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Although B cells have been shown to contribute to the pathogenesis of rheumatoid

arthritis (RA), the precise role of B cells in RA needs to be explored further. Our previous

studies have revealed that adiponectin (AD) is expressed at high levels in inflamed synovial

joint tissues, and its expression is closely correlated with progressive bone erosion in

patients with RA. In this study, we investigated the possible role of AD in B cell proliferation

and differentiation. We found that AD stimulation could induce B cell proliferation and

differentiation in cell culture. Notably, local intraarticular injection of AD promoted B cell

expansion in joint tissues and exacerbated arthritis in mice with collagen-induced arthritis

(CIA). Mechanistically, AD induced the activation of PI3K/Akt1 and STAT3 and promoted

the proliferation and differentiation of B cells. Moreover, STAT3 bound to the promoter

of the Blimp-1 gene, upregulated Blimp-1 expression at the transcriptional level, and

promoted B cell differentiation. Collectively, we observed that AD exacerbated CIA by

enhancing B cell proliferation and differentiation mediated by the PI3K/Akt1/STAT3 axis.
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INTRODUCTION

Rheumatoid arthritis (RA) is a common rheumatic disease characterized by chronic joint
inflammation, which leads to cartilage and bone damage and progressive disability (1, 2). Owing
to the combined effects of environmental and genetic factors, RA pathogenesis has become more
complex with time. Despite intensive efforts focused on the development of novel therapies
for preventing RA progression, the disease cannot be treated in a proportion of patients using
current synthetic or biological disease-modifying anti-rheumatic drug therapy (3). Therefore, the
identification of novel targets for RA therapy remains challenging.
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FIGURE 2 | The effects of AdipoR1 knockdown on plasma cell differentiation and arthritic damage of CIA mice. LV-shAdipoR1 and LV-shCTR were intraarticularly

injected into the knee joints of CIA mice consecutively on days 21 post the first collagen II immunization. (A–C) CD138 expression on B cells from the joint tissues of

mice on day 35 post the first collagen II immunization was detected by flow cytometry, and CD138-positive cell percentage (B) and count (C) were expressed,

respectively. (D–F) The histopathologic analysis with H&E and Safranin O-fast green staining (D), arthritis scores, (E) and incidence (F) were evaluated in mice. Results

from one representative experiment out of three are shown. Representative images are shown. Data are presented as means ± SE (n = 10 in each group).

*p < 0.05; **p < 0.01.

relationships among PI3K, Akt1, and STAT3. In addition, PI3K,

Akt1, and STAT3 knockdown significantly inhibited Blimp-1

expression (Figure 5A) and B-cell proliferation (Figures 5B,D)

and differentiation (Figures 5C,E). These data indicate that the

activation of Akt1 and STAT3 contributes to AD-induced B-cell

proliferation and differentiation.

Adiponectin-Mediated STAT3 Activation
Regulates the Transcription of Blimp-1
Gene in B Cells
We further explored the possible mechanism underlying STAT3-
mediated Blimp-1 gene transcription in B cells. We first
constructed luciferase reporters of the full-length Blimp-1 gene
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FIGURE 3 | The roles of AD in B-cell proliferation and differentiation in vitro. (A) The expression of AdipoR1 on purified mouse splenic B cells from normal mice was

detected by flow cytometry. (B,C) The expression of AdipoR1 on CD19+CD138+ B cells (B) and CD19+CD138− B cells (C) in knee joints of CIA mice was detected

by flow cytometry. (D,E) Purified mouse splenic B cells were incubated with different doses of AD, and the BrdU-positive cell rate ((D), 72 h) and CD138-positive cell

rate ((E), 96 h) were detected by flow cytometry. (F,G) The levels of IgG (F) and IgM (G) were obviously elevated in the supernatant of AD-treated B cells by ELISA.

Results from one representative experiment out of three are shown. Representative images are shown. Data are presented as means ± SE (n = 3 in each group).

*p < 0.05, **p < 0.01.

promoter (FL, namely, −2000 ∼ +200 nt). The luciferase
reporter assays showed that the activity of the Blimp-1 gene
promoter increased significantly compared to that in the
pCMV-HA-STAT3-transfected 293T cells, suggesting that STAT3

enhanced Blimp-1 gene transcription (Figure 6A). We further
constructed luciferase reporters of different depleted Blimp-1
gene promoter fragments (−1,700 to +200 nt, −1,400 to +200
nt, −1,100 ∼ +200 nt, −500 ∼ +200 nt) based on JASPAR
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FIGURE 4 | The expression and activation of Akt1, ERK1/2, Egr-1, and STAT3 in B cells exposed to AD. (A) Purified mouse splenic B cells were incubated with

10µg/ml AD for different time points (0, 5, 10, 20, 30min), and the levels of t-Akt1, p-Akt1Thr308, p-Akt1Ser473, t-ERK1/2, p-ERK1/2, and β-actin were examined by the

Western blot. (B) Purified mouse splenic B cells were incubated with 10µg/ml AD for different time points (0, 3, 6, 12, and 24 h), and the levels of Egr-1, t-STAT3,

p-STAT3, and β-actin were detected by the Western blot. Results from one representative experiment out of three are shown. Representative images are shown. Data

are presented as means ± SE (n = 3 in each time points). **p < 0.01 vs. 0min time point or 0 h time point.

prediction (Figure 6B). The luciferase reporter assays showed
that the activity of the Blimp-1 gene promoter (−500 to+200 nt)
decreased observably compared to that observed when FL and
other depleted fragments were used with the pCMV-HA-STAT3-
transfected 293T cells (Figure 6C), indicating that the −1100
to −500 nt region might contain an important STAT3-binding
element. Subsequent experiments showed that the mutation of
the STAT3-binding element at −649 to −640 nt predicted by
JASPAR within the −1100 to −500 nt region could significantly
inhibit the luciferase activity of Blimp-1 gene promoter
in pCMV-HA-STAT3-transfected 293T cells (Figure 6D). The
siRNA-mediated knockdown of STAT3 inhibited the luciferase
activity of the Blimp-1 gene promoter in B cells stimulated with
AD (Figure 6E). In addition, ChIP experiments showed that AD
stimulation could increase the binding of STAT3 to the −719
to −523nt DNA sequence of Blimp-1 gene promoter in the B
cells (Figure 6F). Collectively, these data indicate that STAT3
regulated Blimp-1 gene transcription in B cells by binding to
its promoter.

DISCUSSION

Increasing evidence indicates the roles of adipose tissue-derived
adipokines such as AD and leptin in RA pathogenesis (10, 12). In
our previous studies, we have shown that the expression levels of
AD are high in the inflamed joint synovial tissues, with elevated

levels observed in the synovial fluid collected from patients
with RA (14). Moreover, recombinant AD was observed to
stimulate the production of monocyte chemoattractant protein-1
and interleukin-6 in cultured synovial fibroblasts, which indicates
the plausible role of AD in synovial inflammation and progressive
bone erosion in patients with RA (14). Although AD has been
shown to exert diverse functions, such as promoting T cell
responses, synovial inflammation, and joint tissue damage in
RA, the effects of AD on B-cell proliferation and differentiation
during CIA development remain unclear (13). In this study, we
first show that local intraarticular injection of AD promoted an
earlier arthritic onset and exacerbated arthritis development in
CIA mice. Importantly, we have observed an increased number
of plasma cells in the joint tissue of CIA mice with intraarticular
injection of AD while local injection of LV-shAdipoR1 to
knockdown AdipoR1 expression resulted in a reduced number
of plasma cells in the knee joints. Although it remains unclear
whether increased plasma cells in joint tissues result from
enhanced survival or increased B-cell differentiation in situ, our
further studies reveal that AD promotes both proliferation and
differentiation of B cells in culture. Moreover, splenic B cells
and B cells purified from joint tissues of CIA mice express
high levels of the AD receptor AdipoR1. Together, these data
reveal a previously unrecognized role of AD in enhancing B-
cell response and driving autoimmune inflammation during
CIA development. Our experimental data show that articular
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FIGURE 5 | The roles of PI3K, Akt1, and STAT3 activation in B-cell proliferation and differentiation in response to AD. Purified mouse splenic B cells were transfected

with siPI3K, siAkt1, siSTAT3, or siCTR followed by AD stimulation (10µg/ml) for different time points, and then the protein expression as well as B-cell proliferation and

differentiation were evaluated. (A) The levels of PI3K, t-Akt1, p-Akt1Ser473, t-STAT3, p-STAT3, Blimp-1, and β-actin were examined by the Western blot. (B–E) The

BrdU-positive rate (B,D) and CD138-positive rate (C,E) were detected by flow cytometry. Results from one representative experiment out of three are shown.

Representative images are shown. Data are presented as means ± SE (n = 3 in each group). **p < 0.01 vs. siCTR + AD group.
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FIGURE 6 | The regulation of STAT3 activation on Blimp-1 gene transcription. (A) The luciferase reporters of mouse Blimp-1 gene promoter full-length

(pGL3-Blimp-1), pRL-SV40, and pCMV-HA-STAT3 or pCMV were co-transfected into 293T cells, the luciferase activity was detected. (B) The STAT3-binding

elements within mouse Blimp-1 gene promoter were predicted by JASPAR. (C) The plasmids of full-length (Blimp-1-FL) or different truncated Blimp-1 gene promoter

(−1,700 ∼ +200 nt, −1400 ∼ +200 nt, −1,100 ∼ +200 nt, −500 ∼ +200 nt), pRL-SV40, and pCMV-HA-STAT3 were co-transfected into 293T cells, the luciferase

activity was determined. (D) The plasmids of wild-type full-length Blimp-1 gene promoter (Blimp-1-FL-WT) or mutated full-length Blimp-1 gene promoter (−649 ∼

−640 nt, Blimp-1-FL-M), pRL-SV40, and pCMV-HA-STAT3 were co-transfected into 293T cells, the luciferase activity was detected. (E) The plasmids of

pGL3-Blimp-1-FL, pRL-SV40, and siSTAT3 or siCTR were co-transfected into purified mouse splenic B cells followed by AD stimulation, and then the luciferase

activity was examined. (F) Chromatin immunoprecipitation (ChIP) was used to pull-down STAT3-DNA complexes from purified mouse splenic B cells stimulated with

or without AD by using an anti-STAT3 antibody or IgG control, and then PCR was performed to amplify the DNA sequence of −719 ∼ −523 nt. Results from one

representative experiment out of three are shown. Data are presented as means ± SE (n = 3 in each group). **p < 0.01.
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AdipoR1 knockdown reduces IgG production in the knee joints
of CIA mice, suggesting that local AD may stimulate B cell
activation and differentiation into IgG-secreting plasma cells in
the knee joint to produce anti-collagen antibodies, which may
represent a mechanism by which AD drives B-cell response
in addition to its recognized function in promoting T-cell
response, leading to aggravated arthritis progression during the
pathogenesis of CIA. Interestingly, Lee et al. (25) used AD-
targeting antibodies to ameliorate rheumatic symptoms in mice
with CIA, which might serve as a potential therapeutic strategy
in the treatment of patients with RA. However, several studies
(26, 27) reported that treatment with AD resulted in significantly
delayed onset of arthritis as well as decreased clinical arthritis and
histopathological severity scores. In view of both anti- and pro-
inflammatory effects exerted by AD under different conditions in
vivo, more studies are needed to explore AD-related therapeutic
strategies for the treatment of RA.

It has been reported AD activates PI3K/Akt1 and STAT3 in
certain types of cells, such as the epithelial cells, the endothelial
cells, and the liver cancer cells (18–20). Additionally, both
PI3K/Akt1 activation and STAT3 activation were shown to play
pivotal roles in B-cell proliferation and differentiation (15, 16).
The findings from this study indicated that AD could induce
Akt1 and STAT3 activation in purified mouse B cells in vi tro.
Furthermore, either PI3K/Akt1 or STAT3 activation contributed
to B-cell proliferation and differentiation, in which PI3K/Akt1
upregulated STAT3 activation as upstream regulators of STAT3.
Further studies are warranted to evaluate the possible mechanism
underlying the upregulation of STAT3 via the activation of
PI3K/Akt1 in the B cells stimulated with AD.

Blimp-1, encoded by the PRDM1 gene, is a member of
the PRDM family of transcription repressors that controls B-
cell differentiation. The regulation of Blimp-1 expression has
been studied extensively in lymphocytes, which involves the
contribution of transcription factors such as activator protein
1 (AP1), interferon regulatory factor-4 (IRF-4), and STAT3
(17, 28, 29). For example, Sean et al. (17) have reported that
STAT3-mediated upregulation of Blimp-1 is coordinated with
BCL6 downregulation to control human B-cell differentiation
to plasma cells. The present study showed that AD-induced
PI3K/Akt1/STAT3 activation upregulated Blimp-1 expression
and promoted B-cell differentiation, in which PI3K/Akt1-
activated STAT3 bound to the Blimp-1 gene promoter and
induced transcription, indicating that the activation of the
PI3K/Akt1/STAT3 axis could play an important role in regulating
B-cell differentiation in response to AD stimulation. In addition

to Blimp-1 gene, the regulation of other target genes might be
mediated by the activation of the PI3K/Akt1/STAT3 axis in the B
cells, which might contribute to AD/PI3K/Akt1/STAT3-induced
B-cell proliferation.

Our findings demonstrate that AD exacerbates CIA by
enhancing B-cell proliferation and differentiation via the
PI3K/Akt1/STAT3 axis; these findingsmay provide novel insights
into the role of B cells in RA pathogenesis.
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