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A B S T R A C T

Background: Synovial inflammation plays a major role in the pathogenesis of osteoarthritis (OA). This study
investigated the effect of andrographolide (Andro) on synovial inflammation mediated by tumor necrosis factor-
alpha receptor 2 (TNFR2) trafficking and its utility in attenuating OA progression.
Methods: Knee joints were harvested from rats subjected to radial transection of the medial collateral ligament
(MCLT) and medial meniscus (MMT) to examine the effect of Andro on synovial inflammation and OA pro-
gression. Quantitative real-time polymerase chain reaction was used to evaluate the expression of inflammatory
factors in primary fibroblast-like synoviocytes (FLSs) after Andro treatment in vitro. The mechanism underlying
Andro-mediated regulation of TNFR2 distribution and nuclear factor-κB (NF-κB) expression was verified using
endosome maturation inhibitor hydroxychloroquine (HCQ) through flow cytometry, immunofluorescence, and
western blot analysis.
Results: Andro treatment was found to reduce synovial inflammation and OA progression in vivo. Furthermore, a
decrease in pain hypersensitivity and dorsal horn neuron activation was observed after treatment. Andro also
downregulated the expression of inflammatory mediators and TNFR2 in FLSs. TNFR2 is crucial for the activation
of the NF-κB signaling pathway, and Andro-induced degradation of TNFR2 was associated with lysosomal
function, which in turn, reduced the downstream phosphorylation of p65 in the NF-κB signaling pathway.
Conclusions: Andro could suppress synovial inflammation via regulation of TNFR2 trafficking and degradation.
This also suggests it could be a potential treatment for the prevention of synovial inflammation and OA
progression.
The translational potential of this article: This study provides strong evidence that Andro reduces NF-κB activation
and inflammatory responses in OA FLSs via regulation of TNFR2 trafficking. The inhibition of TNFR2 and Andro
could be a novel therapeutic approach for OA and pain management.
1. Introduction

Osteoarthritis (OA) is characterized by progressive degeneration of
articular cartilage, synovial inflammation, joint pain and disability [1].
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Various stressors, risk factors and genetics have been recognized; how-
ever, the pathological mechanism of OA remains poorly understood, as
evidenced by a lack of effective therapeutic options [2]. Increasing evi-
dence shows that synovial inflammation, and the resultant
pro-inflammatory mediators, could accelerate the pathogenesis of OA
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Abbreviations

Andro Andrographolide
TNFR Tumor Necrosis Factor Receptor
NF-κB Nuclear Factor Kappa-B
MCLT Medial Collateral Ligament Transection
MMT Medial Meniscus Transection
ADAMTS4 A Disintegrin and Metalloproteinase with

Thrombospondin Motifs 4
ADAMTS5 A Disintegrin and Metalloproteinase with

Thrombospondin Motifs 5
CCL2 Chemokine (C–C motif) Ligand 2
HCQ Hydroxychloroquine
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[3]. Almost 75% of all cells in the synovium are fibroblast-like synovio-
cytes (FLSs), and they are the major component of pathological synovial
tissue [4]. Advances in synovial inflammation is closely related to sy-
novial analgesia and structural modifications [5]. Additionally, inflam-
mation in the joint that causes sensitization is thought to be the basis of
arthritic pain [6]. Joint pain results from the activation of primary
afferent nerve fibres in knee joint synovium [7], which expresses calci-
tonin gene-related peptide (CGRP), known to be involved in the trans-
mission of nociceptive input to the cell bodies of sensory neurons located
in the dorsal root ganglia (DRG) [8]. Hence, the molecular pathways that
initiate synovial inflammation and novel treatment strategies targeting
FLSs in OA processes urgently need to be investigated further.

Tumor necrosis factor-alpha (TNF-α) is one of the most potent pro-
inflammatory cytokines and promotes OA progression and chronic
joint pain [9]. It could activate nuclear factor-κB (NF-κB) signaling, a
ubiquitous transcription factor widely involved in OA pathophysiology,
through the stimulation of two distinct receptors: TNF receptor 1
(TNFR1) and TNF receptor 2 (TNFR2) [10]. Although these two receptors
are both expressed in OA synovium [11], TNFR2 is less well character-
ized [12]; even its role in NF-κB signaling has rarely been described
before [13]. Recent data has demonstrated a regulatory mechanism of
receptor internalization and intracellular trafficking in selectively
transmitting signals. Many internalized receptors from the cell surface
are sorted to various intracellular compartments, like trans-Golgi vesicles
or late endosomes, and then fuse with lysosomes and are proteolytically
degraded [14]. TNFR1 was suggested to transduce death signals along
this endosomal trafficking route [15]; however, it is unclear whether
TNFR2 internalization is correlated with downstream signal transduction
and could be used as a therapeutic target for OA synovial inflammation.

Andrographolide (Andro) is the main active constituent of Androg-
raphis paniculata and exerts various pharmacological effects (e.g., anti-
bacterial, anti-inflammatory, and anticancer effects) [16]. Studies have
demonstrated that Andro, a well-known ent-labdane NF-κB inhibitor
[17], can prevent the production of inflammatory and catabolic media-
tors by chondrocytes [18], suggesting that this natural compound has the
potential to be a therapeutic drug for OA [19]. However, the mechanism
by which Andro attenuates the progression of OA and synovial inflam-
mation has yet to be elucidated. A recent study showed that Andro reg-
ulates cell surface expression and trafficking [20], providing a novel
understanding of how Andro regulates NF-κB activation. Therapeutic
effect mechanism of Andro on OA might be associated with the regula-
tion of TNFR2 and downstream signal transduction in FLSs.

Therefore, the present study aimed to investigate the effect of Andro
on TNFR2 trafficking in FLSs and the synovial inflammation in OA pro-
gression. Andro could be a promising drug for OA patients, and targeting
TNFR2 has therapeutic potential for the clinical treatment of OA.
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2. Materials and methods

2.1. Materials and reagents

Andro was obtained from Sigma–Aldrich (St Louis, MO, USA).
Hydroxychloroquine (HCQ) was procured from Aladdin (Shanghai,
China). Water-soluble Andrographolide sulfonate (Xi-Yan-Ping Injection)
was provided by Jiangxi Qingfeng Pharmaceutical Co., Ltd (Jiangxi,
China). GM6001 was purchased from MedChem Express (Monmouth
Junction, NJ, USA). The IL-1β, IL-6 and TNF-α antibody were obtained
from ABclonal (Wuhan, China). The primary antibodies against tumor
necrosis factor-alpha receptor 2 (TNFR2), calcitonin gene-related peptide
(CGRP), a disintegrin and metalloproteinase with thrombospondin mo-
tifs (ADAMTS)4, and ADAMTS5 were from Abcam (Cambridge, UK). The
CCL2 antibody was obtained from Proteintech (Chicago, IL, USA). The
PE-Phalloidin and goat anti-rabbit horseradish peroxidase (HRP)-labeled
secondary antibody was obtained from Fude Biological Technology
(Hangzhou, China). The antibodies against p-p65, p65, and GAPDH were
obtained from Cell Signaling Technology (Danvers, MA, USA).

2.2. Animals

A total of 15 male Sprague–Dawley (SD) rats, 8-week-old, were pur-
chased from the Laboratory Animal Center of Drum Tower Hospital,
Nanjing, China. Before the experiments, all animals were housed, five per
cage in regular cages at 24 �C under a 12-h light/dark cycle for 1 week,
fed on commercial food and provided water.

2.3. Experimental protocol

All animal experiments complied with the guidelines of the Ethics
Committee of Drum Tower Hospital, Medical School of Nanjing Univer-
sity, Nanjing, China (Ethics approval number: 2,018,020,004).

After acclimation, 10 rats underwent radial transection of the medial
collateral ligament (MCLT) and medial meniscus (MMT) (MCLTþMMT)
surgery on right knees [21], and 5 rats received sham operation. Briefly,
the animals were anesthetized by subcutaneous administration of 30
mg/mL pentobarbital sodium before a medial patella arthrotomy was
performed to expose the medial collateral ligament (MCL) and the central
portion of the medial meniscus (MM). Then, a complete transection was
performed in the MCL and MM. Subsequently, the OA rats were equally
and randomly divided into two groups: MCLT þ MMT group, and MCLT
þMMTþ Andro group. After the animals were left untreated for 1 week,
Andrographolide sulfonate (10 mg/kg) in saline was injected intra-
articularly in MCLT þ MMT þ Andro group rats twice a week. Rat in
MCLT þ MMT group were injected intraarticularly with same volume of
saline (Fig. 1A).

2.4. Behavioral testing

Pain behavioral tests of rats from sham, MCLT þ MMT and MCLT þ
MMT þ Andro groups were performed on days 7, 14, 28 and 42 b y three
independent examiners who were blinded to the experimental conditions
(Fig. 1A). Mechanical withdrawal thresholds were assessed by applica-
tion of an electronic von Frey Anaesthesiometer (IITC, Woodland Hills,
CA, USA) according to the method described previously [22]. Briefly, rats
were placed on a metal mesh floor, which allowed the tip of the anaes-
thesiometer to stimulate the mid-plantar aspect of the right hind paw.
The paw withdrawal mechanical threshold (PWMT) was used by the
“ascending stimulus” method [23] to record the tolerance level (in g),
and calculated by averaging the data from the last three test.

The incapacitance testing, an index of joint discomfort in OA [24],
consisted of placing the animal on an angled plate above an incapa-
citance meter that forced each hind paw on an independent pressure
plate [25]. The force (g) exerted by each limb was measured and aver-
aged over 5 s. The incapacitance score was reported as a percentage of



Fig. 1. Effects of Andro on the progression of OA in vivo (A) Schematic diagram of in vivo study (B) Three-dimensional micro-CT images of the knee joint (scale bar: 3
mm), histopathological safranin O, and toluidine blue staining (red line: measurement for the largest osteophyte) of knee joint sections in rats with MCLT þ MMT
following Andro treatment (scale bar: 200 μm) (C–E) Quantitation of cartilage degeneration, synovial inflammation and osteophyte measurement based on OARSI
scores in rats with MCLT þ MMT following Andro treatment (n ¼ 5 rats/group) (F) Quantitation of knee joint diameter in rats with MCLT þ MMT following Andro
treatment (n ¼ 5 rats/group) (G) Representative images of synovial membranes stained with H&E (scale bar: 200 μm and 50 μm) (H) Immunofluorescence of TNFR2 in
the synovial membranes with MCLT þMMT following Andro treatment (Scale bar: 20 μm) (I) IHC of IL-1, IL-6, TNF-α, ADAMTS4, ADAMTS5, and CCL2 in the synovial
membranes with MCLT þ MMT following Andro treatment (scale bar: 20 μm). *p < 0.05; **p < 0.01.
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Table 1
List of Primer Sequences used for qPCR.

Prime Forward (50-30) Reverse (50-30)

IL-1β ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA
TNFα GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC
ADAMTS4 GAGGGAGGCACCCCTAACT CCTTGACGTTGCACATGGGA
ADAMTS5 GAACATCGACCAACTCTACTCCG CAATGCCCACCGAACCATCT
CCL2 GCTCAGCCAGATGCAATCAATG GTGTCTGGGGAAAGCTAGGG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC
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the total weight bearing applied to the injured (right) hind paw based on
the following formula: incapacitance score ¼ right/(left þ right) � 100.

A footprint analysis was performed the day before the end of the
experiment. Evaluations were performed by dipping the posterior limb in
red dye and the forelimb in black dye to calculate the median step width
and length [19].

2.5. Microcomputed tomographic (micro-CT) analysis

At 6-weeks post-surgery, the rats were subjected to terminal anes-
thesia, perfused with heparinized saline through the left atrium, and
fixed by 4% paraformaldehyde to harvest the lumbar spinal cords (20
mm) and knee joints. To perform 3D morphometric analysis of the knee
joints, micro-CT scanning was performed using a micro-CT system (μCT-
80, Scanco Medical, Bassersdorf, Switzerland). The X ray-tube was set at
70 kV and 114 mA for a resolution of 17.5 μmwith an integration time of
250 ms. The 3D models of the harvested knee joints were determined
with the original system of micro-CT following the manufacturer's
protocols.

2.6. Histopathological analysis

Knee joints were fixed in 4% (v/v) paraformaldehyde for 24 h and
then decalcified in 5% (v/v) EDTA for one month. Following dehydration
in graded alcohol, the tissues were embedded in paraffin and sliced into
3-μm sagittal sections. To ensure that sections were coronal, the knee
joint was carefully oriented using the shapes of the growth plates and
menisci as hallmarks. The midcoronal sections of each joint were stained
with safranin O, toluidine blue, and haematoxylin and eosin (H&E),
which were used to evaluate Osteoarthritis Research Society Interna-
tional (OARSI) scores of cartilage degeneration, synovial inflammation
and osteophyte measurement [26]. Briefly, OARSI scoring for cartilage
degeneration is an evaluation of overall cartilage pathology, especially
chondrocyte loss. The synovial inflammation score is based on increased
numbers of synovial lining cell layers, proliferation of sub-synovial tis-
sue, and infiltration of inflammatory cells. The largest osteophyte is
measured by an ocular micrometer and the osteophyte OARSI scores are
recorded as an average of the actual osteophyte measurement.

2.7. Immunohistochemistry (IHC) analysis

Bone sections were deparaffinized in xylene for 15 min, followed by
rehydration using graded alcohol. Subsequently, endogenous peroxidase
was blocked by 3% hydrogen peroxide for 20 min. After incubation with
0.4% pepsin (Aladdin) in 0.1 mM HCl at 37 �C for 60 min, the sections
were blocked with 5% bovine serum albumin for 60 min and stained with
IL-1β, IL-6, TNF-α, CCL2, ADAMTS4, and ADAMTS5 primary antibodies
overnight at 4 �C and anti-rabbit/mouse secondary antibody at 37 �C for
3 h.

The lumbar spinal cords were fixed with 4% paraformaldehyde for 6 h
for paraffin-embedding. The 3-μm sections were incubated with sodium
citrate antigen retrieval solution (Servicebio, Wuhan, China) at 95 �C for
7 min and overnight with anti-CGRP at 4 �C. Finally, the sections were
developed with chromogen for 10 min at 37 �C, dehydrated, and
mounted for examination. All slides were visualized using a fluorescence
microscope (Axio Observer A1, Zeiss, Germany).

2.8. Isolation and culture of human FLSs

FLSs were isolated from the resected synovial tissues of OA patients
and this study was approved by the Ethics Committees of Drum Tower
Hospital, Medical School of Nanjing University, Nanjing, China (Ethics
approval number: 2,009,022). Briefly, the synovial tissues were minced
into 1-mm pieces and treated with collagenase type I (Invitrogen,
Carlsbad, CA, USA) at a concentration of 5 mg/mL in Dulbecco's modified
Eagle's medium (DMEM) at 37 �C for 4 h. Subsequently, the cells were
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harvested by centrifugation at 1000�g for 5 min at 4 �C, and the pellet
was resuspended in DMEM supplemented with 10% inactivated fetal
bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37
�C in a 5% CO2 atmosphere. FLSs at passages 2–4 were used for all
experiments.

2.9. Cell proliferation assay

Briefly, FLSs (1 � 104 cells/cm2) were seeded in a 96-well microplate
for 24 h and exposed to Andro (0–90 μM) for an additional 24 h. The
effects of Andro on the cell viability were assessed by CCK-8 (KeyGEN
Biotech, Nanjing, China), according to the manufacturer's instructions.
The absorbance (optical density) was measured at 450 nm and used as an
index of cell proliferation and viability.

2.10. F-actin staining

FLSs (1 � 104 cells/cm2) were plated in 96-well plates and cultured
overnight, followed by 24-h exposure to various concentrations of Andro
(0–90 μM). Then, the cells were fixed with 4% paraformaldehyde for 15
min and subjected to phalloidin staining in the dark. The expression of F-
actin was observed by fluorescence microscopy. The morphological
changes in the cytoskeleton were observed in at least three independent
visual fields.

2.11. Western blotting

The treated FLSs (2 � 105 cells/cm2) were lysed in radio-
immunoprecipitation assay (RIPA) buffer, and proteins were isolated
after centrifugation at 1000�g for 5 min at 4 �C. An equivalent of 20 μg of
protein extract was separated using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene difluoridemembranes. The membranes were blocked with 5%
non-fat milk for 1 h and probed with the appropriate primary antibodies
overnight at 4 �C. Subsequently, the membrane was incubated with the
secondary antibodies for 1 h. Finally, the immunoreactive bands were
detected with an Enhanced Chemiluminescence Kit (Fude Biological
Technology, Hangzhou, China) using the Tanon-5200 system (Biotanon,
Shanghai, China).

2.12. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted using the RNA-Quick Purification Kit (ES
Science, Shanghai, China), and complementary DNA (cDNA) was syn-
thesized from 1 μg of extracted RNA using a HiScriptIIQ RT SuperMix for
qPCR (Vazyme Biotech, Nanjing, China). The levels of the target tran-
script were calculated by 2�ΔΔCT method using SYBR Color qPCR Master
Mix (Vazyme Biotech). The amplification and detection were carried out
on a LightCycler 480-II (Roche, Mannheim, Germany). The primers are
listed in Table 1.

2.13. Immunofluorescent staining

FLSs (5 � 104 cells/cm2) are grown on coverslips, treated, washed in
phosphate-buffered saline (PBS), and fixed in 4% paraformaldehyde for
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20 min. Then, the cells were incubated with primary antibodies over-
night at 4 �C, followed by staining with FITC- and TRITC-conjugated anti-
rabbit/mouse antibody for 60 min at room temperature in the dark. The
nuclei were counterstained with DAPI for 5 min, washed with PBST, and
sealed with a coverslip. The images were captured by fluorescence
microscopy.

2.14. Quantification of surface receptors

After treatment, FLSs (2 � 105 cells/cm2) were blocked and probed
with anti-TNFR2 primary antibody for 30 min. After washing several
times with PBS, the stained cells were probed with a secondary anti-
rabbit antibody for 15 min. Then, the cells were fixed with 2% para-
formaldehyde and analyzed using a flow cytometer (BD FACSVerse, BD
Bioscience, CA, USA).

2.15. siRNA transfection

The following siRNAs were designed and synthesized by Hippobio
(Huzhou, China): siTNFR2 (s) 50-CCGGCUCAGAGAAUACUAUTT-30 (as)
50-AUAGUAUUCUCUGAGCCGGCA-3’. The FLSs were cultured in 60-mm
Petri dishes at a density of 2 � 105/mL for 48 h to reach 60–70% con-
fluency and transfected using Lipofectamine 3000 siRNA reagent (Invi-
trogen, Carlsbad, CA, USA). The silencing efficiency was based on the
mRNA determined by qPCR analysis.

2.16. Statistical analysis

The quantitative data were expressed as mean� standard error of the
mean (SEM). The statistical analysis of the parameters among the groups
was conducted using SPSS statistical software program 20.0 (SPSS Inc.,
Chicago, IL, USA), and one-way analysis of variance (ANOVA) was used
for multiple-group comparisons. P-value �0.05 indicated a significant
difference.

3. Results

3.1. Andro attenuated cartilage wear and synovial inflammation during
the progression of OA in vivo

To determine the effect of Andro alleviating OA and synovial
inflammation in vivo, an intra-articular injection of Andrographolide
sulfonate was performed on rat OA model. Safranin O and toluidine blue
staining demonstrated the loss of proteoglycan (PG) and a decreased
thickness in the medial and lateral aspects of rat articular cartilage
induced by MCLT þ MMT surgery. However, the percentage of PG and
fibrillation in the articular cartilage surface was significantly higher in
the Andro group compared to the MCLT þ MMT group at the same time
point (Fig. 1B), along with a lower OARSI scale of cartilage degeneration
(Fig. 1C). Micro-CT imaging analysis and the actual osteophyte mea-
surement revealed that MCLT þ MMT injury increased the volume and
surface area of osteophytes at both tibia and femur: changes in peri-
articular osteophytes were significantly improved by Andro treatment,
compared to the MCLT þ MMT group (Fig. 1B, E). After MCLT þ MMT
surgery, the knee joint diameter was increased in OA groups, whereas an
intra-articular injection of Andro significantly reduced the knee diameter
(Fig. 1F). Compared with the MCLT þ MMT group, the infiltration of
macrophages and OARSI score of synovial inflammation were signifi-
cantly decreased in the Andro group (Fig. 1D, G). Along with decreased
synovitis scores, the downregulation of TNFR2 and other inflammatory
cytokines were also observed in the Andro-treated synovium (Fig. 1H and
I).

3.2. Andro protected pain-like behavior of rats in OA

The relationship between joint damage and the gait pattern is
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measured by footprint analysis: this revealed that the track of animals
from MCLT þ MMT group was spatially asymmetric, with narrower step
width and step length. However, animals in the Andro group showed
consistent posterior limb coordination, with spatially symmetric step
width and length compared to the sham group (Fig. 2A and B). Compared
with the sham group at one week, a significant reduction was observed in
the ipsilateral hindlimb weight-bearing of MCLT þ MMT rats (approxi-
mately 15%), which declined by week six. Although no difference was
detected in the early stage (<4 weeks), Andro treatment improved the
incapacitance score at six weeks (approximately 10%), compared to the
MCLT þ MMT group (Fig. 2C). Similarly, the MCLT þ MMT group was
associated with the development of ipsilateral mechanical allodynia
starting from week one up to week six, compared to the sham group.
However, Andro treatment could significantly prevent the development
of mechanical hypersensitivity in MCLT þ MMT group rats from four
weeks (Fig. 2D). Finally, an increased in CGRP expressing neurons was
observed in the ipsilateral dorsal horn of the MCLT þ MMT group and a
decrease in the dorsal horn of Andro group. The density of CGRP
expression was also significantly increased in the synovial tissue of the
MCLT þ MMT group near the blood vessels, while the density of CGRPþ

sensory nerves was reduced in the Andro group (Fig. 2E).

3.3. Andro suppressed cell viability and inflammatory expression in FLS

Andro treatment significantly decreased the proliferation of FLSs in, a
dose-dependent manner (Fig. 3A). After 24 h of treatment, FLSs displayed
abnormal distribution and structural damage of F-actin fibres, with a
significant decrease in cell number (Fig. 3B). However, only a slight
change in cell viability and morphology was observed at low Andro
concentration (10 and 30 μM). mRNA expression of inflammatory factors
IL-1β, IL-6, CCL2, ADAMTS4, and ADAMTS5 was significantly increased
in response to TNFα stimulation, whereas, the putative inhibitory effects
of Andro on TNFα-stimulated OA-FLSs resulted in a significant reduction
in the expression of these inflammatory markers (Fig. 3C). After treat-
ment with Andro, FLSs also showed a significant decrease in IL-1β, IL-6,
TNFα, CCL2, ADAMTS4, and ADAMTS5 expression, in a dose-dependent
manner (Fig. 3D). Based on these findings, 30 μM concentration of Andro
was used in the following experiments.

3.4. Andro-regulated TNFR2 expression in vitro

Western blot analysis showed that TNFR2 expression was down-
regulated after 30 μM Andro treatment, in a dose-dependent manner
(Fig. 4A). The decreased TNFR2 was effectuated in a time-dependent
manner (Fig. 4B). Under normal condition, TNFR2 was uniformly
distributed in FLS cells; whereas treatment with 30 μM Andro caused a
significant change, with TNFR2 accumulating around the perinuclear
region (Fig. 4C). Correspondingly, an increase in TNFR2 expression after
TNF-α stimulation was likely reversed by treatment with Andro (Fig. 4D).
However, the qPCR data did not reveal any change in the amount of
TNFR2mRNA at the transcriptional level post-Andro treatment (Fig. 4E).
Approximately 10% of surface TNFR2 was downregulated after treat-
ment with Andro: only HCQ could reverse this effect. GM6001 appeared
to have no significant effect on the surface expression of TNFR2 in Andro-
treated cells (Fig. 4F). HCQ also increased the protein level of TNFR2 in
Andro-stimulated FLSs (Fig. 4G). A co-localisation study to determine the
final compartment that TNFR2 accumulated in after Andro treatment,
identified that TNFR2 co-localised with lysosomal-associated membrane
protein-1 (LAMP-1) in the perinuclear compact membrane structure in
Andro group compared with control. However, this trafficking and co-
location could be blocked after HCQ treatment (Fig. 4H).

3.5. Andro inhibited the activation of NF-κB signaling via TNFR2

Western blot analysis of FLSs revealed that TNFα induced p65 phos-
phorylation, but this effect was reduced in both Andro-treated groups



Fig. 2. Effects of Andro on pain-like behavior of OA in vivo (A, B) Footprint analysis results of different groups and common spatial characteristics of the rat, including
step width and step length (C) Pain testing assessed as incapacitance analgesia meter in rats with MCLT þ MMT following Andro treatment (n ¼ 5 rats/group) (D)
Changes of pain sensitivity after MCLT þ MMT surgery with/without Andro treatment determined by measuring the paw withdrawal mechanical threshold (n ¼ 5
rats/group) (E) IHC of CGRP in the dorsal horn and synovial membranes with MCLT þ MMT following Andro treatment (scale bar: 50 μm). **p < 0.01.
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(Fig. 5A). Immunofluorescence studies indicated that cells stimulated
with TNFα showed an increase in the nuclear translocation of p65 from
the cytoplasm, while those treated with Andro showed less nuclear
translocation (Fig. 5B). To verify the involvement of TNFR2 in TNFα/NF-
κB (p65) signaling, si-TNFR2 was first found to be no effect on the basal
production of p-p65, but TNFα-induced p65 phosphorylation declined
two-fold in FLSs transfected with the TNFR2-siRNA. Similarly, TNFα-
induced p-p65 production by Andro was suppressed significantly after
FLSs were transfected with the siRNA (Fig. 5C and G). Surface TNFR2 is
required for p65 phosphorylation, therefore, restoring TNFR2 via HCQ
treatment increased production of p-p65 in Andro-treated cells (Fig. 5D)
and the levels of p65 in the nuclear compartment of Andro-treated FLSs
(Fig. 5E). In addition, the production of pro-inflammatory cytokines was
also enhanced in the HCQ-treated group, with higher levels of ADAMTS4,
ADAMTS5, and CCL2 mRNAs than the Andro-treated group (Fig. 5F).

4. Discussion

This is the first time the role of Andro in regulating TNFR2 trafficking
has been investigated as a therapeutic approach for treating synovial
inflammation in the pathogenesis and development of OA. Andro
significantly reduced synovitis-associated inflammation and attenuated
cartilage degeneration, osteophyte formation, and joint pain in an
experimental rat OA model. Furthermore, the anti-inflammatory effect of
Andro was due to the regulation of TNFR2 trafficking and degradation,
which was indispensable for NF-κB inhibition in FLSs (Fig. 6).

Andro is a potential anti-inflammatory drug that disrupts the in-
flammatory response in FLSs to attenuate OA progression. Synovial
inflammation is frequently involved in the progression of OA [27], and
FLSs can secrete a large number of inflammatory cytokines and media-
tors, accelerating OA progression [28]. Some chemokines, such as IL-1β,
IL-6 and TNFα, can attract other immune cells to accumulate around
articular cartilage, resulting in an inflammatory environment that in-
duces chondrocytes to secrete cartilage-degrading enzymes and proteases
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[29]. ADAMTS activity has been shown to degrade cartilage
proteoglycan-aggrecan in arthritis [30], and CCL2 is also an important
factor that modulates monocyte/macrophage recruitment in OA [31]. In
this study, Andro downregulated the expression of pro-inflammatory
cytokines, such as IL-1β, IL-6, TNFα, CCL2, ADAMTS4 and ADAMTS5.
Thus, Andro-induced inhibition of OA inflammation might be related to
decreased levels of these inflammatory mediators in OA FLSs. In addition,
the proliferation of FLSs plays a significant role in the production of in-
flammatory cytokines [32]. Andro also inhibited growth and invasion by
modulating cell proliferation and cytoskeletal rearrangement in FLSs,
which was consistent with the findings of previous studies [33,34].
Hence, Andro-induced suppression of the inflammatory response in OA
FLSs is reported for the first time, and Andro is identified as a promising
therapeutic agent for treating and preventing inflammation in OA [19].

Andro was also found to be a potential analgesic drug for OA pain.
CGRP is widely expressed in the central and peripheral nervous systems
and plays a role in OA pain processes [35]. Andro treatment suppressed
the enhancement of CGRPþ sensory nerves in the lumbar spinal cords and
synovial tissues during OA, indicating that Andro treatment improved
pain behavior, and both central and peripheral sensitization by blocking
the spread of pain to sites distant from the joint [36,37]. Peripheral
sensitization is a principal contributor to arthritis-related pain, and this
pain development largely depends on the interaction between the im-
mune response and the distal endings of joint-innervating DRG sensory
neurons in the knee joint [38,39]. FLSs, and the inflammatory mediators
they secrete, promote peripheral sensitization [40]. For example, an
anti-ADAMTS5 antibody was found to influence mechanical allodynia in
the medial meniscus (DMM) model [41], and CCL2�/� DMMmodel mice
also showed delays in the development of pain-related behaviour [42].
Increased expression of ADAMTS5 and CCL2 was observed in the syno-
vial tissues of OA rats, which could be recovered by Andro administra-
tion. Thus, Andro-mediated inhibition of these inflammatory cytokines
and chemokines highlights the analgesic effect of Andro on OA pain.

Furthermore, Andro induced TNFR2 trafficking for lysosomal



Fig. 3. Effects of Andro on cell viability and inflammatory expression in FLS (A) CCK-8 assay showed the effect of Andro on cellular proliferation at the concentrations
used (0–90 μM) following treatment for 24 h (B) FLSs treated with different concentrations (0–90 μM) of Andro showed changes in cell morphology and cytoskeletal
structure (C) mRNA expression of the inflammatory cytokines under the stimulation of TNFα (10 ng/mL) in FLSs with/without Andro for 24 h (n ¼ 3) (D) mRNA
expression of the inflammatory cytokines under the treatment of Andro in FLSs for 24 h (n ¼ 3). ns, p > 0.05, *p < 0.05; **p < 0.01.
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degradation and depleted functional TNFR2. First, TNFR2 was rapidly
downregulated and then accumulated in the perinuclear region after
Andro treatment. Previous studies have confirmed that metalloprotease-
dependent shedding and internalization contribute to transient receptor
clearance from the cell surface [43,44]. Thus, an assessment of which
regulation was necessary for Andro-induced inhibition of TNFR2
expression was made. For this purpose, FLSs were pretreated with HCQ,
an inhibitor of receptor internalization [45], and the metalloprotease
inhibitor GM6001 to monitor the surface receptor expression of TNFR2
by flow cytometry analysis. Metalloprotease activity was found to exert
no effect on Andro-induced downregulation of surface TNFR2 in this
study. However, HCQ reversed the Andro-induced upregulation of sur-
face TNFR2 expression. Thus, it could be deduced that Andro affected the
trafficking machinery involved in internalizing cell surface TNFR2,
which is similar to previous findings on Andro-mediated regulation of
EGFR on the cell surface and degradation [20]. Receptor internalization
results in transient receptor clearance from the cell surface, followed by
either recycling to the membrane or lasting clearance through degrada-
tion in lysosomes [46]. Hence, it was determined that, in the presence of
Andro, TNFR2 accumulated in compartments that were positive for
LAMP-1, a commonly used marker for both late endosomes and lyso-
somes [47]. HCQ-induced inhibition of the lysosomal degradation of
TNFR2 could eventually enhance the surface expression of TNFR2 on
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Andro-treated FLSs. Therefore, the present study shows, for the first time,
that Andro induces TNFR2 trafficking and degradation by accelerating
the movement of the receptor from the cell surface to late endosomes and
lysosomes.

Andro-induced inhibition of TNFR2 and NF-κB activation results in
the attenuation of exaggerated catabolism and inflammatory reactions in
FLSs. For decades, Andro has been reported to exert appropriate inhibi-
tory effects on NF-κB activity [48] and suppress inflammation in various
diseases [49], including neuroinflammation [50], enteritis [51] and
psoriasis [52]. Studies have also demonstrated that Andro inhibits the
production of matrix metalloproteinases and inducible nitric oxide [18],
and protects chondrocytes from oxidative stress injury [19], which is
significant for delaying cartilage degeneration in OA treatment. In this
study, Andro reduced the phosphorylation of p65 in FLSs in a
dose-dependent manner, indicating a potential mechanism related to the
anti-inflammatory effect of Andro in OA synovitis for treating OA. Pre-
vious investigations have reported that the NF-κB signalling pathway
plays a key role in facilitating TNFα functions [53]. TNFα induces carti-
lage lesions and synovial inflammation by binding to its receptors TNFR1
and TNFR2 [54,55]. TNFR1 is a strong inducer of proinflammatory ac-
tivities, but TNFR2 can elicit both proinflammatory and
anti-inflammatory effects in a variety of pathologies [56]. Based on the
dual role of the TNFR2 system, the molecular mechanisms of TNFR2



Fig. 4. Effects of Andro on TNFR2 in vitro (A) FLSs were treated with 0, 10, 20, and 30 μM Andro for 10 min, and the level of TNFR2 protein was assessed (n ¼ 3) (B)
FLSs were treated with 30 μM Andro for 0, 5, 10, 30, 60, and 120 min, and the level of TNFR2 protein was assessed (n ¼ 3) (C) Representative fluorescent images of
TNFR2 in FLSs under the treatment of Andro for 10 min (scale bar: 20 μm) (D) FLSs pretreated with 10 and 30 μM Andro for 1 h were stimulated with TNFα (10 ng/
mL) for 10 min, and the level of TNFR2 protein was assessed (n ¼ 3) (E) mRNA expression of TNFR2 during the treatment of FLSs with Andro for 10 min (n ¼ 3) (F)
Surface expression of TNFR2 after Andro treatment. The FLSs pretreated with HCQ (50 μM) and GM6001 (10 μM) for 1 h were incubated with Andro for 10 min, and
surface TNFR2 was analyzed by flow cytometry. The mean fluorescence intensity of surface receptor levels is expressed as a percentage of vehicle control (n ¼ 3) (G)
The FLSs pretreated with HCQ (50 μM) for 1 h were incubated with Andro for 10 min, and the level of TNFR2 protein was assessed (n ¼ 3) (H) Representative
fluorescent images of TNFR2 co-localized with LAMP-1 in FLSs upon treatment with Andro for 10 min (scale bar: 20 μm). ns, p > 0.05, *p < 0.05; **p < 0.01.
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regulation for the treatment of synovial inflammation is of significance.
Silencing TNFR2 in FLSs decreased the phosphorylation of p65, and
Andro reduced the expression of TNFR2. After reversing TNFR2 expres-
sion using HCQ, high levels of p65 phosphorylation, CCL2, ADAMTS4,
and ADAMTS5were observed in this study, which further demonstrates a
correlation between TNFR2 and NF-κB signalling in the
anti-inflammatory effects of Andro.

The present study has several limitations. First, the classic view of OA
pathogenesis is that subchondral sclerosis is associated with joint
degeneration [57]; however, the effects of Andro on subchondral bone
remodelling were not investigated. Second, the effect of Andro on
inflammation and the neuropeptide release of peptidergic fibres in vitro
was not investigated. Third, recent studies have shown that signal
transduction might result from endosomal/lysosomal compartments
[58], but the mechanism underlying Andro-mediated regulation of sy-
novial inflammation could not be identified. The process by which Andro
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regulates TNFR2 trafficking and the NF-κB signalling pathway also re-
mains unclear. Endocytosis has been regarded as a mechanism to
terminate signalling through receptor internalization and subsequent
lysosomal degradation [20]. Although this study provides evidence that
the inhibition of NF-κB signalling and inflammation by Andro is a
response to the regulation of TNFR2 internalization and degradation,
further studies are needed to elucidate the exact mechanism by which
Andro induces TNFR2 endocytosis and inhibits NF-κB phosphorylation.

5. Conclusions

In summary, Andro reduces the NF-κB activation and inflammatory
responses in synoviocytes via increased TNFR2 internalization and
degradation. This is the first report on the inhibition of Andro on NF-κB
activation by targeting TNFR2, and suggests that inhibition of both
TNFR2 and Andro could be novel therapeutic approaches for OA and



Fig. 5. Effects of Andro on NF-κB signaling in vitro (A) FLSs pretreated with 10 and 30 μM Andro for 1 h were stimulated with TNFα (10 ng/mL) for 10 min, and the
level of NF-κB (p65) phosphorylation was assessed (n ¼ 3) (B) Representative fluorescent images of nuclear translocation of p65 in FLSs as a response to stimulation of
TNFα (10 ng/mL) with/without Andro (scale bar: 50 μm) (C) P65 phosphorylation in siTNFR2 cells was markedly impaired as compared to cells transduced with
scrambled siRNAs (Scr) as a response to stimulation of TNFα (10 ng/mL) with/without Andro (n ¼ 3) (D) FLSs were treated with Andro with/without HCQ for 1 h,
stimulated with TNFα (10 ng/mL) for 10 min, and the levels of p65 phosphorylation assessed (n ¼ 3) (E) Representative fluorescent images of nuclear translocation of
p65 in FLSs under the stimulation of TNFα (10 ng/mL) with/without Andro and HCQ (scale bar: 50 μm) (F) After the stimulation of TNFα (10 ng/mL), mRNA
expression of inflammatory cytokines in FLSs with/without Andro and HCQ for 24 h (n ¼ 3) (G) qPCR analyses for TNFR2 mRNA expression after FLSs were
transfected with scrambled siRNAs (Scr) or siRNAs against TNFR2(n ¼ 3). *p < 0.05; **p < 0.01.
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Fig. 6. Proposed mechanism of Andro-induced TNFR2 degradation. Inflammation produced in response to TNFα activates NF-κB signaling in FLSs by interacting with
TNFR2. A proportion of TNFR2 enters the cell by endocytosis and is recycled back to the surface, whereas receptor trafficking from the late endosome to the lysosome
is promoted after Andro treatment.
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