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Background: Ferroptosis is involved in the occurrence and development of inflammatory arthritis. RND1 has been reported to 
possess pro-ferroptosis activity.
Objective: This study was designed to explore the role and the molecular mechanism of RND1 in rheumatoid arthritis (RA).
Methods: DBA/1 mice were exposed to type II collagen immunization. The pathological damage of the knee joints of mice was 
observed with H&E staining and RND1 expression in synovial tissues was detected using Western blot. In vitro, Western blot was used 
to measure RND1, ferroptosis-, migration- and inflammation-related proteins. The cell proliferation, migration and invasion were 
detected using CCK-8 method, EdU staining, wound healing and transwell assays. The levels of inflammatory factors were detected 
with ELISA and RT-qPCR. Relative iron level, GSH and MDA concentrations were detected with corresponding assay kits. BODIPY 
581/591 C11 kit measured lipid ROS. 4-HNE and GPX4 expression were detected using immunofluorescence assay.
Results: This study found that RND1 expression was reduced in the synovial tissues of RA mice and human fibroblast-like MH7A 
synoviocytes. It was also found that the upregulation of RND1 inhibited the proliferation, migration, invasion and inflammatory 
response in rheumatoid synovial cells via ferroptosis.
Conclusion: Collectively, RND1 exerted protective impacts on RA, which might be mediated by ferroptosis.
Keywords: rheumatoid arthritis, RND1, ferroptosis, fibroblast-like synoviocytes

Introduction
As a chronic and systemic autoimmune disease, rheumatoid arthritis (RA) is characterized by continuous inflammation of the 
synovial joints, which leads to the proliferation of synovial tissues, the erosion of cartilage and consequent deformation of joints.1,2 

It has been reported that RA fibroblast-like synoviocytes (RA-FLSs), which are proliferating cells similar to tumor cells, can cause 
abnormal synovial hyperplasia in patients when its viability is increased.3,4 In addition, existing researches have supported that the 
abnormal proliferation and apoptosis of FLSs are the primary pathological foundation of persistent synovitis and bone 
destruction.5,6 Therefore, RA-FLSs have been perceived as promising targeting cells to treat RA attributed to its biology.4

Ferroptosis, a type of regulatory cell death dependent on the aggregation of intracellular iron, is characterized by iron 
deposition, lipid peroxidation, GSH reduction, and GPX4 inactivation.7 Extensive researches have showed that ferroptosis, 
a significant regulatory factor in inflammatory responses, is closely associated with the initiation and progression of various 
inflammatory arthritis including RA and the induction of ferroptosis can inhibit synovium inflammation in RA.8,9 Iron can be 
extensively found in the synovium of patients with RA, thus facilitating inflammatory response.10,11 Furthermore, ferroptosis 
is an important event in synovium injury in RA and ferroptosis modulation in synovial cells is effective for RA treatment.12
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It is reported that Rho family GTPase 1 (RND1) is expressed in various cells, including cancer cells13, 
cardiomyocytes14 and endothelial cells.14 RND1 is involved in many cellular activities, including cell proliferation, 
invasion and ferroptosis.15,16 Of note, RND3, which is a member of RND family, is lowly expressed in RA-FLSs and 
RND3 elevation can inhibit the proliferation, migration, invasion and inflammatory response in RA-FLSs.17 Moreover, 
according to rheumatoid arthritis dataset (GSE55457), RND1 expression is reduced in RA tissues. However, the role of 
RND1 in RA is unknown and whether RND1 can participate in inflammation, proliferation, migration and invasion in 
RA-FLSs via inducing ferroptosis yet to be investigated.

All in all, this study explored the role of RND1 in inflammation, proliferation, migration, invasion and ferroptosis in 
RA-FLSs and revealed the relevant molecular mechanisms, which might provide novel therapeutic targets for the 
treatment of RA.

Materials and Methods
Collagen-Induced Arthritis (CIA) Models
The animal experiments were performed under a project license (No. AHGDMU-LAC-A-202403-066) issued by the 
Ethics Committee of the Affiliated Hospital of Guangdong Medical University. Animal welfare and all experiments were 
approved by the Institutional Animal Care and Use Committee of the Affiliated Hospital of Guangdong Medical 
University. The male DBA/1 mice were obtained from Changzhou Cavens Laboratory Animals Technology Co., Ltd., 
(China). For acclimatization, the mice were housed in clean cages with a 12 h light/dark cycle and 44%-65% humidity. 
Mice were divided into two groups (n=6): Control and CIA. Mice were immunized subcutaneously at the base of the tail 
with 100 μL of bovine type II collagen (2 mg/mL) dissolved in 0.01 M acetic acid emulsified 1:1 with complete Freund’s 
adjuvant (Thermo Fisher Scientific). After 21 days, the mice were subcutaneously injected with 50 μg of bovine type II 
collagen emulsified 1:1 with incomplete Freund’s adjuvant (Thermo Fisher Scientific). On the 45th day, mice were 
sacrificed through cervical dislocation and the keen joints of mice were collected for subsequent analysis.

Cell Culture and Treatment
The normal human FLSs (cat. CP-H241) and human fibroblast-like MH7A synoviocytes (cat. no. CP-H248) were 
procured from BeNa Culture Collection and incubated in DMEM supplemented with 10% FBS and 1% penicillin- 
streptomycin at 37°C with 5% CO2. To explore the mechanism of RND1 associated with ferroptosis in RA, ferroptosis 
inhibitors Fer-1 (1 μM) or DFO (100 μM) were used to treat fibroblast-like MH7A synoviocytes.

Graphical Abstract
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Cell Transfection
To increase RND1 expression, plasmids carrying RND1 (Ov-RND1) and pcDNA3.1 empty vector (Ov-NC) were 
constructed by GenePharma (Shanghai, China). When cell confluence reached 70%, the plasmids were transfected into 
MH7A cells using Lipofectamine 3000 Transfection Reagent for 48 h according to the manufacturer’s instructions. After 
48 h, MH7A cells were harvested for follow-up experiments.

H&E Staining
The collected knee joints of mice were fixed with 10% formalin, decalcified in 10% formic acid at 37°C for 1 week with 
shaking, embedded in paraffin and then cut into 5-μm-thick sections. Subsequently, processed sections were exposed to 
H&E staining according to the manufacturer’s instructions and a fluorescence microscope was used for observation.

Western Blot
The proteins were extracted from the collected synovial tissues and MH7A cells with RIPA buffer. The protein 
concentration was determined using BCA assay kits according to the manufacturer’s instructions. Separated by 8% SDS- 
PAGE, the proteins were transferred to PVDF membranes. Inhibited by 5% BSA, the membranes were incubated with 
primary antibodies specific to RND1, GPX4, ACSL4, SLC7A11, MMP2, MMP9, p-p65, p65, COX2, or GAPDH 
overnight at 4°C. On the next day, the membranes were incubated with HRP-conjugated anti-rabbit IgG secondary 
antibodies at room temperature for 2 h. The protein bans were visualized using ECL detection reagent and the grey 
values were determined with ImageJ software (version 1.49; National Institutes of Health).

Immunohistochemical Analysis
The collected synovial tissues were processed in 5-μm-thick sections, fixed in 4% methanol at 4°C for 24 h, washed by 
PBS and then treated with retrieval solution for 20 min at 90°C.18 Inhibited by 5% BSA, the sections were incubated with 
GPX4 primary antibody overnight at 4°C. On the next day, the sections were incubated with HRP-conjugated anti-rabbit 
IgG secondary antibody at room temperature for 1 h. Hematoxylin solution was used for nuclear staining for 5 min at 
room temperature. Finally, the images were observed using an Olympus CX43 microscope.

RT-qPCR
The total RNA was extracted from MH7A cells using Trizol reagent, and then reverse transcription into cDNA using 
PrimeScript RT kit according to the manufacturer’s instructions. The real-time PCR was performed with an ABI 7900HT 
Sequence Detection system. The relative gene expression was determined using the 2−ΔΔCt method.

CCK-8 Assay
The fibroblast-like MH7A synoviocytes were inoculated into 96-well plates for incubation. Thereafter, each well was 
added with 10 μL CCK-8 reagent and cells were incubated for additional 3 h at 37 °C. The absorbance was determined at 
450 nm with a microplate reader.

EdU Staining
The fibroblast-like MH7A synoviocytes were injected into 6-well plates for incubation. Each well was supplemented 
with 10 µM EdU solution to incubate cells for another 2 h. Following the staining with DAPI, a fluorescence microscope 
was used for observation.

Wound Healing
The fibroblast-like MH7A synoviocytes were injected into 6-well plates and incubated till 80–90% cell confluence was 
obtained. The wounds were created using a sterile pipette tip. Subsequently, the cells were incubated for 24 h. The cell 
images were observed with a light microscope and ImageJ software was used for the analysis of cell migration rate.
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Transwell
The fibroblast-like MH7A synoviocytes were injected into the upper chamber of the transwell with Matrigel gel 
treatment while DMEM supplemented with 10% FBS were placed on the lower chamber of the transwell, followed by 
the incubation for 24 h. The uninvaded cells were removed while the invaded cells were fixed with 4% paraformaldehyde 
and stained by crystal violet. A light microscope was used for the observation of cell invasion and the number of invaded 
cells was analyzed.

Elisa
The fibroblast-like MH7A synoviocytes were centrifuged at 2000 x g for 4 min at 4°C. The levels of TNF-α, IL-1β and 
IL-6 in the culture supernatant were detected using ELISA-related TNFα assay kits, IL-1β assay kits and IL-6 assay kits 
according to the manufacturer’s instructions.

Measurement of Iron, MDA and GSH
The relative iron, MDA and GSH concentration in cell lysates were detected using iron assay kits, MDA assay kits, and 
GSH assay kits according to the manufacturer’s instructions.

Detection of Lipid ROS
We used BODIPY 581/591 C11 kits to detect lipid ROS. In brief, the fibroblast-like MH7A synoviocytes were trypsinized 
and re-suspended in 400 µL of serum-free medium containing 2 μM C11-BODIPY (581/591) in the dark. Subsequently, the 
cells were labeled with Hoechst nuclear staining and then washed by PBS. The cell images were observed using a laser 
scanning confocal microscope and the fluorescence ratio of green/red was detected using ImageJ software.

Immunofluorescence Assay
The fibroblast-like MH7A synoviocytes were fixed with 4% paraformaldehyde and permeated with 0.2% Triton X-100 
for 10 min. Then, the cells were incubated with primary antibodies targeting 4-HNE, GPX4, goat anti-rabbit IgG and goat 
anti-mouse IgG. DAPI was used for cell nucleus staining and a fluorescence microscope was used for observation.

Statistical Analysis
The experimental data were presented as mean ± SD after the statistical analysis with GraphPad Prism 8.0 software 
(GraphPad software, Inc). The differences among groups were demonstrated with Student’s t-test (for two groups) and 
one-way ANOVA with Tukey’s post hoc test (for three or more groups). P-values ≤ 0.05 were indicative of statistical 
significance.

Results
RND1 Expression Is Downregulated in the Joint Tissues of RA Mice
As Figure 1A depicted, the frontpaws of CIA mice exhibited serious swelling of the paws and all digits. H&E staining 
was used to observe the histological changes of the keen joints of CIA mice. Obviously, synovial hyperplasia with 
a quantity of infiltrating inflammatory cells was observed, pannus was formed and cartilage and bone were seriously 
destructed (Figure 1B). The protein expression of RND1 in synovial tissues was detected with Western blot and it was 
found that RND1 expression was significantly reduced in CIA mice (Figure 1C). Besides, Western blot was used to detect 
the expressions of ferroptosis-related proteins and it was found that GPX4 expression was increased in CIA mice while 
ACSL4 expression was significantly decreased (Figure 1D). Moreover, the results of immunohistochemical analysis for 
GPX4 showed that GPX4 expression was significantly increased in CIA mice (Figure 1E).

RND1 Expression Is Downregulated in RA-FLSs
The expression of RND1 was also detected in rheumatoid synovial cells in vitro using RT-qPCR and Western blot. 
Similarly, the mRNA and protein expressions of RND1 in RA-FLSs were significantly decreased (Figure 2A). The 
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Figure 1 RND1 expression is downregulated in the joint tissues of RA mice. (A) The symptoms of CIA mice were observed. (B) The pathological features of the keen joints of CIA 
mice were detected using H&E staining. The black arrows point to the pannus. (C) The protein expression of RND1 in synovial tissues of CIA mice was detected using Western 
blot. (D) The expressions of ferroptosis-related proteins were detected using Western blot. (E) Immunohistochemical analysis for GPX4. **P<0.01 and ***P<0.001.

Figure 2 RND1 expression is downregulated in RA-FLSs. (A) The mRNA and protein expressions of RND1 in RA-FLSs were detected using RT-qPCR and Western blot. 
(B) The expressions of ferroptosis-related proteins were detected using Western blot. **P<0.01 and ***P<0.001.
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expressions of proteins implicated in ferroptosis (GPX4 and SLC7A11) were also investigated and the results showed 
that GPX4 and SLC7A11 expressions were significantly elevated in RA-FLSs (Figure 2B).

RND1 Overexpression Inhibits the Proliferation, Migration and Invasion in RA-FLSs
We transfected Ov-RND1 into FA-FLSs and RT-qPCR and Western blot were used to detect RND1 expression. It was 
found that RND1 expression was significantly increased in RND1-overexpressed FA-FLSs (Figure 3A). In RA patho-
genesis, activated RA-FLSs show similar proliferating and invasive characteristics with tumor cells, which eventually 
leads to aberrant hyperplasia and joint damage.19 To explore the role of RND1 in the proliferation, migration and 
invasion in RA, Ov-RND1 was transfected into RA-FLSs and relevant assays were performed. It was found that RND1 
overexpression significantly reduced the viability and the proliferation of RA-FLSs (Figure 3B and C). Similarly, the 
migration and invasion of RA-FLSs were significantly inhibited after overexpressing RND1 (Figure 3D). MMPs are 
critical mediators in wound healing.20 Results of Western blot showed that the protein expressions of MMP2 and MMP9 
in RA-FLSs were increased by RND1 elevation (Figure 3E).

Figure 3 RND1 overexpression inhibits the proliferation, migration and invasion in RA-FLSs. (A) The transfection efficacy of Ov-RND1 was detected using RT-qPCR and 
Western blot. (B) The cell viability was detected using CCK-8 assay. (C) The cell proliferation was detected using EdU staining. (D) The cell migration and invasion were 
detected using wound healing and transwell. (E) The expressions of MMP2 and MMP9 were detected using Western blot. *P<0.05 and ***P<0.001.
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RND1 Overexpression Inhibits the Inflammatory Release in RA-FLSs
The continuous inflammation in damaged joints can pathogenically change cell activity in RA.21 The effects of RND1 
upregulation on the release of inflammatory factor were detected with ELISA and RT-qPCR. It was found that the levels of 
TNF-α, IL-1β and IL-6 in RA-FLSs were significantly decreased following the transfection of Ov-RND1 (Figure 4A and B). 
Western blot was used for the detection of inflammation-implicated proteins and it was found that RND1 overexpression 
significantly decreased the expressions of p-p65 and COX2 (Figure 4C).

RND1 Overexpression Promotes Ferroptosis in RA-FLSs
The role of ferroptosis has been highlighted in inflammatory arthritis pathogenesis.22 Compared with the Ov-NC group, 
RND1 overexpression significantly increased iron level and MDA concentration whereas it reduced GSH concentration 
in RA-FLSs (Figure 5A). Results of BODIPY 581/591 C11 kits showed that the bound to peroxidized lipids turned into 
green fluorescence, indicating that RND1 overexpression increased the fluorescent intensity in RA-FLSs (Figure 5B). 
Besides, the level of 4-HNE, which is a stable product of lipid peroxidation, was also increased by RND1 elevation 
(Figure 5C). Additionally, the overexpression in RND1 decreased GPX4 and SLC7A11 expressions while increasing 

Figure 4 RND1 overexpression inhibits the inflammatory release in RA-FLSs. (A) The levels of inflammatory factors were detected using ELISA. (B) The mRNA 
expressions of inflammatory factors were detected using RT-qPCR. (C) The expressions of inflammation-related proteins were detected using Western blot. ***P<0.001.
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ACSL4 expression in RA-FLSs (Figure 5D). Moreover, GPX4 intensity in RA-FLSs was significantly decreased after 
overexpressing RND1 (Figure 5E).

RND1 Overexpression Inhibits the Proliferation, Migration and Invasion in RA-FLSs 
via Ferroptosis
To investigate the mechanism of RND1 related with ferroptosis in RA, RA-FLSs were transfected with Ov-RND1 and 
treated with ferroptosis inhibitor Fer-1 or DFO. It was found that the reduced cell viability and proliferation in RA-FLSs 
due to RND1 overexpression were partially revived following the pre-treatment of Fer-1 or DFO (Figure 6A–C). 
Consistently, Fer-1 or DFO pre-treatment also promoted the inhibited migration and invasion of RND1-overexpressed 
RA-FLSs (Figure 6D and E). Furthermore, the decreased expressions of MMP2 and MMP9 in RA-FLSs because of 
RND1 overexpression were partially increased following the pre-treatment of Fer-1 or DFO (Figure 6F and G).

Figure 5 RND1 overexpression promotes ferroptosis in RA-FLSs. (A) The iron level and MDA and GSH concentrations were detected using corresponding assay kits. (B) 
The lipid ROS was detected using BODIPY 581/591 C11 kit. (C) 4-HNE expression was detected using immunofluorescence assay. (D) The expressions of ferroptosis- 
related proteins were detected using Western blot. (E) The GPX4 expression was detected using immunofluorescence assay. ***P<0.001.
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RND1 Overexpression Inhibits the Inflammatory Release in RA-FLSs via Ferroptosis
Results of ELISA and RT-qPCR showed that the pre-treatment of Fer-1 or DFO increased the levels of TNF-α, IL-1β and 
IL-6 in RA-FLSs with RND1 overexpression (Figure 7A–D). Moreover, the reduced protein expressions of p-p65 and 
COX2 in RA-FLSs due to RND1 overexpression were partially increased by Fer-1 or DFO treatment (Figure 7E and F).

Discussion
RA is an autoimmune disease characterized by proliferated synovial tissues and infiltrated inflammatory cells, eventually 
leading to the severe destruction of cartilage and bone and the swelling and the dysfunction of joints.23 During RA 
development, FLSs in synovium turn into aggressive phenotypes and generate pathogenic factors, making synovial 
tissues become hyperplastic invasiveness.24 The present study showed that RND1 expression was significantly decreased 
in the synovial tissues of CIA mice and RA-FLSs. RND1 elevation alleviated the severity of RA via inhibiting the 
proliferation, migration and invasion of RA-FLSs. Mechanistically, RND1 overexpression inhibited the development of 
RA through the induction of ferroptosis.

CIA, which is a major investigated animal mode, possesses various pathological and immunological features showing 
similarities with human RA.25 Thus, we also established CIA mice models in this research and serious swelling of the paws 
and all digits of CIA mice, synovial hyperplasia, pannus formation and the destruction of cartilage and bone in keen joints 

Figure 6 RND1 overexpression inhibits the proliferation, migration and invasion in RA-FLSs via ferroptosis. (A) The cell viability was detected using CCK-8 assay. (B and C) 
The cell proliferation was detected using EdU staining. (D and E) The cell migration and invasion were detected using wound healing and transwell. (F and G) The 
expressions of MMP2 and MMP9 were detected using Western blot. **P<0.01 and ***P<0.001, #P<0.01 ##P<0.01 and ###P<0.001.
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could be observed. FLSs, a type of unique cells in synovium, are critical modulators in RA pathogenesis.6 The activated FLSs 
manifest strong invasiveness and migration ability, increased proliferation and anti-apoptotic property.26 Additionally, FLSs 
stimulate inflammatory response via promoting the release of pro-inflammatory cytokines, MMPs, and chemokines.27 Thence, 
targeting the hyper-activation of pathogenic FLSs might be a prospective method for RA relieve.

RA is an inflammatory disease characterized by excessive production of pro-inflammatory factors. Kondo et al have 
corroborated that TNFα and IL-6 levels were significantly increased in the synovial fluid and serum of patients with RA, 
which are critical regulators in RA pathogenesis.25 More importantly, extensive researches have elucidated that 
inflammatory cytokines in RA-FLSs exert regulatory effects on the proliferation and migration of RA-FLSs.28 

Therefore, inhibiting the inflammatory response, the proliferation, migration and invasion in RA-FLSs may be 
a promising method to ameliorate RA. It is reported that RND1 can inhibit cell proliferation, migration and invasion 
in hepatocellular carcinoma.29 Cao et al have evidenced that RND1 plays an important role in inflammation.30 Of note, 
RND3, which is a member of the RND family, is supported to suppress the inflammation, proliferation, invasion and 
migration in RA-FLSs when its expression is overexpressed.17 Our data found that RND1 overexpression could inhibit 
the proliferation, migration, invasion and inflammatory response in RA-FLSs, accompanied by decreased MMP2 and 
MMP9 expressions, reduced levels of pro-inflammatory cytokines TNF-α, IL-1β and IL-6 and decreased expressions of 
inflammation-related proteins p-p65 and COX2.

Figure 7 RND1 overexpression inhibits the inflammatory release in RA-FLSs via ferroptosis. (A and B) The levels of inflammatory factors were detected using ELISA. 
(C and D) The mRNA expressions of inflammatory factors were detected using RT-qPCR. (E and F) The expressions of inflammation-related proteins were detected using 
Western blot. *P<0.05, **P<0.01 and ***P<0.001.
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Ferroptosisin, which is characterized by excessive iron accumulation and lipid peroxidation, plays an important role 
in the pathogenesis of inflammatory arthritis.31 Some antirheumatic drugs, such as sulfasalazine and auranofin, demon-
strate ferroptosis-regulatory effects, revealing that the modulatory mechanism of ferroptosis in inflammatory arthritis 
pathogenesis and ferroptosis-targeted treatment modalities deserve further exploration.32 In the synovial fluid and 
synovium of patients with RA, increased iron level, ROS and lipid peroxidation can be observed.9,33 In the cartilage 
of RA patients and adjuvant arthritis rat model, reduction in ACSL4 can be found and elevation in GPX4 can be 
observed, indicating an association between chondrocyte ferroptosis and RA development.34 Notably, RND1 over-
expression stimulates the lipid peroxidation and ferroptosis of glioblastoma via SLC7A11.15 The present study showed 
that the overexpression of RND1 could increase iron level and elevated lipid peroxidation (MDA, 4-HNE, and lipid 
ROS) in RA-FLSs, suggested that RND1 overexpression could promote ferroptosis in RA. Besides, it is revealed that 
ACSL4 can promote ferroptosis.35 The reduction of SLC7A11 can decrease GPX4 activity, contributing to the 
accumulation of lethal lipid peroxides and the activation of ferroptosis.36 Considering this, we also detected the 
expressions of major mediators implicated in ferroptosis and our data found that RND1 upregulation increased 
ACLS4 expression whereas it decreased the expressions of GPX4 and SLC7A11 in RA-FLSs, which further confirming 
the promoting role of RND1 elevation in ferroptosis in RA.

It is reported that the suppression of ferroptosis by Semaphorin 5A can facilitate the activation of RA-FLSs.37 In CIA 
mice, TNF antagonist can induce the ferroptosis in FLSs and inhibit the development of RA.33 Evidently, these findings 
revealed that the effective promotion of ferroptosis in FLSs can inhibit RA development. In this study, to further explore 
the mechanism of RND1 related with ferroptosis in RA, ferroptosis inhibitors Fer-1 and DFO were used for the pre- 
treatment of RA-FLSs and functional experiments were performed again. The results demonstrated that Fer-1 or DFO 
treatment partially abolished the inhibitory effects of RND1 upregulation on the proliferation, migration, invasion and 
inflammatory release in RA-FLSs, indicating that RND1 overexpression exhibits its protective role in RA-FLSs via the 
regulation of ferroptosis.

To summarize, this study revealed the regulatory role of RND1 in the proliferation, migration, invasion, inflammatory 
release and ferroptosis in RA-FLSs and unprecedentedly identified the protective mechanism of RND1 in RA.
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