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Purpose: This study probed the mechanism of action of Xinfeng Capsule (XFC) in myocardial injury in rats with adjuvant arthritis 
(AA) via the growth arrest-specific transcript 5 (GAS5)/microRNA-21 (miR-21)/Toll-like receptor 4 (TLR4) axis.
Methods: Rats were injected with Freund’s complete adjuvant to establish a rat model of AA. Then, some modeled rats were given 
normal saline or drugs only, and some modeled rats were injected with adeno-associated viruses or necrosulfonamide (NSA; 
a pyroptosis inhibitor) before drug administration. Toe swelling and arthritis index (AI) were calculated. Pathological and morpho
logical changes in synovial and myocardial tissues were analyzed with hematoxylin-eosin staining, and pyroptotic vesicles and the 
ultrastructural changes of myocardial tissues were observed with transmission electron microscopy. The serum levels of interleukin 
(IL)-1β, IL-18, IL-6, and tumor necrosis factor (TNF)-α were detected, and lactate dehydrogenase (LDH) release was measured in 
myocardial tissues, accompanied by the examination of GAS5, miR-21, TLR4, nuclear factor-kB (NF-κB) p65, nucleotide-binding 
oligomerization domain-like receptor protein 3 (NLRP3), Caspase-1, and Gasdermin D (GSDMD) expression in myocardial tissues.
Results: After AA modeling, rats presented with significantly increased toe swelling and AI scores, synovial and myocardial tissue 
damage, elevated pyroptotic vesicles, and markedly enhanced serum levels of IL-1β, IL-18, IL-6, and TNF-α, accompanied by 
significantly diminished GAS5 expression, substantially augmented miR-21, TLR4, NF-κB p65, NLRP3, Caspase-1, and GSDMD 
expression, greatly increased LDH release in myocardial tissues. XFC treatment significantly declined toe swelling, AI scores, 
synovial and myocardial tissue damage, and the serum levels of IL-1β, IL-18, IL-6, and TNF-α in AA rats. Additionally, XFC 
treatment markedly elevated GAS5 expression and substantially lowered LDH release and miR-21, TLR4, NF-κB p65, NLRP3, 
Caspase-1, and GSDMD expression in myocardial tissues of AA rats. Moreover, the above effects of XFC in AA rats were further 
promoted by GAS5 overexpression or NSA treatment.
Conclusion: XFC alleviated myocardial injury in AA rats by regulating the GAS5/miR-21/TLR4 axis and inhibiting pyroptosis and 
pro-inflammatory cytokine secretion.
Keywords: adjuvant arthritis, myocardial injury, GAS5/miR-21/TLR4 axis, pyroptosis, Xinfeng Capsule

Introduction
Rheumatoid arthritis (RA), a chronic systemic inflammatory disease, can lead to joint deformity and dysfunction.1 RA 
patients often present with a variety of extra-articular manifestations and comorbidities, including cardiovascular, 
respiratory, digestive, and cutaneous disorders since this disease involves multiple extra-articular organs, particularly 
the heart.2 Moreover, RA has been demonstrated as an independent risk factor for cardiovascular disease (CVD).3 

Reportedly, the mortality rate of CVD is 1.5 times higher in RA patients than in the general population.4 In some special 
cases of RA, extra-articular symptoms may precede the onset of articular symptoms, thereby affecting the regression and 
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prognosis of RA.2,5 Considering the unclear pathogenesis of RA, it is essential for the management of cardiac damage 
secondary to RA to elucidate the pathogenic mechanisms.

Pyroptosis is a novel type of inflammatory programmed cell death that is mediated by Caspase and gasdermin 
(GSDM) families.6 It has been reported that pyroptosis is involved in the progression of RA.7 Pyroptosis-related 
biological alterations, such as inflammasome formation, activation of Caspases and GSDM proteins, and release of 
numerous pro-inflammatory cytokines (interleukin [IL]-1β, IL-18, IL-6, and tumor necrosis factor [TNF]-α), are pivotal 
triggers of RA.8 Similarly, pyroptosis has an important role in the pathogenesis of CVD which is associated with 
cardiomyocytes, vascular endothelial cells, and macrophages.9 Myocardial pyroptosis is widely involved in myocardial 
injury of various causes and is a key mechanism underlying impaired cardiac function.9,10 As a result, pyroptosis 
inhibition may be a potential strategy to improve cardiac function in RA patients.

Long non-coding RNAs (lncRNAs) are transcripts formed by the transcription of RNA polymerase II longer than 200 
nucleotides,11 which modulate several biological processes such as immune response, metabolism, proliferation, differ
entiation, and apoptosis12 and also play a unique role in the differentiation and activation of immune cells.13 More 
importantly, lncRNAs can mediate pyroptosis through two mechanisms. Specifically, lncRNAs bind to microRNAs 
(miRNAs/miRs) as competitive endogenous RNAs (ceRNAs) to affect the expression of messenger RNAs (mRNAs), 
thus regulating pyroptosis.14 Additionally, lncRNAs can influence pyroptosis by directly binding to proteins or inhibiting 
the translation process.15 These two mechanisms also are implicated in the pathology and physiology of RA and 
CVD.16,17 As a lncRNA, growth arrest-specific transcript 5 (GAS5) has become a hotspot for ceRNA-related research 
in recent years because of its key role in the regulation of pyroptosis.18 GAS5 has been revealed as a potential therapeutic 
target for RA.19 Furthermore, a prior study exhibited that GAS5 could structurally bind to miR-21 in RAW264.7 
macrophages.20 MiR-21, a member of the miRNA family, was found in a previous study to bind to Toll-like receptor 
4 (TLR4) in renal tubular epithelial cells induced by ischemia.21 Of note, mounting studies indicated that both miR-21 
and TLR4 initiate nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome-mediated 
pyroptosis through diverse pathways.22–24 In addition, a previous study showed that myocardial injury occurred in AA 
rats, which might be related to the activation of the TLR4/mitogen-activated protein kinase/nuclear factor-κB (NF-κB) 
pathway, the elevated expression of miR-21, and the increased release of pro-inflammatory cytokines.25 Therefore, we 
hypothesized that GAS5 might act as a ceRNA to bind to miR-21 during the occurrence and development of RA, hence 
modulating TLR4 expression and affecting myocardial pyroptosis.

Xinfeng Capsule (XFC) is a traditional Chinese medicine (TCM) compound preparation that is developed based on 
the TCM theory for the treatment of RA.26 Liu et al observed that XFC effectively repressed the immune inflammatory 
response and improved the cardiac function of RA patients.26 Therefore, this study investigated whether the TCM 
compound XFC suppressed inflammation and pyroptosis and improved myocardial injury in RA and analyzed the related 
mechanism of XFC involving the GAS5/miR-21/TLR4 axis.

Materials and Methods
Animals
Forty-two male Sprague-Dawley (SD) rats (specific pathogen-free grade; age: 6–8 weeks; weight: 200−220 g) were 
purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Liaoning, China; SCXK (Liao) 2020–0001). The rats 
were acclimatized for 1 week and then reared by groups in the laboratory with a temperature of 20°C–25°C and a relative 
humidity of 40–70% under natural light cycles. This study was approved by the Animal Ethics Committee of the Anhui 
University of Chinese Medicine (Approval No. AHUCM-rats-2023033).

Drugs and Reagents
XFC is composed of Astragalus membranaceus, Coix seed, Centipede, and Tripterygium wilfordii, which was provided by 
the Preparation Center of the First Affiliated Hospital of Anhui University of Chinese Medicine (Anhui Medicine system 
Z20050062). Methotrexate (MTX) tablets were purchased from Shanghai Shangyao Xinyi Pharmaceutical Co., Ltd. 
(Shanghai, China; 036211006). Freund’s complete adjuvant (FCA) was acquired from Chondrex (Redmond, Washington, 
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USA; 7008). Anti-β-actin, anti-TLR4, anti-NF-κB p65, and anti-GSDMD were bought from Proteintech (Wuhan, China; 
81115-1-RR, 19811-1-AP, 10745-1-AP, and 20770-1-AP), while anti-Caspase-1 and anti-NLRP3 were purchased from 
ZENBID (Chengdu, China; 342947 and 381207). Goat anti-rabbit immunoglobulin G (IgG) and goat anti-mouse IgG, 
both of which are labeled by horseradish peroxidase, were provided by Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, 
China; ZB-2301 and ZB-2305). Enzyme-linked immunosorbent assay (ELISA) kits of IL-1β, IL-6, IL-18, and TNF-α were 
purchased from Shanghai Weiao Biotechnology Co., Ltd. (Shanghai, China; ER20275M, ER20298M, ER20267M, and 
ER20497M). The hematoxylin-eosin (HE) staining kit was bought from Solarbio (Beijing, China; G1120). The lactate 
dehydrogenase (LDH) kit was provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China; A020-1); Adeno- 
associated viruses (AAV) were designed and synthesized by Limibio (Hefei, China). The pyroptosis inhibitor necrosulfo
namide (NSA) was acquired from GLPBIO (Shanghai, China; GC10150).

Instruments
The following instrument was used in this study: a SpectraMax Plus 384 multi-mode microplate reader (Molecular 
Devices, Sunnyvale, CA, USA), a reverse transcription-quantitative polymerase-chain reaction (RT-qPCR) instrument 
(Roche, Indianapolis, IN, USA; LightCycler 480), a high-speed tissue grinder (Servicebio, Wuhan, China; KZ-II), an 
ECLIPSE E100 microscope (NIKON, Tokyo, Japan), a gel imager (Bio-Rad, Hercules, CA, USA; ChemiDoc XRS+ 
System), an electrophoresis instrument (Bio-Rad; Mini-Protean Tetra System), and a chemiluminescence imaging system 
(Shenhua Science Technology Co., Ltd. (Hangzhou, China; SH-523)).

AA Modeling, Grouping, and Drug Administration
Forty-two rats were allocated into seven groups (6 rats/group) with the random number table method: normal control 
(NC), model control (MC), XFC, MTX, XFC + empty adeno-associated viruses (AAVs) (XFC + EV), XFC + AAVs 
harboring GAS5 overexpression (XFC + GAS5), and XFC + NSA groups. Except for rats in the NC group, rats in other 
groups were injected intracutaneously with 0.1 mL FCA at the right plantar surface to induce inflammation. On the 
10th day after the first FCA injection, rats in the XFC + EV and XFC + GAS5 groups were given a single injection of 100 
μL of empty AAVs (1 × 1013 TU/mL) and 100 μL of AAVs harboring GAS5 overexpression (1 × 1013 TU/mL), 
respectively. On the 19th day, rats in the NC and MC groups were given normal saline (1 mL/100 g) once a day, rats in 
the XFC, XFC + EV, XFC + GAS5, and XFC + NSA groups were given XFC suspensions (0.3 g/mL; 1 mL/100 g) once 
a day, and rats in the MTX group were given MTX suspensions (0.3 mg/mL; 1 mL/100 g) once a week. In addition, rats 
in the XFC + NSA group underwent a one-time intraperitoneal injection of NSA (1.65 mg/kg). Rats were administered 
normal saline or drugs by gavage for 4 weeks.

Assessment of Arthritis Severity
The volume of the hind plantar was measured with the drainage method 1 day before modeling and 2 times a week after 
modeling to analyze toe swelling. Toe swelling was calculated with the following formula: toe swelling = post- 
inflammatory volume − pre-inflammatory volume.27 The arthritis index (AI) was calculated. Specifically, systemic 
lesions were evaluated with a 5-grade scoring method: 0 scores, no swelling of the joints; 1 score, joint redness and 
swelling in the little toe; 2 scores, redness and swelling of the toes joints and the footpad; 3 scores, redness and swelling 
of the ankle joints and the whole foot claw; 4 scores, redness and swelling of the ankle joints and the whole foot claw and 
even joint deformity. The AI of each rat was obtained based on the cumulative score of the degree of lesions in the 
remaining 3 limbs that were not injected with FCA and calculated by accumulating the score of each joint, with 
a maximum score of 12.28

Collection of Myocardial and Synovial Tissues and Blood Samples
After the assessment of arthritis severity, rats were anesthetized through the intraperitoneal injection of 3% sodium 
pentobarbital (30 mg/kg) and then euthanized. The synovial and myocardial tissues of rats were separated, of which some 
were stored at −80°C for RT-qPCR and Western blotting, and the rest were fixed in 4% paraformaldehyde and preserved 
at room temperature for pathological detection. Blood samples were obtained through abdominal aortic puncture with 
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vacuum blood collection tubes and centrifuged at 3000 r/min for 5 min, followed by the collection of the supernatant. 
Then, the supernatant was stored at −80°C for cytokine assays.

HE Staining
The synovial and myocardial tissues were fixed in 4% paraformaldehyde, followed by dehydration, clearing, and wax 
embedding. Next, the tissues were cut into 6 μm sections for HE staining. Finally, the pathological and morphological 
changes of rat synovium and myocardium were observed under the microscope.

Transmission Electron Microscopy (TEM)
The sections of myocardial tissues were fixed in Eppendorf tubes containing fixative for electron microscopy, washed 
with phosphate-buffered saline three times (15 min each time), followed by fixation with 1% osmic acid for 2 h at room 
temperature in dark and three rinses. After dehydration, permeation, embedding, and ultrathin sectioning, TEM was 
conducted to observe the ultrastructural changes of tissues, and photographs were taken.

ELISA
The serum levels of IL-1β, IL-6, IL-18, and TNF-α were measured as instructed in the manuals of ELISA kits.

LDH Assay
LDH release from rat myocardial tissues was tested as per the protocols of the LDH kit.

RT-qPCR
The total RNA of rat myocardial tissues was extracted according to the manuals of the TRIzol Kit. cDNA was obtained 
through reverse transcription of RNA with a reverse transcription kit and amplified with a SYBR Green kit. Reaction 
conditions were set at the different stages and included denaturation at 95°C for 3 min and 40 cycles of PCRs at 95°C for 
15s and at 60°C for 30s. Glyceraldehyde-3-phosphate dehydrogenase and U6 were used as internal references for miR-21 
and other genes, respectively, and the relative gene expression was calculated with the 2−ΔΔCt method. The used primers 
are listed in Table 1.

Western Blotting
Rat myocardial tissues were lysed and homogenized, and the supernatant was attained, followed by the measurement of the 
protein concentration with a protein concentration assay kit. Protein samples were added with the appropriate amount of diluents 
and sampling buffer, separated through 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and transferred into 
polyvinylidene fluoride membranes. After being sealed, the membranes were subjected to overnight incubation with primary 
antibodies anti-TLR4 (1:1000), anti-NF-κB p65 (1:1000), anti-GSDMD (1:500), anti-Caspase-1 (1:500), and anti-NLRP3 
(1:1000) at 4 °C overnight, Tris-Buffered Saline with Tween 20 (TBST) washing, 2 h incubation with secondary antibodies, 
and TBST washing. After that, the membranes were added with Enhanced Chemiluminescence Plus solutions, followed by rapid 
development and exposure. The grayscale of images was analyzed with ImageJ software. Anti-β-actin (1:5000) was used as 
reference protein for normalization. The relative expression of target proteins was calculated by the ratio of the grayscale value of 
target proteins to that of the internal reference β-actin.

Statistical Analysis
Data were analyzed with GraphPad Prism 9.5.1 (GraphPad Institute, San Diego, CA, USA) software and summarized as 
mean ± standard deviation. Data with normality and homogeneity of variance were compared between two groups with the 
t-test and among multiple groups with one-way analysis of variance. Differences were statistically significant at P < 0.05.
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Results
XFC Reduces Toe Swelling and AI Scores in AA Rats
Compared with those in the NC group, toe swelling and AI scores in other groups peaked on the 1st day after 
inflammation induction, decreased to the lowest level on the 8th day, and gradually increased from the 11th day. Drug 
interventions were started on day 19 after inflammation induction. In XFC treatment groups, toe swelling was reduced 
from day 29, and AI scores declined from day 22, highlighting that XFC ameliorated toe swelling and joint inflammation 
in AA rats (Figure 1).

XFC Attenuates Synovial and Myocardial Tissue Damage in AA Rats
HE staining was performed to assess synovial and myocardial tissue damage in AA rats. The results revealed that in the 
NC group, rat synovial tissues showed normal cell growth, without synovial thickening and fibrosis and inflammatory 
cell infiltration, and rat myocardial tissues were structurally intact, with neatly aligned fibers, uniform and clear cell 
nucleus staining, and no edema and inflammatory cell infiltration. Compared with those in the NC group, rat synovial 
tissues in the MC group had unclear layers, with thickening and fibrosis, visible angiogenesis, and massive inflammatory 
cell infiltration, and rat myocardial tissues in the MC group were damaged, accompanied by broken and lysed myocardial 
fibers, widened gaps, inhomogeneous cell nucleus staining, cellular edema, and massive inflammatory cells infiltration. 
The pathological state of rat synovial and myocardial tissues in the AA group was improved by treatment with XFC or 
MTX. Compared with the XFC group, the XFC + GAS5 and XFC + NSA groups had a significantly improved 
pathological state of rat synovial and myocardial tissues (Figure 2).

XFC Improves the Ultrastructure of Myocardial in AA Rats
The ultrastructure of rat myocardial was observed with TEM. In the NC group, the morphology and structure of 
cardiomyocytes were normal and myofibrils were arranged regularly and clearly, with complete mitochondrial morphol
ogy, clear structure of mitochondrial cristae, and no obvious pyroptotic vesicles. Compared with the NC group, the MC 
group exhibited broken cell membranes and pore formation of rat cardiomyocytes, poorly arranged myofibrils, broken 
and sparse mitochondrial cristae, and a large number of pyroptotic vesicles. Treatment with MTX or XFC improved the 

Table 1 Primer Used for RT-qPCR

Targets Sequences

LncRNA GAS5 Forward:5’-AAGCTCCACACAAGGTCCTT-3’
Reverse: 5’-GCATCCATCCAGTCACCTCT-3’

NLRP3 Forward: 5’-GAAACTCTGGTTGGTCAGC-3’

Reverse: 5’-AGAGAATGGGTTGGAGCTCAG-3’
GSDMD Forward: 5’-CGACTCTGGAGAACTGGTG-3’

Reverse: 5’-TGGGTTTCACTCAACCCAG-3’

Caspase-1 Forward: 5’-AAGATGATGGCATTAAGAAGGC-3’
Reverse: 5’-TCCAGGACACATTATCTGGTG-3’

TLR4 Forward: 5’-CCTGCATAGAGGTACTTCCT-3’
Reverse: 5’-AATAAGGGGATGTCATGAGGGA-3’

NF-κB p65 Forward: 5’-TGTGAAGAAGCGAGACCTG-3’

Reverse: 5’-TCCTCTATGGGAACTTGAAAGG-3’
GAPDH Forward: 5’-AGGTCGGGTGTGAACGGATTTG-3’

Reverse: 5’-GGGGTCGTTGATGGCAACA-3’

miR-21 Forward: 5’-GCGCGTAGCTTATCAGACTGA-3’
Reverse: 5’-AGTGCAGGGTCCGAGGTATT-3’

miR-21 (reverse transcription) 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA-3’

U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’
Reverse: 5’-AACGCTTCACGAATTTGCGT-3’
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ultrastructure of myocardial in AA rats, which was further markedly improved in the XFC + GAS5 and XFC + NSA 
groups (Figure 3).

XFC Diminishes Serum Pro-Inflammatory Cytokine Levels in AA Rats
The serum levels of pro-inflammatory cytokines in rats were examined with ELISA. The serum levels of IL-1β, IL-18, 
IL-6, and TNF-α were substantially higher in the MC group than in the NC group (P < 0.01) and greatly lower in the 
XFC and MTX groups than in the MC group (P < 0.01, P < 0.05). Compared with the XFC group, the XFC + GAS5 and 
XFC + NSA groups showed a significant decrease in the serum levels of IL-1β, IL-18, IL-6, and TNF-α (P < 0.01, P < 
0.05) (Figure 4). Overall, XFC could effectively decline the serum levels of pro-inflammatory cytokines in AA rats, 
which was further promoted by GAS5 overexpression and NSA.

XFC Depresses LDH Release in AA Rats
LDH release was detected to evaluate pyroptosis. LDH release in the MC group was significantly increased compared 
with that in the NC group (P < 0.01), whereas LDH release in the XFC and MTX groups was substantially lowered as 
compared to that in the MC group (P < 0.01, P < 0.05). In contrast to the XFC group, LDH release was prominently 
diminished in the XFC + GAS5 and XFC + NSA groups (P < 0.01) (Figure 5). In summary, XFC could effectively 
inhibit LDH release in AA rats, and this effect was fueled by GAS5 overexpression or NSA.

XFC Modulates the GAS5/miR-21/TLR4 Axis and Pyroptosis-Related Indicators in 
Myocardial Tissues of AA Rats
The expression of the GAS5/miR-21/TLR4 axis and pyroptosis-related indicators were tested in rat myocardial tissues. 
The expression of miR-21, TLR4, NF-κB p65, NLRP3, Caspase-1, and GSDMD was greatly enhanced and GAS5 
expression was markedly reduced in the MC group versus the NC group (P < 0.01), whilst opposite trends were observed 
in the XFC and MTX groups as compared to the MC group (P < 0.01, P < 0.05). Relative to the XFC group, the XFC + 

Figure 1 Effect of XFC on toe swelling and arthritis index in AA rats. 
Notes: (A) Toe swelling degree of rats in each group. (B) Arthritis index of rats in each group. NC, the normal control group; MC, the model control group; XFC, the 
Xinfeng Capsule group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; XFC + GAS5, the Xinfeng Capsule + AAV harboring 
GAS5 overexpression group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group. n=number of rats (6 rats/group).
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GAS5 and XFC + NSA groups had significantly higher GAS5 expression and substantially poorer expression of miR-21, 
TLR4, NF-κB p65, NLRP3, Caspase-1, and GSDMD (P < 0.01) (Figure 6A–C). In conclusion, XFC could up-regulate 
GAS5 expression and down-regulate miR-21, TLR4, NF-κB p65, and pyroptosis-related indicators in myocardial tissues 
of AA rats, which was further promoted by GAS5 overexpression or NSA.

Discussion
As a systemic autoimmune disease, RA mainly manifests as chronic inflammation of joint synovial tissues.29 Molecular 
mechanisms underlying RA remain unexclusive although the development of RA has been reported to share an 
association with risk factors including genetic, environmental, and immunologic factors.30 RA patients are prevalently 
complicated by CVD, particularly cardiac lesions.31 Therefore, it is of tremendous importance to search for new 
therapeutic approaches for preventing and controlling the progression of RA toward serious cardiovascular events. 
The present study explored the mechanism of XFC in treating RA myocardial injury through the establishment of an AA 
rat model to provide potential targets in improving the management of myocardial injury in RA. It was observed that toe 
swelling and AI scores were substantially elevated in rats after AA modeling. The pathological observation of synovial 

Figure 2 Effects of XFC on the histopathology of synovium and myocardium in AA rats (HE, ×200). 
Notes: (A) Synovial histopathology of rats. (B) Myocardial histopathology of rats. NC, the normal control group; MC, the model control group; XFC, the Xinfeng Capsule 
group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; XFC + GAS5, the Xinfeng Capsule + AAV harboring GAS5 overexpression 
group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group.
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Figure 3 Effects of XFC on the ultrastructure of myocardial in AA rats (TEM, ×6000). 
Notes: The ultrastructure of the myocardium in different groups of rats is shown in the figure. The red arrow refers to the pyroptotic vesicles. NC, the normal control 
group; MC, the model control group; XFC, the Xinfeng Capsule group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; XFC + 
GAS5, the Xinfeng Capsule + AAV harboring GAS5 overexpression group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group.

Figure 4 Effect of XFC on serum cytokines in AA rats. 
Notes: (A) IL-1β levels in different groups. (B) IL-18 levels in different groups. (C) IL-6 levels in different groups. (D) TNF-α levels in different groups. NC, the normal 
control group; MC, the model control group; XFC, the Xinfeng Capsule group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; 
XFC + GAS5, the Xinfeng Capsule + AAV harboring GAS5 overexpression group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group. Values are mean ± 
standard deviation, n=number of rats (6 rats/group). **P < 0.01, compared with the NC group; ##P < 0.01, #P < 0.05, compared with the MC group; ΔΔP < 0.01, ΔP < 0.05, 
compared with the XFC group.
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tissues showed that the synovium of AA rats showed active hyperplasia, obvious inflammatory cell infiltration, and 
pannus formation. Further pathological observation of myocardial tissues unveiled that myocardial fibers were broken 
and lysed and the membrane of cardiomyocytes was broken with pore formation, accompanied by obviously broken and 
sparse mitochondrial cristae and massive inflammatory cell infiltration and pyroptotic vesicles. This finding implies that 
AA rats presented with both joint inflammation and myocardial tissue inflammation and damage. In RA, myocardial 
injury may be secondary to inflammation. XFC treatment significantly decreased toe swelling, AI scores, and patholo
gical damage and inflammation of synovial and myocardial tissues in AA rats, indicating the therapeutic effect of XFC 
on joint inflammation and myocardial injury in AA rats.

As a newly discovered form of inflammatory cell death, pyroptosis is primarily associated with pathways including 
Caspase-1, Caspase-4/5/11-dependent pathway, and Caspase-3/8-mediated novel pathway.7 Wu et al8 found that 
Pentraxin 3, a new diagnostic marker for RA, activated NLRP3 inflammasomes and Caspase-1 and induced cleavage 
of GSDMD and secretion of cytokines such as IL-1β, IL-18, IL-6, and TNF-α in a C1q-dependent manner to promote 
monocyte pyroptosis in RA patients, accompanied by an increase in LDH release. Li et al32 observed that TLR4, NLRP3, 
Caspase-1, GSDMD, and IL-1β expression was increased in knee joints and the LDH activity was augmented in the 
serum of rats with a modified adjuvant-induced arthritis model. In addition, He et al33 also measured high levels of 
Caspase-1, GSDMD, NLRP3, IL-1β, and IL-18 and high serum activity of LDH in mice with ischemia-reperfusion 
injury. Importantly, another study elucidated that targeted inhibition of NLRP3 inflammasome-mediated pyroptosis could 
attenuate myocardial injury.34 Consistently, the current study revealed a significant increase in the levels of pro- 
inflammatory cytokines including IL-1β, IL-18, IL-6, and TNF-α in the serum and a marked elevation in the levels of 
pyroptosis-related indicators Caspase-1, GSDMD, and NLRP3 in myocardial tissues of AA rats, illustrating the presence 
of immune-inflammatory responses and cardiomyocyte pyroptosis in AA rats and that RA-related myocardial injury may 
be related to the release of pro-inflammatory cytokines and the initiation of the pyroptosis pathway. In our study, XFC 
treatment greatly decreased the expression of IL-1β, IL-18, IL-6, TNF-α, NLRP3, Caspase-1, and GSDMD and the 
release of LDH, highlighting that XFC may attenuate myocardial injury in AA rats by repressing pro-inflammatory 
cytokines and pyroptosis.

GAS5 was originally discovered through screening of potential tumor suppressors.35 Reportedly, GAS5 is associated 
with several autoimmune diseases, including RA.19 Accumulating studies have unraveled that GAS5 is poorly expressed 
in RA patients, mice, and fibroblast-like synoviocytes (FLSs).36–38 For example, Wu et al36 detected low expression of 
GAS5 in peripheral blood mononuclear cells of RA patients and confirmed a negative correlation between GAS5 and 
C-reactive protein. Chen et al37 noted that GAS5 reduced the levels of pro-inflammatory cytokines and oxidative stress- 
related parameters, thus mitigating synovial inflammation and bone destruction in RA mice. The research by Li et al38 

elaborated that GAS5 knockdown accelerated RA-FLS proliferation by activating the phosphatidylinositol 3-kinase/ 

Figure 5 Effect of XFC on LDH release from myocardial tissues in AA rats. 
Notes: The graph displays the statistical analysis results of LDH release from rat myocardial tissues in different groups. NC, the normal control group; MC, the model 
control group; XFC, the Xinfeng Capsule group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; XFC + GAS5, the Xinfeng 
Capsule + AAV harboring GAS5 overexpression group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group. Values are mean ± standard deviation, 
n=number of rats (6 rats/group). **P < 0.01, compared with the NC group; ##P < 0.01, #P < 0.05, compared with the MC group; ΔΔP < 0.01, compared with the XFC group.
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protein kinase B pathway. Furthermore, GAS5-mediated ceRNA regulatory pathways have been demonstrated to 
influence cardiomyocyte pyroptosis.18 GAS5 and miR-21 have negative regulatory mechanisms in vitro and in vivo. 
For instance, GAS5 acts as a sponge to directly bind to miR-21 via putative miRNA response elements.39,40 MiR-21 
down-regulation prevents not only Caspase-1 activation but also GSDMD cleavage-induced pyroptosis.22 In addition, 
TLR4, as a potential target gene of miR-21,21 can block the NF-κB/NLRP3 pathway to modulate pyroptosis and diminish 
RA activity.41 Combined with our previous findings,25,42 we hypothesized that RA-related myocardial injury might be 
associated with the abnormal activation of the GAS5/miR-21/TLR4 axis, the initiation of the pyroptosis pathway, and the 
secretion of pro-inflammatory cytokines. Our results exhibited substantial decreases in GAS5 expression and significant 
elevations in the expression of miR-21 and its downstream target gene TLR4 and NF-κB p65 in myocardial tissues of AA 
rats, suggesting that GAS5, miR-21, and TLR4 were differentially expressed in the myocardial tissues of AA rats and 
that GAS5 expression was negatively correlated with miR-21 and TLR4 expression. XFC intervention prominently 
enhanced GAS5 expression and lowered miR-21, TLR4 and NF-κB p65 expression. In the presence of XFC intervention, 
miR-21, TLR4 and NF-κB p65 expression was significantly decreased in the myocardial tissues of AA rats by GAS5 

Figure 6 Effects of XFC on the expression of the GAS5/miR-21/TLR4 axis and pyroptosis-related indicators in myocardial tissues of AA rats. 
Notes: (A) Protein levels of TLR4, NF-κB p65, NLRP3, Caspase-1, and GSDMD in rat myocardial tissues. (B) Semi-quantitative analysis of protein levels. (C) Expression of 
GAS5 and mRNA expression of miR-21, TLR4, NF-κB p65, NLRP3, Caspase-1, and GSDMD in rat myocardial tissues. NC, the normal control group; MC, the model control 
group; XFC, the Xinfeng Capsule group; MTX, the methotrexate tablet group; XFC + EV, the Xinfeng Capsule + empty AAV group; XFC + GAS5, the Xinfeng Capsule + 
AAV harboring GAS5 overexpression group; XFC + NSA, the Xinfeng Capsule + NSA (a pyroptosis inhibitor) group. Values are mean ± standard deviation, n=number of 
rats (6 rats/group). **P < 0.01, compared with the NC group; ##P < 0.01, #P < 0.05, compared with the MC group; ΔΔP < 0.01, compared with the XFC group.
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overexpression or NSA (the pyroptosis inhibitor), accompanied by lowered serum levels of IL-1β, IL-18, IL-6, and TNF- 
α and diminished LDH release and NLRP3, Caspase-1, and GSDMD expression in myocardial tissues, pathological 
damage of synovial and myocardial tissues significant improvement, illustrating that GAS5 may down-regulate TLR4 by 
binding to and negatively regulating miR-21, thus suppressing myocardial pyroptosis in AA rats. Overall, XFC may 
lower the expression of pro-inflammatory cytokines and pyroptosis-related indicators via the GAS5/miR-21/TLR4 axis, 
therefore ameliorating myocardial injury in AA rats. However, it is uncertain about the involvement of other genes or 
modified proteins in this process, which is the direction of our future research.

Conclusion
XFC reduced toe swelling, AI scores, the serum levels of pro-inflammatory cytokine, LDH release, and the expression of 
miR-21, TLR4, NF-κB p65, and pyroptosis-related indicators while enhancing GAS5 expression, hence repressing 
inflammation in synovial and myocardial tissues, and attenuating cardiomyocyte pyroptosis in AA rats. Conclusively, 
the TCM compound preparation XFC ameliorated myocardial injury in AA rats by mediating the GAS5/miR-21/TLR4 
axis, inhibiting pyroptosis, and down-regulating pro-inflammatory cytokines.
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