischemia-induced injury because NAMPT overexpression can
reduce infarct volume and improve long-term neurologic outcomes [250]. In a transient global cerebral
ischemia model with 20-min carotid arteries occlusion, intracerebral infusion of 100 ng visfatin in the
hippocampal CA3 region during cerebral reperfusion can reduce the caspase-3 activation and Bax/Bcl-2
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ratio [251]. Visfatin can significantly reduce apoptosis and necrotic cell death in the CA1 region of
the hippocampus, with improved memory deficits in I/R rats. The suppressed pro-apoptotic and
enhanced anti-apoptotic mechanisms could contribute to the neuroprotective effects of visfatin [250].
In another study, transgenic mice overexpressing NAMPT globally increase NAD+ content and
neuronal survival in the hippocampal dentate gyrus [252]. These mice also display better learning and
memory performance in the water maze test upon middle cerebral artery occlusion. Post-ischemic
intraperitoneal administration with nicotinamide mononucleotide for seven days can improve adult
hippocampal neurogenesis [252]. Nicotinamide mononucleotide and NAD+ promotes proliferation
and differentiation of neural stem cells in a NAMPT/NAD+/SIRT manner [252]. An in vitro study has
concluded that cultured glia, but not neuron, can secrete visfatin under oxygen-glucose deprivation
stress. Treatment of wild-type visfatin, but not H247A-mutant enzymatic-dead visfatin, can significantly
attenuate oxygen-glucose deprivation-elicited cell death in both cultured mouse neuron and glia.
Treatment of neutralizing antibody can, in turn, abolish the protective effect of extracellular visfatin on
cell viability [253].

Although the neuroprotective benefits of visfatin towards neurodegenerative diseases require
further investigation, growing evidence has indicated that NAD+ administration can improve cellular
energetics and extend life span in rodents [254]. The evidence leads to the idea that the administration
of NAD+ precursors, including nicotinamide mononucleotide and nicotinamide riboside, is a potential
treatment to forestall disease progress in AD by improving brain energetics [255]. In the AD
rat model with an intracerebral infusion with Aβ amyloid, intraperitoneal administration of 500
mg/kg nicotinamide mononucleotide improves learning and memory performance in water maze
task [256]. Nicotinamide mononucleotide also attenuates Aβ oligomer-induced neuronal cell death,
prevents long-term potentiation deficit, restores NAD+ and ATP levels, and eliminates reactive oxygen
species in organotypic hippocampal slices [256]. Moreover, nicotinamide riboside treatment exhibits
pro-cognitive function by increasing cortical NAD+ content and restoring long-term potentiation
deficit in the hippocampal CA1 region of the Tg2576 AD mouse model. This study has suggested that
treatment upregulating the NAMPT/NAD+ axis could prevent Aβ accumulation in the brain [257]
(Table 1).
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3. Novel Adipocyte-Derived Messengers on Brain Health

Lipokine refers to fatty acids that act like hormones and modulate lipid metabolism [258]. Notably,
adipose tissue, which is one of the systemic sites with active lipid metabolism, secretes various
lipids into the bloodstream to communicate with distant organs. Coincidentally, alterations in lipid
metabolism may implicate the onset of brain diseases. For example, apolipoprotein E (ApoE) mediates
systemic cholesterol metabolism and acts as a cholesterol carrier to neurons in the central nervous
system. Human carriers of mutated apolipoprotein E allele ε4 are associated with an increased risk of
AD [259]. Moreover, post-mortem studies have shown that AD patients display abnormal levels of
ceramides, n-3 polyunsaturated fatty acids (PUFA), and PUFA-derived signaling lipids [260–264].

Lipokines, including monounsaturated palmitoleic acid and lysophosphatidic acid (LPA can
exert endocrine effects on systemic tissues and have potential crosstalk with the central nervous
system. Palmitoleic acid is a highly abundant fatty acid in the serum. Its circulating levels fluctuate
dependent on metabolic states. Obese children and adults exhibit a higher plasma palmitoleic acid
content compared to healthy control [265,266]. Besides, the change of palmitoleate could be associated
with an increased risk of obesity, dyslipidemia, and insulin resistance [265–268]. On the other hand,
lysophospholipid is a prominent class of lipid signaling molecules, whereas LPA is a crucial member.
Circulating LPAs are synthesized by autotaxin, a phosphodiesterase produced by adipocytes [269].
Circulating autotaxin levels increase in obesity and insulin resistance [270–276], which is positively
correlated with an increase in circulating lysophosphatidic acid [277,278]. A high-fat diet can perturb
lipid composition in the brain. The altered lipid composition is evidenced by a surge of palmitoleic
acid composition in the mouse brain after 14 days of high carbohydrate and high fatty acid diets [279].
Congruently, high-fat diet causes a significant elevation of LPA in mouse cortex after eight weeks of
high-fat diet [280]. Importantly, over-nutritious food has detrimental effects on brain plasticity because
brain diseases could be linked to dysregulated lipid metabolism [281–286]. The effects of palmitoleic
acid and lysophosphatidic acid on brain health warrant further investigation.

3.1. Palmitoleic Acid (16:1n7)

Palmitic acid (16:0) is the most common saturated fatty acid in the human body. It can be consumed
through diet or synthesized from other fatty acids, carbohydrates, and amino acids endogenously [287].
Under normal physiological conditions, palmitic acid accumulation is prevented by desaturation
to palmitoleic acid (16:1n7) or by elongation to stearic acid (18:0), then further desaturation to oleic
acid (18:1) [288,289]. Abnormal levels of palmitic acid have been documented in neurodegenerative
diseases [290–292] that are related to dysregulated palmitic acid biosynthesis. Palmitoleic acid,
a monounsaturated fatty acid, primarily originates from stearoyl-CoA desaturase 1-mediated de
novo lipogenesis from palmitic acid in humans [287]. Palmitoleic acid is highly abundant in serum
and adipose tissues [293]. cis-palmitoleate has been associated with increased insulin sensitivity
and decreased lipid accumulation in the liver [258]. Various animal models have illustrated that
cis-palmitoleate reduces the expressions of pro-inflammatory cytokines and adipokines in association
with metabolic syndromes [258,294,295]. In vitro study also shows that palmitoleic acid increases
lipolysis and lipase content in white adipose tissue in a PPARα-dependent manner [296]. Other
than adipose tissues, palmitoleic acid can enhance whole-body glucose disposal [297] and improve
circulating lipid profiles in both rodents and humans [298]. Therefore, palmitoleic acid is considered
a lipokine.

Fatty acid-binding proteins (FABP) are lipid chaperones that regulate lipid trafficking and responses
in cells [299,300]. In humans, circulating adipose-derived fatty acid-binding protein (A-FABP) levels
are substantially higher than other adipokines, including leptin, resistin, TNF-α, and IL-6 [301–303].
Circulating A-FABP is markedly increased in both obese men and women [304], suggesting that
A-FABP may involve in modulating insulin sensitivity and lipid metabolism in distant organs. Of note,
A-FABP is also considered as an adipokine, which is secreted from adipocyte-derived exosomes by
exocytosis [305]. Critically, deficiencies in A-FABP and epidermal fatty acid-binding protein (E-FABP)
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can activate SCD1 activity, leading to a subsequent elevation in palmitoleate concentration in adipose
tissue [306,307]. A-FABP deficient mice exhibit improvement in systemic glucose, lipid metabolism
and insulin resistance in association with diet-induced and genetically-disposed obesity [308]. The
A-FABP and E-FABP double mutant mice are resistant to diet-induced obesity, insulinemia, type 2
diabetes, dyslipidemia, and fatty liver disease [309,310]. The dysregulated SCD1-mediated de novo
synthesis of palmitoleic acid enhances whole-body glucose and fatty acid metabolism [311].

Although it requires more solid evidence to demonstrate the effect of adipocyte-secreted palmitoleic
acid and A-FABP on brain health, it is reported that stearoyl-CoA desaturase activity and levels of
palmitoleic acid in the brain are associated with AD [312]. Liquid chromatography-mass spectrometry
analysis has revealed elevated levels of several monounsaturated fatty acids, including palmitoleic
acid, in the mid-frontal cortex, temporal cortex, and hippocampus of AD patients as compared to
their age-matched counterparts [312]. This increase is strongly associated with cognitive dysfunction
and the increased expression of stearoyl-CoA desaturase in the brain [266,313–317]. Further studies
have shown that AD patients have increased expressions of various stearoyl-CoA desaturase isoforms,
including SCD-1 [312]. Coherently, stearoyl-CoA desaturase activity is negatively correlated to
cognitive measures [312]. Levels of free palmitoleic acid and the desaturation index are decreased
in frontal cortices in aged dogs treated with antioxidant, and vice versa [318]. The study implicates
that altering stearoyl-CoA desaturase activity and reducing palmitoleic acid levels in the brain may
improve cognitive performance [318].

3.2. Lysophosphatidic Acid

Neuroinflammation is commonly associated with type 2 diabetes [319], and obesity [320].
High-fat diet feeding results in profound central and peripheral inflammation [321,322]. Autotaxin
is a lysophospholipase that synthesizes lysophosphatidic acid (LPA). Autotaxin is also regarded
as an adipokine due to its role in promoting adipocyte differentiation [269]. Evidence suggests
that the autotaxin-mediated LPA biosynthesis contributes to the majority of extracellular LPA, in
which adipocyte-specific autotaxin contributes to most of the circulating LPA [269,272]. Further
investigations suggest that circulating LPA and autotaxin levels are linked to adipocyte differentiation
and obesity [269,271]. Autotaxin expression is upregulated in obese patients and obese db/db mice
due to the accumulation of triglycerides in the adipocytes [271]. A recent study has reported that
adipose-derived autotaxin serves as an inflammatory cytokine of diet-induced obesity [323].

LPA signaling mediates inflammation [324], angiogenesis [325], brain development [326], and
neurogenesis [327] in the brain. Specifically, LPA exerts a pleiotropic effect on various brain cell
types, including neurons, astrocytes, microglia, and oligodendrocytes that show LPA receptors
expression [328]. LPA promotes neuronal differentiation in cortical neural progenitor cells through
LPA1 receptor/Gi/o pathway [329], whereas axonal branching is induced in hippocampal cell cultures
through LPA3 receptor/Gq/Rho family GTPase 2 (Rnd2) pathway [330]. Mainly, LPA1 is essential
in mediating synaptic plasticity and learning. In vitro studies have shown that overexpression of
LPA1 increases dendritic spine density and size [331], potentially through protein kinase C (PKC)/Rho
and PKC/Rac cascades [332,333]. It is speculated that LPA1 deficiency can cause schizophrenia-like
behaviors, including impaired spatial memory retention and increased anxiety-like behavior [334–336].
Furthermore, the role of LPA and its receptors in anxiety-like behavior and learning has been confirmed
by later studies using LPA1-null mice. These mice show normal survival but display aberrant
hippocampal neurogenesis and decreased BDNF levels [327], as well as increased anxiety-like behavior
and memory deficits [337]. LPA mediates astrocyte proliferation through the LPA1 receptor [338].
Interestingly, LPA promotes astrocyte-neuronal crosstalk through laminin-mediated EGFR/MAPK
signaling to facilitate neuronal differentiation [339]. LPA triggers microglial migration through a
Ca2+-dependent K+ channel [340,341], and reduces oxidative stress [342,343]. Moreover, LPA can
promote the retraction of oligodendrocyte processes in mature oligodendrocytes [344] as well as
promotes the formation of oligodendrocyte processes in differentiating oligodendrocytes [345].
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In addition to a metabolic disorder, an altered systemic lipid metabolism may have a neurological
impact [346] through autotaxin-LPA signaling. Clinical study has reported that mild cognitive
impairment and AD patients have significantly higher levels of autotaxin in cerebrospinal fluid [347].
Furthermore, the autotaxin levels are positively correlated to neuroinflammatory markers, β-amyloid,
and tau in the cerebrospinal fluid [347]. In vitro study has shown that LPA could increase Aβproduction
by upregulating the expression of β-secretase expressions in the N2a neuroblastoma cell line expressing
wild-type presenilin 1 and Swedish mutant APP [348]. Potentially, LPA-induced BACE1 promoter
activation is mediated by PKCδ/MEK/MAPK/p90RSk/CREB signaling cascades [348–353]. Moreover,
LPA may be involved in tau hyperphosphorylation and paired helical filaments formation, which
are the pathological patterns in AD brains through Gα12/13/RhoA/Rock/GSK-3β pathway [354,355],
suggesting potential connection among LPA, microfilament dynamics, and AD pathogenesis.

4. Conclusions

It is an emerging research field to understand the functions of different adipokines in regulating
eating behavior, hippocampal plasticity, and neuronal protection. This review has denoted five
adipokines (leptin, adiponectin, chemerin, apelin, and visfatin) and two lipokines (palmitoleic acid and
lysophosphatidic acid) (Figure 1). The review has summarized the currently available evidence for their
novel function in the brain. First, it is evident that the aberrant adipokine production not only renders
the susceptibility to metabolic syndromes in genetically deficient rodent models of various adipokines
but also the vulnerability to neurodegeneration, especially in models of impaired leptin-signaling.
Accumulated evidence has indicated that diet-induced obese or diabetic rodent models show abnormal
levels of leptin, adiponectin, chemerin, apelin, and visfatin. Notably, circulating adiponectin and
visfatin levels are reduced in diet-induced obesity, with associated impairments in hippocampal
plasticity and cognitive behaviors [356]. Due to the multifaceted effect of adipokines on systemic and
brain health, dysregulated adipokine secretion could be one of the causes that underlie the comorbidity
of metabolic syndromes with neurodegenerative disorders [357,358]. Thus, all these investigations have
highlighted the prominent roles of adipokines on brain health. Second, evidence also shows that leptin
and adiponectin can elicit their action directly in the brain by crossing the blood–brain barrier. Leptin
is not only a satiety regulator through anorexigenic and dopaminergic controls, but ample evidence
also supports its role in promoting neuroplasticity in the hippocampus [12]. On the other hand,
adiponectin is a chief metabolic regulator in glucose and fatty acid metabolism with insulin-sensitizing
ability in both peripheral and central systems. Current findings have suggested the direct effect of
adiponectin on synaptic plasticity [195,359] and microglial activation [193]. Both exogenous leptin and
adiponectin can exert pro-cognitive effects in mouse models. Besides, leptin and adiponectin signaling
pathways are defective in AD brains [360]. Hence, increasing leptin and adiponectin signaling can
be a potential therapeutic target for AD [361,362]. Third, emerging literature has also revealed the
central function of three novel adipokines: Chemerin, apelin, and visfatin. Inflammatory response
and apoptosis are typical in neurodegenerative diseases [363,364] and ischaemic stroke [365,366].
These novel adipokines are potential therapeutic targets, which modulate anti-inflammatory and
anti-apoptotic effects in the hippocampus. Finally, this review has highlighted lipokines are a lipid
signaling molecule secreted by adipocytes with potential endocrine effect acting on the brain [367].
Still, the potential of lipokines is mostly unknown, future studies will be required to illustrate its
properties and function in neuroplasticity and cognitive functions.

Overall, adipokines emerge as viable therapeutic targets towards neurodegenerative
diseases. Adipokine-based therapeutic approaches could be future pharmaceuticals to obliterate
neurodegenerative disorders. More in-depth investigations on the above-mentioned adipokines and
its crosstalk with the brain can open up new therapeutic targets to treat neurodegenerative diseases.
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Figure 1. Potential mechanism of adipokine actions on brain health. Adiponectin and leptin can cross
the blood–brain barrier to promote neuroplasticity. Other adipokines and lipokines show profound
effects on mediating neurogenic and neuroinflammatory mechanisms.
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