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Sinomenine ameliorates 
adjuvant‑induced arthritis 
by inhibiting the autophagy/
NETosis/inflammation axis
H. Jiang 1,2,5, Q. Lu 1,5, J. Xu 1,5, G. Huo 1, Y. Cai 1, S. Geng 1, H. Xu 1, J. Zhang 3, H. Li 4, K. Yuan 1* & 
G. Huang 1*

Studies have found that neutrophil extracellular traps (NETs) which are the specific dying form of 
neutrophil upon activation have fundamental role in the rheumatoid arthritis onset and progression. 
The purpose of this study was to explore the therapeutic effect of Sinomenine on adjuvant‑induced 
arthritis in mice, and the neutrophil activities regulated by Sinomenine. The rheumatoid arthritis 
model was established by local injection of adjuvant and the Sinomenine treatment was administered 
orally for 30 days, during which, arthritic scores were evaluated and the joint diameter was measured 
to determine disease progression. The joint tissues and serum were acquired for further tests after 
sacrifice. Cytometric beads assay was performed to measure the concentration of cytokines. For 
paraffin‑embedded ankle tissues, hematoxylin and erosin staining and Safranin O‑fast staining 
were adopted to monitor the tissue changes of joint. In order to analyze the inflammation, NETs 
and autophagy of neutrophils in vivo, immunohistochemistry assays were applied to detect the 
protein expression levels in the local joints. To describe the effect brought by Sinomenine on 
inflammation, autophagy and NETs in vitro, the western blotting and the immunofluorescence 
assays were performed. The joint symptoms of the adjuvant induced arthritis were alleviated by the 
Sinomenine treatment significantly in terms of the ankle diameter and scores. The improvement of 
local histopathology changes and decrease of inflammatory cytokines in the serum also confirmed 
the efficacy. The expression levels of interleukin‑6, P65 and p‑P65 in the ankle areas of mice were 
remarkably reduced by Sinomenine. Compared with the model group, the decreased expression 
levels of lymphocyte antigen 6 complex and myeloperoxidase in the Sinomenine treating group 
showed the inhibitory effect of Sinomenine on the neutrophil migration. The expression of protein 
arginine deiminase type 4 (PAD4), ctrullinated histone H3 (CitH3) and microtubule‑associated protein 
1 light chain 3B (LC3B) had the similar tendency. Upon activation of lipopolysaccharide (LPS) in vitro, 
Sinomenine suppressed the phosphorylation of P65, extracellular signal‑regulated kinase (ERK) and 
P38 of neutrophil. Meanwhile, Sinomenine inhibited NETs formation induced by phorbol 12‑myristate 
13‑acetate (PMA), which were demonstrated by the decreased expression of neutrophil elastase (NE), 
PAD4 and CitH3. Sinomenine also inhibited PMA‑induced autophagy in vitro based on the changes of 
Beclin‑1 and LC3B. Sinomenine has good efficacy in treating adjuvant induced arthritis via regulating 
neutrophil activities. Apart from inhibiting activation of nuclear factor kappa‑B (NF‑κB) and mitogen‑
activated protein kinase (MAPK) pathways, the mechanism includes suppression of NETs formation 
via autophagy inhibition.

Abbreviations
RA  Rheumatoid arthritis
NETs  Neutrophil extracellular traps
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CRP  C-reactive protein
ACPAs  Antibodies to citrullinated protein antigens
MPO  Myeloperoxidase
NE  Neutrophil elastase
PAD4  Protein-arginine deiminase type 4
Ly6G  Lymphocyte antigen 6 complex, locus G
CitH3  Citrullinated histone H3
LC3B  Microtubule-associated protein 1 light chain 3B
TRAP  Tartrate-resistant acid phosphatase
MMPs  Matrix metalloproteinases
IL-6  Interleukin-6
IFN-γ  Interferon-γ
TNF-α  Tumor necrosis factor-α
IL-10  Interleukin-10
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
NF-κB  Nuclear factor kappa-B
MAPK  Mitogen-activated protein kinase
IgG  Immunoglobulin G
MTX  Methotrexate
LEF  Leflunomide
SIN  Sinomenine
RANKL  Receptor activator of NF-κB ligand
OPN  Osteopontin
CIA  Collagen-induced arthritis
HIF-1α  Hypoxia-inducible factor-1α
VEGF  Vascular endothelial growth factor
ANG-1  Angiopoietin 1
AA  Adjuvant-induced arthritis
Nrf2/HO-1  Nuclear factor erythroid 2-related factor 2/heme oxygenase-1
OA  Osteoarthritis
DRG  Dorsal root ganglion
SNL  Spinal nerve ligation
SLE  Systemic lupus erythematosus
FCA  Freund’s complete adjuvant
LPS  Lipopolysaccharide
PMA  Phorbol 12-myristate 13-acetate
CBA  Cytometric beads array
TBST  Tris-buffered saline tween-20
CCK-8  Cell counting kit 8
H&E staining  Hematoxylin and eosin staining
IHC staining  Immunohistochemistry staining
DAB  3,3’-Diaminobenzidine
SDS–PAGE  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
PVDF  Polyvinylidene fluoride
BSA  Bovine serum albumin
HRP  Horseradish Peroxidase
3-MA  3-Methyladenine
SD  Standard deviation
IFN  Interferon

Rheumatoid arthritis (RA) has become a global health  issue1. The global prevalence of RA is approximately 1%. 
Women are more vulnerable than  men2,3. It affects an estimated 1.5 million patients in the United  States4 and the 
annual cost of arthritis, including osteoarthritis and rheumatoid arthritis, exceeds $200  billion5,6.

The clinical manifestations of RA vary greatly among individuals. The main joint discomforts include morn-
ing stiffness, joint swelling and joint deformities. Extra-articular symptoms include rheumatoid nodules in the 
skin, rheumatoid vasculitis, pericarditis, pleurisy and so  on7. Its insidious onset is correlated with its complicated 
etiology. The genetic  factors8,9 and environmental factors both contribute to the onset of  RA10. The epigenetic 
modifications brought by environmental  changes11 have been considered susceptible  factors12. In addition, the 
intestinal microbiota affects the developmental progression of RA. Alterations in the oral and gut microbiota are 
related to increasing levels of C-reactive protein (CRP) and the emergence of antibodies to citrullinated protein 
antigens (ACPAs)13.

Neutrophils are the fundamental immune cells in the host. Upon activated in the early stage of RA, neutro-
phils are migrating to the joint cavity and secreting chemokines and cytokines. In addition, they involve in the 
inflammatory state in the form of neutrophil extracellular traps (NETs). The process of NETs formation is called 
NETosis, during which nucleic acid fibers and bactericidal proteins are  released14. In NETs, degradation of the 
actin cytoskeleton is initiated by myeloperoxidase (MPO). Activated neutrophil elastase (NE) and protein argi-
nine deiminase type 4 (PAD4) participate in chromatin  destruction15. PAD4 is a calcium-dependent enzyme that 
catalyzes the transformation from arginine to citrulline as a posttranslational protein  modification16. Citrullinated 
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histones promote nucleic acid  depolymerization17 and are likely to be recognized as autoantigens, ultimately 
stimulating the production of antibodies. The intensified responses greatly exacerbate RA  symptoms18. Therefore, 
we propose that neutrophils may be an important target for the treatment of RA.

Sinomenine (9α,13α,14α-7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methylmorphane-6-one hydrochlo-
ride) has extensive pharmacological activities. Sinomenine can be used to treat  cancer19–23, protect the cardio-
vascular  system24, relieve chronic inflammatory  diseases25, and alleviate acute injury to the  lung26 and  liver27. 
Recent studies have revealed that Sinomenine is effective in the treatment of RA with lower toxicity and fewer 
side effects. Weiwei Liu et al. found that Sinomenine could clinically ameliorate the disease activity of RA patients 
and reduce their percentage of peripheral  monocytes28. In a randomized controlled clinical trial, Run-yue Huang 
et al. found that compared with RA patients treated with methotrexate and leflunomide (MTX + LEF), patients 
treated with methotrexate and Sinomenine (MTX + SIN) gained similar medical benefits with fewer adverse 
 events29. Experimental studies have revealed a possible mechanism by which Sinomenine regulates RA. Yue 
Sun et al. found that the combination of Sinomenine and methotrexate (MTX + SIN) could significantly inhibit 
the activation of synovial receptor activator of NF-κB ligand (RANKL) and osteopontin (OPN) production in 
collagen-induced arthritis (CIA)  rats30. Zhi-tao Feng et al. found that in CIA mice, hypoxia-inducible factor-1α 
(HIF-1α), vascular endothelial growth factor (VEGF) and angiopoietin 1 (ANG-1) were regulated by Sinomenine 
to decrease  angiogenesis31. In addition, a new drug delivery system loaded with Sinomenine exhibited superior 
anti-rheumatoid arthritis effects in vivo and in vitro32,33.

In this article, we established a mouse model of adjuvant-induced arthritis (AA) to determine the therapeu-
tic effect of Sinomenine on rheumatoid arthritis and to explore its specific mechanism, focusing on neutrophil 
activities.

Materials and methods
Animals. C57BL/6 mice (female, 7–8 weeks old) were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. All experimental procedures were reviewed and approved by the Animal Care and Use 
Committee of the Beijing University of Chinese Medicine. All the experiments were performed and analyzed in 
accordance with ARRIVE guidelines. All the following methods were performed in accordance with the relevant 
guidelines and regulations.

Drugs and chemicals. Freund’s complete adjuvant (FCA) (F5881), lipopolysaccharide (LPS) (L2880) 
and phorbol 12-myristate 13-acetate (PMA) (P1585) were obtained from Sigma Chemicals (Louis, MO, USA). 
Sinomenine (S2359) was purchased from Selleck Chemicals (Shanghai, CHN). Anti-MPO (ab9535), anti-NE 
(ab21595), anti-Ly6G (ab25377), anti-CitH3 (ab5103), anti-IL-6 (ab208113), anti-LC3B (ab48394), anti-Bec-
lin-1 (ab207612), anti-GAPDH (ab181602), anti-ERK1/2 (ab115799), anti-rabbit IgG secondary (ab6721) and 
goat anti-rabbit IgG H&L (Alexa Fluor® 555) secondary antibodies (ab150086) were obtained from Abcam 
(Cambridge, MA, USA). The anti-p65 (3033S), anti-phospho-p65 (Ser536) (6956S), anti-SAPK/JNK (9252S), 
anti-phospho-SAPK/JNK (Thr183/Tyr185) (9251S), anti-phospho-ERK1/2 (Thr202/Tyr204) (9101S), anti-p38 
(9212S) and anti-phospho-p38 (Thr180/Tyr182) (9211S) antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). The anti-PAD4 antibodies (17373-1-AP) were purchased from Proteintech Group, 
Inc. (Wuhan, HB, CHN). Horseradish peroxidase (HRP)-conjugated goat anti-mouse/rabbit IgG polymer kit 
was purchased from ZS GB-Bio (Beijing, CHN). Percoll™ PLUS (17-5445-01) was purchased from GE Health-
care (Uppsala, Sweden). The Cytometric Beads Array (CBA) kit (560485) was purchased from BD Biosciences 
(Becton, Dickinson and Company). Tris-buffered saline Tween-20 (TBST) was purchased from Biorigin (Bei-
jing, CHN). Sodium citrate antigen retrieval solution and RIPA buffer were obtained from Solarbio (Beijing, 
CHN). The enhanced chemiluminescence (ECL) reagent was obtained from Cwbio IT Group (Beijing, CHN). 
Cell Counting Kit 8 (CCK-8) was purchased from Analysis Quiz (Beijing, CHN).

Induction of adjuvant‑induced arthritis. C57BL/6 mice (female, 7–8 weeks old) were used to establish 
the AA model. After general anesthesia, injection of 100 μL vortexed FCA was conducted with 1 mL insulin 
syringes following these steps: first, 20 μL was injected into the ankle joint cavity of the left hind foot, and then 
the remaining 80 μL was injected in four doses into the tissues around the joint. Three days after injection, the 
left hind ankle joint of the mouse was scored: 0-normal, 1-slight redness or swelling of the ankle joint, 2-moder-
ate swelling and slight limitation of movement, 3-obvious swelling and limitation of movement, 4-severe swell-
ing and movement disorders. The joint diameter was measured with a pocket thickness meter every 3 days. At 
the same time, 90 mg/kg/d Sinomenine was given to the treatment group by intragastric administration starting 
three days after FCA injection and continuing for 30 consecutive days. The control mice and AA model mice 
received normal saline.

Specimen collection. On Day 33, the mice were anaesthetized with isoflurane, and anesthesia of each 
mouse was maintained in a single breathing unit. The blood was collected by cardiac puncture. The mice were 
sacrificed with  CO2 in a gas chamber (Yuyan, Shanghai, China). The collected blood was placed at room tem-
perature for 2 h and then centrifuged for 30 min at 3000 rpm to obtain 200–300 μL serum. At the same time, the 
left hind limbs of mice with representative joint diameters and arthritis scores from each group were collected 
and fixed for further experiments.

Histopathology and immunohistochemistry. After fixation in 4% paraformaldehyde, the joint tissues 
were decalcified with 10% EDTA solution (pH 7.2) for 1–2 months. After embedding in paraffin, the tissues were 
sliced into 4 μm sections. H&E and safranin O-fast green staining were performed according to standard proce-
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dures. In short, for the H&E staining, the sample slides were dewaxed with xylene and ethanol and then stained 
with hematoxylin and eosin after hydration. Finally, the slides were dehydrated with ethanol and xylene. For 
safranin O-fast green staining, after routine dewaxing and hydration steps, hematoxylin, fast green and safra-
nin O were applied successively. After dehydration, the slides were sealed and examined under a microscope. 
The percentage of the cartilage area was quantified by ImageJ. We randomly selected three areas in the image 
for statistical analysis. For IHC, standard procedures were applied. In short, after hydration and permeabiliza-
tion, 3%  H2O2 was used to remove endogenous peroxidase. For permeabilization, 0.1% Triton X-100 was gently 
dripped onto the tissue section and incubated at 37 °C for 20 min. Sodium citrate antigen retrieval solution was 
used for antigen retrieval, and 10% goat serum was used for blocking. For antigen retrieval, 1 L of sodium citrate 
antigen retrieval solution (Solarbio, C1032) was heated to boiling in a pressure cooker. The sections were put 
into the pressure cooker and heated at high (2100 W) until steam came out of the top, then the pressure cooker 
was turned down to low heat (800 W) for 2.5 min. Goat serum was then incubated with the slides for blocking, 
followed by the primary antibody and the secondary antibody. The target proteins were finally developed with 
3,3′-diaminobenzidine (DAB). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to 
quantify the IOD of the positive area.

Detecting inflammatory cytokines in serum using flow cytometric assays. The experimental 
operations were carried out following the instructions of the Cytometric Beads Array (CBA) kit (Cat: 560485, 
BD biosciences, USA). First, the standard samples were diluted. Then, 50 μL of a mixture of capture beads was 
added to the standard tubes and sample tubes and mixed well, followed by 50 μL Th1/Th2/Th17 PE detection 
reagent being added to each tube. The tubes were incubated in the dark at room temperature for 2 h. After wash-
ing, the precipitates were resuspended and detected by the FACS Calibur (LSRFortessa SORP, BD biosciences, 
USA), followed by analyzation using FCAP Array software (Cat: 652099, BD biosciences, USA).

Neutrophils preparation and culture. Filtered 1 mL of 10% protease peptone was injected intraperi-
toneally into the mice on the first day. The second injection was given after 12 h. Four hours later, peritoneal 
lavage cells were obtained by washing the abdominal cavity with RPMI-1640 supplemented with 10% FBS. After 
centrifugation, the cell pellets were resuspended and subjected to density gradient centrifugation with Percoll™ 
PLUS to obtain neutrophils. A flow cytometric assay was performed to detect the purity of the separated neu-
trophils (Supplement Figure 1). The purity of neutrophils = number of Ly6G-positive cells (neutrophils)/total 
number of living cells × 100%. After treatment, the cells were collected for Western blot analysis and other tests. 
In a previously published article, our laboratory specifically introduced the method of separating and extracting 
mouse peritoneal  neutrophils34.

CCK‑8 assay. Neutrophils isolated from the peritoneal cells of mice were inoculated into 96-well plates (100 
μL/well, 5 ×  106 cells/well) with or without different concentrations of Sinomenine. The neutrophils were cul-
tured at 37 °C in a 5%  CO2 incubator. After four hours of culture, Cell Counting Kit 8 (CCK-8) solution (10 μL/
well) was added to each well and incubated for 1 h. The absorbance at 450 nm was measured with a microplate 
reader (BioTek Instruments, Inc).

Western blot analysis. Protein samples were processed by RIPA buffer and separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE, 12%). The proteins were transferred to polyvinylidene 
fluoride (PVDF) membranes. After blocking with 5% nonfat dry milk or 3% bovine serum albumin (BSA) in 
TBST buffer for 2 h, the membranes were incubated with primary antibodies overnight at 4 °C. The membranes 
were incubated with HRP-conjugated secondary antibody for 1 h at room temperature after washing three times 
with TBST. Proteins were detected by ECL reagent and visualized. ImageJ software was used to quantify the 
grayscale of the bands.

Immunofluorescence staining. After counting, the extracted neutrophils were inoculated into a laser 
confocal dish and cultured at 37 °C in 5%  CO2 for 4 h. Then, the neutrophils were fixed with 4% paraformalde-
hyde for 20 min after 3 washes with prechilled phosphate buffered saline (PBS). The cells were immersed in 0.1% 
Triton X-100 for 20 min at room temperature. Then, the cells were blocked with 3% BSA for 1 h at room tem-
perature. The primary antibody incubation was conducted overnight at 4 °C, followed by incubation with Alexa 
Fluor-conjugated secondary antibodies in the dark. The nuclei were stained with DAPI at room temperature for 
15 min. The fluorescent signals were collected with a confocal microscope (TCS SP8, Leica). ImageJ software 
was used to measure the staining intensity and nuclear areas. The cell nucleus was circled with the curve tool 
and its area was measured with standardized scales. Then, further statistical analysis was performed using SPSS.

Statistical analysis. The results are expressed as the mean ± SD and were calculated by SPSS (IBM SPSS 
Statistics Software, IBM, NYC, USA). Two-way analyses of variance (ANOVA) were used to analyze the ankle 
diameters, arthritic scores and body weight of all groups. For the western blot, immunofluorescence and CBA 
experiments, the statistical significance of differences was determined using one-way ANOVA. Post hoc least 
significant difference (LSD) test was also applied to compare the statistical significance of differences in immu-
nohistochemical staining of inflammation, autophagy and NETosis. P < 0.05 was considered statistically signifi-
cant.
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Results
Sinomenine reduced ankle joint swelling and arthritis scores in AA mice. C57BL/6 mice were 
randomly grouped according to their body weight. After adaptive feeding for seven days, FCA injection was 
performed to create an AA model. Three days later, Sinomenine was administered orally at a dose of 90 mg/kg/d, 
and the treatment of methotrexate was administered orally at a dose of 1.73 mg/kg/3d as the positive control 
group. For the control and AA groups, an equal volume of saline was administered to the mice in the same way. 
On the 33rd day, the mice were sacrificed. Serum and joint tissues were collected (Fig. 1A).

During the experiment, the degree of joint swelling was scored. Meanwhile, the joint diameter and weight 
of the mice were measured every three days. We found that the joints of the mice in the AA group were swollen 
and that their toes were affected. The joint diameter of the mice in the AA group reached 5 mm on the 10th day, 
and the joint score reached a maximum of 4. As expected, the swelling was reduced after Sinomenine treatment 
(Fig. 1B). Compared with the model group, the joint diameter (p < 0.05) and joint score (p < 0.01) of the mice in 
the Sinomenine treatment group were significantly reduced (Fig. 1C, D). In addition, Sinomenine had no effect 
on the weight of the mice (Fig. 1E). Therefore, Sinomenine could significantly reduce the ankle swelling and 
arthritis score of the AA mice.

Sinomenine protected bone and cartilage in AA mice. H&E staining was performed to assess the 
histopathological changes. In the model group, the joints of the mice showed severe synovitis, bone erosion and 

Figure 1.  Sinomenine reduced ankle joint swelling and arthritis scores in AA mice. (A) Schematic diagram 
of the animal experiment. (B) Representative pictures of the hind paws of the mice on Day 33. The left hind 
paws are indicated by black arrows. (C) The diameter of the ankle joint was measured every three days. The 
data are shown as the mean ± SD (n = 10). (D) The severity of arthritis was scored 0–4. The data are shown as 
the mean ± SD (n = 10). (E) The bodyweight of the mice was monitored. The data are shown as the mean ± SD 
(n = 10). Control, AA, AA + SIN and AA + MTX indicate the control group, the AA model group, the 
Sinomenine treatment group and the methotrexate treatment group, respectively. *p < 0.05; **p < 0.01. 
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excessive infiltration of immune cells. In the Sinomenine treatment group, the bone tissues were comparatively 
intact (Fig. 2A). Then, safranin O-fast staining was performed to assess cartilage damage. In this assay, the red-
ness around the bone indicated cartilage (Fig. 2B). We found that the cartilage of the model group was dam-
aged since its redness declined significantly. Sinomenine intervention helped to alleviate the damage (Fig. 2C). 
Although Sinomenine failed to block arthritis progression in mice, it succeeded in ameliorating the pathologic 
changes to some extent.

Figure 2.  Sinomenine protected bone tissues in AA mice. (A) H&E staining of the ankle joint sections from 
mice in the control group (Control), the model group (AA), the Sinomenine-treated group (AA + SIN) and the 
methotrexate-treated group (AA + MTX). Representative images are shown. (B) Safranin O-fast staining of joint 
tissue sections from the mice. Representative images are shown. (C) Statistical analysis was applied to calculate 
the cartilage area in (B). The data are shown as the mean ± SD (n = 5). *p < 0.05, **p < 0.01. “n = 5” represents 
five mice with representative joint diameters and arthritis scores who were selected from each group to prepare 
ankle joint tissue sections, and one representative picture from each mouse was used for quantification.



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3933  | https://doi.org/10.1038/s41598-023-30922-3

www.nature.com/scientificreports/

Sinomenine reduced systemic and local inflammation in the AA mice. We used a CBA kit to 
detect the cytokine concentration in the serum. We found that the concentration of IL-6 in the AA mice was 
significantly higher than that in the model group. IL-6 and Interferon-γ (IFN-γ) in the Sinomenine treatment 
group were greatly decreased (Fig. 3A, B), tumor necrosis factor-α (TNF-α) (Fig. 3C) and interleukin-10 (IL-10) 
(Fig. 3D) showed no differences among the groups.

IL-6 is considered a typical proinflammatory cytokine and it is closely associated with the disease process of 
 RA35. Meanwhile, IL-6 blockade has shown great efficacy in treating patients who fail to respond to conventional 
 therapies36. Zhou Lan et al. found that Sinomenine downregulated the level of IL-6 in an adjuvant-induced 
arthritis rat model in a dose-dependent  manner37. In our study, we found that IL-6 in the serum of mice in the 
SIN treatment group was decreased significantly. To explore IL-6 expression in the local joints, we performed 
immunohistochemical assays. The increased IL-6 expression in the AA mice was reduced by Sinomenine (Fig. 3E, 
F), supporting the previous finding that Sinomenine decreased IL-6 secretion.

NF-κB is the main transcription factor responsible for the expression of IL-6. Phosphorylation of NF-κB can 
enhance its nuclear localization and transcriptional activity, which promotes the expression of IL-638. In our 
study, we found that Sinomenine could significantly inhibit the expression of P65 (p < 0.05) and p-P65 (p < 0.05) 
in joints (Fig. 3G–J). In summary, Sinomenine may regulate IL-6 via the NF-κB pathways in vivo.

Sinomenine suppressed LPS‑induced signaling pathways in neutrophils in vitro. LPS was 
applied to neutrophils to construct a cellular inflammation model to explore how Sinomenine inhibited inflam-
mation. The neutrophils used in the experiments were isolated from the abdominal cavity of mice. First, the 
CCK-8 assay was used to investigate the impact of Sinomenine on the viability of the neutrophils (Fig. 4A). 
Compared with the control group, we found that 1–20 μM Sinomenine had no significant effect on the viability 
of neutrophils, while 50 μM and 100 μM Sinomenine significantly reduced the viability of neutrophils (p < 0.01). 
Western blotting (WB) was used to detect the activation of the NF-κB and MAPK pathways. We found that 
Sinomenine could significantly inhibit the phosphorylation of p65 at 30 min compared with that in the LPS-
treated group (p < 0.05) (Fig. 4B, C). After two hours of coculture with LPS, the results showed that Sinomenine 
could significantly reduce the phosphorylation level of ERK (p < 0.01) (Fig. 4D, E) and P38 (p < 0.01) (Fig. 4D, 
E) but had no effect on the expression of p-JNK (Fig. 4D, G). Therefore, our results indicated that Sinomenine 
regulates LPS-induced inflammation in part through the MAPK signaling pathway and the NF-κB pathway.

Sinomenine inhibited the migration of neutrophils to local joints. To investigate the infiltration of 
neutrophils, immunohistochemistry assays were adopted to detect their characteristic markers. Among neutro-
phils, Ly6G and MPO are recognized as signs of neutrophil infiltration and tissue inflammation. Therefore, IHC 
was performed to measure the expression of Ly6G and MPO in joint tissues. The results showed that the expres-
sion of Ly6G (Fig. 5A, B) and MPO (Fig. 5C, D) was abundant in the model group but was significantly reduced 
in the ankles of Sinomenine-treated mice. These results indicated that Sinomenine significantly inhibited the 
infiltration and activation of neutrophils in AA mice.

Sinomenine inhibited the formation of NETs in vivo and in vitro. Specific autoantibodies are 
believed to aggravate autoimmune responses in RA  patients39–41. The induction of autoantibodies is partly attrib-
uted to NETs. During the formation of NETs, MPO mediates the oxidative activation of NE. PAD4 mediates the 
production of autoantigens, thus playing an important role in the pathogenesis of  RA42,43. Anti-PAD4 antibodies 
can be used as a biomarker of the severity of  RA44. To determine whether Sinomenine can play a role in inhibit-
ing the production of NETs, we used PAD4 and CitH3 antibodies to perform immunohistochemistry assays. 
In the model group, PAD4 (Fig. 6A, B) and CitH3 (Fig. 6C, D) were highly expressed in the ankle joints of AA 
mice, and Sinomenine treatment significantly inhibited the expression of PAD4 (p < 0.05) and CitH3 (p < 0.01). 
Therefore, Sinomenine might inhibit NETosis of ankle joints in vivo.

We further explored the effect of Sinomenine on NETs in vitro. The visualization of NETs was accomplished 
by immunofluorescence assays in which NE, PAD4 and CitH3 were targeted and PMA was added to induce 
NETosis in vitro. Here, the nuclei are marked in blue by DAPI, and NE, PAD4 and CitH3 are marked in red. 
The PMA-induced NETs diagrams are shown in Fig. 7A, D, G, where the nuclei of neutrophils became larger 
and the expression of NE, PAD4 and CitH3 increased. However, Sinomenine could significantly inhibit the 
enlargement of the nucleus and the decondensation of chromatin (Fig. 7B, E, H). The expression of NE, PAD4 
and CitH3 also decreased significantly after SIN treatment (Fig. 7C, F, I). Therefore, Sinomenine inhibited the 
formation of NETs in vitro.

Sinomenine inhibited PMA‑induced autophagy of neutrophils. Autophagy influences cell sur-
vival by various mechanisms, from maintaining cell bioenergetics to clearing protein aggregates and damaged 
 organelles45. Recent studies have demonstrated the important roles of neutrophil autophagy and superoxide in 
NETs  formation40,46. In the presence of inflammatory factors and microbial pathogenic factors, activated neu-
trophils can stimulate the autophagy pathway and release NETs. Autophagy can induce the production of ROS 
and  NETs47. Yiming Chen et al. found that compared with lymphocytes from healthy subjects, lymphocytes from 
RA patients showed higher levels of autophagy that were significantly related to  inflammation48. To determine 
whether Sinomenine is effective in regulating autophagy, we measured the expression of autophagy-related pro-
teins in vivo and in vitro. IHC staining showed that the expression of LC3B in the ankle joint of AA mice was 
increased, and Sinomenine could significantly inhibit the expression of LC3B (Fig. 8A, B). For the in vitro stud-
ies, IF showed that Sinomenine could significantly inhibit the upregulation of LC3B caused by PMA in neutro-
phils (Fig. 8C, D). 3-Methyladenine (3-MA) is the specific inhibitor of autophagy. Consistently, WB showed that 
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Figure 3.  Sinomenine reduced systemic and local inflammation in AA mice. (A) The concentration of IL-6 
in the serum of mice. (B) The concentration of IFN-γ in the serum of mice. (C) The concentration of TNF in 
the serum of mice. (D) The concentration of IL-10 in the serum of mice. The data are shown as the mean ± SD 
(n = 6). (E) IHC staining was used to detect IL-6 in ankle joint sections. Representative images are shown. (F) 
Statistical analysis was applied to calculate the IOD of IL-6 in (E). The data are shown as the mean ± SD (n = 3). 
(G) IHC staining was used to detect p-P65 in ankle joint sections from the mice. Representative images are 
shown. (H) Statistical analysis was applied to calculate the IOD of p-P65 in (G). The data are shown as the 
mean ± SD (n = 3). (I) IHC staining was used to detect P65 in ankle joint sections from the mice. Representative 
images are shown. (J) Statistical analysis was applied to calculate the IOD of P65 in (I). The data are shown as 
the mean ± SD (n = 3). *p < 0.05, **p < 0.01. “n = 3” represents three mice with representative joint diameters; 
the arthritis scores were selected from each group to prepare ankle joint tissue sections, and one representative 
picture from each mouse was used for quantification. 
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Sinomenine downregulated the expression of Beclin-1 and suppressed the conversion from microtubule-associ-
ated protein 1 light chain 3-I (LC3-I) to LC3-phosphatidylethanolamine family protein conjugation (LC3-II) in 
PMA-induced neutrophils (Fig. 8E–G). These results showed that Sinomenine significantly inhibited neutrophil 
autophagy.

Figure 4.  Sinomenine inhibited the inflammatory activity of neutrophils in vitro. (A) The effect of Sinomenine 
on the activity of neutrophils. CCK-8 assays were used to detect the effect of Sinomenine on neutrophil activity 
after four hours of culture. Statistical analysis was applied to calculate the cell survival rate of each group. 
The data are expressed as the mean ± SD (n = 6). (B) Western blot analysis of the levels of p-P65 and P65 in 
neutrophils of each group with different treatments. GAPDH was used as an internal control. Representative 
images are shown (working concentration of p-P65 and P65 antibodies: 1:1000). (C) The relative levels of 
p-P65/P65 in (B). The data are shown as the mean ± SD (n = 3). (D) Western blot analysis of the levels of p-ERK, 
ERK, p-P38, P38, p-JNK and JNK. GAPDH was used as an internal control. Representative images are shown 
(working concentration of p-ERK, ERK, p-P38, P38, p-JNK and JNK antibodies: 1:1000). (E) The relative levels 
of p-ERK/ERK in (D). The data are shown as the mean ± SD (n = 3). (F) The relative levels of p-P38/P38 in (D). 
The data are shown as the mean ± SD (n = 3). (G) The relative levels of p-JNK/JNK in (D). The data are shown as 
the mean ± SD (n = 3). *p < 0.05, **p < 0.01.
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Discussion
RA is an inflammatory autoimmune  disease49. In RA, the overreaction of the autoimmune system will summon 
a large number of inflammatory cells, such as neutrophils, T cells, macrophages and fibroblasts, to the joint 
space, resulting in joint swelling, redness and eventually cartilage and bone damage. In our study, an AA model 
was applied. The joint diameters and scores of the mice were tested after successful modeling. We found that 
Sinomenine could significantly inhibit joint swelling and reduce the joint scores of the mice. We performed 
H&E staining and safranin O-fast staining on the ankle joints to evaluate the local joint pathology. Sinomenine 
significantly inhibited synovial hyperplasia and cartilage damage in the joints of AA mice. The reduction in bone 
erosion and cartilage destruction in response to Sinomenine could also be detected by tartrate-resistant acid 
phosphatase (TRAP) and proteoglycan staining,  respectively50.

The main feature of RA is an outbreak of inflammation. We found that Sinomenine could suppress the secre-
tion of IL-6. The IHC staining showed that Sinomenine could significantly inhibit the expression of IL-6, p-P65, 
and P65 in the joints. WB showed Sinomenine downregulated p-P65, p-ERK and p-P38 after LPS exposure 
in vitro. These results showed that Sinomenine could reduce the inflammatory response of neutrophils in vivo 
and in vitro, where the MAPK and NF-κB signaling pathways participated in the regulation. Similar results have 
been found in other studies. In the CIA model, Sinomenine has been reported to modulate osteoclast-related 
cytokines such as RANKL, IL-6, IL-17 and matrix metalloproteinases (MMPs)30. Yifan Wu et al. also found that 
Sinomenine activated the nuclear factor erythroid 2-related factor 2/ heme oxygenase-1 (Nrf2/HO-1) signaling 
pathway and suppressed the NF-κB signaling pathway to inhibit the inflammatory response and cartilage destruc-
tion in osteoarthritis (OA)  mice51. Xiaoqing Wang et al. used a dorsal root ganglion (DRG) cell line and spinal 
nerve ligation (SNL) model to study the inhibitory effect of Sinomenine on DRG neuropathic pain and found 
that Sinomenine had inhibitory effects on neuralgia by reducing dorsal root ganglion inflammation through the 
p38-MAPK/CREB signaling  pathway52.

The functions of neutrophils in RA are essential in that they affect all stages, from driving the loss of immune 
tolerance to joint synovial inflammation. Neutrophils are recruited to inflamed joints and promote additional 
neutrophil recruitment by the release of  chemokines53. The recruited neutrophils continuously release cytokines 
and affect other immune cells. We found that neutrophils were prevented from migrating to the joints by Sinome-
nine. In other studies, this inhibitory effect was also mentioned. Jun Li et al. found that Sinomenine could sig-
nificantly inhibit the infiltration of neutrophils into the lung tissue of acute lung injury  mice54. It is probable that 
inhibition of migration is one of the mechanisms by which Sinomenine attenuates inflammation.

Figure 5.  Sinomenine inhibited the migration of neutrophils to local joints. (A) IHC assays were performed 
to measure Ly6G in ankle joint sections. Representative images are shown. (B) The IOD of Ly6G in (A). The 
data are expressed as the mean ± SD (n = 3). (C) IHC staining was used to determine the level of MPO in the 
ankle joint sections from the mice. Representative images are shown. (D) The IOD of MPO in (C). The data are 
expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01. “n = 3” represents three mice with representative joint 
diameters and arthritis scores that were selected from each group to prepare ankle joint tissue sections, and one 
representative picture of each mouse was used for quantification.
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Neutrophils provide self-antigens through cell death to trigger an immune  response18. NETosis is an impor-
tant mechanism of neutrophil programmed cell death, which influences the autoimmune  response55. NETs 
assembled on a decondensed chromatin scaffold form a large extracellular network comprised of cytoplasm and 
granular proteins. NETs can capture, neutralize and kill bacteria, fungi, viruses and parasites and are believed to 
prevent the spread of bacteria and  fungi40. In recent years, researchers have proven that NETs play a significant 
role in the pathogenesis of  RA56. Abnormal NETosis is one of the pathogeneses observed in many autoimmune 
diseases, such as RA and systemic lupus erythematosus (SLE)57. NETs are an important source of autoantigens 
that stimulate ACPAs. ACPAs promote the release of PAD4 from neutrophils. PAD4-mediated histone citrullina-
tion and chromatin decondensation are critical to the formation of  NETs57. The conditions of RA are positively 
connected to the expression level of  PAD458. In our research, the IHC results showed that the expression of 
PAD4 and CitH3 was inhibited, suggesting that the formation of NETs was decreased by Sinomenine in vivo. 
The IF results showed that Sinomenine significantly inhibited PMA-induced expression of NE, PAD4 and CitH3 
in vitro, as well as the nuclear depolymerization of neutrophils. We propose that the reduction in NETs induced 
by Sinomenine is important for the alleviation of RA.

Autophagy is a highly conserved process in eukaryotic cells where various things can be selectively degraded 
by transferring them from the cytoplasm to lysosomes, thus playing a key role in cell  homeostasis59. LC3B is an 
autophagy marker related to the formation and maturation of  autophagosomes39. The transformation of LC3-I 
into LC3-II promotes the formation of  autophagosomes60. Beclin-I is a key protein that induces  autophagy61. 
Autophagy is closely related to the disease process of RA. It was revealed that the level of autophagy was increased 
in the neutrophils from RA  patients62. Yu Wang et al. found that inhibition of autophagy could delay the pro-
gression of  RA63. Besides, a series of studies have proposed that the formation of NETs is closely correlated with 
 autophagy41,64. Inhibition of autophagy can prevent intracellular chromatin depolymerization, which is essential 
for the formation of  NETs46. Inhibition of autophagy can prevent chromatin degradation and inhibit nuclear 
depolymerization. We used IHC, IF and WB methods to detect the effect of Sinomenine on autophagy in vivo 
and in vitro. IHC stained sections showed that Sinomenine significantly reduced the increased expression of 
LC3B in the ankle joints of AA mice. IF assays showed that Sinomenine significantly inhibited PMA-induced 
LC3B expression and inhibited the production of autophagosomes. WB results indicated that Sinomenine could 
significantly inhibit the expression of the autophagy-related proteins LC3-II and Beclin-I. Therefore, our results 
showed that Sinomenine could inhibit PMA-induced neutrophil autophagy and alleviate RA.

Figure 6.  Sinomenine inhibited the formation of NETs in vivo. (A) IHC staining was used to determine the 
level of PAD4 in ankle joint sections from mice. Representative images are shown. (B) The IOD of PAD4 in 
(A). The data are shown as the mean ± SD (n = 3). (C) IHC staining was used to determine the level of CitH3 in 
the ankle joint sections from the mice in each group. Representative images are shown. (D) The IOD of CitH3 
in (C). The data are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01. “n = 3” represents three mice with 
representative joint diameters and arthritis scores that were selected from each group to prepare ankle joint 
tissue sections, and one representative picture of each mouse was used for quantification.
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Figure 7.  Sinomenine inhibited the formation of NETs in vitro. (A) IF staining was used to determine the 
level of NE in neutrophils. Representative images are shown. (B) The nuclear areas in (A). The data are shown 
as the mean ± SD. (C) The mean density of NE in (A). The data are shown as the mean ± SD (n = 3). (D) IF 
staining was used to determine the level of PAD4 in neutrophils in each group. Representative images are 
shown. (E) The nuclear areas in (D). The data are shown as the mean ± SD. (F) The mean density of PAD4 in 
(D). The data are shown as the mean ± SD (n = 3). (G) IF staining was used to determine the level of CitH3 in the 
neutrophils in each group. Representative images are shown. (H) The nuclear areas in (G). The data are shown 
as the mean ± SD. (I) The mean density of CitH3 in (G). The data are shown as the mean ± SD (n = 3). *p < 0.05, 
**p < 0.01. 
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Figure 8.  Sinomenine inhibited neutrophil autophagy in vivo and in vitro. (A) IHC staining was used to 
determine the level of LC3B in ankle joint sections from mice. Representative images are shown. (B) The IOD 
of LC3B in (A). The data are shown as the mean ± SD (n = 3). “n = 3” represents three mice with representative 
joint diameters and arthritis scores that were selected from each group to prepare ankle joint tissue sections, and 
one representative picture of each mouse was used for quantification. (C) IF staining was used to determine the 
level of LC3B in neutrophils from each group. Representative images are shown. (D) The mean density of LC3B 
in (C). The data are shown as the mean ± SD (n = 3). (E) Western blot analysis of the levels of LC3 and Beclin-I 
in neutrophils with different treatments for 4 h. Representative images are shown. (F) ImageJ was applied to 
analyze the relative values of LC3-II/LC3-I in (E). The data are shown as the mean ± SD (n = 3). (G) Statistical 
analysis was applied to analyze the relative Beclin-I/GAPDH ratios in (E). The data are shown as the mean ± SD 
(n = 3). *p < 0.05, **p < 0.01. 
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Conclusion
In conclusion, we demonstrated that Sinomenine could alleviate the symptoms of AA mice by regulating neu-
trophil activities. Furthermore, the inhibition effect of Sinomenine on NETs formation is closely related to its 
anti-autophagy effect. Thus, Sinomenine could provide a treatment strategy for RA by targeting neutrophils.

Data availability
Anonymized data not published within the article will be shared by request with Guangrui Huang (hgr@bucm.
edu.cn) or Kai Yuan (yuankai@bucm.edu.cn).

Received: 12 May 2022; Accepted: 3 March 2023

References
 1. Sokka, T. et al. Work disability remains a major problem in rheumatoid arthritis in the 2000s: data from 32 countries in the QUEST-

RA study. Arthritis Res. Ther. 12, R42 (2010).
 2. Gibofsky, A. Overview of epidemiology, pathophysiology, and diagnosis of rheumatoid arthritis. Am. J. Manag. Care 18, S295-302 

(2012).
 3. Wang, G. Y. et al. Remission of rheumatoid arthritis and potential determinants: a national multi-center cross-sectional survey. 

Clin. Rheumatol. 34, 221–230 (2015).
 4. Claxton, L. et al. Modelling the cost-effectiveness of tofacitinib for the treatment of rheumatoid arthritis in the United States. Curr. 

Med. Res. Opin. 34, 1991–2000 (2018).
 5. Lo, J., Chan, L. & Flynn, S. A systematic review of the incidence, prevalence, costs, and activity and work limitations of amputa-

tion, osteoarthritis, rheumatoid arthritis, back pain, multiple sclerosis, spinal cord injury, stroke, and traumatic brain injury in 
the United States: A 2019 update. Arch. Phys. Med. Rehabil. 102, 115–131 (2021).

 6. Ma, V. Y., Chan, L. & Carruthers, K. J. Incidence, prevalence, costs, and impact on disability of common conditions requiring 
rehabilitation in the United States: stroke, spinal cord injury, traumatic brain injury, multiple sclerosis, osteoarthritis, rheumatoid 
arthritis, limb loss, and back pain. Arch. Phys. Med. Rehabil. 95, 986-995.e981 (2014).

 7. Smolen, J. S., Aletaha, D. & McInnes, I. B. Rheumatoid arthritis. Lancet 388, 2023–2038 (2016).
 8. Newton, J. L., Harney, S. M., Wordsworth, B. P. & Brown, M. A. A review of the MHC genetics of rheumatoid arthritis. Genes 

Immun. 5, 151–157 (2004).
 9. Edwards, C. J. & Cooper, C. Early environmental factors and rheumatoid arthritis. Clin. Exp. Immunol. 143, 1–5 (2006).
 10. Liao, K. P., Alfredsson, L. & Karlson, E. W. Environmental influences on risk for rheumatoid arthritis. Curr. Opin. Rheumatol. 21, 

279–283 (2009).
 11. Klein, K. & Gay, S. Epigenetics in rheumatoid arthritis. Curr. Opin. Rheumatol. 27, 76–82 (2015).
 12. Liu, Y. et al. Epigenome-wide association data implicate DNA methylation as an intermediary of genetic risk in rheumatoid arthritis. 

Nat. Biotechnol. 31, 142–147 (2013).
 13. Scher, J. U. et al. Decreased bacterial diversity characterizes the altered gut microbiota in patients with psoriatic arthritis, resembling 

dysbiosis in inflammatory bowel disease. Arthritis Rheumatol. 67, 128–139 (2015).
 14. O’Neil, L. J. & Kaplan, M. J. Neutrophils in rheumatoid arthritis: Breaking immune tolerance and fueling disease. Trends Mol. Med. 

25, 215–227 (2019).
 15. Metzler, K. D., Goosmann, C., Lubojemska, A., Zychlinsky, A. & Papayannopoulos, V. A myeloperoxidase-containing complex 

regulates neutrophil elastase release and actin dynamics during NETosis. Cell Rep. 8, 883–896 (2014).
 16. Koushik, S. et al. PAD4: pathophysiology, current therapeutics and future perspective in rheumatoid arthritis. Expert Opin. Ther. 

Targets 21, 433–447 (2017).
 17. Tessarz, P. & Kouzarides, T. Histone core modifications regulating nucleosome structure and dynamics. Nat. Rev. Mol. Cell Biol. 

15, 703–708 (2014).
 18. Khandpur, R. et al. NETs are a source of citrullinated autoantigens and stimulate inflammatory responses in rheumatoid arthritis. 

Sci. Transl. Med. 5, 178ra140 (2013).
 19. Xu, F., Li, Q., Wang, Z. & Cao, X. Sinomenine inhibits proliferation, migration, invasion and promotes apoptosis of prostate cancer 

cells by regulation of miR-23a. Biomed. Pharmacother. 112, 108592 (2019).
 20. Xu, Y., Jiang, T., Wang, C. & Wang, F. Sinomenine hydrochloride exerts antitumor outcome in ovarian cancer cells by inhibition 

of long non-coding RNA HOST2 expression. Artif. Cells Nanomed. Biotechnol. 47, 4131–4138 (2019).
 21. Shen, K. H. et al. Sinomenine inhibits migration and invasion of human lung cancer cell through downregulating expression of 

miR-21 and MMPs. Int. J. Mol. Sci. 21, 452 (2020).
 22. Yin, N., Xiong, Y., Tao, W., Chen, J. & Wang, Z. Sinomenine alleviates lipopolysaccharide-induced inflammatory responses in 

RAW264.7 macrophages. Immunopharmacol. Immunotoxicol. 42, 147–155 (2020).
 23. Song, L. et al. Sinomenine inhibits hypoxia induced breast cancer side population cells metastasis by PI3K/Akt/mTOR pathway. 

Bioorg. Med. Chem. 31, 115986 (2021).
 24. Fu, Y. F. et al. Sinomenine’s protective role and mechanism in stress load-induced heart failure. J. Pharm. Pharmacol. 72, 209–217 

(2020).
 25. Xiong, H. et al. The sinomenine enteric-coated microspheres suppressed the TLR/NF-κB signaling in DSS-induced experimental 

colitis. Int. Immunopharmacol. 50, 251–262 (2017).
 26. Wang, W. et al. Sinomenine attenuates septic-associated lung injury through the Nrf2-Keap1 and autophagy. J. Pharm. Pharmacol. 

72, 259–270 (2020).
 27. Chen, H. et al. Sinomenine attenuates acetaminophen-induced acute liver injury by decreasing oxidative stress and inflammatory 

response via regulating TGF-β/Smad pathway in vitro and in vivo. Drug Des. Dev. Ther. 14, 2393–2403 (2020).
 28. Liu, W. et al. Sinomenine inhibits the progression of rheumatoid arthritis by regulating the secretion of inflammatory cytokines 

and monocyte/macrophage subsets. Front. Immunol. 9, 2228 (2018).
 29. Huang, R. Y. et al. Comparison of combination therapy with methotrexate and sinomenine or leflunomide for active rheumatoid 

arthritis: A randomized controlled clinical trial. Phytomedicine 57, 403–410 (2019).
 30. Sun, Y., Yao, Y. & Ding, C. Z. A combination of sinomenine and methotrexate reduces joint damage of collagen induced arthritis 

in rats by modulating osteoclast-related cytokines. Int. Immunopharmacol. 18, 135–141 (2014).
 31. Feng, Z. T. et al. Sinomenine mitigates collagen-induced arthritis mice by inhibiting angiogenesis. Biomed. Pharmacother. 113, 

108759 (2019).
 32. Fernández-García, R. et al. Transferosomes as nanocarriers for drugs across the skin: Quality by design from lab to industrial scale. 

Int. J. Pharm. 573, 118817 (2020).
 33. Shen, Q. et al. Sinomenine hydrochloride loaded thermosensitive liposomes combined with microwave hyperthermia for the 

treatment of rheumatoid arthritis. Int. J. Pharm. 576, 119001 (2020).



15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3933  | https://doi.org/10.1038/s41598-023-30922-3

www.nature.com/scientificreports/

 34. Lu, Q., Yuan, K., Li, X., Jiang, H., Huo, G., Jia, W., Huang, G., & Xu, A. Detecting migration and infiltration of neutrophils in mice. 
J. Vis. Exp. (2020).

 35. Pandolfi, F. et al. Interleukin-6 in rheumatoid arthritis. Int. J. Mol. Sci. 21, 4521 (2020).
 36. Kim, G. W. et al. IL-6 inhibitors for treatment of rheumatoid arthritis: past, present, and future. Arch. Pharm. Res. 38, 575–584 

(2015).
 37. Lan, Z. et al. Role of sinomenine on complete Freund’s adjuvant-induced arthritis in rats. IUBMB Life 68, 429–435 (2016).
 38. Liang, S. et al. Activation of GPER suppresses migration and angiogenesis of triple negative breast cancer via inhibition of NF-κB/

IL-6 signals. Cancer Lett. 386, 12–23 (2017).
 39. Li, X. et al. Andrographolide ameliorates rheumatoid arthritis by regulating the apoptosis-NETosis balance of neutrophils. Int. J. 

Mol. Sci. 20, 2564 (2019).
 40. Zhu, M. et al. Emodin ameliorates rheumatoid arthritis by promoting neutrophil apoptosis and inhibiting neutrophil extracellular 

trap formation. Mol. Immunol. 112, 188–197 (2019).
 41. Yuan, K. et al. Quercetin alleviates rheumatoid arthritis by inhibiting neutrophil inflammatory activities. J. Nutr. Biochem. 84, 

108454 (2020).
 42. Halvorsen, E. H. et al. Serum IgG antibodies to peptidylarginine deiminase 4 in rheumatoid arthritis and associations with disease 

severity. Ann. Rheum. Dis. 67, 414–417 (2008).
 43. Harris, M. L. et al. Association of autoimmunity to peptidyl arginine deiminase type 4 with genotype and disease severity in 

rheumatoid arthritis. Arthritis Rheum. 58, 1958–1967 (2008).
 44. Reyes-Castillo, Z., Munoz-Valle, J. F. & Llamas-Covarrubias, M. A. Clinical and immunological aspects of anti-peptidylarginine 

deiminase type 4 (anti-PAD4) autoantibodies in rheumatoid arthritis. Autoimmun. Rev. 17, 94–102 (2018).
 45. Doherty, J. & Baehrecke, E. H. Life, death and autophagy. Nat. Cell Biol. 20, 1110–1117 (2018).
 46. Remijsen, Q. et al. Neutrophil extracellular trap cell death requires both autophagy and superoxide generation. Cell Res. 21, 290–304 

(2011).
 47. Mao, C., Xu, X., Ding, Y. & Xu, N. Optimization of BCG therapy targeting neutrophil extracellular traps, autophagy, and miRNAs 

in bladder cancer: Implications for personalized medicine. Front Med (Lausanne) 8, 735590 (2021).
 48. Chen, Y. M. et al. Association between autophagy and inflammation in patients with rheumatoid arthritis receiving biologic therapy. 

Arthritis Res. Ther. 20, 268 (2018).
 49. Chen, W., Wang, Q., Ke, Y. & Lin, J. Neutrophil function in an inflammatory milieu of rheumatoid arthritis. J. Immunol. Res. 2018, 

8549329 (2018).
 50. Polykratis, A. et al. A20 prevents inflammasome-dependent arthritis by inhibiting macrophage necroptosis through its ZnF7 

ubiquitin-binding domain. Nat. Cell Biol. 21, 731–742 (2019).
 51. Wu, Y. et al. Sinomenine contributes to the inhibition of the inflammatory response and the improvement of osteoarthritis in 

mouse-cartilage cells by acting on the Nrf2/HO-1 and NF-κB signaling pathways. Int. Immunopharmacol. 75, 105715 (2019).
 52. Wang, X. et al. Sinomenine alleviates dorsal root ganglia inflammation to inhibit neuropathic pain via the p38 MAPK/CREB 

signalling pathway. Eur. J. Pharmacol. 897, 173945 (2021).
 53. Li, J. et al. Shield and sword nano-soldiers ameliorate rheumatoid arthritis by multi-stage manipulation of neutrophils. J. Control 

Release 335, 38–48 (2021).
 54. Li, J., Zhao, L., He, X., Zeng, Y. J. & Dai, S. S. Sinomenine protects against lipopolysaccharide-induced acute lung injury in mice 

via adenosine A(2A) receptor signaling. PLoS ONE 8, e59257 (2013).
 55. Jorch, S. K. & Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 23, 279–287 (2017).
 56. Pérez-Sánchez, C. et al. Diagnostic potential of NETosis-derived products for disease activity, atherosclerosis and therapeutic 

effectiveness in Rheumatoid Arthritis patients. J. Autoimmun. 82, 31–40 (2017).
 57. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 18, 134–147 (2018).
 58. Turunen, S. et al. Rheumatoid arthritis antigens homocitrulline and citrulline are generated by local myeloperoxidase and peptidyl 

arginine deiminases 2, 3 and 4 in rheumatoid nodule and synovial tissue. Arthritis Res. Ther. 18, 239 (2016).
 59. Qiu, Y., Wang, J., Li, H., Yang, B., Wang, J., He, Q., & Weng, Q. (2021) Emerging views of OPTN (optineurin) function in the 

autophagic process associated with disease. Autophagy, 1–13
 60. Behrends, C., Sowa, M. E., Gygi, S. P. & Harper, J. W. Network organization of the human autophagy system. Nature 466, 68–76 

(2010).
 61. Guo, D. et al. Down-regulation of Lncrna MALAT1 attenuates neuronal cell death through suppressing beclin1-dependent 

autophagy by regulating mir-30a in cerebral ischemic stroke. Cell Physiol. Biochem 43, 182–194 (2017).
 62. An, Q., Yan, W., Zhao, Y. & Yu, K. Enhanced neutrophil autophagy and increased concentrations of IL-6, IL-8, IL-10 and MCP-1 

in rheumatoid arthritis. Int. Immunopharmacol. 65, 119–128 (2018).
 63. Wang, Y. & Gao, W. Effects of TNF-α on autophagy of rheumatoid arthritis fibroblast-like synoviocytes and regulation of the NF-κB 

signaling pathway. Immunobiology 226, 152059 (2021).
 64. Stoiber, W., Obermayer, A., Steinbacher, P. & Krautgartner, W. D. The role of reactive oxygen species (ROS) in the formation of 

extracellular traps (ETs) in humans. Biomolecules 5, 702–723 (2015).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant Number: 82205068 and 
81904142), the National Key Research and Development Project (2019YFC1710104), the 111 Project (Grant 
Number: B21028), the stem cell and regenerative medicine research project (Grant Number: Z191100001519006) 
and the Research Program from Beijing University of Chinese Medicine (Grant Numbers: BUCM-2019-JCRC006, 
2019-JYB-TD013 and 2021-JYB-XJSJJ-023).

Author contributions
G.R.H. and K.Y. designed this study. Y.N.C., S.H.G., H.X., J.R.Z. and H.B.L. were responsible for animal treat-
ments. H.X.J., J.X. and G.Y.H. contributed to the experiments. H.X.J., Q.Y.L. and J.X. provided equal efforts for 
data analysis and manuscript writing. All authors approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 30922-3.

https://doi.org/10.1038/s41598-023-30922-3
https://doi.org/10.1038/s41598-023-30922-3


16

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3933  | https://doi.org/10.1038/s41598-023-30922-3

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to K.Y. or G.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sinomenine ameliorates adjuvant-induced arthritis by inhibiting the autophagyNETosisinflammation axis
	Materials and methods
	Animals. 
	Drugs and chemicals. 
	Induction of adjuvant-induced arthritis. 
	Specimen collection. 
	Histopathology and immunohistochemistry. 
	Detecting inflammatory cytokines in serum using flow cytometric assays. 
	Neutrophils preparation and culture. 
	CCK-8 assay. 
	Western blot analysis. 
	Immunofluorescence staining. 
	Statistical analysis. 

	Results
	Sinomenine reduced ankle joint swelling and arthritis scores in AA mice. 
	Sinomenine protected bone and cartilage in AA mice. 
	Sinomenine reduced systemic and local inflammation in the AA mice. 
	Sinomenine suppressed LPS-induced signaling pathways in neutrophils in vitro. 
	Sinomenine inhibited the migration of neutrophils to local joints. 
	Sinomenine inhibited the formation of NETs in vivo and in vitro. 
	Sinomenine inhibited PMA-induced autophagy of neutrophils. 

	Discussion
	Conclusion
	References
	Acknowledgements


