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Abstract
Myocardial infarction (MI), resulting from acute occlusion of the coronary artery, induces myocardial
ischemia, hypoxia, and necrosis, and remains a leading cause of morbidity and mortality worldwide.
Suxiao Jiuxin Pills (SJP), a widely used proprietary Chinese medicine for coronary heart disease and
angina pectoris, have yet to be fully elucidated regarding their cardioprotective efficacy and underlying
mechanisms against AMI. In the present study, an AMI mouse model was generated via permanent
ligation of the left anterior descending (LAD) artery. Mice were randomly assigned to five groups: sham-
operated, model, low-dose SJP (78 mg/kg), high-dose SJP (156 mg/kg), and captopril (positive control).
Following 7 consecutive days of intragastric gavage, cardiac function, serum biomarkers of myocardial
injury, and infarct size were systematically evaluated. Concurrently, an oxygen‑glucose deprivation (OGD)
model was established in H9c2 cardiomyocytes to investigate the protective actions of four major SJP
constituents—borneol(BOR), ferulic acid(FA), ligustilide (LIG), and senkyunolide A(SEA). In vivo, SJP
treatment significantly preserved cardiac performance, diminished circulating levels of Creatine kinase
MB (CK-MB), cardiac troponin T (cTnT), and Lactate dehydrogenase (LDH), attenuated histopathological
damage and interstitial fibrosis, and markedly reduced the extent of myocardial infarction. In vitro, all
four compounds concentration‑dependently improved cell survival and counteracted oxidative injury.
Mechanistic exploration revealed that LIG, in particular, preserved mitochondrial membrane potential
through activation of the AKT/GSK3β signaling cascade, concomitant with suppression of HIF‑1α
overexpression. Collectively, these findings demonstrate that SJP confers substantial protection against
ischemic/hypoxic myocardial injury, an effect attributable, at least in part, to LIG‑mediated regulation of
the AKT/GSK3β/HIF‑1α axis and the consequent stabilization of mitochondrial homeostasis.

1. INTRODUCTION
Myocardial infarction (MI) is a severe cardiovascular disease caused by acute coronary occlusion.
Myocardial infarction, characterised by necrosis of the heart muscle, is associated with a high mortality
and disability rate, and thus poses a significant threat to the physical and mental health of middle-aged
and elderly populations.¹ The pathological feature underpinning this condition is insufficient blood and
oxygen supply to the heart, resulting in cardiac dysfunction and metabolic disorders. These, in turn, can
induce arrhythmia, myocardial infarction, and other complications, and even sudden death in severe
cases.² The occurrence of myocardial ischemia in cardiomyocytes instigates a sequence of events
including hypoxic stress, mitochondrial dysfunction, excessive oxidative stress, and an inflammatory
cascade, culminating in irreversible myocardial injury within a short period of time.³ Consequently, early
intervention and myocardial protection are of critical clinical significance for improving the prognosis of
patients with this disease.⁴

Suxiao Jiuxin Pills (SJP) is a classic traditional Chinese medicine compound. It is primarily composed of
Ligusticum chuanxiong and borneol (BOR). 5 The medication has the advantages of rapid onset, mild
medicinal properties, high cost-effectiveness, and good safety. It is clinically used for emergency and
routine treatment of myocardial ischemia, coronary heart disease, and angina pectoris, with stable and
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definite efficacy. 6 Modern pharmacological studies have confirmed that SJP can dilate coronary
arteries, improve myocardial microcirculation, inhibit platelet aggregation, effectively antagonise
oxidative stress, and reduce myocardial inflammatory injury. Thus, it ameliorates the pathological state
of myocardial ischemia through multiple pathways 7. Its pharmacodynamic material basis mainly
includes phthalides, such as ligustilide (LIG), senkyunolide A (SEA), and organic acids, such as ferulic
acid (FA) from Ligusticum chuanxiong. Each active component exerts cardiotonic effects.It has been
demonstrated that the effects of the substance in question are protective and act in a synergistic
manner.⁸

Among the various active components of SJP, LIG is the key monomer responsible for cardioprotection
and a subject of considerable interest in the current cardiovascular pharmacological research. As
demonstrated by previous studies, LIG has been shown to possess significant anti-inflammatory,
antioxidant, anti-apoptotic, and tissue-protective properties. The substance has been demonstrated to
exert a protective effect on the nervous system,⁹ in addition to exhibiting remarkable pharmacological
value within the cardiovascular system. This component has been demonstrated to effectively scavenge
excess oxygen-free radicals in cardiomyocytes. In addition, it has been shown to alleviate oxidative
stress injury, inhibit local myocardial inflammatory responses and myocardial fibrosis, block the
development of pathological myocardial hypertrophy and protect ischemic myocardial tissue from
multiple dimensions.¹⁰⁻¹² Meanwhile, LIG has been shown to target and repair mitochondrial structural
and functional damage caused by myocardial ischemia. Furthermore, it has been demonstrated to
stabilise mitochondrial membrane potential, maintain normal energy synthesis and metabolism in
cardiomyocytes, inhibit hypoxia-induced cardiomyocyte apoptosis, ensure cardiomyocyte survival and
effectively delay the pathological progression of myocardial ischemia.¹³

In this study, the overall efficacy of SJP was comprehensively evaluated in a mouse acute MI model.
Subsequently, the main absorbed active components, including BOR, FA, LIG, and SEA, were investigated
in an oxygen-glucose deprivation (OGD) model of H9c2 cardiomyocytes.¹⁴ Finally, the focus was on LIG
and its mechanism of action was investigated from the perspectives of mitochondrial function and the
AKT/GSK3β/HIF-1α pathway. Although this pathway has been previously implicated in cellular hypoxic
responses,¹⁵ its role in mediating the cardioprotective effects of specific active components derived
from traditional Chinese medicine—particularly ligustilide from SJP—remains poorly defined. The
objective of this study was to ascertain whether LIG exerts a protective effect on the heart against
ischaemic injury by modulating the AKT/GSK3β/HIF-1α pathway and preserving mitochondrial function.

2. MATERIALS AND METHODS

2.1 Materials
SJP (Tianjin Darentang) and captopril (Changzhou Pharmaceutical Factory) were commercially
available. SJP was suspended in 0.5% sodium carboxymethyl cellulose (CMC-Na). Mouse doses were
converted from the maximum adult clinical dose based on body surface area: low-dose 78 mg/kg (1-fold
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clinical equivalent dose) and high-dose 156 mg/kg (2-fold clinical equivalent dose). Tribromoethanol
stock and working solutions were prepared using standard methods. BOR, FA, LIG, and SEA standards
were purchased from Shanghai Yuanye Biotechnology, and 200 mM stock solutions were prepared in
dimethyl sulfoxide (DMSO). Creatine kinase-MB (CK-MB) and cardiac troponin T (cTnT) assay kits were
obtained from Nanjing Jiancheng and Wuhan Geneme, respectively. CCK-8, reactive oxygen species
(ROS), and mitochondrial membrane potential (JC-1) kits were purchased from Solarbio. Lactate
dehydrogenase (LDH), superoxide dismutase (SOD), and malondialdehyde (MDA) kits were supplied by
Nanjing Jiancheng.

2.2 Animal Experiments
Establishment of Mouse Acute Myocardial Infarction (MI) Model by Left Anterior Descending Coronary
Artery Ligation. Fifty mice were subjected to ligation to establish the acute MI model, and 32 mice were
successfully modeled. These 32 mice were randomly divided into 4 groups: MI model group (n = 8), low-
dose SJP group (SJP-L, n = 8), high-dose SJP group (SJP-H, n = 8), and positive drug captopril group (n = 
8). An additional 8 mice underwent the same surgical procedure without coronary ligation and served as
the sham-operated group (Sham, n = 8). Mice in the SJP-L and SJP-H groups were administered SJP by
intragastric gavage at doses of 78 and 156 mg/kg, corresponding to 1- and 2-fold of the clinical
equivalent dose, respectively. The positive control group received captopril at 20 mg/kg. The Sham and
MI groups were administered an equal volume of vehicle. All treatments were administered once daily
for 7 consecutive days. All animal procedures were approved by the Animal Ethics Committee of Tianjin
University of Traditional Chinese Medicine (Approval No. TCM-LAEC2024080z1633). Due to unexpected
mortality during the experiment, 6 mice per group with full data were included in the final statistical
analysis.

2.3 General Observation and Cardiac Index
General conditions of all mice were observed daily throughout the experimental period. Body weight of
each mouse was recorded before daily intragastric administration, and changes in body weight, food and
water intake, mental status, and hair luster were monitored. After harvesting, the heart tissue samples
were accurately weighed. The cardiac index (heart weight/body weight, HW/BW) was calculated as
follows: Cardiac index (%) = [Heart weight (g) / Body weight (g)] × 100

2.4 Echocardiographic Examination
After the last administration, all mice were fasted for 12 hours with free access to water. Anesthesia was
induced with isoflurane, and M-mode echocardiography was performed at the papillary muscle level. The
following parameters were measured: left ventricular end-diastolic diameter (LVIDd), left ventricular end-
systolic diameter (LVIDs), ejection fraction (EF), and fractional shortening (FS).

2.5 Histopathology and TTC Staining
Heart tissues were fixed in 4% paraformaldehyde, dehydrated, embedded, and sectioned. Hematoxylin
and Eosin (H&E) staining was performed to observe myocardial structure, and Masson staining was
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used to assess fibrosis. Frozen heart sections were subjected to 2,3,5-triphenyltetrazolium chloride
(TTC) staining, and the myocardial infarct size was calculated.

2.6 Serum Biochemical Assays
LDH content was determined by the microplate method following the instructions of the LDH assay kit.
Following the manufacturer's protocol of the ELISA kit, the optical density (OD) values of CK-MB and
cTnT were measured at 450 nm, and their serum levels were calculated.

2.7 Cell Culture
Rat H9c2 cardiomyocytes were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan,
China). H9c2 cells in the logarithmic growth phase were resuspended at a density of 8×10⁴ cells/mL, and
100 µL of the cell suspension was seeded into each well of a 96-well plate. The cells were cultured at
37°C with 5% CO₂ for 24 h until reaching 70% confluence. The cells were divided into blank, control, and
hypoxia groups (2 h, 6 h, and 10 h). The culture medium was replaced with glucose-free Dulbecco's
Modified Eagle Medium(DMEM) in all groups. Hypoxia groups were incubated in a hypoxia chamber
(95% N₂, 5% CO₂) for the indicated durations, whereas the control group was cultured under normal
conditions. After hypoxia treatment, the medium was discarded, and 100 µL of 10% CCK-8 solution was
added to each well. Following incubation for 1.5 h, the absorbance was measured at 450 nm. Cell
viability was calculated using the following formula: Cell viability (%) = [(Experimental group − Blank
group) / (Control group − Blank group)] × 100%. A cell viability of 70%–80% was defined as the optimal
hypoxia condition.

2.8. Screening of safe concentrations of active
components
Blank, control, and 4 treatment groups were set up. Different concentration gradients were applied for
each drug: FA, LIG, and SEA groups (0.25, 5, 50, 100, 200, 400, 800 µM), and the BOR group (1, 5, 25, 250,
500, 750, 1000 µM). After 24 h of treatment, cell viability was determined using the CCK-8 assay as
described above to define the safe concentration range for each component.

2.9 Effects of active components on the viability of OGD-
injured cells
Based on the safe concentration screening results, cells were divided into blank, control, model, and
active component treatment groups (BOR/LIG/SEA: 0.5, 5, 50 µM; FA: 0.25, 1.25, 6.25 µM). When the cell
confluence reached 70%, the cells were pretreated with a drug-containing medium for 24 hours.
Subsequently, the model and treatment groups were replaced with glucose-free DMEM and incubated in
an anaerobic chamber for 6 h, while the control group was maintained in a standard incubator. Cell
viability was then measured using the CCK-8 assay as described above to evaluate the protective effects
of the 4 active components on OGD-injured H9c2 cells.
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2.10 Detection of Oxidative Stress and Cellular Injury
Markers
H9c2 cells in the logarithmic growth phase were divided into a control group, a model group, and 4 drug-
treated groups. After model establishment as described above, the supernatant was collected to
measure LDH activity according to the kit instructions. Cells were harvested by scraping with phosphate-
buffered saline (PBS), centrifuged (1000 rpm, 10 min, repeated twice), and homogenized by
ultrasonication in an ice-water bath for 15 min. The levels of SOD and MDA were determined separately
following the kit protocols.

2.11 Detection of Intracellular ROS Levels by DCFH-DA
H9c2 cells in the logarithmic growth phase were suspended at a density of 8×104 cells/mL, and 2 mL of
the cell suspension was seeded into each well of a 6-well plate. Following the grouping and model
establishment described above, the assay was performed strictly in accordance with the instructions of
the ROS detection kit. Cells were incubated at 37°C in the dark for 30 min and washed 2–3 times with
serum-free medium. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) at room temperature
for 3–5 min, followed by another wash. Fluorescence images were captured using an inverted
fluorescence microscope.

2.12 Selection of representative component
LIG was selected as a representative component of SJP for subsequent mechanistic studies, and 50 µM
was identified as the most effective concentration based on the concentration-dependent protective
effects observed (Figs. 3C–5).

2.13 Western Blotting
Western blot was performed to detect the phosphorylation levels of AKT/GSK3β pathway proteins and
the expression of HIF-1α, to explore the mechanism of LIG. H9c2 cells were divided into a control group,
a model group, and an LIG (50 µM) treatment group. After treatment, total protein was extracted,
separated by SDS-PAGE, and transferred to membranes. The membranes were blocked with 5% skim
milk at room temperature for 2 h. Primary antibodies were added and incubated overnight at 4°C: AKT
(1:1000, SAB, 56093, 56 kDa), p-AKT (Ser473, 1:1000, SAB, 13357, 56 kDa), p-GSK3β (Ser9, 1:1000,
Abclonal, AP0039, 46 kDa), GSK3β (1:1000, Abclonal, A11731, 46 kDa), HIF-1α (1:1000, Proteintech,
66730-1-Ig, 120 kDa), and GAPDH (1:1000, Proteintech, 60004-1-Ig, 36 kDa). After washing with Tris-
buffered saline with Tween 20 (TBST), HRP-conjugated anti-rabbit/mouse secondary antibodies
(1:10000, Bioss, bs-0295G/bs-0296G) were added and incubated at room temperature for 1 h. The bands
were visualized by chemiluminescence and quantitatively analyzed using ImageJ software.

2.14 Mitochondrial Membrane Potential Detection (JC-1
Assay)
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H9c2 cells in the logarithmic growth phase were suspended at a density of 8×10⁴ cells/mL, and 100 µL
of the cell suspension was seeded into each well of a 96-well plate. The cells were divided into a control
group, a model group, and an LIG-treated group (50 µM). The assay was performed strictly in accordance
with the kit instructions. The fluorescence intensities of red aggregates and green monomers were
observed under a fluorescence microscope, and the red/green fluorescence ratio was calculated to
evaluate the mitochondrial membrane potential.

2.15 Statistical Analysis
All data were analyzed using GraphPad Prism 10.1.2 software and expressed as Mean ± SD. The
Student's t-test was used for comparisons between 2 groups. For multiple group comparisons, one-way
analysis of variance (one-way ANOVA) was carried out, followed by Tukey's multiple comparisons test to
discriminate between individual groups. In addition, Brown-Forsythe and Bartlett tests were performed to
assess the homogeneity of variances. A value of P < 0.05 was considered statistically significant.

3. RESULTS
3.1 The protective effects of SJP on physiological status, cardiac function, and myocardial injury in
mice with acute myocardial infarction

During the experiment, 2 mice in the MI group and one mouse in the SJP low-dose group died, leaving a
total of 38 mice for statistical analysis. Compared with the sham-operated group, MI model mice
exhibited mental depression, decreased activity, reduced food and water intake, lower body weight, and
dry and rough hair (Fig. 1a). Echocardiography results showed that compared with the sham-operated
group, the MI model group had significantly decreased left ventricular EF and FS, as well as significantly
increased LVIDd and LVIDs, with statistical significance (Fig. 1b, c). Compared with the sham-operated
group, the MI model group showed significantly increased heart weight and cardiac index (Fig. 1d).
Serum levels of myocardial injury markers CK-MB, cTnT, and LDH were also significantly elevated
(Fig. 1e, f).

Compared with the MI model group, mice in the SJP low-dose, high-dose, and captopril-positive control
groups showed markedly improved mental status, activity, and food intake, reduced body weight loss,
and smoother fur. Regarding cardiac function parameters, EF and FS were significantly increased, and
left ventricular dilatation was reduced in all treatment groups. The SJP high-dose and captopril groups
significantly reduced the elevated cardiac index, and the low-dose group also showed a decreasing trend
in cardiac index. Serum myocardial injury marker levels were significantly decreased in all treatment
groups. These results indicate that SJP improves general condition, inhibits pathological cardiac
hypertrophy, enhances cardiac function, and alleviates myocardial injury in mice with acute myocardial
infarction.

3.2. Effects of SJP on myocardial pathological morphology, fibrosis, and infarct size in mice with acute
myocardial infarction
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H&E staining revealed that the Sham group exhibited intact myocardial structure, neatly arranged
myocardial fibers, and no obvious interstitial widening. In the MI group, the left ventricular cavity was
enlarged, the ventricular wall was thinned, the myocardial structure was disrupted, fibers were
disorganized, and marked inflammatory cell infiltration was observed. In all treatment groups, ventricular
dilatation was attenuated, ventricular wall thickness was well preserved, myocardial fibers were arranged
more regularly, the necrotic area was reduced, and inflammatory infiltration was alleviated (Fig. 2a).
Masson staining showed minimal collagen deposition in the Sham group, whereas extensive collagen
deposition and severe fibrosis were observed in the MI group; collagen deposition and fibrotic area were
reduced in all treatment groups (Fig. 2b). TTC staining demonstrated uniform red staining in the Sham
group, while a large pale necrotic area was present in the MI group; the necrotic area was significantly
reduced, and the area of viable myocardium was increased in all treatment groups (Fig. 2c). Collectively,
these results indicate that SJP can reduce myocardial pathological injury, reduce post-infarction fibrosis,
decrease myocardial infarct size, and improve ventricular remodeling.

3.3 Protective effects of active components of SJP: OGD model establishment, safe concentration
screening, and cytoprotective activity

To establish the OGD model, the effects of different OGD durations on the viability of H9c2 cells were
examined. Cell viability decreased gradually with prolonged OGD, reaching approximately 70% after 6 h.
Therefore, 6 h of OGD was selected to establish the injury model (Fig. 3A). Furthermore, the safe
concentrations of BOR, FA, LIG, and SEA were screened using the CCK-8 assay. Cell viability remained > 
90% at concentrations of BOR < 250 µM, FA < 5 µM, LIG < 200 µM, and SEA < 100 µM, indicating low
cytotoxicity (Fig. 3B). Based on these results and pharmacokinetic data, the following concentrations
were used in subsequent experiments: BOR, LIG, and SEA at 0.5, 5, and 50 µM; FA at 0.25, 1.25, and 6.25
µM. The viability of cells in the OGD model group was significantly reduced compared with the control
group, confirming successful modeling. Compared with the model group, treatment with BOR (5 and 50
µM), FA (0.25, 1.25, and 6.25 µM), LIG (5 and 50 µM), and SEA (50 µM) significantly increased cell
viability. These results indicate that the 4 active components effectively attenuate OGD-induced injury in
cardiomyocytes (Fig. 3C)

3.4. Effects of active components of SJP on membrane damage and oxidative stress in OGD-injured
H9c2 cells

After 6 h of OGD, compared with the control group, the activity of LDH in the supernatant of the model
group was significantly increased, indicating cell membrane damage and LDH leakage. Meanwhile,
intracellular MDA content and ROS levels were significantly elevated, while SOD activity was significantly
decreased, indicating that OGD-induced lipid peroxidation damage and oxidative stress. Compared with
the model group, treatment with 0.25, 1.25, and 6.25 µM FA, 0.5, 5, and 50 µM BOR and LIG, and 5 and 50
µM SEA significantly reduced LDH release, MDA content, and ROS levels, while increasing SOD activity
(Figs. 4, 5), indicating that these effects repaired cell membrane damage, inhibited lipid peroxidation,
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scavenged excess ROS, and enhanced antioxidant capacity. These results confirm that the 4 active
components exert pronounced protective effects against OGD-induced injury in H9c2 cardiomyocytes.

3.5 Regulatory effect of ligustilide on the AKT/GSK3β/HIF-
1α pathway in hypoxic H9c2 cells
Compared with the normoxic control group, the protein expression level of HIF-1α was significantly
increased in hypoxic H9c2 cardiomyocytes, indicating that hypoxia successfully induced the
upregulation of HIF-1α expression. Compared with the hypoxic model group, LIG intervention
significantly increased the ratios of p-AKT/AKT and p-GSK3β/GSK3β, while markedly reducing the
hypoxia-induced high expression of HIF-1α (Figs. 6a, b).

3.6. Effects of ligustilide on mitochondrial membrane
potential
Compared with the control group, the JC-1 red/green fluorescence ratio was significantly decreased in
the OGD model group, indicating that OGD injury induced a decline in mitochondrial membrane potential
and impaired mitochondrial function in H9c2 cells. Compared with the model group, treatment with 50
µM LIG significantly increased the JC-1 red/green fluorescence ratio, effectively reversing the OGD-
induced reduction in mitochondrial membrane potential, stabilizing mitochondrial function, and exerting
a cardioprotective effect (Figs. 6c, d).

4. DISCUSSION
MI is associated with a high mortality rate and significant disability. The persistence of pathological
responses, including myocardial oxidative stress disorder, mitochondrial damage, and cell apoptosis,
after the onset of the condition, serves to exacerbate myocardial injury and ventricular remodelling. It is
evident that current clinical interventions are inadequate in their capacity to entirely prevent continuous
myocardial damage. SJP is a traditional Chinese patent medicine that is frequently employed for the
treatment of myocardial ischemia. However, the precise active components and specific molecular
mechanisms underlying its anti-MI effects remain to be elucidated. The present study systematically
investigated the cardioprotective efficacy of SJP using in vivo and in vitro models. The effects of four
major active components were verified, and the focus was placed on LIG to elucidate its mechanism of
action from the perspective of mitochondrial function and the AKT/GSK3β/HIF-1α pathway.

MI has been shown to induce myocardial necrosis, leading to decreased ventricular systolic function,
pathological ventricular dilation, abnormal release of myocardial injury markers, disordered myocardial
structure, and fibrotic remodelling. These are core pathological features of progressive cardiac
dysfunction.16 The present study corroborates earlier findings by demonstrating that SJP significantly
increases EF and FS in mice with MI, improves ventricular systolic function, and inhibits ventricular
dilation. Concurrently, SJP effectively reduced serum levels of myocardial injury markers, including CK-
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MB, cTnT, and LDH, thereby alleviating myocardial necrosis. Furthermore, H&E, Masson, and TTC staining
revealed that SJP normalised myocardial fibre arrangement, inhibited inflammatory infiltration and
myocardial fibrosis, and reduced infarct size. This effect was dose-dependent, with optimal efficacy
observed at high doses. These findings systematically confirm the overall cardioprotective effect of SJP
against MI.

Early myocardial ischemia is frequently accompanied by mitochondrial dysfunction and excessive
activation of oxidative stress, which are pivotal processes contributing to cardiomyocyte injury and
cardiac dysfunction. 17 Myocardial hypoxia leads to significant accumulation of ROS, triggering lipid
peroxidation and reducing SOD activity, ultimately exacerbating cardiomyocyte injury.18 In this study, the
utilisation of an OGD model in H9c2 cardiomyocytes revealed that BOR, FA, LIG, and SEA significantly
enhanced cell viability, reduced LDH release, decreased MDA and ROS levels, and increased SOD activity.
The results of this study demonstrate that SJP exerts cardioprotective effects by antagonising oxidative
stress through multiple active components in a synergistic manner.

Mitochondria are vital organelles that facilitate energy metabolism and ensure the survival of
cardiomyocytes. Ischemia and hypoxia have been demonstrated to induce a decline in mitochondrial
membrane potential and dysfunction, thereby exacerbating oxidative stress and apoptotic injury. 19 As a
key active component of SJP, LIG significantly reversed the reduction in mitochondrial membrane
potential induced by OGD, whilst also maintaining mitochondrial structural and functional stability, and
inhibiting mitochondria-mediated cell injury. AKT (protein kinase B) is a core kinase that regulates cell
survival, proliferation, and metabolism.20 Glycogen synthase kinase 3β (GSK3β) has been identified as a
key downstream negative regulator of AKT. Phosphorylation and activation of AKT inhibit GSK3β activity
via phosphorylation, thereby promoting cell survival and suppressing apoptosis.21 Hypoxia-inducible
factor-1α (HIF-1α) is a master transcription factor that functions under conditions of hypoxia. Aberrant
expression of this factor has been demonstrated to intensify myocardial inflammation and injury under
hypoxic conditions.22 Furthermore, LIG activated the AKT/GSK3β signalling pathway, resulting in
increased AKT and GSK3β phosphorylation levels, and decreased HIF-1α expression. The AKT/GSK3β
pathway has been identified as a critical regulator of cell survival, energy metabolism and anti-apoptosis
.23 Furthermore, moderate inhibition of excessive HIF-1α expression has been shown to alleviate
secondary injury induced by hypoxic stress.24 The findings suggest that LIG exerts cardioprotective
effects by stabilising mitochondrial function and modulating the AKT/GSK3β/HIF-1α pathway.

The present study corroborated the notion that boron, folic acid, L-carnitine and selenium have
cardioprotective properties, and L-carnitine was selected for in-depth mechanistic investigation with
solid scientific rationale. A component content analysis revealed that LIG is the core phthalide active
constituent of Rhizoma Chuanxiong, the monarch herb of SJP, with a high abundance in both the
formulation and raw medicinal materials, serving as the primary material basis for its pharmacological
effects.Pharmacokinetic and tissue distribution studies further verified that LIG rapidly targets and
accumulates in myocardial tissue. Despite its predominant existence as metabolic derivatives in the
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blood, it exerts a stable effect on the heart and directly contributes to myocardial injury repair, thus
establishing itself as a pivotal component responsible for the rapid onset of SJP. 25 In consideration of
the in vitro outcomes of the present study, LIG demonstrates notable efficacy in enhancing myocardial
oxidative stress and rectifying mitochondrial impairment. Given its high content, cardiac-targeted
distribution, and potent in vitro efficacy, LIG has been identified as the core active component of SJP
against acute myocardial infarction (AMI). In comparison with single chemical drugs, SJP, which is
characterised by multi-component and multi-target actions, has been shown to synergistically regulate
multiple pathological injuries in MI. This is in alignment with the complex pathogenesis of MI, and it has
been demonstrated to offer unique advantages in traditional Chinese medicine applications. 26

This study has certain limitations. First, only 4 major active components were screened, and the
potential effects of other minor components were not comprehensively investigated. Second, the
upstream mechanism by which SJP regulates the AKT/GSK3β/HIF-1α pathway remains to be further
explored, and pathway-specific inhibitors were not used to validate its causal role in ligustilide-mediated
cardioprotection. Third, echocardiographic and histopathological assessments were not performed
under blinded conditions, which may have introduced potential detection bias. Finally, the experimental
conclusions are mainly derived from animal and cell models, requiring further validation in clinical
studies.

5. CONCLUSION
The present study systematically elucidated the pharmacological effects and mechanisms of SJP and
its active components against myocardial ischemic injury at the in vivo, cellular, and molecular levels. In
vivo results confirmed that SJP significantly improved cardiac function in mice with acute myocardial
infarction, reduced serum levels of myocardial injury markers, alleviated myocardial pathological
damage and fibrosis, and effectively reduced myocardial infarct size, exerting a definite cardioprotective
effect. In vitro experiments further verified that the presence of boron, fluorine, ligation, and sulfonation
in SJP could effectively alleviate OGD-induced injury in H9c2 cardiomyocytes, enhance cell viability,
reduce LDH release, inhibit oxidative stress, and improve cellular antioxidant capacity, providing a
material basis for the cardioprotective effect of SJP. Mechanistic studies demonstrated that the key
active component LIG reversed the OGD-induced decrease in mitochondrial membrane potential and
stabilized mitochondrial function. Furthermore, LIG regulated cell survival and inhibited oxidative stress
by activating the AKT/GSK3β signalling pathway and downregulating the expression of HIF-1α, ultimately
attenuating myocardial ischemic injury. In conclusion, SJP exhibits significant activity against
myocardial ischemic injury, and its effects are closely associated with ligustilide-mediated activation of
the AKT/GSK3β/HIF-1α pathway and stabilization of mitochondrial function.
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Figure 1

Effects of SJP on general status, body weight, and cardiac function in mice with acute myocardial
infarction (n=6). a.Body weight changes of mice in each group over 7 days. b. Representative M-mode
echocardiographic images of the left ventricle in different groups. c Echocardiographic parameters of
LVIDd, LVIDs, EF, and FS.d. Heart weight/body weight ratio (HW/BW).e–g: LDH, CK-MB, and cTnT. (#P <
0.05, ## P < 0.01, ### P < 0.001, #### P < 0.0001 vs. Sham group; * P < 0.05, ** P < 0.01, *** P < 0.001
vs. MI group.)Data are presented as mean ± SD (n = 6 per group)
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Figure 2

Effects of SJP on myocardial pathological morphology, fibrosis, and infarct size in mice with acute
myocardial infarction. a. HE staining results; b. Masson staining results; c. TTC staining results
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Figure 3

Effects of active components of SJP: OGD model establishment, safe concentration screening, and
cytoprotective activity. (n = 3) A. Effects of different OGD durations on the viability of H9c2
cardiomyocytes;(*** P < 0.001 ,****P < 0.0001vs. control group.) B.Cytotoxicity and safe concentration
screening of different concentrations of BOR, FA, LIG, and SEA in H9c2 cardiomyocytes;( * P < 0.05, ** P
< 0.01, *** P < 0.001,****P < 0.0001vs. control group.) C. Effects of BOR, FA, LIG, and SEA at safe

Page 18/22



concentrations on the viability of H9c2 cardiomyocytes after OGD injury.(## P < 0.01, ### P < 0.001,
#### P < 0.0001 vs. control group; * P < 0.05, ** P < 0.01, *** P < 0.001,**** P < 0.0001 vs. model group.)
Data were presented as mean ± SD (n = 3, three independent experiments).

Figure 4

Effects of active components of SJP on LDH release, MDA content, and SOD activity in oxygen-glucose
deprivation (OGD)-injured H9c2 cardiomyocytes. (n=3) a. Effects of active components of SJP on LDH
activity in the supernatant of OGD-injured H9c2 cells; b. Effects of active components of SJP on
intracellular MDA content in OGD-injured H9c2 cells; c. Effects of active components of SJP on
intracellular SOD activity in OGD-injured H9c2 cells.(## P < 0.01, ### P < 0.001, #### P < 0.0001 vs.
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control group; * P < 0.05, ** P < 0.01, *** P < 0.001 vs. model group.)Data were presented as mean ± SD
(n = 3, three independent experiments)

Figure 5

Effects of active components of SJP on intracellular ROS levels in OGD-injured H9c2 cells. (n=3) a.
Representative fluorescence microscopy images of intracellular ROS (green) and DAPI (blue) staining in
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H9c2 cardiomyocytes.b. Quantitative analysis of relative ROS fluorescence intensity in H9c2
cardiomyocytes.(## P < 0.01, ### P < 0.001 vs. control group; * P < 0.05, ** P < 0.01, *** P < 0.001 vs.
model group.) Data were presented as mean ± SD (n = 3, three independent experiments)

Figure 6
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LIG regulates signaling pathways and improves mitochondrial function in hypoxic cardiomyocytes. (n=3)
a. Representative Western blot bands showing LIG‑mediated regulation of the Akt/GSK‑3β/HIF‑1α
pathway in OGD‑injured H9c2 cardiomyocytes. b. Densitometric analysis of p‑Akt/Akt, p‑GSK‑3β/GSK‑3β
ratios, and HIF‑1α expression in OGD‑injured H9c2 cardiomyocytes treated with LIG.(* P < 0.05, ** P <
0.01, *** P < 0.001 vs. control group.) c. Effects of LIG on mitochondrial membrane potential in
OGD‑injured H9c2 cells (JC‑1 fluorescence staining). d. Quantitative analysis of mitochondrial
membrane potential in OGD‑injured H9c2 cells treated with LIG.(# P < 0.05 vs. control group; * P < 0.05
vs. model group.) Data were presented as mean ± SD (n = 3, three independent experiments)
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