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Silymarin attenuates cardiac injury  
and inflammation in adjuvant-induced  
rheumatoid arthritis rats through activation  
of the Nrf2/SLC7A11/GPX4 signaling pathway
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Abstract: Objective: To investigate the protective effects of silymarin (SIL) against adjuvant-induced cardiac injury 
and inflammation in rats with rheumatoid arthritis (RA) and to elucidate the underlying mechanisms through in 
vivo and in vitro experiments. Methods: RA was induced in rats using Freund’s complete adjuvant (FCA), which also 
causes cardiac injury as an extra-articular manifestation of RA. Rats were treated with different doses of SIL to 
evaluate its cardioprotective effects. Myocardial injury and inflammatory responses were assessed in vivo, while car-
diac cells with Nuclear factor erythroid-2-related factor 2 (Nrf2) silencing by small interfering RNA (siRNA) were used 
in vitro to clarify the role of the Nrf2/solute carrier family 7 member 11/Glutathione peroxidase 4 (Nrf2/SLC7A11/
GPX4) pathway. Inflammatory cytokine levels were measured using enzyme-linked immunosorbent assay (ELISA); 
myocardial cell viability and proliferation were evaluated by Cell Counting Kit-8 (CCK-8), clonogenic, and 5-Ethynyl-2’-
deoxyuridine (EdU) assays; apoptosis was analyzed by flow cytometry; and the expression of Nrf2, SLC7A11, GPX4, 
and apoptosis-related proteins was determined by real-time quantitative polymerase chain reaction (RT-qPCR) and 
western blotting (WB). Histopathologic changes were examined by hematoxylin and eosin (H&E) staining. Results: 
SIL treatment effectively alleviated myocardial cell injury in SiNrf2-induced cardiac cells and significantly reduced 
the secretion of inflammatory factors interleukin-1 beta (IL-1β), IL-6, IL-17, and tumor necrosis factor-alpha (TNF-α). 
Furthermore, SIL activated the Nrf2/SLC7A11/GPX4 signaling pathway, improved myocardial tissue morphology, 
and suppressed apoptosis in RA rats. Conclusion: SIL exerts protective effects against RA-associated cardiac injury 
and inflammation, primarily through activation of the Nrf2/SLC7A11/GPX4 signaling pathway. These findings pro-
vide mechanistic insight and experimental evidence supporting the use of SIL as a therapeutic agent for preventing 
cardiac complications in RA.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune 
disorder in which the immune system targets 
the body’s own joints, leading to chronic, pro-
gressive arthritis, characterized by joint swell-
ing, pain, and restricted mobility [1-3]. Elevated 
levels of inflammatory cytokines and mediators 
contribute to early-onset heart disease in RA 
patients, leading to increased myocardial injury 
and cardiac dysfunction [4]. Cardiovascular dis-
ease (CVD) represents a major contributor to 
death among RA patients, with cardiovascular 

mortality and morbidity rates approximately 
50% and 60% higher, respectively, compared to 
the general population [5]. Systemic inflamma-
tion and cardiovascular inflammation in RA pro-
mote atherosclerosis and plaque formation, 
heightening the risk of cardiovascular events 
such as myocardial infarction and heart failure 
[6, 7]. Moreover, RA patients exhibit a greater 
atherosclerotic plaque burden, more extensive 
calcification, and higher susceptibility to plaque 
rupture compared with non-RA individuals [5]. 
In addition to an elevated risk of developing 
heart failure, RA patients also face a higher like-
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lihood of mortality shortly after experiencing 
heart failure [8]. Therefore, it is crucial to close-
ly monitor cardiac injury during RA treatment to 
ensure comprehensive patient care.

Silymarin (SIL) is a natural flavonoid-lignan 
compound with potent antioxidant, anti-inflam-
matory, and pro-apoptotic properties [9, 10]. 
Research has shown that SIL and its main  
component, silybin, can downregulate tumor 
necrosis factor-alpha (TNF-α), and inflammato-
ry factors such as interleukin-1 beta (IL-1β), 
IL-6, and chemokines including CCL4 and 
CXCL10 in inflammatory rat models [11]. Other 
studies have demonstrated that SIL exhibits 
therapeutic efficacy in RA and osteoarthritis 
[12]. Additionally, SIL exerts cardioprotective 
effects. For example, Gabrielová et al. reported 
that 2,3-dehydrosilybin (DHS), a flavonolignan 
component of Silybum marianum, can allevia- 
te myocardial cell injury following hypoxia/reox-
ygenation by reducing reactive oxygen species 
(ROS) production [13]. Similarly, Rao et al. 
showed that SIL protects against myocardial 
cell death in rats with myocardial infarction by 
preserving endogenous antioxidant enzymes 
[14]. Cardiac injury is mediated by multiple 
mechanisms, among which ferroptosis has 
emerged as a key contributor [15]. The nuclear 
factor erythroid-2-related factor 2/solute carri-
er family 7 member 11/glutathione peroxidase 
4 (Nrf2/SLC7A11/GPX4) signaling pathway 
plays a crucial role in regulating ferroptosis and 
maintaining cardiac homeostasis [16, 17]. 
Moreover, Nrf2 plays a crucial role in cellular 
resistance to oxidative stress and electrophilic 
stress, representing a promising pharmacolog-
ic target for the treatment of chronic diseases 
such as RA. Silymarin has been shown to pro-
tect renal and hepatic tissues by promoting the 
nuclear translocation of Nrf2 [18]. Conversely, 
disruption of Nrf2 nuclear localization sup-
presses Slc7a11 and Gpx4 expression, thereby 
triggering cardiac ferroptosis. These findings 
suggest that silymarin may exert similar protec-
tive regulatory effects in cardiomyocytes [19]. 
We hypothesize that SIL enhances the nuclear 
translocation of Nrf2, thereby upregulating the 
expression of Slc7a11 and Gpx4, inhibiting fer-
roptosis and improving cardiac injury and 
inflammation in RA.

This study aimed to explore the biological func-
tions and molecular mechanisms of SIL in 

RA-induced myocardial injury and inflamma-
tion, providing new insight into its therapeutic 
value for RA-associated cardiac complications.

Materials and methods

Laboratory animals

The experimental protocol was approved by  
the Medical Research Ethics Committee of 
Shanghai University of Traditional Chinese 
Medicine, and all animal procedures were car-
ried out in accordance with relevant institu- 
tional and national guidelines. Sprague-Dawley 
(SD) rats (250 g-350 g) were obtained from  
the Experimental Animal Center of Shanghai 
University of Traditional Chinese Medicine. 
Animals were housed under controlled en- 
vironmental conditions (20°C-25°C and 40%-
50% humidity), with a standard 12-h light/dark 
cycle and ad libitum access to food and water.

RA was induced by subcutaneous injection of 
0.1 mL of Freund’s adjuvant (FCA) into the  
right hind paw. On day 12 post-injection, an 
additional 0.05 mL of FCA was administered at 
the base of the rats’ tails to boost immunity. 
Seven days after model establishment, rats 
were randomly allocated into five groups (n = 
12 per group): Control (healthy rats), FCA (RA 
model), FCA + L (RA + low-dose SIL, 5 mg/kg), 
FCA + M (RA + medium-dose SIL, 25 mg/kg ), 
and FCA + H (RA + high-dose SIL, 50 mg/kg/d). 
SIL was administered daily at the same time  
for four consecutive weeks. At the end of the 
study, animals were anesthetized with sodium 
pentobarbital (150 mg/kg, intraperitoneally) 
and euthanized by exsanguination, in compli-
ance with the AVMA Guidelines for the 
Euthanasia of Animals.

Cell treatment

H9C2 cardiomyocytes were obtained from 
Shanghai GeneChem Co., Ltd. Cells were cul-
tured under standard conditions and stimulat-
ed with 1 μg/mL lipopolysaccharide (LPS) for 4 
h to induce myocardial injury, thus establishing 
an in vitro model of cardiac damage [20].

Cell transfection

Small interfering RNA targeting Nrf2 (SiNrf2), 
the Nrf2 inhibitor, and negative control (siNC) 
were synthesized by Shanghai GeneChem Co., 
Ltd. The sequence were as follows: Nrf2 si- 
RNA, 5’-GGAUGAAGAGACCGGAGAAUU-3’; neg-
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ative control siRNA (siNC), 5’-GAUAAAAGG- 
GUAAGGUGACCG-3’. Cell transfection was car-
ried out utilizing Lipofectamine 2000 (Invi- 
trogen, USA; Cat. No. 11668) according to the 
manufacturer’s instructions. The efficiency of 
Nrf2 knockdown was verified through PCR and 
WB analysis after 48 h.

Enzyme-Linked Immunosorbent Assay (ELISA)

Serum levels of IL-1β (SEKM-0002, Solarbio, 
China), IL-6 (SEKM-0007, Solarbio, China), 
TNF-α (CLP0771, Solarbio, China), and IL-17 
(SEKM-0017, Solarbio, China) were determined 
using commercial ELISA kits. Briefly, serum 
samples were added to antibody-coated wells 
and incubated according to the kit protocol. 
After washing to remove unbound substances, 
enzyme-conjugated detection antibodies were 
added, followed by substrate solution to pro-
duce a colorimetric reaction. The absorbance 
was measured at 450 nm using a microplate 
reader.

Ultrasound echocardiography

Rats were weighed, and the appropriate dose 
of sodium pentobarbital (50 mg/kg) was calcu-
lated and administered intraperitoneally to 
induce anesthesia. Subsequently, each rat was 
placed in a suitable position, and a pressure-
volume sensor was inserted into its left ventri-
cle via the right carotid artery. Upon successful 
insertion, the sensor was carefully secured to 
prevent displacement. Hemodynamic values 
only, including heart rate (HR), left ventricular 
systolic pressure (LVSP), and left ventricular 
end-diastolic pressure (LVEDP), were recorded 
using the MS4000U-1C Biological Signal 
Quantitative Recording and Analysis System. 
System parameters were calibrated before 
data acquisition to ensure measurement 
accuracy.

Sections of 5 μm thickness were cut using a 
microtome, mounted on glass slides, and 
stained with hematoxylin and eosin (H&E). After 
staining, slides were dehydrated, cleared, 
sealed with neutral resin, and examined.

Real-time quantitative polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted from cardiac tissues 
or cultured cells using TRIzol and then convert-
ed to cDNA using the PrimeScript RT kit 
(RR037A, TAKARA, JAPAN) according to the 
manufacturer’s instructions. RT-qPCR was per-
formed using a PCR instrument. The primer 
sequences are shown in Table 1.

Western blotting (WB)

Total protein was extracted from cardiac tissue 
and cultured cells, and the concentration was 
determined using the Bicinchoninic Acid (BCA) 
protein assay kit (23227, Invitrogen, USA). 
Equal amounts of protein (30 μg per lane) were 
separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene fluoride (PVDF) 
membranes. The membranes were blocked  
in Tris-buffered saline containing Tween-20 
(TBST) supplemented with 5% skim milk for 1 h 
at room temperature to prevent nonspecific 
binding.

Subsequently, the membranes were incubated 
overnight at 4°C with the primary antibodies: 
anti-SLC7A11 (1:1000, ab175186; Abcam), 
anti-GPX4 (1:10000, ab125066, Abcam, USA), 
anti-Nrf2 (1:1000, ab62352, Abcam), and anti-
GAPDH (1:1000, ab8245, Abcam, USA). The 
next day, the membranes were washed with 
PBS three times to remove unbound anti- 
bodies, followed by incubation with the corre-
sponding secondary antibodies (1:1000, ab- 
150077, Abcam, USA) for 1 h. After washing 

Table 1. Primer sequence for RT-qPCR
Gene Forward (5’-3’) Reverse (5’-3’)
Nrf2 CCCAGCACATCCAGACAGAC TATCCAGGGCAAGCGACTC
GPX4 CTCCATGCACGAATTCTCAG ACGTCAGTTTTGCCTCATTG
SLC7A11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC
Bax CTGCAGAGGATGATTGCTG GTCTGCAAACATGTCAGCT
Bcl2 TGACTGAGTACCTGAACCG TAGTTCCACAAAGGCATCC
GAPDH GCGAGATCCCGCTAACATCA ATTCGAGAGAAGGGAGGGCT

Histopathologic examination

Fresh cardiac tissue samples were 
collected and rinsed in pre-cooled 
phosphate-buffered saline (PBS), 
gently dried with clean filter pa- 
per, and fixed in 4% paraformalde-
hyde for over 24 h. Fixed tissues 
were dehydrated through a gradi-
ent ethanol series, cleared with 
xylene, and embedded in paraffin. 
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again, an enhanced chemiluminescence (ECL) 
detection reagent was used to visualize the 
protein bands. The protein bands were quanti-
fied using ImageJ software, with GAPDH as an 
internal reference.

Immunohistochemistry (IHC)

Cardiac tissue sections were deparaffinized, 
rehydrated, and washed with PBS. After anti-
gen retrieval, sections were blocked with bovine 
serum albumin (BSA) and incubated overnight 
at 4°C with primary antibodies against GPX4, 
Nrf2, and SLC7A11 (Abcam, USA). The next  
day, sections were washed with PBS and incu-
bated with appropriate secondary antibodies 
for 20 min at room temperature. Following  
additional PBS washes, color development was 
performed using DAB substrate, and nuclei 
were counterstained with hematoxylin. Stain- 
ed sections were dehydrated, mounted, and 
examined to assess protein expression and 
localization.

Cell viability assay

Cell viability was assessed using the CCK-8 
assay kit (BIO-(tw)-1219, Invitrogen, USA). 
H9C2 cells were uniformly seeded in 6-well 
plates and treated with various concentrations 
of SIL (0, 25, 50, 75, 100, and 150 μg/mL). At 
0 h, 24 h, 48 h, and 72 h after treatment, 10  
μL of CCK-8 solution was added to each well, 
followed by incubation for 2 h at 37°C. 
Absorbance was measured at 450 nm using a 
calibrated microplate reader, and the optical 
density (OD) values at each time point were 
recorded to determine cell viability.

Colony formation assay

H9C2 cells were divided into three groups: 
Control (untreated myocardial cells), LPS group 
(LPS-induced myocardial injury), and LPS + SIL 
group (LPS-induced myocardial injury treated 
with 50 μg/mL SIL). Cells were seeded at a  
density of 1×105 cells/well in DMEM containing 
10% FBS and cultured at 37°C in a humidified 
atmosphere with 5% CO2 for 15 days until visi-
ble colonies formed. After removing the culture 
medium, cells were fixed with pure methanol 
for 15 minutes, washed with PBS, and stained 
with Giemsa solution for 30 minutes. Excess 
stain was removed by rinsing with distilled 
water, and plates were air-dried. The number of 
clones was counted under a microscope.

5-Ethynyl-2’-deoxyuridine (EdU) staining

Cell proliferation was assessed using EdU  
cell proliferation detection kit (C0088S, 
Beyotime, China). Cells from the Control, LPS, 
and LPS + SIL groups were incubated with EdU 
(20 mmol/L) for 2 h. Subsequently, the cells 
were fixed with Immunostaining Fixation 
Solution (P0098) for 20 minutes, permeabi-
lized with Immunostaining Permeabilization 
Buffer (P0097) for 15 minutes, and then treat-
ed with 200 μL of Click reaction mixture for 1  
h in the dark with gentle shaking. After wash-
ing, 20 μl of Streptavidin-HRP working solution 
was added and incubated for 30 minutes, fol-
lowed by 100 μL of TMB chromogenic solution 
for 15 minutes. The stained EdU-positive nuclei 
were visualized and quantified using a fluores-
cence microscope.

Flow cytometry assay

Apoptosis was evaluated using the Annexin 
V-fluorescein isothiocyanate and propidium 
iodide (PI) apoptosis detection kit (abx290007, 
Abbexa, UK). Cells from the Control, LPS, and 
LPS + SIL groups were cultured for 48 h. Then, 
10 μl of PI staining working solution was add- 
ed and incubated for 15 minutes at room tem-
perature in the dark. Subsequently, 300 μl of 
binding buffer was added, and cell apoptosis 
was detected within 1 h using a BD FACSCalibur 
flow cytometer.

Statistical analysis

All data were analyzed using GraphPad Prism 
9.3 statistical software. Data were expressed 
as mean ± standard deviation (SD). Com- 
parisons between two groups were performed 
using Student’s t-test, while comparisons 
among multiple groups were analyzed by one-
way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test. A p-value < 0.05 was con-
sidered statistically significant.

Results

SIL alleviated inflammation in RA rats

Compared to the control group, rats induced 
with FCA showed significantly increased paw 
swelling and arthritis scores, confirming the 
successful establishment of the RA rat model. 
Compared to the FCA group, SIL treatment sig-
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nificantly reduced paw swelling and arthritis 
scores in both the FCA + M and FCA + H groups 
(P < 0.05) (Figure 1A, 1B). Furthermore, serum 
concentrations of IL-1β, IL-6, TNF-α, and IL-17 
were significantly decreased in the FCA + L,  
FCA + M, and FCA + H groups compared with 
the FCA group (Figure 1C). These results indi-
cate that SIL treatment effectively mitigates 
systemic inflammation in RA rats.

SIL improved FCA-induced myocardial injury 
and inflammation in RA rats

To evaluate the cardioprotective effects of SIL, 
hemodynamic parameters including HR, LVSP, 
and LVEDP were measured. Rats in the FCA 

ing pathway, a key regulator of ferroptosis and 
cardiac injury. The mRNA and protein levels of 
Nrf2, SLC7A11, and GPX4 in myocardial tissu- 
es of RA rats were assessed by RT-qPCR and 
western blotting. Compared with the control 
group, rats in the FCA group exhibited signifi-
cantly decreased expression of Nrf2, SLC7A11, 
and GPX4 (P < 0.05). In contrast, these mark-
ers were markedly upregulated in the FCA + M 
and FCA + H groups relative to the FCA group (P 
< 0.05) (Figure 3A, 3B).

IHC analysis further confirmed these results, 
showing reduced expression of Nrf2, SLC7A11, 
and GPX4 in the FCA group, whereas SIL admin-
istration restored their expression (Figure 3C). 

Figure 1. Effects of silymarin (SIL) on inflammation of rheumatoid arthritis 
(RA) rats. A. Paw swelling in rats from various treatment groups. B. Arthritis 
scores in rats from various treatment groups. C. Effects of different concen-
trations of SIL on the serum levels of inflammatory factors in arthritis rats. 
Data are presented as mean ± SEM (n = 12). ***P < 0.001, vs. control; #P < 
0.05, ##P < 0.01, ###P < 0.001, vs. FCA.

groups exhibited significant- 
ly elevated HR, LVSP, and 
LVEDP compared to the con-
trol group (P < 0.05), whereas 
these values were markedly 
reduced in the FCA + M and 
FCA + H groups (P < 0.05) 
(Figure 2A).

Histopathologic analysis fur-
ther supported these findings. 
H&E staining revealed disor-
dered myocardial architecture 
and notable inflammatory cell 
infiltration in the FCA group.  
In contrast, these changes 
were markedly attenuated in 
the FCA + L, FCA + M, and FCA 
+ H groups, which exhibited 
more regular cardiomyocyte 
arrangement and fewer in- 
flammatory cells (Figure 2B). 
Collectively, these results sug-
gest that SIL confers signifi-
cant protective effects against 
FCA-induced myocardial alter-
ation and inflammation in RA 
rats.

SIL alleviated myocardial in-
jury in RA rats via the Nrf2/
SLC7A11/GPX4 signaling 
pathway

Based on our initial hypothe-
sis, we investigated whether 
the cardioprotective effects of 
SIL are mediated through the 
Nrf2/SLC7A11/GPX4 signal-
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These results indicate that the cardioprotective 
effect of SIL in RA rats is at least partly medi-
ated through activation of the Nrf2/SLC7A11/
GPX4 signaling pathway.

Toxicity of different concentrations of SIL on 
H9C2 cells

To evaluate the toxicity of SIL in rat cardiomyo-
cytes, H9C2 cells were treated with different 
concentrations of SIL (0, 25, 50, 75, 100, and 
150 μg/mL). The CCK-8 results showed that 
compared to the control cells, SIL at of 50  
μg/mL exhibited no significant cytotoxicity 
(Figure 4A). Therefore, 50 μg/mL was selected 
for subsequent experiments to assess its pro-
tective effects on myocardial injury. The LPS 
group displayed a significant increase in LDH 
content compared with the control group (P < 
0.05), whereas the LPS + SIL (50 μg/mL) group 
showed a notable decrease compared to the 
LPS group (P < 0.05) (Figure 4B). These find-
ings indicate that SIL at a concentration of 50 
μg/mL is non-toxic to H9C2 cells and exerts a 
protective effect against LPS-induced myocar-
dial injury.

SIL protected H9C2 cells from LPS-induced 
injury

To elucidate the protective effects of SIL on 
myocardial injury in RA rats, we assessed cell 
activity, proliferation, and apoptosis in H9C2 

cardiomyocytes treated with 50 μg/mL SIL. The 
CCK-8 assay revealed a significant increase in 
cell viability in the LPS + SIL (50 μg/mL) group 
compared to the LPS group (P < 0.05) (Figure 
5A). Moreover, colony formation and EdU 
assays demonstrated significantly enhanced 
cell proliferation in the LPS + SIL group com-
pared to the LPS group (P < 0.05) (Figure 5B, 
5C).

Flow cytometry analysis demonstrated a signifi-
cant reduction in apoptosis in the LPS + SIL 
group in comparison to the LPS group (P < 
0.05) (Figure 5D). WB results further demon-
strated a significant decrease in Bax and a 
notable increase in Bcl2 in the LPS + SIL group, 
compared to the LPS group (P < 0.05) (Figure 
5E). In addition, SIL treatment significantly 
decreased the cellular levels of proinflammato-
ry cytokines IL-1β, IL-6, TNF-α, and IL-17 com-
pared to the LPS group rats (P < 0.05) (Figure 
5F). Collectively, these results indicate that SIL 
has a protective effect on reducing myocardial 
cell damage and inflammation in RA rats.

SIL activates the Nrf2/SLC7A11/GPX4 signal-
ing pathway

To investigate the mechanism underlying the 
cardioprotective effects of SIL, Nrf2 expression 
was silenced in H9C2 cells (Figure 6A, 6B), fol-
lowed by detection of SLC7A11 and GPX4 

Figure 2. Effects of SIL on cardiac function and myocardial morphology in RA rats. A. Effects of SIL at various con-
centrations on HR, LVSP, and LVEDP of RA rats. B. Pathologic examination of myocardial tissue in rats from various 
treatment groups (H&E ×200). Data are presented as mean ± SEM, (n = 12). *P < 0.05, ***P < 0.001, vs. Control; 
#P < 0.05, ###P < 0.001, vs. FCA.
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expression. RT-qPCR results revealed that com-
pared to the LPS group, the mRNA levels of 
Nrf2, SLC7A11, and GPX4 were significantly 
upregulated in the LPS + SIL group (P < 0.05). 
However, Nrf2 knockdown markedly reduced 

the expression of both SLC7A11 and GPX4 
(Figure 6C). WB results revealed similar results 
at the protein level (Figure 6D). These results 
confirm that SIL can activate the Nrf2/
SLC7A11/GPX4 signaling pathway.

Figure 3. Effects of SIL on the Nrf2/SLC7A11/GPX4 signaling pathway in the cardiac tissue of RA rats. A. mRNA 
expression levels of Nrf2, SLC7A11, and GPX4. B. Protein expression levels of Nrf2, SLC7A11, and GPX4. C. Im-
munohistochemistry (IHC) analysis of Nrf2, SLC7A11, and GPX4 contents in myocardial tissues. Positive staining 
(brownish-yellow) is indicated by black arrows in the images. Nrf2 is predominantly localized in the nucleus, while 
SLC7A11 and GPX4 are primarily in the cytoplasm. Data are presented as mean ± SEM (n = 12). ***P < 0.001, vs. 
control; ##P < 0.01, ###P < 0.001, vs. FCA. 
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SIL inhibited LPS-induced myocardial cell in-
jury and inflammation by activating the Nrf2/
SLC7A11/GPX4 signaling pathway

The CCK-8 assay revealed a significantly 
reduced cell viability in the LPS + SIL + siNrf2 
group compared to the LPS + SIL + si-NC gro- 
ups (P < 0.05) (Figure 7A). Similarly, colony for-
mation and EdU assays demonstrated signifi-
cant reduction in cell proliferation in the LPS + 
SIL + siNrf2 group when compared to the  
LPS + SIL + si-NC groups (Figure 7B, 7C). Flow 
cytometry analysis further revealed a notable 
increase in apoptosis in the LPS + SIL + siNrf2 
group compared to the LPS + SIL + si-NC group 
(Figure 7D).

WB results showed that compared with the  
LPS + SIL + si-NC group, Nrf2 knockdown 
reversed the antiapoptotic effects of SIL, as 
evidenced by elevated Bax expression and 
reduced Bcl-2 expression in the LPS + SIL + 
siNrf2 group (P < 0.05) (Figure 7E). In addi- 
tion, ELISA analysis demonstrated significantly 
increased levels of IL-1β, IL-6, TNF-α, and IL-17 
in the LPS + SIL + siNrf2 group compared  
with the LPS + SIL + si-NC groups (P < 0.05) 
(Figure 7F). Collectively, these results demon-
strate that SIL protects against LPS-induc- 
ed myocardial injury and inflammation by acti-
vating the Nrf2/SLC7A11/GPX4 signaling 
pathway.

Discussion

Rheumatoid arthritis (RA) is an autoimmune 
disease that not only causes joint destruction 
but also harms cardiac structure and function, 
increasing the risk of heart failure [21]. The inci-
dence of heart failure in RA patients is two to 

markedly reduced the secretion of inflammato-
ry cytokines and enhanced the viability of myo-
cardial cells in RA rats by activating the Nrf2/
SLC7A11/GPX4 signaling pathway.

During the pathogenesis of RA, excessive pro-
duction of inflammatory cytokines plays a key 
role in disease progression; thus, suppressing 
cytokine release remains a central therapeu- 
tic strategy [24]. Previous studies have shown 
that SIL significantly alleviates paw swelling in 
RA rats and reduces cytokine secretion, there-
by inhibiting inflammatory responses [25]. 
Meng et al. discovered that SIL significantly 
reduced cardiac fibrosis and collagen deposi-
tion in diabetic rats, improving cardiac dys- 
function [26]. Similarly, Safarpour et al. demon-
strated that SIL mitigated 5-Fluorouracil-
induced cardiac toxicity and histopathologic 
degeneration in rats [27]. Consistent with  
these findings, our results confirmed that SIL 
significantly alleviated inflammation in both RA 
rat and cellular models.

SIL may exert its cardioprotective through mul-
tiple mechanisms, including modulation of  
cardiac hemodynamic values, reduction of 
mechanical dysfunction, and structural remod-
eling of the myocardium [28]. Additionally, SIL 
may regulate signaling pathways involved in 
apoptosis and proliferation, further enhancing 
its cardioprotective effect [29]. Recent studi- 
es have also shown that preoperative adminis-
tration of SIL significantly decreases the inci-
dence of atrial fibrillation following coronary 
artery bypass grafting, highlighting its potential 
in preventing inflammation-associated cardiac 
arrhythmias [30]. Together, these findings rein-
force SIL’s potential in reducing RA-induced 
inflammation and protecting the myocardium.

Figure 4. Effects of SIL on cardiomyocyte injury values. A. Cells were treated 
with 0, 25, 50, 75, 100, and 150 μg/mL of SIL for 24 h, and cell activity was 
assessed using CCK8. B. The effect of SIL (50 μg/mL) on LDH level in LPS-
induced H9C2 cells. Data are presented as mean ± SEM (n = 3). **P < 0.01, 
***P < 0.001, vs. control; ###P < 0.001, vs. LPS.

three times higher than that in 
the general population [22]. 
Silybum marianum, a medici-
nal herb of the Asteraceae 
family, contains SIL as its 
main component, known for 
its strong antioxidant, antifi-
brotic, and anti-inflammatory 
properties [23]. This study 
investigated the effects and 
underlying mechanisms of SIL 
on myocardial injury and 
inflammation in RA. Our re- 
sults demonstrated that SIL 
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To further elucidate the mechanism underlying 
the therapeutic effects of SIL in RA, we exam-
ined its effect on the Nrf2/SLC7A11/GPX4 sig-
naling pathway. Nrf2 is a transcription factor 
that regulates cellular oxidative stress respons-
es and antioxidant defense mechanisms by 
controlling the expression of downstream tar-
get genes, including SLC7A11 and GPX4 [31]. 
SLC7A11 is involved in glutathione biosynthe-
sis, regulating cellular oxidative stress respons-

es and resistance to oxidative damage [32]. 
GPX4, a crucial antioxidant enzyme, eliminates 
lipid peroxides and protects cell membranes 
and organelles from oxidative damage [33]. 
The Nrf2/SLC7A11/GPX4 signaling pathway 
represents a primary antioxidant defense path-
way against ferroptosis [34], which is closely 
associated with the pathogenesis and progres-
sion of human arthritis [35]. Previous studies 
have provided additional evidence linking this 

Figure 5. Effects of SIL on LPS-induced cardiomyocyte injuru. A. Cell activity assessed by Cell Counting Kit-8 (CCK-8) 
assay. B. Colony formation assay for cell proliferation. C. 5-Ethynyl-2’-deoxyuridine (EdU) staining for cell prolifera-
tion. D. Flow cytometry analysis of cell apoptosis. E. WB analysis of apoptosis-related proteins. F. Enzyme-Linked 
Immunosorbent (ELISA) for inflammatory cytokine levels. Data are presented as mean ± SEM (n = 3). ***P < 0.001, 
vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. LPS.

Figure 6. Effects of SIL on the Nrf2/SLC7A11/GPX4 signaling pathway. A. RT-qPCR analysis of Nrf2 knockdown effi-
ciency. B. WB analysis confirming Nrf2 knockdown efficiency. C. RT-qPCR detection of the mRNA expression of Nrf2, 
SLC7A11, and GPX4. D. WB detection of the protein expression of Nrf2, SLC7A11, and GPX4. Data are presented 
as mean ± SEM (n = 3). **P < 0.01, ***P < 0.001, vs. si-NC; ##P < 0.01, ###P < 0.001, vs. LPS; $P < 0.05, $$P < 0.01, 
$$$P < 0.001, vs. LPS + SIL + si-NC.
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pathway to cardioprotection. Wang et al. report-
ed that prostaglandin E receptor 1 (EP1) pro-
tects cardiomyocytes by activating Nrf2-
mediated transcription of GPX4 and SLC7A11 
[36], while hydrogen sulfide (H2S) donors have 
been shown to activate the SLC7A11/GSH/
GPX4 antioxidant pathway, thereby alleviating 
cardiac injury in rat cardiomyocytes [37]. In this 
study, SIL treatment significantly upregulated 
the protein expression of Nrf2, SLC7A11, and 
GPX4 in RA rat myocardial tissue. Conversely, 
suppression of Nrf2 led to reduced levels of 
SLC7A11 and GPX4, as evidenced by RT-qPCR, 
WB, and IHC results. Furthermore, cell experi-
ments showed that Nrf2 knockdown markedly 
diminished SIL-induced enhancement of cell 
viability and proliferation compared to SIL treat-
ment alone. Collectively, these results confirm 
that SIL alleviates myocardial injury and in- 
flammation in RA by activating the Nrf2/
SLC7A11/GPX4 signaling pathway.

Conclusion

This study elucidated the molecular mecha-
nism underlying the therapeutic effects of SIL 
in RA, demonstrating that SIL exerts cardiopro-
tective and anti-inflammatory effects primarily 
through activation of the Nrf2/SLC7A11/GPX4 
signaling pathway. These findings are of great 
significance for understanding the role of SIL in 
the treatment of RA and its cardiovascular com-
plications. Nevertheless, further clinical stud-
ies are needed to confirm the efficacy and safe-
ty of SIL in the treatment of RA and RA-related 
cardiac injury.
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