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Abstract: Background: Rheumatoid arthritis (RA) is a chronic, progressive autoimmune disease. The hyperactivation 
of fibroblast-like synoviocytes (FLS) is a major contributor to synovial hyperplasia and cartilage destruction, and FLS 
pyroptosis plays a pivotal role in RA pathogenesis. This study aimed to investigate the mechanisms by which AGTR1 
regulates FLS pyroptosis and inflammatory cytokine secretion in RA to identify potential therapeutic targets for RA. 
Methods: Bioinformatic analysis assessed AGTR1 expression levels using the GSE21959 and GSE55235 datasets. 
qRT-PCR and western blot (WB) measured AGTR1 mRNA and protein levels in cell lines. Nigericin (a pyroptosis in-
ducer), the TGF-β receptor I inhibitor SB505124, and the TGF-β neutralizing antibody 1D11 were administered to 
AGTR1-overexpressing RA-FLS, followed by western blot analysis of pyroptosis-related proteins. Flow cytometry, LDH 
assays, and propidium iodide staining evaluated pyroptosis levels. ELISA measured inflammatory cytokine secre-
tion. WB confirmed TGF-β pathway activation. Results: AGTR1 was downregulated in RA-FLS. AGTR1 overexpression 
suppressed ASC, NLRP3, cleaved caspase-1, and GSDMD-N expression, thereby alleviating pyroptosis in RA-FLS (P 
< 0.05). AGTR1 overexpression inhibited secretion of inflammatory cytokines and reduced lactate dehydrogenase 
release (P < 0.05). We demonstrated that AGTR1-mediated repression of pyroptosis and inflammatory cytokine 
secretion in RA-FLS was dependent on the TGF-β signaling pathway. Conclusion: AGTR1 inhibits pyroptosis and at-
tenuates inflammatory cytokine secretion in RA-FLS through TGF-β. These findings suggest that AGTR1 induction or 
TGF-β pathway activation may ameliorate RA pathology.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoim-
mune disease driven by genetic and environ-
mental factors, characterized by persistent hy- 
perplasia, synovial inflammation, and joint car-
tilage erosion [1, 2]. Despite the development 
of biologics and small-molecule inhibitors for 
RA treatment, a significant proportion of pa- 
tients remain unresponsive to these therapies 
[3]. Fibroblast-like synoviocytes (FLS), highly 
specialized mesenchymal cells in the synovi-
um, are critical for RA pathogenesis [4]. Un- 
der physiologic conditions, FLS maintain joint 
integrity by secretion of synovial fluid and ECM 
[5]. However, FLS undergo aberrant activation, 
exhibiting hyperproliferation, invasiveness, and 

tumor-like transformation. They also secrete 
proinflammatory cytokines and MMPs, which 
exacerbate inflammation and joint destruction 
in RA [6]. Thus, investigating FLS may elucidate 
the intrinsic mechanisms underlying RA deve- 
lopment.

Inflammasome activation and robust proinflam-
matory mediator release are hallmarks of py- 
roptosis [7]. The NLRP3 inflammasome recrui- 
ts and activates caspase-1 through the adap- 
tor protein ASC. Activated caspase-1 cleaves 
GSDMD into GSDMD-N, which forms membrane 
pores and induces the release of cytoplasmic 
contents [7]. Caspase-1 also processes pro-
IL-18 and pro-IL-1β into their active forms, which 
are released extracellularly and amplify inflam-
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mation [8]. FLS pyroptosis contributes signifi-
cantly to RA pathogenesis [9]. LPS induces py- 
roptosis in FLS (RSC-364 cells) via the NF-κB-
mediated NLRP3/caspase-1/GSDMD and cas-
pase-3/GSDME dual pathways, thereby aggra-
vating RA [10]. Neutrophil extracellular traps 
promote FLS pyroptosis and phenotypic chang-
es through the NF-κB/caspase-3/GSDME axis 
[11]. Therefore, elucidating factors modulating 
FLS pyroptosis may deepen our understanding 
of RA mechanisms and inform novel therapeu-
tic strategies.

A study on osteoarthritis (OA) revealed that 
TGF-β1 inhibits chondrocyte pyroptosis through 
the activation of Smad2/3 and blocking NF-κB, 
thereby protecting cartilage [12]. TGF-β path-
way is a critical regulator of inflammatory res- 
ponses, essential for maintaining homeostasis, 
and its dysregulation contributes to immune 
and inflammatory disorders [13]. In RA, the role 
of TGF-β signaling has garnered increasing 
attention [14]. Aberrant TGF-β signaling may 
exacerbate tissue damage in inflammatory dis-
eases by promoting inflammation and patho-
logic tissue remodeling [15]. AGTR1, a G pro-
tein-coupled receptor, regulates vascular tone, 
smooth muscle proliferation, extracellular ma- 
trix (ECM) production, and inflammation [16]. 
AGTR1 induces TGF-β expression and enhanc-
es TGF-β pathway activity [17], suggesting its 
involvement in RA progression. However, whe- 
ther AGTR1 modulates FLS pyroptosis through 
TGF-β remains unclear and warrants further 
investigation.

In this study, we explored the regulatory role of 
AGTR1 in RA-FLS. We demonstrated that AGTR1 
was downregulated in RA-FLS, and its overex-
pression activated the TGF-β pathway, reduced 
proinflammatory cytokine secretion, and miti-
gated pyroptosis. These findings highlighted 
the effect of AGTR1 on FLS pyroptosis and its 
potential as a target in RA.

Materials and methods

Bioinformatics analysis

Publicly available mRNA expression datasets, 
GSE21959 and GSE55235, were download- 
ed from the Gene Expression Omnibus (GEO) 
database (https://www.ncbi.nlm.nih.gov/geo/) 
for bioinformatics analysis. Differential expres-
sion analysis was performed using the “edgeR” 

package, with significance thresholds set at 
|logFC| > 1.5 and padj < 0.05, to identify sig-
nificantly differentially expressed mRNAs. The 
GSE21959 dataset is based on the GPL4133 
platform (Agilent-014850 Whole Human Ge- 
nome Microarray 4×44K G4112F) and contains 
a total of 36 samples derived from in vitro-cul-
tured rheumatoid arthritis synovial fibroblasts 
(RA-SF) and healthy synovial fibroblasts (HSF), 
encompassing two culture conditions, normox-
ia and hypoxia (nine RA-SF and nine HSF sam-
ples under each condition). To exclude the con-
founding effect of hypoxic intervention on gene 
expression, nine RA-SF and nine HSF samp- 
les cultured under normoxic conditions were 
selected for differential analysis. To further vali-
date the expression change of AGTR1 in an 
independent dataset, an additional dataset, 
GSE55235, was also incorporated. GSE55235 
is based on the GPL96 platform (Affymetrix 
HG-U133A) and contains a total of 30 samples 
obtained from synovial tissue biopsy speci-
mens collected during joint replacement sur-
gery or arthroscopy, comprising 10 patients 
with RA, 10 patients with OA, and 10 healthy 
controls; this study compared AGTR1 expres-
sion between the RA group (n = 10) and the 
healthy control group (n = 10). The target gene 
AGTR1 was identified through literature cita-
tion, and the differential expression of AGTR1 
between healthy controls and RA patients was 
finally analyzed.

Cell culture and cell line construction

Normal human synovial fibroblasts (NC-FLS, 
JSY-CC2823) were purchased from Jinshao- 
yuan (China). RA synovial fibroblasts (RA-FLS, 
MH7A cell line, CBP61649) were obtained from 
Cobioer (China). Primary rheumatoid arthritis 
fibroblast-like synoviocytes (Primary RA-FLS, 
CP-H248) were purchased from Procell (China). 
Cells were maintained in RPMI-1640 (Gibco, 
USA) with 10% FBS at 37°C with 5% CO2 in a 
humidified incubator (Thermo Fisher, USA).

pcDNA3.1 empty vector (oe-NC) and pcDNA3.1-
AGTR1 overexpression plasmid (oe-AGTR1) 
were purchased from VectorBuilder (China). 
MH7A cells and human primary RA-FLS were 
cultured to 60-70% confluence before trans- 
fection. oe-NC and oe-AGTR1 plasmids were 
transiently transfected into MH7A cells utiliz- 
ing Lipofectamine 3000 (Thermo Fisher, USA). 
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Transfection efficiency was evaluated at 48 h 
post-transfection.

RNA extraction and qRT-PCR

Total RNA from MH7A cells was extracted using 
TRIzol Plus reagent (Takara, Japan), and RNA 
concentration was measured. cDNA was syn-
thesized with GoScript™ Reverse Transcription 
Kit (Promega, USA). The resulting cDNA was 
combined with Fast SYBR™ Green Master Mix 
(Thermo Fisher Scientific, USA) and subjected 
to quantitative PCR on an ABI7500 PCR system 
(Thermo Fisher, USA). Each sample was ana-
lyzed in at least three independent experi-
ments. GAPDH served as an internal control. 
Relative mRNA expression was computed using 
2-ΔΔCT. Primer sequences are shown in Table 1.

Western blot (WB) analysis

Cells were rinsed with ice-cold PBS and then 
lysed in RIPA buffer (Beyotime, China) supple-
mented with 1% PMSF protease inhibitor 
(Thermo Fisher, USA). Lysates were centrifug- 
ed at 14,000×g (4°C, 5 min), and superna- 
tants were harvested. Protein concentration 
was measured using a BCA kit (Beyotime, 
China). After separation by SDS-PAGE, proteins 
were transferred to PVDF. Membranes were 
sealed with 1% BSA for 2 h, followed by incuba-
tion at 4°C with primary antibodies (Abcam) 
overnight: anti-AGTR1 (ab124734), anti-ASC 
(ab151700), anti-NLRP3 (ab263899), anti-cas-
pase-1 (ab207802), anti-GSDMD (ab209845), 
anti-SMAD2 (ab40855), anti-p-SMAD2 (ab- 
280888), anti-TGF-β (ab215715), and anti-
GAPDH (ab9485). After rinsing three times  
with TBST, membranes were incubated with 
HRP-conjugated goat anti-rabbit IgG (Abcam, 
ab205718) for 2 h (room temperature). Protein 
bands were visualized using an ultrasensitive 
ECL chemiluminescence kit (Beyotime, China) 
and imaged with Amersham Imager 800 (GE, 
USA). Band intensity was quantified using the 
ImageJ software.

TUNEL staining

FLS cells were cultured on coverslips until 
reaching 60-80% confluency, then fixed with 
4% paraformaldehyde in the dark for 15-20 
min. After PBS rinses, cells were permeabilized 
in PBS with 0.1% Triton X-100 for 15 min. 
Following 3 PBS rinses, 20 μL of TUNEL reac-
tion mixture (Beyotime, China) was added. Cells 
were incubated at 37°C for 1 h in the dark.  
The TUNEL reaction mixture was removed,  
and cells were rinsed with PBS. 5 μL of DAPI-
containing antifade mounting medium was 
added onto the cells. Apoptotic cells were visu-
alized and pictured using a confocal micro-
scope (Olympus, Japan).

Flow cytometry for caspase-1 detection

Caspase-1 and AGTR1 expressions were ass- 
essed using FITC-conjugated anti-caspase-1 
and anti-AGTR1 antibody kits (Abbexa, UK). 
RA-FLS cells were trypsinized, centrifuged at 
300×g for 5 min, and rinsed with PBS (3 times). 
Cells were stained with caspase-1 antibody for 
15-20 min and analyzed by flow cytometry (BD 
Calibur, USA).

ELISA for inflammatory cytokine measurement

Secretion of IL-8 (E-EL-H6008), IL-18 (E-EL- 
H0253), IL-1β (E-EL-H0149), and IL-6 (E-EL- 
H6156) in RA-FLS supernatants was quantifi- 
ed using ELISA kits (Elabscience, China). Cell 
supernatants were collected by centrifugation 
at 300×g for 5 min, and 100 μL of supernatant 
was added to each well and incubated for 2 h. 
Liquid was discarded, and 100 μL biotinylated 
detection antibodies were added for 1 h, fol-
lowed by HRP-streptavidin conjugate for 20  
min in the dark. TMB substrate was added for 
color development. Distinct coloration devel-
oped after approximately 20 min of incubation, 
and the reaction was subsequently terminated. 
Absorbance (450 nm) was read by a microplate 
reader (Thermo Fisher, USA). Cytokine concen-
trations were computed following standard 
curves.

LDH release assay

LDH release was assayed with the LDH cytotox-
icity kit (Beyotime, China). Cell supernatants 
(120 μL) were mixed with 60 μL LDH detection 
reagent and cultured for 30 min away from light 

Table 1. Primer sequence
Gene Sequence (5’-3’)
GAPDH Forward: GGAGCGAGATCCCTCCAAAAT

Reverse: GGCTGTTGTCATACTTCTCATGG
AGTR1 Forward: GGCTATTGTTCACCCAATGAAGT

Reverse: TGGGACTCATAATGGAAAGCAC
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at room temperature. Absorbance (490 nm) 
was read by microplate reader (Thermo Fisher, 
USA).

Hoechst 33342/PI staining

Hoechst 33342/propidium iodide (PI) double 
staining kits (Solarbio, China) were used to 
detect pyroptosis in RA-FLS of each group. 
Cells were seeded in 6-well plates at a density 
of 2×105 cells per well and cultured at 37°C 
with 5% CO2 for 24 h to allow full adherence, 
followed by corresponding treatments accord-
ing to experimental groups. After treatment, 
the culture medium was aspirated, and cells 
were gently washed twice with PBS. Subse- 
quently, Hoechst 33342 (5 μg/mL) and PI (2 
μg/mL) were sequentially added according to 
the manufacturer’s instructions, and cells were 
incubated at 37°C in the dark for 15 min. After 
incubation, cells were washed twice with PBS 
to remove excessive dye, an appropriate vol-
ume of PBS was supplemented, and cells  
were immediately observed and imaged under 
a fluorescence microscope. Hoechst 33342 
penetrates intact cell membranes and labels 
all cell nuclei with blue fluorescence, whereas 
PI only enters cells with compromised mem-
brane integrity and binds to nucleic acids to 
emit red fluorescence. Accordingly, PI-positive 
cells (red fluorescence) represent pyroptotic 
cells. ImageJ software was utilized to calculate 
quantitatively the proportion of PI-positive cells 
relative to the total cell count in each field of 
view, with no fewer than three random fields 
selected for statistical analysis per group.

It should be noted that LDH release and PI  
positivity reflect plasma membrane integrity 
disruption, which is not specific to pyroptosis; 
therefore, these were used as supplementary 
indicators alongside the specific pyroptosis 
markers (GSDMD-N, cleaved caspase-1, etc.) 
detected by western blot and flow cytometry.

Statistical analysis

All experiments were performed in triplicate, 
and quantitative data were presented as mean 
± standard deviation (SD). Statistical analyses 
were performed using GraphPad Prism 8.0 
software (GraphPad Software, USA). The inde-
pendent two-sample t-test was adopted for 
comparisons between two groups, while one-
way analysis of variance (ANOVA) followed by 

Tukey’s post-hoc test was applied for compari-
sons among three or more groups. All statisti-
cal tests were two-tailed. Exact p-values were 
labeled directly on figures, and differences with 
P < 0.05 were considered significant.

Results

Downregulation of AGTR1 in RA

We first performed bioinformatic analysis of 
AGTR1 expression in the GSE21959 dataset, 
which contains in vitro-cultured RA-SF (n = 9) 
and HSF (n = 9). As shown in the left panel of 
Figure 1A, AGTR1 expression in RA-SF was sig-
nificantly lower than that in HSF. To further vali-
date this finding, we analyzed the GSE55235 
dataset, which contains synovial tissue biopsy 
specimens from RA patients (n = 10) and 
healthy controls (n = 10). The results similar- 
ly showed that AGTR1 expression in RA syno- 
vial tissue was significantly lower than that  
of healthy controls (right panel of Figure 1A), 
which was consistent with the GSE21959 
results. Given that FLS are the predominant  
cell type in the synovial lining and play a central 
role in RA pathogenesis, we further examined 
AGTR1 expression in in vitro-cultured FLS. qRT-
PCR and WB results (Figure 1B, 1C) confirm- 
ed that both the mRNA and protein levels of 
AGTR1 in RA-FLS were significantly lower than 
those in normal FLS. Taken together, these find-
ings indicated that AGTR1 was downregulated 
in RA, and this downregulation was closely 
associated with FLS.

AGTR1 modulates caspase-1, NLRP3, ASC, 
and GSDMD expression

In RA, FLS exhibit abnormal activation, hyper- 
proliferation, invasiveness, and a tendency 
toward tumor-like transformation. Pro-inflam- 
matory cytokines and MMPs secreted by these 
cells exacerbate inflammatory responses and 
joint cartilage destruction [9, 14, 18]. Compar- 
ed to OA patients undergoing knee replace-
ment surgery, synovial tissues from RA pa- 
tients show higher GSDME-N expression, and 
GSDME-N expression in peripheral blood mo- 
nonuclear cells of RA patients is significantly 
higher than in controls. Therefore, we hypothe-
sized that the intrinsically high inflammatory 
state of RA-FLS accounts for the elevated lev-
els of inflammation-related proteins. WB results 
indicated higher levels of key pyroptosis pro-
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Figure 1. Downregulation of AGTR1 in RA. A. Bioinformatic analysis of AGTR1 expression in RA. Left panel: com-
parison of AGTR1 expression in the GSE21959 dataset between rheumatoid arthritis synovial fibroblasts (RA-SF, n 
= 9) and healthy synovial fibroblasts (HSF, n = 9). Right panel: comparison of AGTR1 expression in the GSE55235 
dataset between RA synovial tissue (n = 10) and healthy control synovial tissue (n = 10). Blue, healthy control group; 
red, RA group. B. qRT-PCR analysis of AGTR1 mRNA levels in NC-FLS and RA-FLS. C. WB analysis of AGTR1 protein 
expression in NC-FLS and RA-FLS.

teins ASC and NLRP3 in RA-FLS cells than in 
NC-FLS cells (Supplementary Figure 1A, 1B). 
Caspase-1 is activated by ASC, and GSDMD-N 
directly mediates plasma membrane damage. 
Therefore, we quantified caspase-1, GSDMD-
full, and the activated forms of cleaved cas-
pase-1 and GSDMD-N levels in cells, which 
were substantially higher in RA-FLS cells than 
in NC-FLS cells (Supplementary Figure 1C-F). 
The findings supported the inherent inflamma-
tory characteristics of RA-FLS cells.

Given the crucial roles of FLS pyroptosis in  
RA pathogenesis, we hypothesized that down-
regulated AGTR1 in RA-FLS might regulate 
pyroptosis. We established AGTR1-overexpre- 
ssing RA-FLS by transfecting with oe-AGTR1. As 
shown in Figure 2A-C, qRT-PCR and WB con-
firmed successful AGTR1 overexpression. Tran- 
sfected RA-FLS cells were stained (oe-NC and 
oe-AGTR1), and flow cytometry analysis showed 
that AGTR1-positive cells were significantly 

increased in the oe-AGTR1 group compared to 
the oe-NC (Figure 2D).

To examine AGTR1’s effect on pyroptosis, cells 
were treated with pyroptosis inducer nigericin 
(10 nM) for 24 h. Nigericin treatment increased 
expression of key pyroptosis-related proteins 
ASC and NLRP3 by approximately 2-fold com-
pared to controls. AGTR1 overexpression sig-
nificantly attenuated this nigericin-induced up- 
regulation (Figure 2E, 2F). We examined cas-
pase-1, GSDMD-full, activated cleaved cas-
pase-1, and GSDMD-N levels in cells. While 
nigericin treatment did not alter total caspase-1 
or GSDMD-full levels, it markedly increased 
activated cleaved caspase-1 and GSDMD-N 
(Figure 2G-J). AGTR1 overexpression (oe-
AGTR1+Nigericin group) reduced nigericin-in- 
duced accumulation of these activated forms. 
AGTR1 overexpression suppressed nigericin-
induced expression of pyroptosis-related pro-
teins in RA-FLS.
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Figure 2. AGTR1 regulates expression of ASC, NLRP3, caspase-1, and GSDMD. A. qRT-PCR analysis of AGTR1 mRNA 
levels in FLS cells post-transfection of oe-AGTR1. B, C. WB analysis of AGTR1 protein expression in FLS post-trans-
fection of oe-AGTR1. D. Expression detection of AGTR1 by flow cytometry. E, F. WB analysis of ASC and NLRP3 
expression in cells treated with oe-NC, oe-NC+Nigericin, or oe-AGTR1+Nigericin. G-J. WB analysis of caspase-1, 
GSDMD-full, cleaved caspase-1, and GSDMD-N expression under different treatments in FLS.

AGTR1 modulates pyroptosis and inflammatory 
cytokine secretion

Having established AGTR1’s inhibitory effect on 
pyroptosis-related proteins, we further exam-
ined its effect on FLS pyroptosis. Nigericin-
treated cells were analyzed by TUNEL staining 
to assess apoptosis levels. Immunofluorescen- 

ce (Figure 3A, 3B) revealed significantly in- 
creased green fluorescence intensity in nigeri-
cin-treated cells compared with oe-NC contro- 
ls, indicating DNA damage. oe-AGTR1+Nigericin 
group exhibited weaker green fluorescence  
signals than oe-NC+Nigericin cells, suggesting 
AGTR1 overexpression attenuated apoptosis to 
some extent. Flow cytometry analysis of cas-
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Figure 3. AGTR1 regulates pyroptosis and inflammatory cytokine secretion. A, B. TUNEL staining of FLS treated with 
oe-NC, oe-NC+Nigericin, or oe-AGTR1+Nigericin. C, D. Flow cytometry analysis of caspase-1-positive cells. E-H. ELISA 
measurement of IL-1β, IL-18, IL-6, and IL-8 levels in culture supernatants. I. LDH release assay of FLS with different 
treatments. J. Representative images of dual immunofluorescence staining for PI (red) and Hoechst 33342 (blue).

pase-1-positive cells (Figure 3C, 3D) demon-
strated that AGTR1 overexpression reduc- 
ed caspase-1-positive cells from 36.82% to 
27.60% under nigericin treatment, confirming 
that AGTR1 overexpression attenuated nigeri-
cin-induced FLS pyroptosis.

During RA progression, inflammatory cytokines 
(IL-1β, IL-18, IL-6, IL-8) were markedly elevated, 
playing pivotal roles in driving inflammation, 
joint destruction, and immune dysregulation. 
ELISA (Figure 3E-H) showed nigericin treatment 
nearly doubled cytokine secretion compared to 
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untreated controls, suggesting that induction 
of pyroptosis in FLS significantly enhanced the 
release of pro-inflammatory cytokines. AGTR1 
overexpression significantly reduced nigericin-
induced cytokine release. Consistent results 
were observed in LDH release assays (Figure 
3I), where AGTR1 overexpression attenuated 
nigericin-induced LDH secretion. PI staining 
assays further demonstrated that nigericin 
treatment markedly increased the number of 
PI-positive cells, whereas AGTR1 overexpres-
sion effectively restored the proportion of 
PI-positive cells to levels comparable to those 
in the control group (Figure 3J). AGTR1 overex-
pression suppressed FLS pyroptosis and infla- 
mmatory cytokine secretion. To further confirm 
the necessary role of endogenous AGTR1 in 
RA-FLS pyroptosis, we generated AGTR1-kno- 
ckdown cell lines. qRT-PCR and WB results 
showed that both the mRNA and protein levels 
of AGTR1 in the sh-AGTR1 group were signifi-
cantly lower than those of the sh-NC group 
(Supplementary Figure 1G, 1H). After AGTR1 
knockdown, the proportion of Caspase-1-posi- 
tive cells was markedly increased (Supple- 
mentary Figure 1I). Also, the expression levels 
of the pyroptosis-related proteins ASC, NLRP3, 
GSDMD-F, and GSDMD-N were all significantly 
upregulated (Supplementary Figure 1J). In addi-
tion, ELISA results showed that the secretion 
levels of the pro-inflammatory cytokines IL-1β, 
IL-18, IL-6, and IL-8 in the cell culture super- 
natant of the sh-AGTR1 group were all signifi-
cantly higher than those of the sh-NC group 
(Supplementary Figure 1K). The LDH release 
assay demonstrated that AGTR1 knockdown 
significantly increased LDH release into the  
cell culture supernatant (Supplementary Figure 
1L), indicating aggravated disruption of plasma 
membrane integrity. Furthermore, PI/Hoechst 
double-staining revealed that AGTR1 knock-
down significantly increased the proportion of 
PI-positive cells (Supplementary Figure 1M). 
Collectively, these results indicated that knock-
down of AGTR1 exacerbated RA-FLS pyroptosis 
and promoted inflammatory cytokine release, 
confirming the indispensable role of endoge-
nous AGTR1 in suppressing pyroptosis.

AGTR1 suppresses pyroptosis and inflamma-
tion through the TGF-β pathway

To elucidate the molecular mechanism under- 
lying AGTR1’s effects, we investigated TGF-β 

based on previous reports of AGTR1-TGF-β 
crosstalk in cancer [17]. As SMAD2/3 phos-
phorylation status reflects TGF-β pathway acti-
vation [19], we examined expression of TGF-β, 
P-SMAD, and total SMAD proteins in AGTR1 
overexpressing RA-FLS cells by WB. AGTR1 
overexpression significantly increased TGF-β, 
P-SMAD, and total SMAD protein levels (Figure 
4A, 4B), along with elevated P-SMAD/SMAD 
ratios (Figure 4C), indicating enhanced TGF-β 
pathway activation. To verify the regulatory fun- 
ction of the TGF-β pathway in FLS pyroptosis, 
we treated cells with the TGF-β receptor I inhibi-
tor SB505124 or the TGF-β neutralizing anti-
body 1D11, and subsequently monitored alter-
ations in multiple pyroptosis-associated bio-
markers. As shown in Figure 4D-F and Supple- 
mentary Figure 2A-C, overexpressing AGTR1 in 
cells significantly downregulated pyroptosis-
related proteins GSDMD-N, ASC, NLRP3, clea- 
ved caspase-1, while increasing TGF-β pro- 
tein levels. SB505124 or 1D11 treatment  
alone increased GSDMD-N, ASC, NLRP3, and 
cleaved caspase-1. However, administration of 
SB505124 or 1D11 in AGTR1-overexpressing 
cells restored the expression levels of these 
proteins, indicating that inhibition or blockage 
of the TGF-β pathway partially abrogates the 
anti-pyroptotic effect mediated by AGTR1. 
Further detection of cell apoptosis levels by 
TUNEL staining (Figure 4G, 4H) revealed that 
overexpressing AGTR1 inhibited cell pyroptosis. 
SB505124 treatment promoted pyroptosis, 
and the addition of SB505124 on top of AGTR1 
weakened the inhibitory effect of AGTR1 on cell 
apoptosis. Using caspase-1 to detect pyropto-
sis levels (Figure 4I, 4J), we found that over- 
expressing AGTR1 inhibited pyroptosis in FLS 
cells. Furthermore, we examined inflammatory 
cytokine secretion and LDH release in cell 
supernatants using detection kits, and the 
results were consistent with the above findings. 
AGTR1 overexpression significantly suppressed 
the secretion of the four detected inflamma- 
tory cytokines and reduced LDH release. 
Treatment with SB505124 or 1D11 alone pro-
moted inflammatory cytokine secretion and 
LDH release. Importantly, combined treatment 
with SB505124 or 1D11 partially reversed the 
inhibitory effects of AGTR1 overexpression and 
restored inflammatory cytokine production and 
LDH release (Figure 4K-O and Supplementary 
Figure 2D, 2E). PI staining showed that AGTR1 
overexpression markedly reduced the number 
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of PI-positive cells compared to the control 
group, whereas additional SB505124 treat-
ment significantly rescued this phenotype 
(Figure 4P). We used ELISA to detect inflamma-
tory cytokine levels in cell supernatants and 
found that, consistent with the above results, 
overexpressing AGTR1 inhibited the secretion 
of the four inflammatory cytokines. SB505124 
or 1D11 treatment alone promoted cytokine 
secretion, and the addition of SB505124 or 
1D11 could partially increase cytokine secre-
tion (Figure 4K-N). Furthermore, to further veri-
fy whether the regulatory effects of AGTR1  
and the AGTR1-TGF-β signaling axis on pyropto-
sis observed in FLS cell lines possess clinical 
relevance, we conducted parallel experiments 
involving SB505124 treatment in primary FLS 
derived from patients with RA. Consistent with 
the above experimental results, SB505124 
treatment efficiently blocked AGTR1-mediated 
activation of the TGF-β pathway and reversed 
the AGTR1-induced downregulation of pyropto-
sis-related proteins (GSDMD-N, ASC, NLRP3 
and cleaved caspase-1) (Supplementary Figure 
3A-F). ELISA and LDH release assays yielded 
concordant results: AGTR1 overexpression sup-
pressed inflammatory cytokine secretion and 
LDH release, and such inhibitory effects could 
be partially reversed by SB505124 (Supple- 
mentary Figure 3G, 3H). Taken together, these 
data indicate that AGTR1 suppresses pyropto-
sis in FLS by activating the TGF-β pathway.

These results demonstrated that suppres- 
sive roles of AGTR1 on RA-FLS pyroptosis and 
inflammatory cytokine secretion were mediat-
ed through the TGF-β pathway. To ensure com-
pleteness of the setup, we added exogenous 
TGF-β1 (10 ng/mL) to function as a TGF-β1  
agonist. We hypothesize that AGTR1 may sup-
press RA-FLS pyroptosis through activation of 
the TGF-β pathway. We thus included oe-NC, 
TGF-β1, oe-AGTR1, and oe-AGTR1 + TGF-β1  
in Supplementary Figure 4. As presented in 
Supplementary Figure 4A-C, either AGTR1 over-

expression or TGF-β1 treatment alone signifi-
cantly lowered expression of pyroptosis-relat- 
ed proteins GSDMD-N, and cleaved caspase-1, 
ASC, NLRP3, while increasing TGF-β protein lev-
els. When TGF-β1 was added to AGTR1-over- 
expressing cells, the relevant protein levels 
were further decreased or increased. TUNEL 
staining (Supplementary Figure 4D) indicated 
that either AGTR1 overexpression or TGF-β1 
treatment alone attenuated cell pyroptosis, 
while the combination of TGF-β1 and AGTR1-
overexpressing cells greatly suppressed cell 
death.

Discussion

Fibroblast-like synoviocytes (FLS) are critical in 
the pathogenesis of synovitis and joint destruc-
tion in RA [4, 20]. Therefore, this study focused 
on identifying regulators of FLS pyroptosis. 
AGTR1 was downregulated in RA synovial tis-
sues and RA-FLS, while its overexpression  
suppressed nigericin-induced pyroptosis and 
inflammatory cytokine secretion in RA-FLS. The 
inhibitory effect was partially reversed by TGF-β 
receptor inhibition, revealing a novel regulatory 
mechanism of pyroptosis in FLS and identifying 
AGTR1 as a likely target for RA.

Cell death represents a fundamental process 
in cellular biology. While RA-FLS exhibit resis-
tance to apoptosis - a non-inflammatory pro-
grammed cell death - they demonstrate exces-
sive proliferation and aberrant behaviors, in- 
cluding increased inflammatory factor secre-
tion and enhanced migratory and invasive 
capacities. Therefore, inducing apoptosis in 
RA-FLS may offer therapeutic benefits for RA 
treatment [21]. In contrast to apoptosis, pyrop-
tosis is featured by a pro-inflammatory nature. 
Gasdermin proteins (GSDM) induce plasma 
membrane pores, causing osmotic lysis and 
release of inflammatory cytokines and dam-
age-associated molecular patterns, thereby 
exacerbating inflammation [22, 23]. FLS hyper-

Figure 4. AGTR1 inhibits FLS pyroptosis and inflammatory cytokine secretion through the TGF-β pathway. A, B. WB 
detection of P-SMAD2, SMAD2, and TGF-β expression in FLS cells treated with oe-NC, oe-NC+Nigericin, and oe-
AGTR1+Nigericin. C. The ratio of P-SMAD2 to total SMAD2 in FLS cells. D-F. WB detection of ASC, NLRP3, cleaved 
caspase-1, and GSDMD-N protein expression levels in RA-FLS cells under Nigericin induction after treatment with 
oe-NC, oe-AGTR1, and oe-AGTR1+SB505124 (TGF-β receptor I inhibitor). G, H. TUNEL staining to assess apoptosis 
in FLS cells after different treatments. I, J. Flow cytometry detection of caspase-1-positive FLS cells after different 
treatments. K-N. ELISA measurement of inflammatory cytokines IL-1β, IL-18, IL-6, and IL-8 levels in the supernatant 
of FLS cells after different treatments. O. LDH release assay of FLS with different treatments. P. Representative im-
ages of dual fluorescence staining with PI (red) and Hoechst 33342 (blue).
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proliferation and pyroptosis, mediated by ab- 
normal NLRP3 inflammasome activation, con-
tribute significantly to joint destruction and 
inflammation in RA [24]. The positive correla-
tion between NLRP3 and elevated inflammato-
ry cytokines in RA patient sera and synovial 
fluid further supports this mechanism [25, 26]. 
In the CIA animal model, an upregulated NLRP3 
inflammasome was observed in synovial FLS, 
along with increased MMP-1 in the superna-
tant. Elevated NLRP3 promotes secretion and 
maturation of IL-18/IL-1β through caspase-1 
cleavage [27, 28]. These findings demonstrate 
that inflammasome-mediated pyroptosis is 
tightly associated with RA-FLS pathogenesis 
and exacerbates RA-related inflammatory res- 
ponses. Our results extend this understanding 
by revealing significantly reduced AGTR1 exp- 
ression in RA-FLS. Overexpression of AGTR1 
markedly decreased levels of GSDMD-N, NL- 
RP3, cleaved caspase-1, and ASC, thereby sup-
pressing FLS pyroptosis and reducing inflam-
matory cytokine secretion. This finding confirms 
the critical role of pyroptosis in RA-FLS patho-
genesis and suggests a strategy for mitigating 
FLS pyroptosis.

AGTR1 is a pivotal protein in blood pressure 
regulation that binds angiotensin II to induce 
vasoconstriction, sodium/water retention, and 
indirectly modulates inflammation, thrombosis, 
and fibrosis [29]. As a key component of the 
renin-angiotensin system (RAS), AGTR1 is criti-
cal in cardiovascular pathogenesis [30, 31]. 
AGTR1 may contribute to joint inflammatory  
disorders by modulating inflammatory factors 
and synovial fibroblast behavior. Angiotensin II/
AGTR1 activation drives pathological changes 
in experimental OA mice, including subchondral 
bone sclerosis, synovitis, synovial damage, and 
articular cartilage degradation [32], highlight-
ing AGTR1’s pathogenic role in OA. TGF-β1 pro-
tects chondrocytes by repressing pyroptosis by 
Smad2/3 activation and NF-κB inhibition [12]. 
Although the study did not directly address 
AGTR1, the potential crosstalk between TGF-β 
and Ang II/AGTR1 signaling in inflammatory dis-
eases [33, 34] implies the unexplored role of 
AGTR1 in RA.

We identified AGTR1’s potential involvement in 
RA through bioinformatic analysis of synovial 
mRNA datasets and experimental validation in 
RA-FLS, revealing significant AGTR1 downregu-
lation in RA. Functional assays demonstrated 

that AGTR1 overexpression suppressed nigeri-
cin-induced pyroptosis and cytokine secretion 
in FLS, while TGF-β receptor inhibition abol-
ished this protective effect, indicating TGF-β-
dependent regulation. Our findings not only 
establish AGTR1’s impact on RA progression 
but also elucidate its mechanistic basis. How- 
ever, we focused exclusively on AGTR1’s canon-
ical pyroptosis regulation. Whether non-canoni-
cal pathways contribute to effects of AGTR1 
warrants further investigation. Furthermore, 
based on previous research [16, 35], as a  
core component of the RAS, the activation 
mode of TGF-β by AGTR1 has not been fully  
verified. Whether AGTR1 regulates inflamma- 
tory response and pyroptosis through non-
SMAD-dependent pathways remains unex-
plored. Most importantly, the conclusions of 
the present study are currently supported only 
by evidence from cell lines and primary cells, 
and the in vivo functions of the AGTR1-TGF-β 
axis in RA require further validation using clas-
sic RA animal models such as CIA or humanized 
mice. In follow-up work, we aim to further inves-
tigate the role of non-canonical pathways in 
AGTR1-mediated regulation, clarify the precise 
mechanism by which AGTR1 activates TGF-β, 
and employ the CIA model to evaluate the 
impacts of AGTR1 overexpression or TGF-β 
pathway activation on synovial inflammation, 
articular cartilage destruction, and pyroptosis 
markers, to comprehensively validate the in 
vivo relevance of our findings.

Our study revealed that AGTR1 repressed FLS-
RA pyroptosis and inflammatory cytokine se- 
cretion through TGF-β signaling. These findings 
suggest that targeted induction of AGTR1 ex- 
pression or activation of TGF-β signaling may 
represent promising therapeutic strategies for 
mitigating FLS-mediated inflammation in RA.
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Supplementary Figure 1. A, B. WB analysis of ASC and NLRP3 protein expression in NC-FLS and RA-FLS cells. C, D. 
WB analysis of caspase-1 expression in NC-FLS and RA-FLS cells. E, F. WB analysis of GSDMD-full and GSDMD-N 
expression. G, H. WB and qRT-PCR analysis of AGTR1 expression in RA-FLS cells treated with sh-NC or sh-AGTR1. I. 
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Flow cytometric analysis of the proportion of Caspase-1-positive cells. J. WB analysis of ASC, NLRP3, and GSDMD-N 
protein expression levels in RA-FLS cells. K. ELISA measurement of the levels of the inflammatory cytokines IL-1β, 
IL-18, IL-6, and IL-8 in FLS cell culture supernatants. L. LDH release assay in FLS. M. Representative images of 
double-fluorescence staining with PI (red) and Hoechst 33342 (blue).

Supplementary Figure 2. A-C. WB detection of ASC, NLRP3, TGF-β, cleaved caspase-1, and GSDMD-N protein expres-
sion levels in RA-FLS cells under Nigericin induction after treatment with oe-NC, oe-AGTR1, and oe-AGTR1+1D11 
(TGF-β neutralizing antibody). D. ELISA measurement of inflammatory cytokines IL-1β, IL-18, IL-6, and IL-8 levels in 
the supernatant of FLS cells after different treatments. E. LDH release assay of FLS with different treatments.



AGTR1 suppresses pyroptosis in rheumatoid arthritis

3	

Supplementary Figure 3. A. qRT-PCR analysis of AGTR1 mRNA levels in primary FLS cells post-transfection of oe-AG-
TR1. B, C. WB analysis of AGTR1 protein expression in FLS post-transfection of oe-AGTR1. D-F. WB detection of ASC, 
NLRP3, cleaved caspase-1, and GSDMD-N protein expression levels primary FLS cells under Nigericin induction af-
ter treatment with oe-NC, oe-AGTR1, and oe-AGTR1+SB505124 (TGF-β receptor I inhibitor). G. ELISA measurement 
of inflammatory cytokines IL-1β, IL-18, IL-6, and IL-8 levels in the supernatant of FLS cells after different treatments. 
H. LDH release assay of primary FLS cells with different treatments.
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Supplementary Figure 4. A. WB detection of ASC, NLRP3, and TGF-β expression in FLS cells treated with oe-NC, 
oe-AGTR1, TGF-β1, oe-AGTR1+TGF-β1. B, C. WB detection of cleaved caspase-1, and GSDMD-N protein expression 
levels in RA-FLS cells treated with oe-NC, oe-AGTR1, TGF-β1, oe-AGTR1+TGF-β1. D. TUNEL staining to assess apop-
tosis in FLS cells after different treatments.


