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Abstract
An autoimmune disease, rheumatoid arthritis (RA) is characterized by the onset of inflammation and subsequent damage to 
the joints. Although several therapies are available for RA, none are effective, and many have undesirable side effects. The 
roots of Sinomenium acutum produce an alkaloid called Sinomenine (SIN), which has been used for centuries in Chinese 
medicine to treat arthritis due to its anti-inflammatory properties. This study aimed to explore the potential therapeutic 
benefits of SIN through oral administration following RA induction using Freund’s complete adjuvant (FCA) injections. 
The study monitored changes in the arthritic index, hind paw volume, inflammation and oxidative stress markers. Results 
demonstrated that SIN effectively inhibited the activity of NF-κB and IKKβ in knee joint tissues, which led to a decrease in 
tissue levels of TNF-α, IL-6, IL-1β, and iNOS in RA-induced rats. The production of anti-inflammatory cytokines such as 
IL-10, Arg-1, and Fizz1 also increased. In rat knee joints, SIN elevated the expression of TIMP-1 and TIMP-3 and decreased 
the expression of MMP-2 and MMP-9. Additionally, SIN modulated the RANK/RANKL/OPG pathway in RA-induced rat 
knee joint tissues, reducing RANKL expression and increasing OPG. SIN also effectively decreased MDA, NO, and elevated 
antioxidant enzymes (SOD, CAT, GPx, and GSH) in RA-induced rats via Nrf2/Keap 1 signaling pathway activation. In 
conclusion, this study suggests that SIN possesses potential therapeutic benefits for treating RA by modulating the RANK/
RANKL/OPG pathway, which may impact osteoclast activity, oxidative stress, and inflammation in knee joint tissues.
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Introduction

Rheumatoid arthritis (RA) is an inflammatory condition 
that affects the complete body, causing signs that include 
synovial hyperplasia, cartilage degradation, and joint frag-
mentation. These complications can lead to respiratory, 
cardiovascular, and psychological problems (Smolen et al. 
2018). Clinical resistance and immune cell leakage from 

autoimmunity into the synovium cause RA synovitis (McI-
nnes and Schett 2011). The prevalence of RA varies by 
region but is estimated to affect 1% of the global popula-
tion, with an annual incidence rate of 3 cases per 10,000 
individuals (Prasad et al. 2023). There were approximately 
460 cases of RA per 100,000 persons observed globally 
between 1980 and 2019 (Vasdev et al. 2023). According to 
Pathade et al. (2022), forecast that the prevalence of RA in 
the eight major markets will rise from 4.6 million in 2019 
to 5.1 million in 2029.

The exact pathophysiology of RA remains elusive 
(Zampeli et al. 2015). However, it is known that an inter-
ruption in the body’s immune system brings about a sub-
stantial leak of leukocytes (WBCs) right into the synovium, 
leading to synovial hyperplasia and inflammation (Tian et al. 
2021). As inflammatory cells migrate in and new blood ves-
sels form, a layer of synovial membrane called the pannus 
develops. Pro-inflammatory cytokines like IL-1β, IL-6, and 
TNF-α play pivotal roles in development and progression 
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of RA. These molecules have a pronounced effect on the 
degradation of bone and cartilage (Azizi et al. 2014). The 
synovial fluid of RA patients contains various constituents, 
including autoantibodies, endogenous immune cells, inflam-
matory cytokines, and matrix metalloproteinases (MMPs).

These molecules stimulate the activity of cells respon-
sible for bone and cartilage formation, namely osteoblasts 
and chondrocytes, while inhibiting the function of bone-
resorbing cells, known as osteoclasts, and fibroblast-like 
synoviocytes (FLS) (Guo et al. 2018). The RANK/RANKL/
OPG system is a crucial trio responsible for regulating 
bone metabolism and immunity (Shaker and Elbaz 2020). 
RANKL, a molecule present on activated T cells and osteo-
blasts, binds to its receptor RANK on osteoclast precursors, 
inducing their differentiation and activation. OPG acts as a 
decoy receptor for RANKL, preventing its interaction with 
RANK and thus controlling osteoclast activity (Ono et al. 
2020). An imbalance in the RANK/RANKL/OPG signaling 
pathway can lead to bone diseases and has significant impli-
cations for inflammatory diseases like RA (Papadaki et al. 
2019). MMPs, IL-1β, IL-6, TNF-α, TGF-β, and chemokines 
are all chemicals that are produced by FLS during the pro-
gression of RA, when exposure to these compounds results 
in joint swelling, inflammation, cartilage degradation, and 
bone fragility (Kondo et al. 2021).

To manage RA, clinicians often prescribe a combination 
of medications, including glucocorticoids, nonsteroidal anti-
inflammatory medicines, disease-modifying anti-rheumatic 
therapies. However, these treatments can produce a range 
of adverse effects, some of which can be severe, empha-
sizing the need for safer and more effective RA therapies 
(Bullock et al. 2018). Phytochemicals have been revealed to 
have valuable results on human wellness regarding condition 
avoidance and treatment. Sinomenine (SIN) is a pharmaco-
logically active alkaloid that is found in the Chinese plant 
Sinomenium acutum (Zhao et al. 2012). SIN has been linked 
to a variety of therapeutic benefits. These include reduc-
ing consisting of anti-inflammatory (Wang and Li 2011), 
suppressing the immune system (Chen et al. 2017), treating 
central nervous system disorders (Hong et al. 2022), manag-
ing cardio-cerebrovascular disease (Zhang et al. 2021), and 
providing antioxidant properties (Fan et al. 2022).

Recent research suggests that SIN can decrease lym-
phocyte and synovial fibroblast advancement, macrophage 
intrusion, and inflammatory cytokine manufacturing, all of 
which are linked to RA pathogenesis (Gao et al. 2021). The 
exact mechanism responsible for SIN's protective effect in 
RA is still unknown. Our study aims to explore the thera-
peutic potential of SIN in rats with RA. Building on past 
research that highlighted the anti-inflammatory properties 
of SIN, we will delve deeper into its role in regulating the 
RANK/RANKL/OPG signaling pathway, which is linked to 
osteoclast activation. Moreover, we investigate mitigation 

of oxidative stress with SIN via the Nrf2/Keap1 signaling 
pathway. This study provides a comprehensive analysis of 
the antioxidant and immunomodulatory properties of SIN, 
in addition to its anti-inflammatory effects. Using measures 
like inflammatory markers, oxidative stress indicators, paw 
volume, and arthritic indices, we intend to provide a detailed 
understanding of SIN's effectiveness. Our work will also 
address the gaps in current knowledge by exploring SIN’s 
role in preventing lipid peroxidation (LPO) and its interac-
tion with antioxidant enzymes. By highlighting the multiple 
curative benefits of SIN in RA, our research paves the way 
for subsequent studies and positions SIN as a promising 
option for clinical applications.

Materials and methods

Materials

Sinomenine (SIN) was purchased from Solarbio Life Sci-
ences, located in Beijing, China, while Methotrexate (MTX) 
was obtained from Sigma Aldrich in St. Louis, MO, USA. 
The RF, CRP, TNF-, IL-6, IL-1, iNOS, IL-10, Arg-1, Fizz1, 
RANKL, and OPG kits were purchased from Cusabio Bio-
tech Co., Ltd. located in Wuhan, China. MDA and NO, as 
well as GSH, SOD, CAT, and GPx kits were purchased 
from Nanjing Jiancheng in China. The IHC kits were pur-
chased from Vectastain ABC Kit, Vector Laboratories in 
Burlingame, CA, USA. Moreover, the cDNA kit was pur-
chased from Nanjing Vazyme Biotech Co, located in Nan-
jing, China.

Animals

Male Sprague–Dawley (SD) rats, each weighing an average 
of 180 ± 20 g were purchased in this study by Pizhou Ori-
ental Breeding Co., Ltd. (Jiangsu, China). They were kept in 
controlled conditions, with each cage containing three rats. 
The conditions were maintained at a temperature of 22 ± 
2°C, under a 12-h light/dark cycle, and at a humidity level 
ranging from 40 to 60%. The rats had access to standard 
pelleted water and food (Beijing Keao Xieli Feed Co., Ltd. 
Beijing, China) ad libitum. Before experiment, the rats were 
acclimatized for at least 1 week.

Rheumatoid arthritis induction

All rat groups, excluding the control group, received an 
injection of 0.1-mL FCA subcutaneously (s.c) into the in 
the left hind metatarsal footpad. On the 7th day, 0.05 mL of 
FCA was subcutaneously injected into the bases of the rats’ 
tails to promote inflammation (Sun et al. 2023). Fourteen 
days after the first FCA injections, a random assignment was 
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made for the rats into five groups, each consisting of six rats 
(as depicted in Fig. 1).

Group 1: Normal rats receiving saline solution orally 
(normal control)
Group 2: Rats with rheumatoid arthritis-induced rats 
received saline solution orally (RA)
Group 3: Rats with rheumatoid arthritis induced received 
25 mg/kg/day of SIN orally (RA + SIN 25)
Group 4: Rheumatoid arthritis induced received 50 mg/
kg/day of SIN orally (RA + SIN 50)
Group 5: The study involved rats with rheumatoid arthri-
tis, and they were administered methotrexate (MTX) at 
a dose of 3 mg/kg bw, delivered via orally twice a week 
(Liu et al. 2017).

SIN and MTX were dissolved in sterile saline. They were 
then administered orally to rats, based on their body weight, 
at a dosage of 1 ml/100 g. The control groups were given an 
equivalent volume of normal saline, with the positive control 
group receiving the same quantity. Starting from the 14th 
day after the initial FCA injection, the low-dose SIN group 
was administered 25 mg/kg daily, while the high-dose SIN 
group received 50 mg/kg daily. Both treatments continued 
up to 35 days (Li et al. 2023).

On day 36, the rats were euthanized by cervical dislo-
cation after receiving an anesthetic dose of 60 mg/kg (i.p) 

pentobarbital salt. After obtaining blood from a cardiac 
puncture, the serum was isolated. The remaining blood was 
then stored at a temperature of −80°C for further assessment. 
Spleen, thymus, and knee joints were removed for molecular 
evaluation and stored at −80° C or 4% paraformaldehyde.

Arthritic Assessment

Arthritis Index

To assess the severity of arthritis in rats, we utilized a paw 
volume measuring device to measure paw edema. In addi-
tion, we used the arthritis index requirements to review the 
severity of inflammation and swelling. These requirements 
entailed designating a quality of 0 for no inflammation or 
swelling, grade 1 for redness as well as swelling in the little 
toe joints, Grade 2 for redness as well as swelling in all joints 
and also toes, grade 3 for swelling below the ankle joint, and 
a score of 4 for generalized joint inflammation and edema, 
including the ankle joints (Cheng et al. 2016).

Hind paw volume assessment

A YLS-7B plethysmograph, located at the Facility Station of 
Shandong Academy of Medical Science in Shandong, China, 
was employed to assess the volume of the hind paws on vari-
ous time points, specifically on days 0, 7, 14, 21, 28, and 35, 

Fig. 1  Schematic representation of the experimental design. FCA: 
Freund’s complete adjuvant, SIN: sinomenine, MTX: methotrex-
ate, TNF-α: tumor necrosis factor-alpha, IL-6: interleukin 6, IL-1β: 
interleukin 1β, iNOS: inducible nitric oxide synthase, IL-10: inter-
leukin 10, Arg-1: arginase 1, FIZZ1: found in inflammatory zone 1, 
H&E: hematoxylin and eosin, NF-κB: nuclear factor kappa-light-
chain-enhancer of activated B cells, IKK-β: inhibitor of nuclear fac-
tor kappa-B kinase subunit beta, MMP-2: matrix metallopeptidase 
2, MMP-9: matrix metallopeptidase 9, TIMP-1: TIMP metallopepti-

dase inhibitor 1, TIMP-3 TIMP metallopeptidase inhibitor 3, RANK: 
receptor activator of nuclear factor kappa beta, RANKL: receptor 
activator for nuclear factor κ B ligand, OPG: osteoprotegerin, LPO: 
lipid peroxidation, SOD: superoxide dismutase, CAT: Catalase, GPx: 
glutathione peroxidase, GSH: reduced glutathione, Nrf2: nuclear fac-
tor erythroid 2–related factor 2, Keap1: Kelch-like ECH-associated 
protein 1, HO-1: Heme-oxygenase 1, NQO1: NAD(P)H quinone oxi-
doreductase 1
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by measuring how much water was displaced after submerg-
ing the back paw and able to calculate the paw volume (ml).

Immune organs index

The spleen and thymus of the rats used in the study were 
surgically removed after the trial. Thymus and spleen indi-
ces, which evaluate the weight of these organs among groups 
and examine how SIN affects the immune system, were cal-
culated as body organ weight (mg)/body weight (g) × 100.

ELISA

We used ELISA kits developed by Cusabio Biotech Co., Ltd. 
(Wuhan, China). The homogenate was prepared from knee 
joints, and we were able to analyze indicators of inflamma-
tion and oxidative stress in blood and homogenate samples 
with the use of these kits. ELISA kits were used to measure 
RF, CRP, and several cytokines and proteins such as TNF-α, 
IL-6, IL-1β, iNOS, IL-10, Arg-1, Fizz1, RANKL, and OPG. 
The serum or tissue homogenate was transferred to micro-
ELISA strip plates coated with specific antibodies and HRP-
conjugated reagents in the ELISA method. After 15 min, 
the reaction was stopped utilizing a stop solution, and the 
measured absorbance at 450 nm with a spectrophotometer.

Oxidative stress and antioxidant markers

In the homogenate of knee joints, both oxidative stress mark-
ers (MDA and NO) and antioxidant markers (GSH) were 
measured in nmol/mg protein. Antioxidant enzymes SOD, 
CAT, and GPx levels were measured using kits from Nanjing 
Jiancheng, China, and expressed as U/mg protein.

Hematoxylin‑eosin staining

After the animals were sacrificed the knee joints were 
removed and preserved in 4% paraformaldehyde. After being 
immersed in a 10% EDTA solution at 4°C for 30 days to 
remove calcium, the joints were embedded in paraffin. The 
tissue was sectioned into 5 μm slices using a microtome. 
The sections were dewaxed and 3 times changes in xylene 
and anhydrous ethanol before staining with hematoxylin 
and eosin solution (Baso Biotechnology Co., Ltd, Zhuhai, 
Guangdong, China). Photos were taken at 40× using phase-
contrast microscopy (Nikon H550S and DS-Ri2 cameras, 
Japan). The nucleus and cytoplasm were stained blue and 
red respectively.

Immunohistochemical analysis

IHC was performed in accordance with earlier research 
(Wahab et al. 2022). Briefly, after deparaffinization and 

rehydration, antigen retrieval was accomplished on 5 μm 
paraffinized rat ankle joint sections. After cooling, the sec-
tions were placed in a 3%  H2O2 incubator at room tempera-
ture for 10 min. Tissue samples were blocked with 5% for 
1 h. The next step the samples were incubated overnight 
at a temperature of 4°C with primary antibodies, which 
were diluted at a ratio of 1:500. The primary antibodies 
such as NF-κB (ab32360), MMP-2 (ab86607), and RANKl 
(ab239607) purchased from Abcam, Cambridge, MA, 
USA. The samples were incubated with HRP conjugated 
secondary antibodies for 1 h at room temperature (Vec-
tastain ABC kit, Vector Laboratories, Burlingame, CA, 
USA). After washing the sections three times with PBS, 
diaminobenzidine (DAB) or red chromogen was applied, 
followed by hematoxylin counterstaining. The photos were 
captured at a magnification of 40× using phase-contrast 
microscopy (Nikon H550S and DS-Ri2 cameras, Japan).

qRT‑PCR

qPCR was carried out according to previous studies 
(Khalil et al. 2021). Briefly, the total RNA extracted with 
the TRIzol reagent from knee joints. After checking the 
UV absorption ratio at 260/280 to assess the purity of 
the extracted RNA, the remaining samples convert into 
cDNA (Nanjing Vazyme Biotech Co, Nanjing, China) by 
following the manufacturer’s instructions. SYBR Green 
PCR Master Mix from Applied Biosystems (Foster City, 
CA) was utilized for the RT-PCR. The  2-ΔΔC technique 
was used to analyze three duplicates of each sample and 
determine relative gene expression levels. Primers used for 
amplification of the respective genes in this study, which 
included:

IKKβ F 5’-GCC TCT TCT CAT TCC TGC 
TTG-3’

R 5’-CTG ATG AGA GGG AGG 
CCA TT-3’

iNOS F 5’-GAG AAG TCC AGC CGC 
ACC -3’

R 5’-CAA TCC ACA ACT CGC 
TCC AAGA-3’

Arg-1 F 5’-AGC ACT GAG GAA AGC 
TGG TC-3’

R 5’-CAG ACC GTG GGT TCT 
TCA CA-3’

Fizz1 F 5′-GAC TGC TAC TGG GTG 
TGC TT-3’

R 5’-GCT GGG TTC TCC ACC 
TCT TC-3’
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Nrf2 F 5’- CAT TTG TAG ATG ACC 
ATG AGT CGC -3’

R 5’- ATC AGG GGT GGT GAA 
GAC TG-3’

Keap 1 F 5’- CTT CGG GGA GGA GGA 
GTT CT-3’

R 5’- CGT TCA GAT CAT CGC 
GGC TG-3’

Nqo1 F 5’- GAC ATC ACA GGG GAG 
CCG -3’

R 5’- CTC AGG CGG CCT TCC 
TTA TAC-3’

Ho-1 F 5’-GTG CAC ATC CGT GCA 
GAG AA-3’

R 5’-GTG CAC ATC CGT GCA 
GAG AA-3’

MMP-2 F 5’-AAA GGA GGG CTG CAT 
TGT GAA-3’

R 5’- CTG GGG AAG GAC GTG 
AAG AGG-3’

MMP-9 F 5’-AGG TGC CTC GGA TGG 
TTA TCG-3’

R 5’- TGC TTG CCC AGG AAG 
ACG AA-3’

TIMP-1 F 5’-GGC GAA CCG GAA ACC 
TGT -3’

R 5’- GCG CCC TTT GCA TCT 
CTG G-3’

TIMP3 F5’-CTT CTG CAA CTC CGA CAT 
CGT-3’

R 5’- GGG GCA TCT TAC TGA 
ATC CTC-3’

β-actin F 5’-CAC GAT GGA GGG GCC 
GGA CTC ATC -3’

R 5’-TAA AGA CCT CTA TGC 
CAA CAC AGT -3’

Statistical analysis

The data was analyzed using GraphPad Prism 9.0. The 
results of the experiment were presented as the mean ± SD. 
The data was analyzed using one-way analysis of variance 
(ANOVA) followed by post hoc Tukey test for multiple com-
parisons. A P value of <0.05 was considered statistically 
significant.

Results

Body weight changes

The RA group of rats had severe inflammation symptoms 
in their hind paws, including arthritic swelling, instability, 
inflammation, pus discharge, and difficulty walking on hard 
surfaces (Fig. 2A). At the start of the research study, there 
was no substantial (p > 0.05) distinction in body weight 
amongst the 5 groups prior to induce RA. Nonetheless, after 
induction RA, rats in the RA group revealed a considerable 
(p<0.05) weight reduction. Treatment with SIN as well as 
MTX in the RA rats caused reduced swelling and also raised 
(p<0.05) body weight gain (Fig. 2B).

Fig. 2  A Photos of the hind paws of experimental rats. Effect of SIN 
on B body weight, C arthritis score, D paw volume in RA-induced 
rats. Data values are presented as the mean ± SD, and each group 

consists of six samples. *p < 0.05 were observed when compared to 
the control group, while #p< 0.05 were observed when compared to 
the RA group
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Arthritis score

The arthritis score in the RA groups was dramatically 
greater (p<0.01) than the control group. However, the 
RA group that received SIN and MTX exhibited a nota-
ble (p<0.01) reduction in paw edema. To evaluate the 
severity of joint inflammation in RA rats, the study 
employed the arthritis score. Initially, there was no sig-
nificant difference in arthritis scores between the groups 
of rats treated with RA and SIN (p>0.05). The initial 
measurements indicated successful replication of the RA 
rat model, with all rats except normal control rats hav-
ing an arthritis score near the upper limit of the scale. 
Throughout the experiment, the arthritis scores of the RA 
group remained unchanged, while the groups treated with 
SIN and MTX showed a significant decrease (p<0.01) 
(Fig. 2C).

Changes in rat paw volume

Figure 1D shows that the RA group had a statistically 
larger paw volume compared to the NC group (p<0.05). 
However, the RA-induced rats treated with SIN showed 
a significant reduction in paw edema compared to the 
RA group.

Thymus and spleen index

The thymus and spleen are vital immunological body organs 
in animals, and their indices might show immune feature 
markers. The RA rats had significantly higher thymus and 
spleen indices than the NC rats. In contrast, RA groups 
treated with the SIN group had significantly lower thymus 
as well as spleen indices than those of the RA group, recom-
mending that SIN can control the body’s immune response 
(Fig. 3C and D).

Effects of SIN on diagnostic indicators of RA

Diagnostic indicators of RA, such as RF and CRP were ana-
lyzed to confirm the RA model. As can be seen in Fig. 3A 
and B, the RF and CRP levels in the rat RA model were 
statistically (p<0.01) higher than in the control group. Sig-
nificant (p<0.01) decreases in RF and CRP levels were seen 
in the SIN group compared to the RA group.

Effects of SIN on the histopathology of RA rats

H & E staining of normal rat knee joints revealed a clear 
structure, neat organization, and the absence of hyperpla-
sia, inflammatory cell infiltration, or damage to the articular 
surface, as seen in Fig. 4. This included the presence of 
healthy cartilages and subchondral bones. Conversely, the 

Fig. 3  The impact of SIN on 
various factors in rats induced 
with RA including A RF (rheu-
matoid factor), B CRP (C-reac-
tive protein), C spleen index, 
and D thymus index. Data val-
ues are presented as the mean 
± SD, and each group consists 
of six samples. *p < 0.05 were 
observed when compared to the 
control group, while #p< 0.05 
were observed when compared 
to the RA group



3951Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3945–3958 

1 3

synovial cells of the RA group were active and hyperplastic, 
with numerous inflammatory cells attacking the joint area. 
In addition, the articular surface was irregular, cartilage and 
subchondral narrow, cartilage, and subchondral bones were 
destroyed, and a pannus formed, all of which are hallmarks 
of RA’s pathology. RA-induced rats treated with SIN group 
showed considerably less synovial hyperplasia, inflamma-
tory cell infiltration, and pannus development.

Levels of inflammatory and pro‑inflammatory 
markers

Figure 5 depicts the impact of SIN on the inflammatory and 
pro-inflammatory markers of RA rats. The NF-κB protein 
assists make different molecules that trigger inflammation, 
like cytokines. Our research showed that rats with RA had 
higher expression levels of NF-κB p65 (Fig. 5A) and Iκκβ 
(Fig. 5B). However, these levels were drastically decreased 
in SIN-treated RA animals.

TNF-α (Fig. 5C), IL-6 (Fig. 5D), IL-1β (Fig. 5E), and 
iNOS (Fig. 5F) were also found in increased amounts in RA-
affected animals compared to controls. Anti-inflammatory 
markers IL-10, Arg-1, and Fizz1 were all lower in the RA 
group (see Fig. 5G, H, and I). TNF-α, IL-6, IL-1β, and iNOS 
levels were all significantly reduced in RA-induced rats 
treated with SIN as compared to the RA group. Increased 

IL-10, Arg-1, and Fizz1 were also seen in the SIN-treated 
group. As was shown above, SIN has the potential to lessen 
joint inflammation by promoting the production of anti-
inflammatory cytokines while simultaneously lowering the 
production of pro-inflammatory ones.

Immunohistochemistry data clearly demonstrated strong 
red staining for the NF-κB p65 protein. Rheumatoid arthri-
tis (RA) rats had a significantly greater distribution of the 
NF-κB p65 protein compared to healthy rats. On the other 
hand, SIN- or MTX-treated RA-induced animals showed a 
significant decrease in NF-κB p65 protein expression levels 
(Fig. 6).

Antioxidant and oxidative stress indicators in rats 
with RA

Figure 7 indicate the mRNA level of Nrf2, Keap-1 HO-1, 
and NQO1 levels in knee joints. In rats with RA, there was 
a decrease in Nrf2 (Fig. 7A), HO-1 (Fig. 7C), and NQO1 
(Fig. 7D) while Keap-1 (Fig. 7B) mRNA levels increased 
in contrast to normal control rats. When the RA-induced 
rats were treated with SIN, there was a notable increase in 
Nrf2, HO-1, and NQO1 mRNA levels, and a simultaneous 
decrease in Keap-1 levels when compared to RA rats.

Figure 8A and B reveal that oxidative stress indicators, 
lipid peroxidation product such as MDA and also NO levels 
were significantly greater in the knee joints homogenate of 
rats with RA compared to the group of healthy control rats. 
Lower levels of GSH and SOD, CAT, GPx, was shown in 
rats with induced RA compared to normal control rats in 
Fig. 8C–F. In addition, there was a significant decrease in 
MDA, NO and an increase in SOD, CAT, GPx, and GSH 
in the RA group that had been treated with SIN, indicating 
increased antioxidant capacity.

Effects of SIN on RANK/RANKL/OPG singling 
pathway

The higher levels of RANKL (Fig. 9A) and lower level of 
OPG (Fig. 9B) with a higher level of RANKL/OPG ratio 
(Fig. 9C) in the knee joints homogenate of RA-induced rats 
when compared to normal rats. However, treatment with SIN 
in RA rats resulted in a lower level of RANKL and RANK/
OPG ratio with higher level of OPG in knee joints homogen-
ate as compared to RA rats.

Effects of SIN on MMP and TIMP proteins

In knee joints homogenate, MMP-2 and MMP-9 enzymes 
remodel extracellular matrix (ECM) components and 
TIMP-1 and TIMP-3 are endogenous inhibitors. In RA-
induced rats, MMP-2 (Fig.  9D) and MMP-9 (Fig.  9E) 
mRNA levels were considerably elevated, and TIMP-1 and 

Fig. 4  Effect of SIN on histopathological changes (H&E staining) of 
knee joints in the RA-induced rats. Scale bar = 100μm. Magnifica-
tion: 40×
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TIMP-3 levels were significantly (p<0.01) lower in these 
rats compared to expression levels in normal control rats, as 
shown in Fig. 9F and G. The mRNA expression of MMP-2 
and MMP-9 was reduced, while the expression of TIMP-1 
and TIMP-3 was increased in RA rats treated with SIN.

Immunohistochemistry revealed brown staining for 
RANKL and red staining for MMP-2 protein expressions. 
Proteins RANKL and MMP-2 were more widely distrib-
uted in the RA group than in the control group. In contrast, 
the RA group treated with SINs showed the lower protein 
distribution of RANKL and MMP-2 compared to RA rats 
(Fig. 10).

Discussion

Rheumatoid arthritis (RA) is a chronic inflammatory con-
dition that causes joint inflammation and tissue damage. 
Although there is no cure for RA, various medications can 
help reduce inflammation, alleviate pain and slow joint 
degeneration. The study investigated the therapeutic poten-
tial of sinomenine (SIN) from Sinomenium acutum root in 

a rat model of RA induced by Freund’s complete adjuvant 
(FCA). The study findings demonstrate that SIN has anti-
inflammatory and immunomodulatory effects. It can also 
reduce oxidative stress and bone resorption, indicating its 
potential usefulness in the treatment of RA.

The current study found that RA-induced arthritis caused 
significant weight loss in rats, consistent with previous 
studies on weight loss in arthritic animals (Alabarse et al. 
2018, Nasuti et al. 2019). Slower weight gain in edematous 
rats might be attributed to the inflammatory response and 
increased metabolic rate associated with arthritis, which 
could result in muscle wastage and increased energy con-
sumption (Farrow et al. 2021). The significant increase in 
body weight after SIN and MTX treatment suggests that 
these medications may help alleviate the deleterious effects 
of arthritis on weight loss in rats. This finding is constant 
with previous results that SIN as well as MTX are helpful 
to prevent body weight loss in arthritic animals (Liu et al. 
2018).

RA triggers inflammation and tissue damage in the 
joints and surrounding tissues, leading to swelling, inflam-
mation, discomfort, as well as mobility restrictions. The 

Fig. 5  ELISA assay for knee 
joints homogenate in experi-
mental rats. A NF-κβ, C TNF-α, 
D IL-6, E IL-1β, G IL-10 and 
relative mRNA expression of B 
Ikkβ; F iNOS; H Arg-1; I Fizz1 
in RA-induced rats. Data values 
are presented as mean ± SD 
for a sample size of 6 in each 
group. *p < 0.05 were observed 
when compared to the control 
group, while #p< 0.05 were 
observed when compared to the 
RA group



3953Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:3945–3958 

1 3

arthritis score determines the extent of joint inflammation, 
with higher scores showing more severe inflammation. SIN 
therapy for 35 days reduced paw edema and arthritic score 
in RA rats, effectively reducing RA-related joint inflamma-
tion. Our findings support prior studies that indicated SIN to 
have therapeutic potential in the treatment of RA, decreasing 
paw edema and arthritic score (Jiang et al. 2023). Further-
more, inflammation-induced joint swelling in RA rats may 
increase foot volume, producing pain and difficulty walking. 
By reducing joint inflammation, SIN may help decrease joint 
swelling and, as a result, foot volume. Our data suggest that 
SIN may decrease foot volume in RA rats by reducing joint 
edema and inflammation. This finding follows a previous 
research that found SIN to have anti-inflammatory properties 
in several inflammatory diseases (Lan et al. 2016).

RA creates inflammation and damage to healthy joints, 
which might increase the size and weight of the thymus and 
spleen, recommending enhanced immune action in arthritic 
rats (Abdel Jaleel et al. 2021). In our present research, the 
thymus and spleen indices were dramatically more signifi-
cant in the RA lower in the SIN group than in the RA group, 
suggesting that SIN might reduce inflammation and immune 
system activity (Jun et al. 1992). This finding follows pre-
vious study recommending that SIN has an immunomod-
ulatory impact on RA. SIN has been shown to affect the 
immune system by changing cytokine production as well as 
controlling numerous immune cells.

Fig. 6  Immunohistochemical staining for knee joints NF-κB distribu-
tion in RA-induced rats. Red staining indicates the cells with positive 
staining. Scale bar = 100μm; magnification, 40×

Fig. 7  Effect of SIN on relative 
mRNA levels of A Nrf2; B 
Keap1; C HO-1; D NQO1 in 
RA-induced rats. Data values 
are presented as mean ± SD 
for a sample size of 6 in each 
group. *p < 0.05 were observed 
when compared to the control 
group, while #p< 0.05 were 
observed when compared to the 
RA group
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Consequently, the reduction in thymus and spleen indices 
observed in the SIN group suggests that SIN has immu-
nomodulatory properties that may lower immune system 
hyperactivation in RA rats. Elevated levels of RF and CRP 
antibodies in the blood are expected in RA patients. They are 
used to diagnose and follow the development of the condi-
tion (Pope and Choy 2021). The dysregulated immune feed-
back, identified by constant inflammation and manufactur-
ing of numerous cytokines and chemokines that add to joint 
destruction, is a substantial aspect of the pathophysiology 
of RA. SIN has been found to reduce RF and CRP, all of 
which are RA disease activity indicators (Liu et al. 2018). 

The capacity of SIN to directly affect the task of immune 
cells such as T and B cells and to limit the production of pro-
inflammatory cytokines are among the most likely descrip-
tions for this decrease (Yap et al. 2018).

RA causes synovitis, inflammation, and joint deteriora-
tion by assaulting the synovial lining. When the immune 
system attacks healthy tissues, hyperplastic, and active syno-
vial cells increase inflammatory cell assaults on the joint. 
This immune reaction destroys cartilage and subchondral 
bone, resulting in pannus, which may limit joint mobility 
and cause uneven articular surfaces. In our study, SIN ther-
apy improved the histology of RA rats. This research study 

Fig. 8  Effect of SIN on A LPO; 
B NO; C GSH; D SOD; E CAT; 
F GPx levels in RA-induced 
rats. Data values are presented 
as mean ± SD for a sample size 
of 6 in each group. *p < 0.05 
were observed when compared 
to the control group, while #p< 
0.05 were observed when com-
pared to the RA group

Fig. 9  Effect of SIN on levels 
of A RANKL; B OPG; C 
RANKL/OPG ratio and relative 
mRNA expression levels of D 
MMP-2; E MMP-9; F TIMP-1; 
G TIMP-3 in RA-induced rats. 
Data values are presented as 
mean ± SD for a sample size of 
6 in each group. *p < 0.05 were 
observed when compared to the 
control group, while #p< 0.05 
were observed when compared 
to the RA group
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confirms previous outcomes that SIN has anti-inflammatory 
and anti-arthritic effects (Qian et al. 2018).

In RA, the immune system improperly assaults the body’s 
tissues, leading to joint damage and continual inflammation. 
The Iκκβ complex is a crucial part of the NF-κB pathway, 
which regulates immune response and inflammation. The 
Iκκβ complex is involved in breaking down Iκβ proteins, 
which triggers the activation of the NF-κB pathway. This 
activation, in turn, kickstarts the transcription of genes 
associated with inflammation. Rheumatoid arthritis (RA) 
patients have been demonstrated to have changes in levels 
of many cytokines, including TNF-α, IL-6, iNOS, IL-10, 
Arg-1, and Fizz1 (Dogan et al. 2022). TNF-α and IL-6 play 
a necessary function initially and also RA development by 
producing pro-inflammatory cytokines (Wei et al. 2015).

RA and immunological regulation are both profoundly 
affected by the pro-inflammatory cytokine IL-1β. Anti-
inflammatory cytokines, on the other hand, have a role in 
immune response modulation. These include IL-10, Arg-
1, and Fizz1 (Katsikis et al. 1994, Elbaz et al. 2020). An 
imbalance between pro-inflammatory and anti-inflamma-
tory cytokines is responsible for the joint inflammation 
and degeneration seen in patients with RA. In the present 
research, SIN therapy for RA rats reduced inflammation, 
improved immunological features, and minimized joint dam-
age (Yong et al. 2003). The inflammatory markers TNF-α, 

IL-6, and iNOS, and interleukin-1 were all reduced by SIN 
treatment, whereas IL-10, Arg-1, and Fizz1 levels were 
increased (Yao et al. 2017; Lai et al. 2002).

In RA, reactive oxygen species (ROS) levels increase due 
to continual inflammation, activated immune cells, and an 
accumulation of damaged cells and tissue (López-Armada 
et al. 2022). TNF-α, IL-6, and IL-1β are pro-inflammatory 
cytokines that increase ROS production while reducing the 
expression of antioxidant enzymes, both of which contrib-
ute to oxidative stress. Several detoxification and antioxi-
dant genes are regulated by the transcription factor Nrf2. In 
experimental RA models, Nrf2 activation has been shown 
to decrease joint inflammation and cartilage degradation. 
Antioxidant and anti-inflammatory advantages of activating 
Nrf2 to increase production of HO-1 and NQO1 have also 
been shown in RA (Chadha et al. 2020). HO-1 and NQO1 
antioxidant genes have been proven to protect against oxida-
tive stress and inflammation in RA.

Protecting cells from ROS is the job of antioxidant 
enzymes like SOD, CAT, and GPx. Patients with RA have 
lower activity of these enzymes, which leads to ROS buildup 
and oxidative damage (Zeng et al. 2021). In order to reduce 
oxidative stress and inflammation, enzyme supplements or 
their precursor compounds may be helpful for RA sufferers. 
MDA is an indicator of oxidative stress and a byproduct of 
lipid peroxidation, and its levels are typically elevated in RA 
patients. Patients with RA may benefit from taking enzyme 
supplements or their precursors in order to reduce MDA 
levels, oxidative stress, and inflammation. The endogenous 
antioxidant GSH might lower MDA levels by scavenging 
ROS and repairing damaged cell membranes. Research has 
demonstrated that GSH supplementation may assist RA 
patients reduce oxidative stress and inflammation. Accord-
ing to previous studies, SIN is a bioactive molecule hav-
ing anti-inflammatory and antioxidant properties (Bi et al. 
2021, Xiao-Qing and Ke-Wu 2021). SIN has been reported 
to reduce oxidative stress and increase antioxidant enzymes 
in experimental RA models, which may contribute to explain 
its therapeutic advantages. SIN may exhibit antioxidant 
effects by stimulating the Nrf2-NF-κB pathway. When Nrf2 
is activated by SIN, antioxidant genes including HO-1 and 
NQO1 may be increased (Zhang et al. 2019). SIN has been 
demonstrated to reduce MDA levels, a marker of oxidative 
stress, and boost the activity of antioxidant enzymes includ-
ing SOD, CAT, and GPx in RA experimental models (Liao 
et al. 2021).

MMPs such as MMP-2 and MMP-9 are enzymes neces-
sary to break down extracellular matrix (ECM) components 
in synovial tissues, triggering tissue damage and joint injury 
in inflammatory diseases such as RA. TIMP-1 and TIMP-3 
are two TIMPs, which are endogenous inhibitors controlling 
MMP activity (Chang et al. 2008). There is an imbalance 
between MMPs and TIMPs in RA, and an excess of MMPs 

Fig. 10  Immunohistochemical staining for knee joints RANKL and 
MMP-2 distribution in RA-induced rats. Brown (RANKL) and red 
(MMP-2) staining indicates the cells with positive staining. Scale bar 
= 100μm; magnification, 40×
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results in greater tissue damage and degradation of ECM 
(Yamamoto et al. 2021). The dysregulation of MMPs and 
TIMPs is thought to have a role in RA’s chronic inflamma-
tion and joint degradation. The present study suggests that 
SIN treatment may reduce collagen breakdown and inflam-
mation in RA by lowering MMP and TIMP-1 expression, 
these findings are consistent with previous studies (Liu et al. 
2018).

RANK, RANKL, and OPG are essential signaling mol-
ecules that control bone remodeling and osteoclast produc-
tion (Geusens 2012). The deregulation of these molecules 
has been associated with bone and joint degeneration in RA 
patients (Papadaki et al. 2019). In our study, SIN has been 
observed to reduce bone loss in RA patients by diminishing 
osteoclast formation and activity and enhancing bone regen-
eration. A potential mechanism through which SIN might 
influence bone deterioration is via the modulation of RANK, 
RANKL, and OPG signaling. Our current research indicates 
that SIN may inhibit osteoclast formation and activity by 
decreasing RANK and RANKL expression, while simulta-
neously increasing OPG expression. Additionally, SIN might 
support bone formation by influencing osteoblast activity (Li 
et al. 2013). However, while SIN possesses anti-inflamma-
tory and immunomodulatory qualities and can impact bone 
development and destruction, it remains unclear whether its 
effects on the RANKL/OPG pathway are direct or poten-
tially a secondary outcome of its anti-inflammatory proper-
ties. Hence, while it might have some advantages, claiming 
superiority over other RA treatments like biologic DMARDs 
and bisphosphonates requires further validation.

Conclusion

SIN was tested in a rat model of RA using FCA. SIN 
decreases oxidative stress, collagen deterioration, and bone 
resorption by acting as an anti-inflammatory, immunomod-
ulatory, and chondroprotective agent. In RA-induced rats, 
therapy with SIN reduced joint inflammation and immune 
function and degeneration. Pro-inflammatory cytokines 
were reduced whereas anti-inflammatory cytokines were 
increased after SIN treatment. One possible mechanism by 
which SIN reduces oxidative damage, inflammation, and 
collagen degradation is via activation of the Nrf2/HO-1 and 
NF-κβ/Iκκβ pathways.
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