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Abstract—Previous studies have verified that celastrol (Cel) protects against rheumatoid arthritis 
(RA) by inhibiting the NLRP3 inflammasome signaling pathway, but the molecular mechanism 
by which Cel regulates NLRP3 has not been clarified. This study explored the specific mecha-
nisms of Cel in vitro and in vivo. A type II collagen-induced arthritis (CIA) mouse model was used 
to study the antiarthritic activity of Cel; analysis of paw swelling, determination of the arthritis 
score, and pathological examinations were performed. The antiproliferative and antimigratory 
effects of Cel on TNF-α induced fibroblast-like synoviocytes (FLSs) were tested. Proinflamma-
tory factors were evaluated using enzyme-linked immunosorbent assay (ELISA). The expression 
of NF-κB/NLRP3 pathway components was determined by western blotting and immunofluo-
rescence staining in vitro and in vivo. The putative binding sites between Cel and Hsp90 were 
predicted through molecular docking, and the binding interactions were determined using the 
Octet RED96 system and coimmunoprecipitation. Cel decreased arthritis severity and reduced 
TNF-α-induced FLSs migration and proliferation. Additionally, Cel inhibited NF-κB/NLRP3 
signaling pathway activation, reactive oxygen species (ROS) production, and proinflammatory 
cytokine secretion. Furthermore, Cel interacted directly with Hsp90 and blocked the interaction 
between Hsp90 and NLRP3 in FLSs. Our findings revealed that Cel regulates NLRP3 inflamma-
some signaling pathways both in vivo and in vitro. These effects are induced through FLSs inhibi-
tion of the proliferation and migration by blocking the interaction between Hsp90 and NLRP3.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune 
disease with a global incidence of 1%. RA is mainly 
characterized by synovial hyperplasia, inflammatory cell 
infiltration, bone and cartilage degradation and damage 
[1, 2]. The abnormal proliferation of synovial cells is 
one of the main pathological features of RA [3, 4]. The 
physiological role of fibroblast-like synoviocytes (FLSs) 
in RA is mainly attributed to FLS-mediated damage to 
articular bone and cartilage supporting structures [5, 6].

Celastrol (Cel) is extracted from the root bark 
of Tripterygium wilfordii and is the main active com-
pound, producing various pharmacological effects. 
Studies have shown that Cel can be used for the treat-
ment of RA [7]. The abnormal activation of NLRP3 
inflammasome has been associated with a variety of 
human inflammatory diseases [8]. Previous research 
has shown that Cel inhibits inflammatory responses and 
signal transduction in the NLRP3 inflammasome [9]. 
However, whether Cel can restrain FLSs proliferation 
and migration by regulating the NLRP3 inflammasome 
has not been studied or elucidated. In this study, the 
effect of Cel on the proliferation and migration of TNF-
α-stimulated FLSs were investigated, and the molecular 
mechanism involved in the signaling pathway of the 
NLRP3 inflammasome was further investigated.

Moreover, studies have shown that Cel, a heat 
shock protein 90 (Hsp90) inhibitor, exerts an antitumor 
effect through Hsp90 [10, 11]. HSP90 is a known intra-
cellular chaperone that regulates inflammatory processes, 
including the secretion of NLRP3 inflammasome and 
pro-inflammatory cytokine interleukin (IL)-1b [12]. It is 
also a central regulator of important processes, including 
stress regulation, regulation of protein substrate (client) 
stability, immune responses, protein folding, and many 
other processes [13–15]. Hsp90 has been established 
as a molecular chaperone involved in the inflammatory 
response of RA, but its role in synovial hyperplasia and 
bone destruction remains uncertain. Moreover, Hsp90 
inhibitors can effectively modulate inflammation through 
TGF-1β and IL-10 and show activity in RA [16, 17]. 
Importantly, Hsp90 also plays a critical role in maintain-
ing the stability of the NLRP3 inflammasome.

Previous studies have shown that NLRP3 may be 
a client protein of Hsp90 [18]. Without Hsp90, NLRP3 
may misfold before degradation by the proteasome [19]. 
Studies have shown that Hsp90 and NLRP3 interact 
with the ubiquitin ligase-associated protein SGT1 and 

that the stability of NALP3 is affected by continuous 
inhibition of Hsp90. The Hsp90-SGT1 complex keeps 
NLRP3 inactive but has the ability to activate this mol-
ecule [20]. In addition, Hsp90 is necessary for inflam-
mation and to protect NLRP3 from autophagic degra-
dation and the proteasome [12, 21]. Moreover, Hsp90 
inhibitors can inhibit the activity of the inflammasome, 
block the activation of the Nod2-mediated transcription 
factor NF-κB, and decrease NALP3-mediated gout-like 
inflammation [18]. Our previous research showed that 
Cel inhibits reactive oxygen species (ROS) production 
and the NF-κB signaling pathway (the first signal) via 
the second signal of NLRP3, thereby inhibiting the 
activation and assembly of the NLRP3 inflammasome. 
However, whether Cel protects against RA by regulat-
ing the NLRP3 inflammasome signaling pathway and 
Hsp90 has not been elucidated.

Our previous studies have found that Cel has a very 
good therapeutic effect on RA, and its therapeutic effect 
exerts anti-inflammatory effects by inhibiting NLRP3 
inflammasome [9]. As a new target for the treatment of 
RA, the binding of NLRP3 client protein Hsp90 to Cel 
and the binding mode are still unknown. In this study, in 
order to reveal the binding mode of Cel and Hsp90, and 
how it affects the expression of NLRP3 inflammasome, 
so as to play a role in the treatment of RA. We first stud-
ied the effect of Cel on NF-κB/NLRP3 signaling path-
way in collagen-induced arthritis (CIA) mouse model 
through in vivo experiments. After that, we explore the 
specific mechanism of Cel in the treatment of RA based 
on Hsp90/NLRP3 signaling pathway. Last but not the 
least, WB and Co-IP were used to study the effect of Cel 
on Hsp90-NLRP3 complex and Hsp90/NLRP3 signaling 
pathway in TNF-α-induced FLS cell model.

MATERIALS AND METHODS

Reagents and Antibodies
Cel (Fig. 1a; purity ≥ 98%), methotrexate (MTX; 

purity ≥ 99%) and enzyme-linked immunosorbent assay 
(ELISA) kits for IL-1β, IL-6, and TNF-α were acquired 
from Solarbio (Beijing, China). Dexamethasone (Dex; 
purity = 97%), tumor necrosis factor-α (TNF-α) and 
MTT were obtained from Sigma‒Aldrich (Saint Louis, 
MO, USA). Chick type II collagen (CII), complete 
Freund’s adjuvant (CFA, 1 mg/mL), and incomplete 
Freund’s adjuvant (IFA, 1 mg/mL) were acquired from 
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Chondrex, Inc. (Redmond, WA, USA). The Active 
Oxygen Detection Kit was purchased from Beyotime 
Biotechnology Co., Ltd. (Shanghai, China). An EdU 
cell proliferation assay kit was obtained from Ribo 
Biotechnology Co., Ltd. (Guangzhou, China), and a 
coimmunoprecipitation (Co-IP) kit was obtained from 
Absin Biotechnology Co., Ltd. (Shanghai, China). Pri-
mary antibodies against pp65, p65, p-IκB-α, NLRP3, 
Hsp90, ASC, vimentin, normal rabbit IgG, and GAPDH 
were obtained from Cell Signaling Technology (Bev-
erly, MA, USA). An anti-cleaved caspase-1 antibody 

was purchased from R&D Systems (MN, USA). The 
anti-Hsp90 antibody was purchased from Abcam (Cam-
bridge, UK), and the anti-CD68 antibody was purchased 
from Novus Biologicals (CO, USA).

Animals

Seven-week-old male DBA/1 (SPF, 18 ± 22 g) mice 
were procured from Changzhou Cavens Laboratory Ani-
mal Co., Ltd. [SCXK(SU)2016-0010, Jiangsu, China] and 
fed at the Laboratory Animal Centre of Binzhou Medical 

Fig. 1  Cel disrupts CIA progression and improves metabolism and immunity. (a) Chemical structure of Cel. (b) Images of the joints of the mice. (c) 
Images of the mice spleen. (d) Paw swelling degree were measured via plethysmometer. (e) Images of the mice thymus. (f) Cel treatment reduced 
the arthritis index score of CIA mice. (g, h) Cel treatment improved the spleen index (g) and thymus index (h) of CIA mice. (i) Body weight of 
treated mice over time. Data were presented as mean ± SD (n = 6). ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. model group.
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University. Except for during the fasting test, the animals 
had free access to food and water throughout the trial 
period. All mice were fed according to the experimental 
standards authorized by the Animal Ethics Committee of 
Binzhou Medical University.

CIA Model Induction

The CIA model was established in 8-week-old mice 
according to the previously described methods [22]. An 
equal volume of CII (2 mg/mL, Chondrex, Inc., Redmond, 
WA, USA) and CFA (Chondrex, Inc.) were fully mixed in an 
EP tube and sonicated on ice until complete emulsification. 
On day 0, 100 μL emulsion was injected subcutaneously into 
the tail root (1–2 cm) of mice. On day 21, the equal volume 
of CII was added to IFA (Chondrex, Inc.), and the emulsion 
was prepared by the same method, and 100 μL of enhanced 
immunity was injected into the tail root of mice.

Drug Administration

The CIA model mice were randomized into five 
experimental groups of 6 mice each: model, MTX (2 mg/
kg), and Cel (0.5 mg/kg, 1 mg/kg and 2 mg/kg) groups. 
Unmodeled mice composed the control group (n = 6). After 
the second immunization, Cel and MTX were administered 
to the mice with CIA by gavage once a day. Furthermore, 
the control group and the model group were administered 
0.5% sodium carboxymethyl cellulose (CMC-Na) by gav-
age once a day. The dose of Cel used in this research was 
based on previous studies and preliminary experiments [9]. 
On day 56, the mice were removed, and the serum was col-
lected and stored for subsequent analysis.

Body Weight and Paw Swelling Measurements

A toe measuring instrument (PV-200, Chengdu Tai 
Meng Technology Co., Ltd., Chengdu, China) was used to 
measure paw swelling, and the body weights of the mice 
were measured using an electronic scale. Briefly, from day 
28 to day 56, the left paw volume of each mouse was meas-
ured every 4 days as an indicator of paw swelling, and the 
body weights of the mice with CIA were measured.

Arthritis Score

The degree of inflammation in the mice with arthri-
tis was observed daily. The clinical arthritis score was 
used to assess the development of the disease based on 

previously established identification criteria [23]. The 
total score of each mouse was used as the arthritis index, 
and the maximum value was 12 (3 points × 4).

Visceral Index

At 56 days after immunization, the thymus and spleen 
were completely removed, and the organ indices were calcu-
lated. The organ indices are reported as the weight of each 
immune organ relative to the body weight of the mice (mg/g).

Histological Examination

For standard histological assessments, when the 
mice were euthanized on day 56, the ankle joints, liver, 
and kidney were isolated and fixed with a 4% paraform-
aldehyde solution for 72 h, after which the ankle joints 
of the mice with CIA were decalcified with EDTA. After 
the joints softened, they were subjected to gradient dehy-
dration, embedded in paraffin, and cut into thin slices. 
Hematoxylin and eosin (H&E) staining was performed to 
observe pathological changes in the tissues under an opti-
cal microscope. The samples were evaluated and scored 
according to previously reported methods.

Radiography

After sampling, 3 mice were randomly chosen, and 
the left posterior bone and joints of the mice with CIA 
were removed for molybdenum target radiography. X-ray 
imaging was performed on the breast molybdenum target 
instrument of the affiliated hospital, and the parameters 
were set to 30 kVp and 90 mA.

Microcomputed Tomography (micro‑CT) Analysis

Three mice with CIA were randomly selected from 
each group for micro-CT (PerkinElmer, Waltham, MA, 
USA) detection of the left posterior joint. The specific 
criteria for the micro-CT ankle bone destruction score 
were as follows: 0) normal, 1) slight bone destruction, 2) 
moderate bone destruction, 3) severe bone destruction, 
and 4) ankylosis [24].

Cell Culture and Activity

FLSs were obtained from Yantai University (Yantai, 
China). The specific extraction method can be seen in the 
above studies [25]. The experimental samples were from 
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three batches of different tissues, and each experiment was 
repeated three times. The 4-8 generations of FLSs were 
selected for use in subsequent experimental research [26].

After seeding on plates, the FLSs were divided into 
the control group, model group, Cel groups (12.5, 25, and 
50 nM) and Dex (50 nM) group, and incubated with dif-
ferent drugs for 2 h. After which TNF-α (10 ng/mL) was 
added to each well. The impact of Cel on the proliferation 
of FLSs was determined using the MTT assay.

In addition, the TNF-α-induced proliferation of FLSs 
was detected by an EdU assay. After 48 h of incubation 
with EdU (10 μM), the cells were infiltrated with 4% para-
formaldehyde and disrupted with 0.5% Triton X-100. Then, 
Hoechst 33342 reaction solution was added to stain the 
nucleus. The FLSs were immediately photographed with a 
high content screening system (PerkinElmer, Llantrisant).

FLSs were cultured in 96-well plates, treated with 
Cel or Dex for 2 h, and induced with TNF-α for differ-
ent durations until the appropriate measurements were 
recorded to analyze the anti-inflammatory effects of Cel.

Scratch Wound Healing Experiment

FLSs were inoculated in 6-well plates at a density of 
5 ×  104 cells per well. Then, the cells were cultured in an 
incubator for 24 h, and the monolayer surface was scratched 
with tips of sterile 200 μL microneedles. The cell fragments 
were removed with PBS, and then, fresh DMEM/F12 was 
added. Before TNF-α stimulation, cells in the appropriate 
wells were pretreated with Dex or Cel for 2 h. The 6-well 
plates were removed at 0 and 48 h after injury, and the 
scratch wounds were imaged with an inverted phase-con-
trast microscope (Olympus, Tokyo, Japan).

Cytokine Determination

For in vitro studies, the supernatant of FLSs was 
collected and centrifuged after 48 h of stimulation with 
TNF-α and stored at -80 °C. The inflammatory cytokine 
levels in mouse serum and cell supernatants were detected 
in strict accordance with the instructions of the ELISA kit.

Intracellular ROS Detection

The level of ROS in FLSs was determined using the 
DCFH-DA method. Briefly, after drug treatment, the cells 
were incubated with DCFH-DA for 30 min. Then, the 
intracellular ROS level was detected with a high content 
screening system.

Immunofluorescence Staining

The ankle joint tissues were dewaxed, dehydrated, 
sealed, incubated, rinsed with PBS, and sliced for antigen 
repair. Goat serum was added to the FLSs, and the cells 
were incubated at room temperature for 30 min for block-
ing. After the blocking solution was added, diluted pri-
mary antibody against NLRP3 was added to the sections, 
which were incubated at 4 °C overnight. On the second 
day, the sections were rinsed with PBS, and fluorescently 
labeled secondary antibodies were added. The sections 
were incubated at 37 °C for 30 min and washed with PBS. 
The sections were stained with DAPI and incubated at 
room temperature. After the slides were rinsed with ster-
ile PBS, they were sealed with antifluorescent quenchers 
and photographed using a high content screening system.

FLSs were subjected to immunofluorescence 
staining to determine their purity, and the expression of 
cleaved caspase-1 and NLRP3 and the nuclear transloca-
tion of p65 were determined. After different treatments, 
50 μL of 4% paraformaldehyde was added to the FLSs in 
each well, and the cells were fixed at room temperature 
for 30 min. Then, 50 μL of 0.3% Triton X-100 was added 
to each well, and the cells were incubated for 15 min for 
cell membrane penetration. Subsequently, the FLSs were 
blocked with 1% sterile BSA for 30 min. Primary antibod-
ies against vimentin, CD68, p65, NLRP3 and cleaved cas-
pase-1 (1:200) were incubated with the FLSs overnight at 
4 °C. Finally, the fluorescent dye-conjugated secondary 
antibody working solution was added, and the cells were 
incubated at room temperature in the dark for 2 h. After 
the FLSs nuclei were stained with DAPI, a high content 
screening system was used to immediately obtain images.

Western Blotting

Total protein was extracted from FLSs or joint tis-
sues with RIPA buffer. The protein concentration was 
determined according to the instructions of the BCA kit. 
According to the prepared separation gel and concen-
trating gel, 30 μg of protein sample was added to each 
well of the gel for electrophoresis. Moreover, the pro-
teins were transferred to a PVDF membrane. The PVDF 
membrane was placed in a closed solution and incubated 
at room temperature for 2 h. The specific primary anti-
bodies against p65, p-p65, p-IκBα, cleaved caspase-1, 
ASC, NLRP3 and GAPDH (1:1000 dilution for all) were 
incubated with the membrane at 4 °C overnight. Then, 
the membranes was placed in the corresponding diluted 



 Yang, He, Dang, Liu, Liu, Zhao, Yu, Wang, Wang and Xin 

secondary antibody working solution and incubated at 
room temperature for 2 h. Finally, the luminescent liquid 
was added to the enhanced chemiluminescence (ECL) 
immunoblotting imaging system (ChemiDoc TM XRS; 
Bio-Rad Shanghai, China), followed by exposure and 
imaging, and the gray values were assessed to calculate 
the relative expression.

Molecular Docking

The molecular docking program was used accord-
ing to the C-DOCKER protocol of Discovery Studio 
2017 R2. Briefly, the human Hsp90 N-terminal crystal 
structure (PDB code: 2CCS) was acquired from the Pro-
tein Data Bank database. For the preparation of ligands, 
Discovery Studio 2017 R2 was used to generate and 
minimize the 3D structures of Cel and geldanamycin. 
Protein preparation requires the addition of hydrogen 
atoms, the removal of water molecules, and the use of 
the CHARMM force field. Binding sites were identified 
using the Find Sites From Receptor Cavities tool under 
Receptor‒Ligand Interactions. The compounds were sub-
jected to molecular docking. After molecular docking, the 
type of interaction between the docking protein and the 
ligand was analyzed.

Co‑IP

FLSs were treated with or without Cel (50 nM) 
and placed in precooled lysis buffer. An anti-Hsp90 anti-
body (EPR16621-67, 1:200, Abcam Biomedicine, UK) 
and Protein A/G agarose were added to the lysate and 
incubated at 4 °C overnight. After the immunoprecipi-
tation reaction, the cells were centrifuged (10,000 × g) 
for 10 min in a precooled centrifuge. After being fully 
washed with lysis buffer, the immunoprecipitate was 
boiled in loading buffer, and the proteins were detected 
using western blotting.

Affinity Determination

The interaction between Cel and Hsp90 was 
detected using a super streptavidin (SSA) biosensor in 
the Octet RED96 system (ForteBio, Inc., Menlo Park, 
CA, USA). First, the extracellular domain of the recom-
binant human Hsp90 protein (Abiocenter Biotechnology 
Co., Beijing) was biotinylated in PBS (0.1% BSA and 
0.05% Tween-20) and loaded onto the SSA biosensor at 
119 μg/mL. The biosensors were blocked with biocytin 

(5 μg/mL) for 60 s. Cel diluted in PBS (0.1% BSA, 0.05% 
Tween-20 and 10% DMSO) was added to the SSA bio-
sensor loaded with Hsp90. By subtracting the nonspe-
cific binding of Cel to the SSA biosensor, the real-time 
binding response (∆λ is nanometer, nm) between Cel and 
Hsp90 was calculated. Octet 8.5 data analysis software 
(ForteBio, Inc., Menlo Park, CA, USA) was used to per-
form nonlinear global fitting of the data, and the kinetic 
parameters and affinities were obtained.

Statistical Analyses

All the data were analyzed using SPSS 20.0 soft-
ware and are presented as the mean ± standard devia-
tions (mean ± SD). The data were statistically significant 
according to ANOVA and were normally distributed, 
which satisfied the assumption of homogeneity of vari-
ance. The Dunnett test was used to evaluate the signifi-
cance of pairwise comparisons. P < 0.05 was considered 
to indicate statistical significance.

RESULTS

The Impact of Cel on paw Swelling 
and Arthritis Scores in Mice with CIA

The mice with CIA exhibited arthritis character-
ized by multijoint inflammation, such as swelling, ery-
thema, joint rigidity and deformity (Fig. 1b). Compared 
to the model mice, the mice treated with Cel (1 mg/kg), 
Cel (2 mg/kg) and MTX (2 mg/kg) exhibited a reduced 
degree of paw swelling from day 28 to day 56 (Fig. 1d). 
The Cel and MTX (2 mg/kg) groups exhibited significant 
reductions in the arthritic index from day 28 to day 56 
(Fig. 1f). Compared with the model group, the immune 
organ indices of the Cel- and MTX-treated groups were 
significantly lower (Fig. 1c, e, g, h). However, Cel had no 
effect on the body weight of the mice, indicating that Cel 
was nontoxic to the mice during the experiment (Fig. 1i).

Effect of Cel on Histopathological Changes 
in the Liver, Kidney and Ankle Joints 
of the Mice with CIA

In the control group, the joint structure of the mice 
was normal, and the joint surface was smooth. Synovial 
hyperplasia and substantial inflammatory cell infiltra-
tion were observed in the model group (Fig. 2a). Cel and 
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MTX (2 mg/kg) reduced inflammation, synovial cell pro-
liferation, bone destruction, and histopathological scores 
in the treated animals (Fig. 2a, f).

Moreover, no marked changes in the morphology 
of hepatic lobules or hepatocytes or in the infiltration 
of inflammatory cells in the central vein were observed 
in the Cel (2 mg/kg) group (Fig. 2c). Additionally, no 
proliferation of renal tubules, no obvious morphological 
changes in renal tubular epithelial cells and no inflamma-
tory cell infiltration around the glomeruli were observed 
(Fig. 2d). The results indicated that Cel did no induce 
obvious hepatorenal toxicity in mice within 56 days.

Cel Inhibits Bone Destruction in the Ankle 
Joints of the Mice with CIA

Radiographic imaging indicated that the joints of 
the mice with CIA exhibited diffuse soft tissue swelling, 
joint space narrowing, bone and cartilage erosion and 
damage (Fig. 2b). After treatment with Cel and MTX, 
bone damage and erosion were markedly improved, and 
the degree of joint space stenosis was relatively reduced 
(Fig. 2b). Furthermore, micro-CT was used to analyze 
bone destruction in the ankle joints of the mice. A clear 
joint structure and smooth joint surface were observed 

Fig. 2  Delayed treatment with Cel reduces ankle joint damage in CIA mice. (a) Damage to joint tissues was assessed via HE staining, with repre-
sentative images shown for all treatment groups. Original magnification, 40 × ; high-power views, 100 × and 400 × . (b) Results of the soft tissue X 
ray examination of the joint of CIA mice. (c, d) Damage to liver (c) and kidney (d) tissues was assessed via HE staining, with representative images 
being shown for the high-dose treatment groups. Original magnification, 40 × ; high-power views, 100 × and 400 × . (e) Results of the micro-CT 
analysis. (f)The histopathological score was assigned to ankle joints. (g) The bone destruction score was assigned to the ankle joints using micro-CT 
determination. Data were presented as mean ± SD (n = 6). ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. model group.



 Yang, He, Dang, Liu, Liu, Zhao, Yu, Wang, Wang and Xin 

in the control group mice (Fig. 2e). In the model group, 
the bone surface of the ankle joint was rough, joint ero-
sion was severe, the joint surface was fused, and the bone 
destruction score was significantly increased (Fig. 2e, g). 
Importantly, similar to MTX, Cel significantly alleviated 
ankle joint destruction and decreased the bone destruction 
score (Fig. 2g).

The Impact of Cel on the NLRP3 
Inflammasome Signaling Pathway in Mice 
with CIA

We mesured the serum levels of IL-1β and TNF-α to 
evaluate the effects of Cel on the inflammatory response in 
mice with CIA. The results indicated that the expression lev-
els of IL-1β and TNF-α in the model mice were significantly 
increased, and Cel (1 mg/kg or 2 mg/kg) and MTX (2 mg/
kg) treatment significantly reduced TNF-α and IL-1β secre-
tion (Fig. 3a, b). Moreover, the expression of NLRP3, ASC, 
cleaved caspase-1, p-p65 and p-IκBα in the ankle tissue of 
the mice with CIA was significantly increased (Fig. 3c–l). 
In contrast, Cel and MTX markedly decreased the expres-
sion of NLRP3, ASC, cleaved caspase-1, p-p65 and p-IκBα 
(Fig. 3c-l). These findings suggest that the protective effect 
of Cel on joint injury in mice with CIA is at least partially 
achieved by inhibiting the NLRP3 inflammasome pathway.

Effect of Cel on TNF‑α‑Induced FLSs 
Proliferation and Migration

The results of FLSs identification showed that FLSs 
adhered to the wall and grew in a long spindle or spindle 
shape (Fig. 4a). FLSs were positive for vimentin and nega-
tive for CD68 (Fig. 4b, c), indicating that the purity of FLSs 
was greater than 90%. Moreover, that administration of Cel 
concentrations less than 62.5 nM had no toxic effects on 
FLSs and did not affect cell growth within 48 h (Fig. 4e).

FLSs proliferation and migration are crucial mediators 
of RA pathology. TNF-α treatment significantly promoted 
(Fig. 4d), while Cel and Dex significantly reduced TNF-α-
induced FLSs proliferation (Fig. 4d, f, h). We performed a 
scratch wound healing experiment to determine the impact 
of Cel on FLSs migration and found that TNF-α treatment 
significantly increased FLSs migration (Fig. 4g, i). Com-
pared with TNF-α-treated cells, Cel- and Dex-treated cells 
exhibited significantly decreased cell migration (Fig. 4g, i).

The Impact of Cel on the NLRP3 
Inflammasome Pathway in FLSs

ELISA results indicated that the levels of IL-1β 
and IL-6 in the supernatant of the TNF-α group were 
significantly increased (Fig. 5a, b). However, after pre-
treatment with different doses of Cel and Dex, the levels 
of the corresponding inflammatory factors in the super-
natant of FLSs were significantly reduced (Fig. 5a, b). 
Western blotting and immunofluorescence staining were 
used to determine the impact of Cel on the NLRP3 path-
way in FLSs. The expression of NLRP3, ASC, cleaved 
caspase-1, p-p65 and p-IκBα and the production of ROS 
(Fig. 5c–r) were increased after TNF-α treatment. Cel (25 
or 50 nM) and Dex decreased the upregulation of these 
proteins and decreased the ROS level, thus inhibiting the 
NLRP3 inflammasome pathway (Fig. 5c–r).

The Impact of Cel on the Binding of Hsp90 
to NLRP3

The results of molecular docking indicated that the 
main forces involved were hydrogen bonding and van der 
Waals forces. The hydroxyl group of Cel forms a strong 
hydrogen bond with ThrA:184, and the hydroxyl group 
on the carboxyl group forms a salt bridge with lysine A:58 
(Fig. 6a). The molecular docking results of geldanamy-
cin (GDM) with Hsp90 showed that the same amino acid, 
lysine A:58, of Hsp90 had strong hydrogen bonding with 
geldanamycin (Fig. 6b). The remaining amino acids interact 
through van der Waals forces around the molecule. The dock-
ing energies of Cel and geldanamycin to the Hsp90 protein 
were 41.3443 kJ·mol-1 and 53.3522 kJ·mol-1, respectively 
(Fig. 6a, b).

The binding affinity of Cel or geldanamycin to 
Hsp90 was determined with the Octet RED96 sys-
tem. Real-time analysis revealed a specific interaction 
between Cel and Hsp90 [Kd = 1.04 mM, coefficient 
of determination  (r2) = 0.977] (Fig. 6c). Geldanamycin 
was used as the positive control with a Kd = 14.9 μM 
[coefficient of determination  (r2) = 0.9779] (Fig. 6d). 
Coimmunoprecipitation revealed that Hsp90 binds 
to NLRP3 in FLSs, and Cel pretreatment decreased 
the level of NLRP3 in the precipitate (Fig. 6e). These 
findings suggested that Cel can inhibit the binding of 
Hsp90 to NLRP3 by binding to Hsp90.
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DISCUSSION

Our study revealed that Cel significantly reduced 
the levels of RA-related indicators, inhibited pathophysi-
ological changes in inflammatory joints, and had no toxic 
effects on the liver or kidney in mice during the adminis-
tration cycle. More importantly, Cel decreased the release 
of proinflammatory cytokines in the mice with CIA and 
TNF-α-induced FLSs and inhibited FLSs proliferation 
and migration. The above results further prove that Cel 

can exert an anti-RA effect by restraining the release of 
inflammatory factors and the abnormal proliferation and 
migration of FLSs, reducing joint and cartilage damage 
and bone erosion.

The NLRP3 inflammasome signaling pathway is 
closely related to the release of proinflammatory factors. 
Numerous studies have reported that NLRP3 inflamma-
some-related gene polymorphisms are associated with 
the severity, susceptibility, and effects of therapy on 
autoimmune diseases, such as RA [27–29]. Treatment 

Fig. 3  Cel alters NLRP3 inflammasome pathway activation in ankle joint tissue (a, b) The serum levels of TNF-α (a) and IL-1β (b) in mice were 
measured via ELISA. (c, f–h) Western blotting was used to measure NLRP3, ASC and cleaved caspase-1 levels in joint tissue. (d, i–k) The expres-
sion of p-p65, p65 and p-IkB-α in the joint tissue of CIA mice was measured via western blotting. GAPDH served as a normalization control.  
(e, l) Immunofluorescence staining was performed to measure NLRP3 expression in joint tissue (scale bar = 20 μm). Data were presented as mean ± SD 
(n = 6). ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. model group.
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with MCC950-selective NLRP3 inhibitors can allevi-
ate arthritis symptoms and cartilage destruction, reveal-
ing that drugs targeting the NLRP3 inflammasome may 
be a potential therapeutic strategy for treating RA [28, 
30]. Similarly, our results indicated that Cel reduced the 
expression of related proteins in the joints of mice with 
CIA and FLSs. The above results show that Cel can pro-
mote the degradation of the NLRP3 inflammasome. This 
means that NLRP3 is an effective potential target for Cel 
in the treatment of RA, and also means that Cel has a 
good anti-inflammatory effect.

NF-κB and ROS play important roles in the NLRP3 
inflammasome signaling pathway. The activation of pri-
mary and secondary signals in the NLRP3 inflammasome 

signaling pathway is mainly caused by the activation of 
NF-κB and the production of ROS, which promote the 
release of proinflammatory factors and the assembly, 
activation and maturation of the NLRP3 inflammasome 
[31–33]. Therefore, inhibiting NF-κB activation and ROS 
production is the key to inhibiting the NLRP3 inflamma-
some signaling pathway. Cel decreased the nuclear translo-
cation of p65 and ROS production in TNF-α-induced FLSs 
both in vitro and in vivo and reduced the expression of 
p-p65 and p-IκB-α. The above results indicate that Cel can 
inhibit the synthesis and activation of NLRP3 inflammas-
ome by inhibiting its upstream signaling pathway, and then 
inhibit the secretion of downstream inflammatory factors. 
The above results indicate that the main anti-inflammatory 

Fig. 4  Cel inhibits the proliferation and migration of FLSs. (a) FLSs morphology was assessed by light microscopy (50 × , 100 × , and 200 ×). (b, c) 
Cells were stained for vimentin or CD68 (green) and with DAPI (blue), with FLSs being vimentin-positive and CD68-negative (scale bar = 50 μm). 
(d, h) FLSs proliferation was also assessed based on EdU (green) incorporation, with Hoechst-stained nuclei shown in blue (scale bar = 50 μm). (e) 
Cell viability was assessed via MTT assay after a 48 h treatment with the indicated concentrations of Cel. (f) Following the Cel or Dex pretreatment, 
FLSs were treated with 10 ng/mL TNF-α for 48 h, after which an MTT assay was conducted to quantify cell proliferation. (g, i) Cell migration in a 
scratch wound healing assay was quantified following a 48h incubation with or without the indicated Cel and Dex (100 × magnification).  Data were 
presented as the mean ± SD from three independent experiments. ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. TNF-α group or vimentin group.
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Fig. 5  Cel alters TNF-α-induced NLRP3 inflammasome pathway activation in FLSs. (a, b) Production of the proinflammatory cytokines IL-1β 
(a) and IL-6 (b) in TNF-α-induced FLSs supernatants was measured via ELISA. (c, f–h) NLRP3, ASC and cleaved caspase-1 levels were assessed 
in TNF-α-induced FLSs via western blotting. (d, j-l) p-p65, p65, and p-IkB-α levels in FLSs were measured via western blotting. GAPDH served 
as a normalization control. (e, m) NLRP3 levels in FLSs were assessed via immunofluorescence staining. (i, n) Cleaved caspase-1 levels in FLSs 
were assessed via immunofluorescence staining. Nuclei were stained with DAPI (blue) while NLRP3 and cleaved caspase-1 immunofluorescence 
is shown in green (scale bar = 50 μm). (o, p) The translocation of p65 (green) into nuclei (blue) was assessed (scale bar = 50 μm). (q, r) DCFH-DA 
was used to detect intracellular ROS levels (green) (scale bar = 50 μm). Data were presented as the mean ± SD from three independent experiments. 
##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. TNF-α group.
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function of Cel is produced through the ROS-NF-κB-
NLRP3 signaling pathway. However, is this the only way 
Cel inhibit the expression of NLRP3 inflammasome ?

There are literature reported that Cel is an Hsp90 
inhibitor that can destroy the Hsp90-Cdc37 interaction in 
the superchaperone complex and induce the degradation 
of the Hsp90 client proteins Cdk4 and Akt to promote 

antitumor activity [34, 35]. Furthermore, Hsp90 is 
required for the activation of the NLRP3 inflammasome. 
NLRP3 is a client protein of Hsp90, and Hsp90 maintains 
the dynamic homeostasis of the protein by affecting the 
folding, activation, and stabilization of NLRP3 [36, 37]. 
Hsp90 regulates its client’s function mainly through the 
following three mechanisms: promoting its steady-state 

Fig. 6  Cel can inhibit the binding of Hsp90 to NLRP3 by binding to Hsp90. (a) The binding posture of Cel to Hsp90. (b) The binding posture of 
geldanamycin to Hsp90. (c, d) Binding response (nm) of Hsp90 to different concentrations of Cel and geldanamycin. Mixtures of different con-
centrations of Cel (12.5, 25, 50, and 100 nM) (c) or geldanamycin (1.25, 2.5, 5, and 10 μM) (d) with Hsp90 were measured using an Octet RED96 
system. (e) Coimmunoprecipitation assay using FLSs treated with or without 50 nM Cel for 24 h. Cell lysates were immunoprecipitated with non-
specific IgG or an anti-Hsp90 antibody. FLSs that were not treated with Cel served as a positive control for IP with the anti-Hsp90 antibody. ‘IgG’ 
indicates the vehicle-treated cell lysates immunoprecipitated with nonspecific IgG. ‘Input’ indicates the whole cell lysates. Western blotting is repre-
sentative of two independent experiments.
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level and the level above the functional threshold, increas-
ing its evolutionary ability, and triggering its stimulus-
dependent activity [38, 39]. Moreover, studies have 
reported that NLRP3 is degraded by the proteasome if it 
does not bind to Hsp90 [21, 40].

However, whether Cel has a therapeutic effect on 
RA by inhibiting the regulation of NLRP3 by Hsp90 
has not been confirmed. We studied the interaction 
between Cel and Hsp90 and the effect of Cel on Hsp90 
and NLRP3 to further elucidate the mechanism by which 
Cel inhibits the NLRP3 inflammasome signaling path-
way. Our molecular docking, Octet system, and co-IP 
assays revealed that Cel can directly interact with Hsp90. 
We also discovered that Cel inhibited the interaction 
between Hsp90 and NLRP3. This inhibition may be due 
to Cel inhibiting Hsp90 client signals and activity but 
not directly acting on the ATP-binding pocket of Hsp90 
[41]. One of our most important results is to find that 
Cel plays a ’ placeholder ’ role by directly interacting 
with Hsp90, which in turn inhibits the binding of Hsp90 
to NLRP3, thereby inhibiting its activation of NLRP3 
inflammasome. This effect of Cel is not produced by 
directly binding to the active pocket of Hsp90, but by 
interfering with the distal binding signal of Hsp90. The 
above results indicate that Cel regulates the expression of 
NLRP3 inflammasome by inhibiting the upstream ROS-
NF-κB signaling pathway and directly binding to Hsp90 
to interfere with the activation of NLRP3.

However, whether Cel inhibits the formation of 
complexes between Cdc37 and Hsp90 through Hsp90, 
inhibits its ATPase activity and affects the stability of the 
Hsp90 client protein NLRP3, thus inhibiting the NLRP3 
inflammasome in RA, remains to be further studied. Our 
subsequent experiments will involve the establishment 
of various cell models, the evaluation of the mechanism 
by which Cel affects RA from multiple perspectives, and 
further exploration of the regulatory relationship between 
Cel and Hsp90 and NLRP3.

CONCLUSION

In conclusion, Cel affects the activation and protein 
expression of NLRP3 inflammasome by inhibiting the 
upstream pathway and affecting the binding of NLRP3 
inflammasome to its molecular chaperone, and exert-
ing a protective effect on RA. Moreover, Cel not only 
relieves inflammation but also inhibits FLSs proliferation 

and migration and alleviates the symptoms of RA. This 
finding provides evidence for the antiarthritic properties 
of Cel and elucidates its potential molecular mechanisms 
in RA treatment.
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