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Salvianolic Acid C Activates the AMPK Pathway to Inhibit Ferroptosis
and Alleviate Cardiomyocyte Injury after Acute Myocardial Infarction
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Abstract

Myocardial infarction (Ml) is one of the leading causes of death worldwide and results in substantial harm to human health and family well-being. Salvi-
anolic acid C (SAC), a bioactive compound isolated from Salvia miltiorrhiza Bge., exhibits anti-oxidant, anti-inflammatory, and anti-apoptotic capacities.
However, the protective effects of SAC against MI-induced cardiomyocyte injury and the underlying molecular mechanisms, particularly its role in ferrop-
tosis and AMPK signaling, remain unclear. Infarct size in rat hearts was assessed through triphenyltetrazolium chloride (TTC) staining. Myocardial tissue
damage was examined through hematoxylin-eosin (HE) staining. The mRNA and protein levels of inflammatory cytokines, including Interleukin (IL)-18,
IL-6, and tumor necrosis factor (TNF)-a, were measured by reverse transcription quantitative polymerase chain reaction (RT-gPCR) and enzyme-linked
immunosorbent assay (ELISA), respectively. Apoptosis in myocardial tissues was evaluated through the terminal deoxynucleotide transferase-mediated
dUTP nick end-labeling (TUNEL) assay. Protein expression levels were determined by Western blot. The results demonstrated that SAC significantly re-
duced infarct size in Ml rats. Inflammation and cardiomyocyte apoptosis were markedly increased in the Ml group, but these impacts were neutralized after
SAC treatment. In addition, SAC effectively suppressed ferroptosis in Ml rats. Mechanistically, SAC activates the AMPK pathway. Finally, SAC was shown
to alleviate oxygen-glucose deprivation (OGD)-induced cardiomyocyte injury by activating the AMPK pathway. This study is the first to demonstrate that
SAC activates the AMPK pathway to inhibit ferroptosis and alleviate cardiomyocyte injury after acute MI. These findings suggest that SAC may present a
promising therapeutic candidate for the treatment of MI.
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1. Introduction

With the improvement of the living standards, cardiovascular
diseases, especially myocardial infarction (Ml), have become
the leading causes of death worldwide (Salari et al. 2023). In
China, the incidence of M| has exceeded 1% and continues
to increase annually (Zhang et al. 2025). After MI, cardiomyo-
cytes undergo irreversible death and are gradually replaced
by fibroblasts, leading to ventricular remodeling, ventricular
wall thinning, and scar formation, which ultimately result in
heart failure or sudden death (Galli et al. 2024). Therefore,
identifying novel and effective therapeutic strategies remains
essential for improving MI outcomes.

Shexiang tongxin dropping pills (STDP) is a traditional
Chinese medicine formulation widely used for the treatment
of cardiovascular diseases in China and Southeast Asia (Tan
et al. 2023; Cui and Pu 2024; Zhu et al. 2024). Previous
studies have demonstrated that STDP exerts protective
effects against acute Ml in rat models (Yan et al. 2024).
Salvia miltiorrhiza Bge. is a key component of STDP, and
multiple bioactive constituents derived from this herb exhibit
cardioprotective effects (Shan et al. 2024a). For instance,
tanshinone IlA suppresses cardiomyocyte pyroptosis after
acute MI (Chai et al. 2023). In addition, salvianolic acid B



has been shown to alleviate ferroptosis in Ml rats (Shen et
al. 2022b).

Salvianolic acid C (SAC) is a major polyphenolic compound
isolated from S. miltiorrhiza Bge., and is structurally com-
posed of two salvianolic acid units and one caffeic acid unit
(Xing et al. 2025). SAC has been reported to possess anti-
oxidant, anti-inflammatory, and antiapoptotic properties and
to participate in the regulation of multiple pathological pro-
cesses. For example, SAC modulates the TLR4/NF-kB path-
way to reduce neuroinflammation, thereby improving cerebral
ischemic injury (Guo et al. 2024). Moreover, SAC alleviates
renal tubulointerstitial fibrosis (Wu et al. 2023a) and reduces
inflammation and apoptosis to cisplatin-induced acute kidney
injury (Chien et al. 2021). SAC has also been shown to pro-
mote cerebral angiogenesis and mitigate cerebral ischemia-
reperfusion injury (Shen et al. 2022a). Importantly, SAC has
been verified to attenuate apoptosis, inflammation, and oxi-
dative stress (Duan et al. 2019; Wu et al. 2019). However, the
protective effects of SAC in Ml and the underlying molecular
mechanisms have not yet been fully elucidated.

In this study, we demonstrated that SAC activated the AMPK
pathway to inhibit ferroptosis and alleviate cardiomyocyte
injury after acute MI. These findings provide novel mechanis-
tic insights into the cardioprotective role of SAC and suggest
its potential value in the clinical treatment of MI.

2. Materials and Methods
2.1. Ml rat model

This work was approved by the Institutional Animal Care
and Use Committee (IACUC) of Zhejiang Provincial
Laboratory Animal Center, China (Approval No. ZJCLA-
IACUC-20011035), with the application submitted through
Shaoxing Central Hospital, China. The animal experiments
were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
Sprague-Dawley rats (specific pathogen-free grade, n = 24)
were purchased from the Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). After anesthe-
sia with pentobarbital sodium, M| was induced by ligation of
the left anterior descending (LAD) coronary artery. Successful
establishment of the Ml model was confirmed by visible whit-
ening of the ligation area. In the Sham group, rats underwent
thoracotomy without LAD ligation. SAC (1IS05509; 10 mg/kg
or 20 mg/kg), purchased from Solarbio Biotechnology Co.,
Ltd. (Beijing, China), was administered intragastrically to rats
once daily for 30 days.

2.2. Triphenyltetrazolium chloride staining

Myocardial tissues were sliced into -mm-thick sections.
Sections were incubated in 1% triphenyltetrazolium chloride
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(TTC) solution for 0.5 h, followed by 10% formaldehyde for
6 h. The infarct area (white) and non-infarct area (red) were
photographed, and the infarct size was calculated as a per-
centage of the total myocardial area.

2.3. Hematoxylin-eosin staining

The myocardial tissues were fixed in 4% paraformaldehyde
and embedded in paraffin. Paraffin-embedded tissues were
sectioned at a thickness of 4 uym, followed by hematoxylin-
eosin (HE) staining according to standard procedures.
Histological images were captured using a light microscope
(BX53, Olympus, Japan).

2.4. Reverse transcription quantitative polymerase
chain reaction

Total RNA was extracted from myocardial tissues using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA). Complementary DNA was synthesized using the
PrimeScript™ RT Reagent Kit (Takara, Dalian, China).
Quantitative PCR was performed using the SYBR Green
PCR kit (Toyobo, Japan). Relative mRNA expression
levels were calculated using the 2724¢t method, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the internal control.

The primer sequences were as follows:
Tumor necrosis factor (TNF)-a:

F: 5-AGCCGATGGGTTGTACCT-3'

R: 5-TGAGTTGGTCCCCCTTCT-3'
Interleukin (IL)-1pB:

F: 5-CCAGCTTCAAATCT CACAGCAG-3'
R: 5-CTTCTTTGGGTATTGCTTGGGATC-3'
IL-6:

F: 5-TCCAGTTGCCTTCTTGGGAC-3'

R: 5-GTACTCCAGAAGACCAGAGG-3'
GAPDH:

forward, 5-CTGGGCTACACTGAGCACC-3'
reverse, 5-AAGTGGTCGTTGAGGGCAATG-3'

2.5. Enzyme-linked immunosorbent assay

Commercial enzyme-linked immunosorbent assay (ELISA)
kits were used to measure cytokine levels according to the
manufacturers’ instructions, including IL-1B (ab255730,
Abcam, Shanghai, China), IL-6 (ab234570, Abcam), and
TNF-a (ab236712, Abcam).

2.6. Reactive oxygen species examination (DHE staining)

The myocardial tissue sections (4 um) were incubated with
dihydroethidium (DHE; 10 pmol, Sigma-Aldrich, USA) for
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30 min in the dark. After being washed twice with phosphate-
buffered saline (PBS), fluorescence images were acquired
using an automatic fluorescence microscope (BX63, Olympus
Optical Ltd. Tokyo, Japan).

2.7. Measurement of superoxide dismutase, malondial-
dehyde, and ferrous iron (Fe?*)

The levels of superoxide dismutase (SOD), malondialdehyde
(MDA), and Fe?* were quantified using commercial assay
kits, including SOD (ab65354, Abcam, Shanghai, China),
MDA (ab118970), and the Fe assay kit (ab83366), following
the manufacturer’s protocols.

2.8. Terminal deoxynucleotide transferase-mediated
dUTP nick end-labeling assay

Apoptosis in myocardial tissues was detected using the
In Situ Cell Death Detection Kit (Roche, Basel, Switzerland).
The myocardial tissue sections were permeabilized with
0.1% Triton X-100, followed by incubation with terminal
deoxynucleotide transferase-mediated dUTP nick end-
labeling (TUNEL) staining solution for 1 h in the dark. After
washing, converter-peroxidase and diaminobenzidine (DAB)
were subsequently applied, and nuclei were counterstained
with DAPI. Fluorescence images were obtained using a fluo-
rescence microscope (BX63, Olympus Optical Ltd. Tokyo,
Japan).

2.9. Western blot

Total proteins were extracted from myocardial tissues or HOC2
cells using RIPA lysis buffer (Beyotime, Shanghai, China).
Equal amounts of protein were separated by 10% SDS-
PAGE and transferred onto polyvinylidene fluoride (PVDF)
membranes (Beyotime, Shanghai, China). After blocking,
membranes were incubated overnight at 4°C with primary
antibodies, including SLC7A11 (1/1000; ab307601; Abcam,
Shanghai, China), GPX4 (1/1000; ab125066), p-AMPK
(1/2000; ab68206), AMPK (1/1000; ab32047), p-mTOR
(1/1000; ab109268), mTOR (1/5000; ab134903) and GAPDH
(1/2000; ab8245) for 12 h. Afterward, membranes were incu-
bated with the appropriate secondary antibodies (1/1000;
ab7090) for 2 h, and the protein bands were visualized using
a chemiluminescence detection kit (Thermo Fisher Scientific,
Inc., USA).

2.10. Cell lines and treatment

Rat H9C2 cardiomyocytes were obtained from American
Tissue Culture Collection (ATCC, Manassas, VA, USA),
and cultured in DMEM under humidified conditions (37°C,
5% CO,). To establish the oxygen-glucose deprivation

(OGD) model, cells were incubated in glucose-free and
serum-free DMEM under hypoxic conditions (94% N,, 5%
CO,, and 1% O,) for 3 h. Control cells were maintained
under normoxic conditions (95% air and 5% CO,). SAC (0,
2.5, 5,10, 20, 40, 80, and 160 pM) was adopted for treat-
ing HOC2 cells.

2.11. Cell counting kit-8 assay

HIC2 cells were seeded into 96-well plates, and 10 uL of
cell counting kit-8 (CCK-8) reagent (Dojindo Laboratories,
Kumamoto, Japan) was added to each well. Cell viability was
measured using a microplate reader (Bio-Rad, CA, USA).

2.12. ROS detection by dichlorofluorescein staining

Intracellular reactive oxygen species (ROS) levels were
assessed using a ROS kit (E004-1-1, Nanjing Jiancheng
Technology Co., Ltd., Nanjing, China). H9C2 cells were incu-
bated with dichloro-dihydro-fluorescein diacetate (DCFH-DA)
for 30 min. After washing, images were captured through the
fluorescence microscope (Olympus, Tokyo, Japan).

2.13. Statistical analysis

All data are presented as the mean + standard deviation
(SD). Statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software, La Jolla, CA, USA). The one-
way analysis of variance (ANOVA) was applied for multiple
group comparisons, and p < 0.05 was considered statistically
significant.

3. Results
3.1. SAC alleviated the infarct size in Ml rats

The infarct size of the heart was significantly increased in
the MI group; however, this effect was markedly attenuated
following SAC treatment (10 mg/kg or 20 mg/kg) (Figure 1A,
p < 0.05). In addition, obvious myocardial fiber rupture, car-
diomyocyte swelling, and extensive inflammatory cells were
observed in the MI group. These pathological changes were
notably improved after SAC treatment (Figure 1B). In gen-
eral, these findings indicate that SAC effectively reduces
infarct size in Ml rats.

3.2. SAC attenuated inflammation and cardiomyocyte
apoptosis in Ml rats

The mRNA expression levels of IL-13, IL-6, and TNF-a were
significantly elevated in the MI group. These increases were
rescued after SAC treatment (Figure 2A, p <0.01). Consistently,
ELISA results showed similar trends at the protein level, with
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Fig 1. SAC alleviated the infarct size in Ml rats. Groups were separated into the Sham, MI, Ml + SAC (10 mg/kg), and MI + SAC (20 mg/kg)
groups. (A) The infarct size of the heart in rats was assessed through TTC staining. (B) Myocardial histopathological damage was
evaluated by HE staining. #2p < 0.001 vs the Sham group; °p < 0.05, ***p < 0.001 vs the MI group HE, hematoxylin-eosin; MI, myocar-
dial infarction; SAC, salvianolic acid C; TTC, triphenyltetrazolium chloride.
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Fig 2. Groups were separated into the Sham, MI, Ml + SAC (10 mg/ kg), and Ml + SAC (20 mg/kg) groups. (A) mRNA expressions of IL-18,
IL-6, and TNF-a were examined through RT-qPCR. (B) The levels of IL-18, IL-6, and TNF-a were tested through ELISA. (C) Cardio-
myocyte apoptosis in myocardial tissues was evaluated through the TUNEL assay.
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significantly reduced IL-1B3, IL-6, and TNF-a levels after SAC
administration (Figure 2B, p < 0.001). Furthermore, cardiomyo-
cyte apoptosis was markedly increased in the Ml group, whereas
this effect was substantially neutralized after SAC treatment, as
demonstrated by TUNEL staining (Figure 2C). Taken together,
these results suggest that SAC effectively suppresses inflam-
mation and cardiomyocyte apoptosis in Ml rats.

3.3. SAC suppressed ferroptosis in Ml rats

The ROS level was markedly increased in the MI group,
whereas SAC treatment significantly reduced ROS accu-
mulation (Figure 3A). Moreover, the SOD level was signifi-
cantly decreased, while MDA and Fe?* levels were markedly
increased in the MI group. These alterations were reversed

after SAC treatment (Figures 3B-D, p < 0.01). In addition,
the protein expression levels of the ferroptosis-related mark-
ers SLC7A11 and GPX4 were significantly reduced in the M
group. SAC administration effectively restored the expres-
sion of both proteins (Figure 3E, p < 0.001). Taken together,
these findings demonstrated that SAC suppressed ferropto-
sis in Ml rats.

3.4. SAC activated the AMPK signaling pathway

The protein level of p-AMPK/AMPK was decreased, and
p-mTOR/MTOR was increased in the MI group. These
changes were effectively reversed by SAC treatment (Figure 4,
p < 0.001), indicating that SAC activates the AMPK pathway
in Ml rats.
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Fig 3. SAC suppressed ferroptosis in Ml rats. Groups were separated into the Sham, MI, Ml + SAC (10 mg/kg), and Ml + SAC (20 mg/kg)
groups. (A) The ROS level was measured through DHE staining. (B—D) The levels of SOD, MDA, and Fe?* were examined through the
corresponding kits. (E) The protein expressions of SLC7A11 and GPX4 were assessed through Western blot. #%2p < 0.001 vs the Sham
group; **p < 0.01, ***p < 0.001 vs the Ml group DHE, dihydroethidium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MDA,
malondialdehyde; MI, myocardial infarction; ROS, reactive oxygen species; SAC, salvianolic acid C; SOD, superoxide dismutase.
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Fig 4. SAC evoked the AMPK pathway. Groups were separated into the Sham, MI, Ml + SAC (10 mg/kg), and Ml + SAC (20 mg/kg) groups.
The protein expressions of p-AMPK, AMPK, p-mTOR, and mTOR were determined through western blot. #3p < 0.001 vs the Sham
group; ®**p < 0.001 vs the MI group GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MI, myocardial infarction; SAC, salvianolic

acid C.

3.5. SAC activates the AMPK pathway to ameliorate
OGD-induced cardiomyocyte injury

In vitro experiments revealed that the cell viability of H9C2
cells was significantly reduced after SAC treatment with high
concentrations of SAC (40, 80, and 160 pM) (Figure 5A,
p <0.001). Therefore, 20 uyM SAC was chosen for subsequent
experiments. The decreased p-AMPK/AMPK protein level in
the OGD group was reversed after SAC treatment, whereas
this protective effect was abolished following AMPK inhibition
(Figure 5B, p < 0.001). In addition, OGD-induced reductions
in SOD levels and increases in MDA and Fe* levels were
significantly reversed by SAC treatment. These effects were
further abrogated after AMPK knockdown (Figures 5C-E,
p < 0.05). Similarly, the elevated ROS levels induced by OGD
were attenuated by SAC treatment, while AMPK suppression
reversed this effect (Figure 5F). Furthermore, GD-induced
downregulation of SLC7A11 and GPX4 protein expression
was significantly reduced by SAC treatment, and this res-
cue effect was further diminished after AMPK knockdown
(Figure 5G, p < 0.01). Collectively, these results indicate that
SAC alleviated OGD-induced cardiomyocyte injury through
activation of the AMPK pathway.

3.6. SAC and Ferrostatin-1 exert similar protective
effects against OGD-induced injury

Additional experiments demonstrated that cell viability was
significantly reduced following OGD exposure, whereas this
reduction was markedly reversed by treatment with SAC or
Ferrostatin-1, a ferroptosis inhibitor (Figure S1A, p < 0.01).
Similarly, OGD-induced decreases in SOD levels were
alleviated by SAC or Ferrostatin-1 treatment (Figure S1B,
p < 0.05). Moreover, the elevated MDA and Fe? levels
observed after OGD treatment were significantly attenuated
after SAC or Ferrostatin-1 (Figures S1C,D, p < 0.01). The
GPX4 protein expression was also significantly reduced in the
OGD group, whereas both SAC and Ferrostatin-1 restored
GPX4 expression (Figure S1E, p < 0.05). These findings

further confirm that SAC exerts cardioprotective effects by
inhibiting ferroptosis.

4. Discussion

SAC has been reported to exhibit anti-oxidant, anti-
inflammatory, and anti-apoptotic properties in various
diseases (Chien et al. 2021; Shen et al. 2022a; Wu et al.
2023a; Guo et al. 2024). However, its regulatory effects
and underlying mechanisms in the progression of M| have
remained largely unclear. In recent years, increasing atten-
tion has been directed toward the use of herbal extracts
and natural compounds for MI treatment. For example,
S.miltiorrhiza has been shown suppress cardiomyocyte fer-
roptosis after MI (Wu et al. 2024). In addition, latifolin relieves
MI progression by attenuating myocardial inflammation (Lai
et al. 2020), while polydatin stimulates Sirt3 to protect car-
diomyocytes in Ml injury (Zhang et al. 2017). Consistent with
these previous studies, this study demonstrated that SAC
significantly alleviates the infarct size in Ml rats. Inflammation
and cardiomyocyte apoptosis were markedly enhanced in
the MI group, whereas these pathological changes were
effectively attenuated following SAC treatment. Collectively,
these findings indicate that SAC exerts a protective effect
against MI progression.

Accumulating evidence indicates that ROS production trig-
gered by MI plays a key role in myocardial injury (Cadenas
2018). It has been confirmed that ferroptosis participates in
the pathogenesis of myocardial diseases (Fang et al. 2024).
Ferroptosis is a distinct form of regulated cell death charac-
terized by iron-dependent lipid peroxidation and excessive
lipid ROS accumulation (Endale et al. 2023). Therefore, tar-
geting ferroptosis has emerged as a promising strategy for
alleviating myocardial injury after MI, attracting increasing
attention from researchers. For example, epigallocatechin
gallate (EGCG) suppresses ferroptosis by targeting the miR-
450b-5p/ACSL4 axis, thereby alleviating acute Ml (Yu et al.
2023). Additionally, S. miltiorrhiza activates the Nrf2 pathway
to attenuate ferroptosis after Ml (Wu et al. 2024). Ferrostatin-1
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Fig 5. SAC triggered the AMPK pathway to ameliorate cardiomyocyte damage mediated by OGD. (A) The cell viability was inspected through

CCK-8 assay in the 0, 2.5, 5, 10, 20, 40, 80, and 160 uM SAC
sessed through western blot in the control, OGD, OGD + SAC,

groups. (B) The protein expressions of p-AMPK and AMPK were as-
and OGD + SAC + si-AMPK groups. (C-E) The levels of SOD, MDA,

and Fe?* were examined through the corresponding kits in the control, OGD, OGD + SAC, and OGD + SAC + si-AMPK groups. (F) The
ROS level was tested through DCF staining in the control, OGD, OGD + SAC, and OGD + SAC + si-AMPK groups. (G) The protein
expressions of SLC7A11 and GPX4 were measured through western blot in the control, OGD, OGD + SAC, and OGD + SAC + si-
AMPK groups. #@3p < 0.001 vs the control group; *p < 0.05, **p < 0.01, **p < 0.001 vs the OGD group; °p < 0.05, ®°p < 0.01, ®°p < 0.001
vs the OGD + SAC group CCK-8, cell counting kit-8; DCF, dichlorofluorescein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MDA, malondialdehyde; OGD, oxygen-glucose deprivation; ROS, reactive oxygen species; SAC, salvianolic acid C.

has also been reported to attenuate ferroptosis after MI (Wu
et al. 2023b). Furthermore, fraxetin targets the AKT/Nrf2/
HO-1 pathway to relieve ferroptosis in MI (Xu et al. 2021).
Similarly, our study demonstrated that SAC suppressed
ferroptosis in Ml rats, highlighting its potential role in regulat-
ing oxidative cell death.

AMPK is a key modulator of lipid metabolism and glucose
metabolism, and exhibits crucial roles in controlling cellular
energy homeostasis (Carling 2017; Herzig and Shaw 2018).
The impaired AMPK phosphorylation has been reported
to affect the absorption and metabolism of glucose in the
heart during myocardial ischemia (Lu et al. 2022), suggest-
ing that AMPK represents a strategic therapeutic target for
MI. Importantly, activation of the AMPK pathway has been
reported to inhibit ferroptosis in cardiomyocytes, thereby

alleviating myocardial ischemia—reperfusion (I/R) injury
in mice (Liu et al. 2024). Many studies have emphasized
the significance of the AMPK pathway in MI progression.
For instance, Rap1GAP aggravated the MI progression by
modulating the AMPK/NF-kB pathway (Shan et al. 2024b).
Geniposide activates the AMPK pathway to suppress pyrop-
tosis and improve MI outcome (Li et al. 2022). Moreover,
remote cyclic compression has been shown to alleviate Ml
injury via AMPK-dependent mechanisms (Xu et al. 2022). In
addition, SERPINB1 targets the AMPK/mTOR pathway to
ameliorate acute MI-triggered myocardial damage (Wang et
al. 2022). Consistent with these reports, our study confirmed
that SAC activates the AMPK signaling pathway in vivo.
Furthermore, in vitro experiments demonstrated that SAC
alleviates OGD-induced cardiomyocyte injury by activating



the AMPK pathway, providing mechanistic evidence for its
cardioprotective effects.

In conclusion, his study is the first to demonstrate that SAC
activates the AMPK pathway to inhibit ferroptosis and alle-
viate cardiomyocyte injury following acute MI. These find-
ings highlight the therapeutic potential of SAC as a novel
cardioprotective agent for Ml treatment. Nevertheless, sev-
eral limitations should be acknowledged. This study was
limited to animal models and cell lines, and no experiments
were performed using human samples. In addition, other
relevant cellular phenotypes and clinical treatment scenar-
ios were not explored. These limitations may restrict the
direct translation of our findings to human patients. Future
studies will focus on validating the protective effects of
SAC in clinical settings and further elucidating its role in Ml
progression.

5. Conclusion

This study demonstrates that SAC protects against acute
MI by inhibiting ferroptosis through activation of the AMPK
signaling pathway. These findings suggest that SAC may
represent a promising therapeutic candidate for MI. Further
studies are needed to validate its clinical applicability.
Acknowledgments

Not applicable.

Funding

This work was supported by the Zhejiang Provincial
Traditional Chinese Medicine Science and Technology

Program (County-level Special Project) in 2025, China (Grant
No. 20257X038).

References

Cadenas S (2018) ROS and redox signaling in myocardial ischemia-
reperfusion injury and cardioprotection. Free Radic Biol Med
117:76-89. https://doi.org/10.1016/j.freeradbiomed.2018.01.024

Carling D (2017) AMPK signalling in health and disease. Curr Opin
Cell Biol 45:31-37. https://doi.org/10.1016/j.ceb.2017.01.005

Chai R, Ye Z, Xue W et al. (2023) Tanshinone IIA inhibits cardiomyo-
cyte pyroptosis through TLR4/NF-kB p65 pathway after acute
myocardial infarction. Front Cell Dev Biol 11:1252942. https://
doi.org/10.3389/fcell.2023.1252942

Chien LH, Wu CT, Deng JS et al. (2021) Salvianolic acid C Protects
against cisplatin-induced acute kidney injury through attenuation
of inflammation, oxidative stress and apoptotic effects and acti-
vation of the CaMKK-AMPK-Sirt1-associated signaling pathway
in mouse models. Antioxidants 10:1620. https://doi.org/10.3390/
antiox10101620

Archivum Immunologiae et Therapiae Experimentalis
74,15 (2026), DOI: 10.2478/aite-2026-0015

Availability of Data and Materials

All data generated or analyzed during this study are included
in this published article.

Competing Interests

The authors state that there are no conflicts of interest to
disclose.

Ethics Approval

This work was approved by the Institutional Animal Care and
Use Committee (IACUC), Zhejiang Provincial Laboratory
Animal Center (Approval No. ZJCLA-IACUC-20011035),
with the application submitted through Shaoxing Central
Hospital.

All animal experiments should comply with the ARRIVE
guidelines and conducted in accordance with the U.K.
Animals (Scientific Procedures) Act, 1986 and associ-
ated guidelines, EU Directive 2010/63/EU for animal
experiments.

Author’s Contribution

Conceptualization, Methodology, and Writing — Original
Draft were performed by Yanping Zeng; Formal analy-
sis, Resources, and Investigation were performed by Lin
Chen; Formal analysis, Visualization and Data Curation
were performed by Zhenhua Qian and Weixing Ma;
Project administration, Supervision, and Validation were
performed by Cheng Ma and Yan Wang; Validation,
Supervision, and Writing — Review and Editing were per-
formed by Guanfeng Zhu. All authors read and approved
the final manuscript.

Cui J, Pu Q (2024) Study on the therapeutic value of shexiang
tongxin dropping pills in patients with stable angina pectoris of
coronary heart disease complicated with cognitive impairment.
Actas Esp Psiquiatr 52:37—44. https://actaspsiquiatria.es/index.
php/actas/article/view/1547

Duan Y, An W, Wu H et al. (2019) Salvianolic acid C attenuates
LPS-induced inflammation and apoptosis in human periodontal
ligament stem cells via toll-like receptors 4 (TLR4)/nuclear factor
kappa B (NF-«kB) pathway. Med Sci Monit 25:9499-9508. https://
doi.org/10.12659/MSM.918940

Endale HT, Tesfaye W, Mengstie TA (2023) ROS induced lipid
peroxidation and their role in ferroptosis. Front Cell Dev Biol
11:1226044. https://doi.org/10.3389/fcell.2023.1226044

Fang W, Xie S, Deng W (2024) Ferroptosis mechanisms and
regulations in cardiovascular diseases in the past, present,



Archivum Immunologiae et Therapiae Experimentalis
74, 15 (2026), DOI: 10.2478/aite-2026-0015

and future. Cell Biol Toxicol 40:17. https://doi.org/10.1007/
$10565-024-09853-w

Galli M, Niccoli G, De Maria G et al. (2024) Coronary microvascu-
lar obstruction and dysfunction in patients with acute myocardial
infarction. Nat Rev Cardiol 21:283-298. https://doi.org/10.1038/
s41569-023-00953-4

Guo W, Xu X, Xiao Y et al. (2024) Salvianolic acid C attenuates
cerebral ischemic injury through inhibiting neuroinflammation via
the TLR4-TREM1-NF-kB pathway. Chin Med 19:46. https://doi.
org/10.1186/s13020-024-00914-0

Herzig S, Shaw RJ (2018) AMPK: Guardian of metabolism and

mitochondrial homeostasis. Nat Rev Mol Cell Biol 19:121-135.

https://doi.org/10.1038/nrm.2017.95

XX, Zhang N, Chen LY et al. (2020) Latifolin protects against

myocardial infarction by alleviating myocardial inflammatory

via the HIF-1a/NF-kB/IL-6 pathway. Pharm Biol 58:1156—1166.

https://doi.org/10.1080/13880209.2020.1840597

Liu D, Ding J, Li Z et al. (2024) Pachymic acid (PA) inhibits ferrop-
tosis of cardiomyocytes via activation of the AMPK in mice with
ischemia/reperfusion-induced myocardial injury. Cell Biol Int
48:46-59. https://doi.org/10.1002/cbin.12090

Li H, Yang DH, Zhang Y et al. (2022) Geniposide suppresses
NLRP3 inflammasome-mediated pyroptosis via the AMPK
signaling pathway to mitigate myocardial ischemia/reper-
fusion injury. Chin Med 17:73. https://doi.org/10.1186/
$13020-022-00616-5

Lu H, Xiao H, Dai M et al. (2022) Britanin relieves ferroptosis-mediated
myocardial ischaemia/reperfusion damage by upregulating GPX4
through activation of AMPK/GSK3B/Nrf2 signalling. Pharm Biol
60:38—45. https://doi.org/10.1080/13880209.2021.2007269

Salari N, Morddarvanjoghi F, Abdolmaleki A et al. (2023) The global
prevalence of myocardial infarction: A systematic review and
meta-analysis. BMC Cardiovasc Disord 23:206. https://doi.
org/10.1186/s12872-023-03231-w

Shan T, Li X, Xie W et al. (2024b) Rap1GAP exacerbates myocar-
dial infarction by regulating the AMPK/SIRT1/NF-kB signal-
ing pathway. Cell Signal 117:111080. https://doi.org/10.1016/j.
cellsig.2024.111080

Shan X, Li J, Hong B et al. (2024a) Comparative efficacy of sweated
and non-sweated Salvia miltiorrhiza Bge. extracts on acute
myocardial ischemia via regulating the PPARa/RXRa/NF-«kB
signaling pathway. Heliyon 10:€31923. https://doi.org/10.1016/j.
heliyon.2024.e31923

Shen H, Pei H, Zhai L et al. (2022a) Salvianolic acid C improves
cerebral ischemia reperfusion injury through suppressing microg-
lial cell M1 polarization and promoting cerebral angiogenesis.
Int Immunopharmacol 110:109021. https://doi.org/10.1016/].
intimp.2022.109021

Shen Y, Shen X, Wang S et al. (2022b) Protective effects of
Salvianolic acid B on rat ferroptosis in myocardial infarc-
tion through upregulating the Nrf2 signaling pathway. Int
Immunopharmacol  112:109257.  https://doi.org/10.1016/j.
intimp.2022.109257

Tan YF, Fu YH, Zhang MZ (2023) Shexiang tongxin dropping pill
allieviates heart failure via extracellula matrix-receptor interaction
pathways based on RNA-seq transcriptomics and experimental

Lai

studies. Chin J Integr Med 29:600-607. https://doi.org/10.1007/
$11655-023-3633-0

Wang H, Hua J, Chen S et al. (2022) SERPINB1 overexpression pro-

tects myocardial damage induced by acute myocardial infarction

through AMPK/mTOR pathway. BMC Cardiovasc Disord 22:107.

https://doi.org/10.1186/s12872-022-02454-7

CT, Deng JS, Huang WC et al. (2019) Salvianolic acid C

against acetaminophen-induced acute liver injury by attenuat-

ing inflammation, oxidative stress, and apoptosis through inhi-

bition of the keap1/Nrf2/HO-1 signaling. Oxid Med Cell Longev

2019:9056845. https://doi.org/10.1155/2019/9056845

Wu M, Lin J, Huang D et al. (2023a) Salvianolic acid C inhibits the
epithelial-mesenchymal transition and ameliorates renal tubuloin-
terstitial fibrosis. Front Biosci 28:121. https://doi.org/10.31083/].
12806121

Wu YT, Zhang GY, Hua Y et al. (2023b) Ferrostatin-1 suppresses
cardiomyocyte ferroptosis after myocardial infarction by activat-
ing Nrf2 signaling. J Pharm Pharmacol 75:1467-1477. https://
doi.org/10.1093/jpp/rgad080

Wu YT, Zhang GY, Li L et al. (2024) Salvia miltiorrhiza suppresses
cardiomyocyte ferroptosis after myocardial infarction by activat-
ing Nrf2 signaling. J Ethnopharmacol 330:118214. https://doi.
org/10.1016/j.jep.2024.118214

Xing Y, Huang D, Lin P et al. (2025) Salvianolic acid C promotes renal
gluconeogenesis in fibrotic kidneys through PGC1a. Biochem
Biophys Res Commun 744:151174. https://doi.org/10.1016/j.
bbrc.2024.151174

Xu S, Xia X, Liu Y et al. (2022) Remote cyclic compression ame-
liorates myocardial infarction injury in rats via AMPK-dependent
pathway. Microvasc Res 141:104313. https://doi.org/10.1016/j.
mvr.2022.104313

Xu'Y, Lin H, Wang H et al. (2021) Fraxetin attenuates ferroptosis in myo-
cardial infarction via AKT/Nrf2/HO-1 signaling. Am J Transl Res
13:10315-10327. https://pmc.ncbi.nim.nih.gov/articles/PMC8507044/

Yan J, Liu H, Shang J et al. (2024) Protective effects of Shexiang-
Tongxin dropping pill against acute myocardial infarction in rats
through inhibition of apoptosis and ERK/MAPK signaling pathways.
Heliyon 10:€39939. https://doi.org/10.1016/j.heliyon.2024.e39939

Yu Q, Zhang N, Gan X et al. (2023) EGCG attenuated acute myocar-
dial infarction by inhibiting ferroptosis via miR-450b-5p/ACSL4
axis. Phytomedicine 119:154999. https://doi.org/10.1016/j.
phymed.2023.154999

Zhang M, Zhao Z, Shen M et al. (2017) Polydatin protects cardio-
myocytes against myocardial infarction injury by activating Sirt3.
Biochim Biophys Acta Mol Basis Dis 1863:1962—-1972. https://
doi.org/10.1016/j.bbadis.2016.09.003

Zhang X, Huang D, Zhao J et al. (2025) Hypertension and burden
of myocardial infarction in China: Risk factors, gender differ-
ences and temporal trends from a National Chronic Disease
Surveillance study (2021-2023). Blood Press 34:2487584.
https://doi.org/10.1080/08037051.2025.2487584

Zhu L, Yang YM, Huang Y et al. (2024) Shexiang tongxin dropping
pills protect against ischemic stroke-induced cerebral microvas-
cular dysfunction via suppressing TXNIP/NLRP3 signaling path-
way. J Ethnopharmacol 322:117567. https://doi.org/10.1016/].

jep.2023.117567 .



Archivum Immunologiae et Therapiae Experimentalis
74, 15 (2026), DOI: 10.2478/aite-2026-0015

Supplementary Figure

A B C
=4 ;4
g 8
+ 3 o3
o S
52 22
7 o)
81 -1
“o S0
N
O & o
Q x?2 @
o Q&
OO é@
ox
&£
D E 3

< N

$ 0.0008 o & 5 <20

a a2 A\ X «° |70

< 0.0006 D o oF o $3815

£ bb pbb oo(\ 00 00 00 g8

< 0.0004 8310

50.0002 GPX4 Wp wv s e 22kDa %% 05

& oRe]

" 0.0000 £ o & o GAPDH e 5 wme s 37kDa * 00

& & S
@ I P
&
&
ox
&£

Fig S1. SAC and Ferrostatin-1 both can affect Ml progression. Groups were separated into the control, OGD, OGD + SAC, and
OGD + Ferrostatin-1 groups. (A) The cell viability was inspected through the CCK-8 assay. (B-D) The levels of SOD, MDA, and Fe**
were examined through the corresponding kits. (E) The protein expression of GPX4 was measured through western blot.##p < 0.001
vs the control group; °p < 0.05, **p < 0.01, ***p < 0.001 vs the OGD group CCK-8, cell counting kit-8; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; MDA, malondialdehyde; MI, myocardial infarction; OGD, oxygen-glucose deprivation; SAC, salvianolic acid C;
SOD, superoxide dismutase.
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