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Abstract T helper 17 (Th17) cells are vital components of the
adaptive immune system involved in the pathogenesis of most
au to immune and inf lammatory syndromes , and
adiponectin(ADN) is correlated with inflammatory diseases
such as multiple sclerosis (MS) and type II diabetes.
However, the regulatory effects of adiponectin on pathogenic
Th17 cell and Th17-mediated autoimmune central nervous sys-
tem (CNS) inflammation are not fully understood. In this study,
we demonstrated that ADN could inhibit Th1 and Th17 but not
Th2 cells differentiation in vitro. In the in vivo study, we dem-
onstrated that ADN deficiency promoted CNS inflammation
and demyelination and exacerbated experimental autoimmune
encephalomyelitis (EAE), an animal model of human MS.
Furthermore, ADN deficiency increased the Th1 and Th17 cell
cytokines of both the peripheral immune system and CNS in
mice suffering from EAE. It is worth mentioning that ADN

deficiency predominantly promoted the antigen-specific Th17
cells response in autoimmune encephalomyelitis. In addition,
in vitro and in vivo, ADN upregulated sirtuin 1 (SIRT1) and
peroxisome proliferator-activated receptor γ (PPARγ) and
inhibited retinoid-related orphan receptor-γt (RORγt); the
key transcription factor during Th17 cell differentiation.
These results systematically uncovered the role andmechanism
of adiponectin on pathogenic Th17 cells and suggested that
adiponectin could inhibit Th17 cell-mediated autoimmune
CNS inflammation.
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Introduction

Naïve CD4+ T cells are activated by antigen presented by
antigen-presenting cells (APCs) and subsequently differenti-
ate into different T helper (Th) cell subsets, including Th1,
Th2, Th9, Th17, Th22, and Tregs [1–3]. As vital components
of the adaptive immune system, Th cells regulate immunity
and inflammation [4, 5]. Specifically, Th17 cells and the in-
flammatory cytokines that they express have been implicated
in the pathogenesis of most autoimmune syndromes, includ-
ing rheumatoid arthritis (RA), psoriasis, multiple sclerosis
(MS), and inflammatory bowel disease (IBD) [6–8]. Under
the regulation of retinoid-related orphan receptor-γt
(RORγt) and the stimulation of interleukin (IL)-1β, IL-6,
and IL-23, Th17 cells differentiate from naïve CD4+ T cells
and express a series of effector cytokines, including IL-17A,
IL-17F, IL-21, IL-22, IL-26, and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [9, 10]. Although these
cytokines exhibit biological roles in chronic inflammation and
autoimmune diseases, IL-17A plays a critical role in
autoimmmune inflammation, such as the development of ex-
perimental autoimmune encephalomyelitis (EAE), an animal
model of MS [10–12]. High expression of IL-17 in demyelin-
ating lesions is found in patients with MS [13]. Furthermore,
lack of IL-17 signaling or Th17 cell differentiation will relieve
EAE [14, 15]. According to current study, IL-17/Th17 plays
an essential role in autoimmune inflammation and immune
activation.

Many studies have demonstrated that adipocytokines are
key mediators linking adipose tissue, inflammation, and im-
munity [16]. Adiponectin, a 33-kDa protein, is one of the most
abundant adipocytokines and is primarily released from adi-
pocytes [17]. The circulating level of adiponectin negatively
correlates with obesity, type II diabetes, insulin resistance,
liver diseases, and inflammatory responses [18]. As a key
metabolic regulator, adiponectin plays crucial roles in insulin
sensitization, vascular protection, anti-atherosclerosis, anti-di-
abetes, and, most importantly, anti-inflammation and immune
suppression [19–21]. Although adiponectin has anti-
inflammatory properties and the circulating levels of
adiponectin decrease in these inflammatory diseases, it is also
found that adiponectin was increased in a number of autoim-
mune and inflammatory diseases [22]; therefore, the roles of
adiponectin in autoimmune and inflammation may be contro-
versial and remain largely unknown. Thus, it is necessary to
clarify the role of adiponectin in classic autoimmune inflam-
matory diseases. For this reason, we utilized EAE, a mice
model of autoimmune inflammatory central nervous system
disease (MS), to reveal the potential cellular and molecular
mechanism of adiponectin in regulating autoimmune diseases.
The recent finding of significantly decreased adiponectin
levels in the sera of patients with MS compared to those ob-
served in healthy controls indicates that adiponectin may play

a protective role in the pathogenesis of MS [23]. Many other
studies have demonstrated that adiponectin and leptin play
opposite roles in inflammation and immunity [24]. The level
of circulating leptin, a pro-inflammatory adipocytokine, in-
creases in mice during the onset of EAE [25], and leptin-
deficient mice are resistant to the development of EAE [26].
As a whole, all of these studies suggest that adiponectin might
play a protective role in inflammation and immunity. In addi-
tion, one study focused on Tregs and demonstrated that
adiponectin could alleviate EAE [27]. However, it also report-
ed that adiponectin could indirectly activate Th1 and Th17 via
dendritic cell-secreted cytokines under physiological condi-
tions [28], but this finding cannot explain the immune-
suppressive role of adiponectin under the pathological condi-
tions of autoimmune inflammatory diseases. Therefore, the
direct role and mechanisms of adiponectin in regulating the
function and differentiation of classical pathogenic, proin-
flammatory, and autoimmune Th17 cells need to be thorough-
ly investigated.

It is well-known that adiponectin could activate the signal-
ing of AMP-activated protein kinase (AMPK) via adiponectin
receptor1/2 [29]. Our previous study demonstrated a dynamic
interactive relationship between AMPK and sirtuin 1 (SIRT1)
in pancreatic cancer cells [30]. Studies show that sirtuins in-
volve in immune inflammation, especially SIRT1, could in-
hibit monocyte differentiation and ameliorate chronic inflam-
mation and autoimmune diseases [31, 32]. Also, some studies
have illustrated that AMPK-SIRT1 could regulate peroxisome
proliferator-activated receptor γ (PPARγ) and influence vari-
ous biological mechanism [33]. In addition, both animal and
human studies have demonstrated that the expression of
adiponectin is under the control of PPARγ [34]. PPARγ ago-
nists can upregulate the circulating adiponectin level in both
humans and mice [35–37]. Importantly, PPARγ agonists pro-
tect mice from EAE induction, and PPARγ specific inhibits
Th17 differentiation and suppresses central nervous system
autoimmunity in EAE [38]. We recently found that
adiponectin is required for the PPARγ-mediated improvement
of endothelial function [39]. These findings indicate that
adiponectin may play protective roles in inflammatory and
immune diseases. However, it remains unclear whether
adiponectin has a regulatory effect on SIRT1 and PPARγ in
Th cells and plays protective roles in autoimmune diseases by
suppressing pathogenic Th17 cells differentiation.

We previously found that adiponectin could regulate endo-
thelial cell and dendritic cell differentiation in vitro [40, 41]. In
this study, we investigated in vitro the effects of adiponectin
on T helper cells differentiation and, interestingly, found that
exogenous adiponectin inhibited Th1 and Th17 cell differen-
tiation from naïve CD4 positive splenocyte cells.
Furthermore, we demonstrated that adiponectin deficiency in-
creased Th1 and Th17 cytokine expression in the peripheral
immune system and CNS of mice with induced EAE.
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Moreover, adiponectin deficiency prominently promoted an
antigen-specific Th17 cell response in autoimmune encepha-
lomyelitis. In addition, we found that adiponectin could down-
regulate RORγt, a key transcription factor during Th17 cell
differentiation in vivo and in vitro. These results suggested
that adiponectin may play protective roles in inflammatory
and autoimmune diseases via the inhibition of pathogenic
Th17 cell differentiation.

Materials and Methods

Mice and EAE Induction

Female C57BL/6 background adiponectin knockout mice
[42] and C57BL/6 wild-type (WT) mice (Academy of
Military Medical Science, Beijing, China) 6 to 8 weeks old
were used to induce EAE. The mice were maintained and fed
in a specific pathogen-free condition in the Experimental
Animal Center of Tianjin Medical University. The care and
treatment for mice were approved by Animal Ethics
Committee of Tianjin Medical University and were in accor-
dance with guidelines for animal care. Each mouse was im-
munized subcutaneously (s.c.) with 100 μg of myelin oligo-
dendrocyte glycoprotein (MOG)35–55 peptide (CL. Bio-
Scientific CO., LTD, Xi’an, China) that was emulsified in
complete Freund’s adjuvant (Difco, Detroit, MI) containing
200 μg of heat-killed Mycobacterium tuberculosis H37RA
(Difco, Detroit, MI) on day 0. On day 0 and day 2 after the
immunization, each mouse was given 200 ng of pertussis tox-
in (List Biological Laboratories, Campbell, CA) in 200 μl of
PBS intraperitoneally (i.p.). The clinical scores were moni-
tored daily based on the clinical symptoms on a scale from 0
to 6 for 39 consecutive days (score of 0–6: 0 = no clinical
signs, 0.5 = partially paralyzed tail, 1 = paralyzed tail, 2 = par-
alyzed tail and weakness in hind limbs, 3 = one hind limb
paralyzed, 4 = both hind limbs paralyzed, 5 = both hind limbs
paralyzed and partial or complete paralysis of forelimbs, and
6 = moribund or dead).

Histology and Immunohistochemistry

The spinal cords were fixed in 10% (weight/volume) formalin
solution at 4 °C overnight, paraffin-embedded and cut into
sections of 5 μm in thickness. Representative sections were
stained with hematoxylin and eosin (H&E) to reveal inflam-
matory infiltrates. The immunohistochemistry of rabbit anti-
mouse F4/80 (AbD Serotec), rabbit anti-mouse CD3
(eBiosciences), and rabbit anti-mouse CD4 (BioLegend) was
examined to quantify the infiltrating components. DAB per-
oxidase substrate solution was used to detect HRP-conjugated
anti-rabbit antibody.

Real-Time PCR

The total RNA was extracted from tissues using TRIzol
reagent (Invitrogen, CA, USA). Random hexamer primers
and ImProm-II reverse transcriptase were used to generate
cDNA. Gene expressions were assessed using a SYBR
Green real-time PCR system (Invitrogen, CA, USA) with
an Applied Biosystem Prism 7000 sequence detection sys-
tem. For each sample, duplicate test reactions were ana-
lyzed to determine the expression of interested genes, and
the results were normalized to the GAPDH expression.
The melting curves were analyzed to ensure the specific-
ity of the qPCR reaction. The primer sequences of mouse
genes were as follows:

IL-1β forward: GGACATAATTGACTTCACCA
TGGAA, reverse: CAGTCCAGCCCATACTTTAG
GAA;
IL-4 forward: TCATCGGCATTTTGAACGAG, reverse:
TTTGGCACATCCATCTCCG;
IL-6 forward: AGCCAGAGTCCTTCAGAGAG,
reverse: GATGGTCTTGGTCCTTAGCC;
IL-17A forward: CTCCAGAAGGCCCTCAGACTAC,
reverse: AGCTTTCCCTCCGCATTGACACAG;
IL-17F forward: GAGGATAACACTGTGAGAGT
TGAC, reverse: GAGTTCATGGTGCTGTCTTCC;
IL-22 forward: CATGCAGGAGGTGGTACCTT,
reverse: CAGACGCAAGCATTTCTCAG;
IFN-γ forward: GCATTCATGAGTATTGCCAAGTTT,
reverse: GATTCCGGCAACAGCTGGT;
TNF-α forward: ACCCTCACACTCAGATCATC,
reverse: GAGTAGACAAGGTACAACCC;
T-bet forward: GCCAGGGAACCGCTTATATG,
reverse: GACGATCATCTGGGTCACATTGT;
RORα forward: AGAACAACACCGTGTACTTTG,
reverse: CTGTAGGACGTGCTGAAG;
RORγt forward: AGTGTAATGTGGCCTACTCCT,
reverse: GCTGCTGTTGCAGTTGTTTCT;
CD68 forward: TTGGGAACTACACACGTGGGC,
reverse: CGGATTTGAATTTGGGCTTG

Recombinant Mouse Adiponectin Purification

p-PROEX HTb plasmid containing the mouse adiponectin
gene was used to express and purify mouse adiponectin. The
plasmid was transfected into E. coli and purified using a Ni-
NTA agarose column. The concentration of recombinant
mouse adiponectin was determined using the bicinchoninic
acid (BCA) assay kit (Pierce Biotechnology Inc., Rockford,
USA). SDS-PAGE revealed that the protein purity was greater
than 95 %.
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T Helper Cell Differentiation

First, a single cell suspension was isolated from the spleens of
wild-type mice by mashing and passing through a 40 μm cell
strainer (BD Biosciences CA, USA) with RPMI1640 medi-
um. Anti-mouse CD4 magnetic microbeads (Miltenyi Biotec,
Auburn, CA) were used to purify CD4+ Tcells. The cells were
seeded into an anti-mouse CD3 (5 μg/ml) and anti-mouse
CD28 (1 μg/ml) pre-coated 24-well plate at the concentration
of 1 × 106 cells per well and cultured with cytokines (R&D
systems, USA) used to induce T cell differentiation for 96 h.
To induce Th1 cells, 10 ng/ml IL-12 and 10 μg/ml anti-
mouse-IL-4 were used. To induce Th2 cells, 10 ng/ml IL-4
and 10 μg/ml anti-mouse IFN-γ were used. To induce Th17
cells, 20 ng/ml IL-6, 10 ng/ml IL-23, 1 ng/ml TGF-β, 10 μg/ml
anti-mouse IL-4, and 10 μg/ml anti-mouse IFN-γ were used.
Recombinant mouse adiponectin was absent or present in par-
allel wells at the concentration of 10 μg/ml to show its effect on
T helper cell differentiation.

Ex Vivo Re-stimulation with MOG35–55

A single spleen cell suspension was seeded to a 96-well round
plate at a concentration of 2 × 105 cells per well. The cells
were treated with 33 μg/ml MOG35–55 and cultured for 96 h.
The supernatant was collected, and the cytokine productions
were quantified using the Bio-Plex cytokine assay. For the cell
proliferation assay, 0.5 μCi 3H thymidine was incorporated to
each well for the last 16 h of culture. Then, cells were harvest-
ed with UniFilter-96 GF/C plates (PerkinElmer, CA, USA),
and the radioactivity was measured as counts per minute
(cpm) by a TopCount NxT ß-counter (PerkinElmer, CA,
USA) and normalized against the protein concentration.

Multiple Cytokine ELISA Assay

The Bio-Plex cytokine assay system (Bio-Rad) was used to
analyze the cytokines released from cells under certain culture
conditions. After culturing, the supernatant of the cells was
collected and diluted using the diluents that were included in
the kit and then quantitated according to the manufacturer’s
instructions.

Flow Cytometry

Cells that separated from EAE mice were first re-stimulated
with the cell stimulation cocktail (plus protein transport inhib-
itors) (eBioscience, CA, USA) for 5 h and were then collected
and washed with 1× PBS containing 2 % FBS and 0.1 %
NaN3. To stain the cell surface markers, APC-conjugated rat
anti-mouse CD4 antibodywas used. Then, the cells were fixed
in an IC fixation buffer followed by washing with a perme-
abilization buffer (eBioscience, CA, USA). Then, PE-

conjugated rat anti-mouse IL-17A (BioLegend, CA, USA)
and PE-conjugated rat anti-mouse IFN-γ (eBioscience, CA,
USA) were used to stain the intracellular cytokines. Accuri C6
(BD, CA, USA) was used to analyze the cells that were la-
beled with different antibodies according to the manufac-
turer’s instructions. FlowJo software (Tree star, Ashland,
OR) was used to analyze the fluorescence-activated cell sorter
(FACS) data.

Antibodies and Western Blotting

Western blot analysis was conducted to detect the expression
of SIRT1, PPAR-γ, and ROR-γt protein in the Jurkat cells and
primary CD4+ T cells. Jurkat cells were treated with
adiponectin (10 μg/ml) for 24 h. Primary CD4+ T cells were
separated from the spleen of adiponectin KO mice WT mice
with EAE. Antibody for PPAR-γ was purchased from Cell
Signaling. SIRT1 and RORγt were purchased from Abcam.
β-actin was purchased from Sungene. RIPA lysis buffer with
protease inhibitors was used for the whole-cell lysate. Protein
concentrations were examined using the BCA method
(Biomed, Beijing, China). The total protein was separated
with 10 % SDS-PAGE, transferred onto PVDF membranes,
and subsequently detected using various primary antibodies.
The Chemiluminescent HRP Substrate (Millipore, MA, USA)
was used to detect the antibody-antigen complexes.

Statistical Analysis

The results shown are representative data of at least three
independently repeated experiments. All of the data are pre-
sented as the mean ± SEM. Statistical significance was deter-
mined by a one-way ANOVA or Student’s t test. In all of the
statistical comparisons, error bars are ±s.e.m., and p value
<0.05 was used to indicate a significant difference.

Results

Adiponectin Inhibited Th1 and Th17 Cell Differentiation
In Vitro

In this study, we first investigated the influence of exog-
enous adiponectin on Th1, Th2, and Th17 cell differenti-
ation. Naïve CD4+ splenic cells were differentiated to Th1
by IL-12 and anti-IL-4, Th2 by IL-4 and anti-IFN-γ, and
Th17 by TGF-β, IL-6, IL-23, anti-IFN-γ, and anti-IL-4.
And recombinant adiponectin was presented during the
differentiation. The signature cytokine proteins that were
produced from different T helper cells were examined by
a cytokine immunoassay after the rest and restimulation of
T cells with PMA and ionomycin. Compared to the Th0
cells, which had no cytokine stimulation, the Th1 cells
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had highest amounts of IFN-γ, Th2 cells expressed an
abundance of IL-4, and Th17 cells produced the greatest
abundance of IL-17, demonstrating that these cells were
successfully differentiated (Fig. 1a–c). However, as pre-
sented with the adiponectin, the IFN-γ expression in Th1
cells, the IL-6 and IL-17 production in Th17 cells were
significantly reduced (Fig. 1a, c). No inhibitions were
observed of IL-4 secretion or intracellular expression in
differenced Th2 cells (Fig. 1b). Then, the expression of
signature cytokine transcripts of different T helper cell
l i n e age s was examined by quan t i t a t i v e PCR.
Consistently, the results showed that exogenous
adiponectin inhibited the expression of cytokine IFN-γ
and its transcription factor T-bet during Th1 cell differen-
tiation (Fig. 1d). Adiponectin also inhibited the expres-
sion of Th17 cytokines IL-6, IL-17A, IL-7F, IL-21, IL-
22, and IL-23R and transcription factors RORα and
RORγt in Th17 cell differentiation (Fig. 1f, g). Because
of the dramatic inhibition of IL-6 transcript expression in
Th17 cells, we examined IL-6 transcription factor STAT3
and found that adiponectin also suppressed STAT3 ex-
pression during Th17 cell differentiation (Fig. 1f).
However, adiponectin did not inhibit the expression of
IL-4 and its transcription factor GATA-3 in Th2 cell dif-
ferentiation (Fig.1e). These results indicated that
adiponectin had suppressive effects on Th1 and Th17 cell
differentiation but not on Th2 cell differentiation in vitro.

Adiponectin Deficiency Promoted CNS Inflammation
and Demyelination and Exacerbates Autoimmune
Encephalomyelitis

Based on the results of the suppressive effect of adiponectin
on Th1 and Th17 cells, we found that adiponectin deficiency
could exacerbate the development of EAE, an animal model
of multiple sclerosis, mainly mediated by pathogenic T cells,
including Th1 and Th17 cells. In Fig. 2a, EAEwas inducted in
both adiponectin-deficient and wild-type mice using MOG35–

55 peptides. Daily recorded clinical scores of EAE showed that
adiponectin-deficient mice had more severe disease develop-
ment than wild-type control mice did. However, there were no
differences in the disease onset time between the adiponectin-
deficient and wild-type mice. These results suggested that
adiponectin deficiency may influence the EAE progression
but not delay the disease initiation.

Inflammation and demyelination in the central nervous
system are the two main pathological characters of EAE
and are also important parameters that are used to compare
the severity of EAE. To assess the inflammation and de-
myelination, spinal cords were isolated and assessed using
H&E staining and luxol fast blue staining, respectively.
There was significantly increased inflammation (Fig. 2b)
and demyelination (Fig. 2c) in adiponectin-deficient EAE

mice compared to wild-type EAE mice. Furthermore, we
chose two regions of the same area from each H&E stain-
ing slide and counted the inflammatory cell numbers in
these regions. Compared to the spinal cord samples from
wild-type EAE mice, there were more inflammatory cells
infiltrations in the spinal cords of adiponectin-deficient
EAE mice (Fig. 2d). In addition, the mRNA level of the
inflammatory cytokines TNF-α and IL-1β and the macro-
phage cell marker CD68 was also evaluated by quantitative
PCR analysis (Fig. 2e). The results showed that the spinal
cords from adiponectin-deficient mice had a relatively
higher inflammatory response than wild-type mice after
suffering from EAE. These data indicated that there was
more severe inf lammation and demyelinat ion in
adiponectin-deficient mice. Taken together, adiponectin-
deficient mice were more susceptible to EAE, suggesting
the protective roles of adiponectin in EAE.

Adiponectin Deficiency Increased Th1 and Th17 Cells
and Their Signature Cytokine Expression
in the Peripheral Immune System

To further determine whether the cytokine production related
to T helper cells in the peripheral immune system is upregu-
lated by adiponectin deficiency, total RNAwas extracted from
the lymph nodes of two groups of mice with induced EAE.
Quantitative PCR was used to analyze and compare the rela-
tive mRNA expression level for Th1, Th2, Th17, and inflam-
matory cytokines in both adiponectin-deficient and wild-type
mice (Fig. 3a–e). The mRNA levels of inflammatory cyto-
kines IL-1β and TNF-α (Fig. 3a), Th1 cytokine
IFN-γ(Fig. 3b), and several Th17 cell-related cytokines, such
as IL-6, IL-17A, IL-17F, and IL-22, were significantly in-
creased in the lymph nodes of adiponectin-deficient EAE
mice (Fig. 3d), in contrast to the Th2 cytokine IL-4(Fig. 3c).
We also measured the mRNA expression level of transcription
factors of different Th cells and found that, similar to the
cytokine transcripts results, adiponectin deficiency increased
the expression of Th1 factor T-bet and the Th17-related factors
RORα, RORγt, and STAT3 (Fig. 3b, e) but did not influence
the Th2 factor GATA-3(Fig. 3c). These data supported the
roles of adiponectin against inflammation and activity in
Th1 and Th17 cells but not Th2 cells. Furthermore, to intui-
tively detect the inhibitory effect of adiponectin on Th1 and
Th17, PE-conjugated rat anti-mouse IL-17A and IFN-γ were
used to stain the intracellular cytokines of the cells that were
separated from the spleen and lymph nodes of two groups of
EAE mice. In agreement with the mRNA level, adiponectin
deficiency increased the key cytokine expression in Th1 and
Th17 cells (Fig. 3f). Notably, the increase in IL-17Awas more
obvious than IFN-γ in CD4+ T cells from adiponectin knock-
out mice with EAE.
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Adiponectin Deficiency Promoted T Cell Infiltration
and Enhanced Th1 and Th17Cytokine Expression inCNS

Because EAE is a pathogenic T cell-mediated CNS inflamma-
tory disease, T cell infiltration in CNS is another parameter of
CNS inflammation. To further confirm the compositions of
the inflammatory T cell infiltrates, immunohistochemistry
was used to analyze the T cell infiltration in spinal cords. In
adiponectin-deficient EAE mice, there were more CD3+ and
CD4+ cell infiltrations in the CNS (Fig. 4a). These infiltrations
suggested that adiponectin deficiency may influence the CNS
inflammation by at least partially elevating inflammatory T
cell infiltration.

Th1 and Th17 cells are two key mediators of inflammation
in the CNS of EAE. Based on the above results, to determine
which type of effecter T cell cytokine expression was influ-
enced in the spinal cord of EAE, spinal cords were collected
for quantitative PCR analysis to compare the mRNA levels of
Th1, Th2, and Th17 cell-related cytokines between

adiponectin-deficient and wild-type mice. This analysis dem-
onstrated that the expression of several cytokines, including
the Th1 cell cytokine IFN-γ and Th17 cytokines IL-6, IL-
17A, IL-17F, IL-22, and IL-23 receptor were elevated in the
spinal cords of adiponectin-deficient EAE mice compared to
their respective wild-type controls (Fig. 4b, e). Furthermore,
adiponectin-deficient EAE mice also displayed a markedly
increased expression of transcription factors, including T-bet,
which mediated the differentiation of Th1 cells, and RORγt
and STAT3, which were involved in the differentiation of
Th17 cells (Fig. 4b, d). The decreased expression of Th2 cell
cytokine IL-4 was observed in the spinal cords of adiponectin-
deficient EAE mice, but no significant change in transcription
factor GATA-3, which controlled the differentiation of Th2
cells, was observed (Fig. 4c). These data demonstrated that
adiponectin deficiency increased the transcripts of inflamma-
tory Th1 and Th17 cell cytokines but not Th2 cell cytokines
and may decrease the Th2 transcripts to certain levels, sug-
gesting that adiponectin protected CNS inflammation partially

Fig. 1 Adiponectin (ADN) inhibited the differentiation of Th1 and Th17
cells in vitro. Naïve CD4+ splenic cells were treated with adiponectin
during differentiation to the different effector Th cells. Supernatant and
mRNA were detected after differentiation. ELISA results of IFN-γ (a),
IL-4 (b), IL-6 and IL-17 (c). d Real-time PCR of Th1 cell-related
cytokine and transcription factor. e Real-time PCR of Th2 cell-related

cytokine and transcription factor. (f, g) Real-time PCR of Th17 cell-
related cytokines and transcription factors. mRNA was extracted from
differentiated Th1 cells, Th2 cells, and Th17 cells. The results were
normalized against GAPDH. The data are expressed as the mean fold
change ± SEM(*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test)
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through the inhibition of Th1 and Th17 cytokine expression
and/or Th1 and Th17 cell infiltration in the CNS.

Adiponectin Deficiency Promoted Antigen Specific Th17
Cell Response in EAE Mice

We next investigated whether adiponectin deficiency might
influence the MOG35–55-specific proinflammatory Th1 and

Th17 response in EAE. The cells of the spleen of MOG35–

55-induced EAE mice were assessed for T cell proliferation
and cytokine production underMOG35–55 peptide stimulation.
To this end, the splenic cells were restimulated with MOG35–

55 in vitro for 96 h. We first used 3H-thymidine incorporation
to determine the antigen specific T cells proliferation and
found that the cells from adiponectin-deficient EAE mice
had a higher proliferation rate than the wild-type littermates

Fig. 2 Adiponectin knock-out (KO) mice were more susceptible to EAE
than wild-type littermates (WT). a Average EAE clinical scores of KO
mice and WT mice after being immunized with MOG35–55 peptide.
Female WT mice (n = 15) and adiponectin KO mice (n = 15) that were
6–8 weeks old were treated withMOG35–55 peptide that was emulsified in
CFA. The clinical scores of all the mice were assessed daily according to
the same criteria for 39 continuous days. bHematoxylin and eosin (H&E)

staining of representative spinal cord sections from adiponectin KO mice
WTmice. c Fast blue staining of a representative spinal cord section from
adiponectin KOmice andWT mice. d Inflammatory cell numbers in two
regions of the same area from H&E staining slides from adiponectin KO
mice andWTmice. e Real-time PCR of inflammatory cytokines in spinal
cords of adiponectin KO mice and WT mice. The data are expressed as
the mean ± SEM(*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test)
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did (Fig. 5a). This result indicated that adiponectin deficiency
may enhance antigen specific T cell proliferation. However,
which type(s) of T cells were more proliferated was not clear.
Thus, we further detected which types of Th cell cytokines
were influenced by adiponectin deficiency. The cell culture
supernatant of MOG35–55-stimulated splenocytes was used
for multiple cytokines assays. The adiponectin-deficient cells
had higher levels of Th17 cell cytokines IL-17 and IL-6 pro-
duction and inflammatory cytokine TNF-α and IL-1β produc-
tion. However, the other cytokines were not increased signif-
icantly in adiponectin-deficient cells compared to the wild-
type cells under MOG35–55 stimulation (Fig. 5c). After nor-
malizing the cytokine production to cell proliferation, the level
of IL-17 was still higher in adiponectin-deficient mice, sug-
gesting that the overproduction of IL-17 was not simply a
result of the proliferated cell numbers but also because of the

deficiency of adiponectin (Fig. 5b). These data demonstrated
that adiponectin deficiency significantly promotes the Th17
cell response and CNS inflammation by enhancing the inflam-
matory Th17 cell response.

Adiponectin Suppressed the Differentiation of Th17 Cells
by Upregulating SIRT1 and PPARγ and Inhibiting
RORγt

Our previous study demonstrated a dynamic interactive rela-
tionship between AMPK, activated by adiponectin and sirtuin
1 (SIRT1) in pancreatic cancer (PC) cells [30]. Therefore, we
wondered whether adiponectin suppressed Th17 cells via
SIRT1 and/or its downstream pathway. Jurkat cells were treat-
ed with or without exogenous adiponectin (10 μg/ml) for 24 h
and were then collected to detect the key signaling regarding

Fig. 3 Increased Th1 and Th17
cells in the peripheral immune
system of adiponectin KO mice
with EAE. a Real-time PCR of
inflammatory cytokine
production in adiponectin KO and
WT mice. b Real-time PCR of
Th1 cell-related cytokine and
transcription factor. c Real-time
PCR of Th2 cell-related cytokine
and transcription factor. d Real-
time PCR of Th17 cell-related
cytokines. e Real-time PCR of
Th17 cell-related transcription
factors. f Flow cytometry of IFN-
γ and IL-17A in CD4+ T cells
from the spleens and lymph nodes
of both adiponectin KO mice and
WT mice with EAE. mRNAwas
extracted from the lymph nodes
of both adiponectin KO mice
(n = 6) and WT mice (n = 6)
14 days after immunization with
MOG35–55. (*p < 0.05,
**p < 0.01, ***p < 0.001,
Student’s t test)
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Th17 cell differentiation. In Fig. 6a, the results showed that
adiponectin could upregulate SIRT1 and PPARγ and inhibit
RORγt in vitro. RORγt is a key transcription factor in Th17
cell differentiation, and PPARγ can selectively inhibit RORγt
[38]. However, the exact interaction among SIRT1, PPARγ,
and RORγt in T cells is not clear. Therefore, we used shRNA
to knockdown SIRT1 and detect the change in PPARγ and
RORγt. As expected, SIRT1 knockdown downregulated
PPARγ and upregulated RORγt (Fig. 6b). From these results,
we inferred that adiponectin could inhibit Th17 cell differen-
tiation via the SIRT1-PPARγ-RORγt pathway. Furthermore,
CD4+ T cells that were separated from the spleen of
adiponectin knockout and wild-type mice were used to detect
SIRT1, PPARγ, and RORγt. Adiponectin deficiency could
significantly decrease the level of SIRT1 and PPARγ; in con-
trast, RORγt was upregulated in adiponectin knockout mice
with EAE (Fig. 6c). In summary, these results suggested that
adiponectin could suppress the differentiation of Th17 cells by
upregulating SIRT1 and PPARγ and inhibiting RORγt
in vitro and in vivo.

Discussion

Many reports have demonstrated that Th cells, as vital com-
ponents of the adaptive immune system, regulate immunity
and inflammation [4, 5]. Notably, Th17 cells are a special
proinflammatory lineage of effector/memory Th cells and
have been implicated in the pathogenesis of nearly all major
autoimmune syndromes [7]. Based on these, our major study
about autoimmune inflammation focused on the effects of
adiponectin on Th cells, especially Th17 cells.

A previous report demonstrated that, under physiological
conditions, adiponectin could activate Th17 and Th1 via den-
dritic cell [28]. However, most studies showed that
adiponectin acted as a negative modulator of the autoimmune
diseases [22, 43]. Such adiponectin could inhibit skin inflam-
mation of psoriasiform via suppressing γδ-T cells [44]. In
addition, another study showed that adiponectin deficiency
could exacerbate EAE due to a defect in Treg cells.
Meanwhile, a lack of adiponectin led to the activation of
Th1 cells. Interestingly, compared to wild-type mice, APCs

Fig. 4 Increased Th1 and Th17
cell cytokines production in the
spinal cords of adiponectin KO
mice with EAE. a
Immunohistochemistry analysis
of the expression of inflammatory
markers in the spinal cords of
adiponectin KO mice and WT
mice at the disease peak of EAE
(day 17 after immunization).
Sections of spinal cords from
adiponectin KOEAEmice (n = 6)
and WT EAE mice (n = 6) were
immunostained for rabbit anti-
mouse CD3 antibody and rabbit
anti-mouse CD4 antibody. b
Real-time PCR of Th1 cell-related
cytokine and transcription factor.
c Real-time PCR of Th2 cell-
related cytokine and transcription
factor. d Real-time PCR of Th17
cell-related transcription factors. e
Real-time PCR of Th17 cell-
related cytokines. The mRNA
expression levels of each gene in
spinal cords from adiponectin KO
EAE mice (n = 6) and WT EAE
mice (n = 6) were compared using
real-time PCR analysis.
(*p < 0.05, **p < 0.01,
***p < 0.001, Student’s t test)
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of adiponectin deficient mice did not differ in supporting the
proliferation of CD4+ T cells [27]. Thus, present studies sug-
gest that adiponectin may have different, even diverse effects
under different conditions, such as pathology and physiology
and indicate that the roles of adiponectin in autoimmune and
inflammation are controversial. Hence, the effect of
adiponectin on autoimmune requires systematic study.

Therefore, we conducted thorough study to explore the
potential regulatory effect of adiponectin on Th cells. In our
study, adiponectin could inhibit the differentiation of Th1 and
Th17 cells at both the protein and mRNA levels in vitro
(Fig. 1). Then, we utilized EAE which is mainly triggered
by pathogenic Th cells to explore the effects of adiponectin
on Th cell subtypes. In our experience, during the induction of
EAE, mice that were given PTX intraperitoneally (i.p.) would
have lower clinic scores than intravenous (i.v.) injection.
Thus, we gave mice PTX i.p. to better observe the difference
of EAE clinic scores betweenWTand KOmice. As expected,
EAE significantly aggravated in KO group compared with
WT group (Fig. 2). Previous studies hypothesized that the
differentiation of CD4+ T cells into Th1 cells, which mainly
secrete IFN-γ, is crucial in the initial steps of EAE induction.
In addition, the transition from Th1 cells to Th2 cells is im-
portant in protecting mice from EAE [45, 46]. With the dis-
covery of Th17 cells and IL-17, many studies indicated that

Th17 cells are the primary mediators of inflammation and
demyelination in EAE [5, 47]. Although Th17 cells are con-
sidered the main pathogenic factors in EAE, these studies
could not exclude the roles of Th1 cells when examining the
mechanism of EAE pathogenesis [48]. Consistently, our stud-
ies also demonstrated that, when induced with EAE, in both of
the peripheral immune system and the central nervous system
of adiponectin-deficient mice, there was a higher expression
of Th1 and Th17 cytokines. In addition, the transcription fac-
tor expression of Th1 and Th17 cells increased in adiponectin-
deficient mice. However, the expression of cytokines and tran-
scription factors in Th2 cells did not differ between the two
groups of mice (Figs. 3 and 4).

As flow cytometry (Fig. 3f) demonstrated, an increase of
IL-17A was more obvious than IFN-γ in CD4+ T cells from
adiponectin knockout mice with EAE. In addition, in spinal
cords, the site of inflammation, the activity was consistent
with the situation in the peripheral immune system.
Quantitative PCR showed that IL-17 cytokine and the Th17
cell-related transcription factor RORγt significantly increased
compared with other factors in the spinal cords of adiponectin-
deficient EAE mice than in wild-type EAE mice (Fig. 4).
These results suggested that the protective role of adiponectin
might primarily because of the inhibition of Th17 cells.
Therefore, we isolated and cultured the spleen cells from both

Fig. 5 Adiponectin deficiency
promoted antigen-specific Th17
cell response in EAE mice.
Spleen cells from adiponectin KO
mice andWTmice were collected
14 days after immunization and
were re-stimulated with MOG35–

55 again in vitro. a Cell
proliferation was assessed by
incorporating 3H thymidine for
the last 16 h of culture. b Relative
level of IL-17 production after
normalization against
proliferation. c Cytokine
production was evaluated using
the Bio-Plex cytokine assay
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two groups of mice after they suffered from EAE. After re-
stimulation with MOG35–55, the specific antigen of EAE, the
level of IL-17 in the supernatant of splenocytes increased
greatly in adiponectin-deficient mice, while the change in
wild-type mice was relatively small. Even after normalizing
the cytokine production to cell proliferation, the level of IL-17
was still much higher in adiponectin-deficient mice than in
wild-type mice (Fig. 5). These results indicated that
adiponectin might protect mice from autoimmune diseases
by prominently suppressing Th17 cells.

Studies showed that adiponectin receptors were expressed
on T cells [49], suggesting that adiponectin may directly in-
teract with naïve T cells and affect Th17 cell differentiation. It
is well known that RORγt is a key transcription factor during
the differentiation of Th17 cells from naïve CD4+ T cells [50]
and our study showed that the expression of RORγt was sig-
nificantly increased in peripheral immune organ and CNS of
adiponectin-deficient mice suffer from EAE compared with
wild-type mice (Figs. 3 and 4). These suggested that
adiponectin might affect Th17 cell differentiation via
inhibiting the RORγt signaling pathway. Therefore, we fo-
cused on RORγt pathway and further explored the potential
molecular mechanism of adiponectin-mediated Th17 cell sup-
pression. Some studies demonstrated that PPARγ agonists
could protect mice from suffering EAE, and importantly,

PPARγ inhibits Th17 differentiation specifically and sup-
presses the central nervous system autoimmunity in EAE.
Moreover, PPARγ is involved in the inhibition of the
RORγt expression in T cells [38]. In addition, the expression
of adiponectin could be controlled by PPARγ in both animal
and human studies [34], and PPARγ agonists could upregu-
late the circulating adiponectin level [35–37]. Thereby, current
data implied that adiponectin might influence the PPARγ/
RORγt pathway and restrain the Th17 differentiation.

It is known that the signaling of AMPK can be activated by
adiponectin [29]. Our previous study [30] demonstrated that in
pancreatic cancer (PC) cells, there was a dynamic interaction
relationship between AMPK and sirtuin 1 (SIRT1). Studies
have demonstrated that SIRT1 activation could relieve EAE
[51]. Thus, we further probed into the interaction between the
SIRT1 and PPARγ/RORγt pathways. As expected, in this
study, we found that SIRT1 knockdown could downregulate
PPARγ and upregulate RORγt in T cells. Furthermore,
adiponectin could upregulate SIRT1 and PPARγ and inhibit
RORγt in Tcells both in vitro and in vivo (Fig. 6). Interpreting
the above results, adiponectin could inhibit Th17 cells via the
SIRT1/PPARγ/RORγt pathway.

In conclusion, these results indicated that adiponectin in-
hibits pathogenic Th17 differentiation by suppressing Th17
cytokine IL-17, its associated cytokine IL-6 and the

Fig. 6 The signaling
mechanisms of adiponectin
regulated Th17 cell
differentiation. a Western blot of
SIRT1/PPARγ/RORγt in Jurkat
cells that were treated with
adiponectin or not for 24 h. b
Western blot of SIRT1/PPARγ/
RORγt in Jurkat cells after
knocking down the gene of
SIRT1. c Western blot of SIRT1/
PPARγ/RORγt in CD4+ T cells
that were separated from the
spleen of adiponectin KO mice
WT mice with EAE. d Mode
pattern for the effect of
adiponectin on the SIRT1/
PPARγ/RORγt pathway
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transcription factors of Th17 cells. These results suggested
that adiponectin may play protective roles in inflammatory
and autoimmune diseases via the inhibition of pathogenic
Th17 cell differentiation.
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