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ABSTRACT

Heart failure (HF) remains a major global health challenge with limited therapeutic options, thus prompting the 
search for novel cardioprotective agents among traditional Chinese medicines. In this study, screening of 828 herbal 
extracts in an oxygen glucose deprivation injury H9c2 cardiomyocyte model led to the identification of Euphorbia 
neriifolia L. extract (JM04) as a promising candidate. JM04 significantly increased cell viability while decreasing lactate 
dehydrogenase release and reactive oxygen species (ROS) accumulation in both H9c2 and primary cardiomyocytes. 
In vivo, JM04 ameliorated cardiac function and attenuated myocardial fibrosis in isoproterenol-induced HF mice, 
as evidenced by echocardiography and histological analysis. Network pharmacology and mechanistic studies 
revealed that JM04 modulated the Nrf2/ROS/HIF-1α axis by exerting free radical scavenging activity, activating the 
Nrf2 antioxidant pathway, restoring mTOR phosphorylation, and enhancing HIF-1α expression, thereby protecting 
against cardiomyocyte apoptosis. Furthermore, UPLC-MS/MS identified six active components consistent with 
network pharmacology predictions, thus highlighting its multicomponent and multitarget nature. Collectively, 
these findings demonstrated that JM04 exerts potent cardioprotective effects through integrated antioxidant and 
signaling modulation, and support its further development as a candidate botanical drug for HF intervention.

Keywords: Euphorbia neriifolia L., Heart failure, Network pharmacology, Nrf2/ROS/HIF-1α pathway

1. INTRODUCTION

Heart failure (HF), a complex clinical syndrome resulting 
from structural and/or functional cardiac abnormalities 
initiated by diverse etiological factors, is characterized 
by substantial morbidity and mortality. The adult prev-
alence rates of HF are 1%–2%, and a trend of earlier 
onset in younger populations is emerging [1, 2]. Global 
estimates suggest that HF affects more than 64 million 

individuals worldwide, including more than 13 million 
confirmed cases among Chinese adults [3]. Notably, 
despite substantial research investment in cardiovas-
cular therapeutics and the implementation of current 
gold-standard therapies post-diagnosis, the 5-year sur-
vival rate persistently remains below 50% [4, 5].

Current pharmacological management of HF fol-
lows guideline-directed medical therapy encompassing 
angiotensin-converting enzyme inhibitors, angiotensin 
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receptor blockers, diuretics, and beta-blockers. However, 
extended administration of these therapeutic agents 
can lead to adverse events, including electrolyte deple-
tion, fluid loss, and dry cough [6, 7]. Combining different 
drug classes has shown potential in improving hemod-
ynamic parameters in patients with HF and is crucial in 
enhancing myocardial function. Nevertheless, determin-
ing the optimal ratio of drugs of different classes for 
individual patients remains a clinical treatment chal-
lenge [8]. Therefore, effective intervention measures 
must be explored to prevent HF development.

Traditional Chinese medicine (TCM) is a promising 
therapeutic strategy for the prevention and treatment 
of HF, because of its multitarget, multicomponent, and 
multipathway mechanisms [9]. Although the pharma-
cological effects and underlying mechanisms of certain 
active ingredients require further investigation, TCM’s 
multitarget characteristics make it a viable option for the 
prevention and management of cardiovascular diseases 
(CVDs) [10, 11]. TCM encompasses a wide variety of active 
ingredients with distinctive pharmacological effects, 
including lipid modulation, antioxidant and anti-in-
flammatory activity, endothelial protection, autophagy 
enhancement, and blood pressure lowering [12]. These 
multifaceted effects are highly beneficial in CVDs pre-
vention and treatment. Moreover, the synergistic actions 
among multiple constituents in TCM might contribute to 
balanced pharmacological modulation, thus potentially 
decreasing the frequent risk of adverse effects with sin-
gle-target or high-dose chemical drugs. Furthermore, 
numerous TCM formulations exert therapeutic benefits, 
such as Shexiang Baoxin pill (SBP), Tongxinluo capsule 
(TXLC), Doxin Xuekang capsule, and Xinmailong, all of 
which have been applied in CVDs management [13, 14].

Herein, we systematically screened 828 Chinese 
herbal extracts derived from ethnopharmacologi-
cal resources in Yunnan Province, Southwest China, 

to identify potential therapeutic candidates for HF. 
Notably, the ethanol extract from aerial parts of E. 
neriifolia L. (designated JM04) demonstrated superior 
cardioprotective effects in preliminary cardiomyocyte  
viability assays (Figure 1). Use of E. neriifolia L., a mem-
ber of the spurge family (Euphorbiaceae), has been 
historically documented in managing diverse patho-
logical conditions, including inflammatory disorders, 
chronic pain, gastrointestinal dysfunction, and parasitic 
infections [15-17]. Phytochemical investigations have 
revealed its composition rich in bioactive diterpenoids 
and triterpenoids, which exhibit pleiotropic pharmaco-
logical activities encompassing anti-neoplastic, anti-in-
flammatory, and antiviral efficacy against HIV and influ-
enza strains [18-21]. However, the therapeutic potential 
and molecular mechanisms underlying its cardioprotec-
tive effects remain unexplored in the scientific litera-
ture. Therefore, a critical need exists to systematically 
investigate the pharmacological properties and deline-
ate the molecular mechanisms underlying E. neriifolia 
L.’s therapeutic potential in HF management. Herein, 
we used an oxygen glucose deprivation (OGD)-induced 
cardiomyocyte injury model and an isoproterenol (ISO)-
induced HF mouse model to explore the protective 
effects of JM04. Further network pharmacology analysis 
indicated that JM04 protects cardiomyocytes by regulat-
ing the HIF-1 signaling pathway.

2. METHODS

2.1 Reagents
Nicorandil, 2,2-diphenyl-1-picrylhydrazyl, and LCZ696 
were purchased from Bide Pharmatech, Ltd. (Shanghai, 
China). Fetal bovine serum (catalog number: 42F6590K), 
Dulbecco’s modified Eagle’s medium/F-12 (catalog 
number:11330032), and Dulbecco’s modified Eagle’s 
medium (catalog number: 11995-065) were purchased 

Figure 1  |  The discovery of JM04 through phenotypic screening of a Chinese herbal medicine library.
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from Gibco (Grand Island, NY, United States). Phosphate 
buffered saline (PBS), penicillin-streptomycin (cata-
log number: 60162ES76), RIPA lysis buffer (catalog 
number: 20114ES60), a BCA Protein Quantification 
Kit (catalog number: 20201ES76), Super ECL Detection 
Reagent (catalog number: 36208ES60), and a Reactive 
Oxygen Species Assay Kit (catalog number: 50101ES01) 
were obtained from Yeasen (Shanghai, China). A Cell 
Counting Kit-8 (CCK-8) was procured from TargetMol 
(catalog number: C0005, Boston, United States). A 
CytoTox 96® Non-Radioactive Cytotoxicity Assay was 
procured from Promega Corporation (catalog number: 
G1780, Madison, United States).

2.2 Preparation of JM04
Aerial parts of E. neriifolia L., collected from western 
Yunnan Province, China, were provided by the College 
of Pharmacy at Dali University. The plant material was 
air-dried, ground to a fine powder, and subjected to 
triple extraction via reflux with 75% ethanol at 95°C 
for 2 hours. The resulting extracts were combined, 
filtered, and concentrated under reduced pressure, 
then lyophilized to obtain a stable powdered extract,  
designated JM04. A voucher specimen (20151209-2) 
of E. neriifolia L. has been deposited in the College of 
Pharmacy, Dali University.

2.3 Cell culture and isolation of neonatal rat 
cardiomyocytes
H9c2 cells were purchased from the Cell Bank of the 
Chinese Academy of Science (Shanghai, China); cultured 
in Dulbecco’s modified Eagle’s medium containing 10% 
fetal bovine serum and 1% penicillin-streptomycin solu-
tion; and incubated in a humidified atmosphere with 
5% CO2 at 37°C. Cardiomyocytes were isolated from 
neonatal Wistar rats (1–2 days) as described previously 
[22]. Briefly, neonatal rats were dissected, and their 
hearts were thoroughly washed in cold PBS solution and 
minced. Subsequently, tissue fragments were digested 
in a series of incubations at 37°C in pancreatin (1.2 mg/
mL) and collagenase (0.14 mg/mL). Supernatants were 
collected and centrifuged at 200 × g for 5 min. After 
centrifugation, the cells were resuspended in Dulbecco’s 
modified Eagle’s medium/F-12 containing 5% heat-
activated horse serum, ascorbate (0.1 mmol/L), insu-
lin-transferring-sodium selenite medium supplement, 
penicillin (100 U/mL), streptomycin (100 mg/mL), and 
bromodeoxyuridine (0.1 mmol/L). The cell suspension 
was pre-plated at 37°C for 1 h to enrich cardiomyo-
cytes in the cultures. The cells were then diluted to 1 
× 106 cells/mL and plated in laminin-coated (10 mg/mL) 
culture dishes according to the specific experimental 
requirements.

2.4 OGD model and drug treatment
H9c2 cells were seeded in 96-well plates at 8 × 103 cells/
well and cultured under normal conditions to 80% 

confluence. JM04 (0, 10, 20, 50, 100, or 200 μg/mL) was 
added to the cells for 12 h under hypoxia. After incu-
bation, the medium was removed, and the cells were 
exposed to hypoxia (oxygen deprivation, 0.5% O2) and 
PBS solution for 6 h to induce cell injury. A control group 
not subjected to OGD was maintained in complete cul-
ture medium.

2.5 Cell viability assays
The protective effects of JM04 were evaluated in an 
OGD-induced H9c2 cell injury model. Cardiomyocyte 
viability was determined with CCK-8 assays according 
to the manufacturer’s instructions. CCK-8 solution was 
added into the wells and incubated at 37°C for 1 h. The 
absorbance of the culture medium in each well was 
recorded at 450 nm with a Synergy H1 Hybrid Multi-
Mode Reader (BioTek Instruments, Inc., Verm, United 
States). Three replicate experiments were conducted.

2.6 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging assays
We conducted 2,2-diphenyl-1-picrylhydrazyl radical 
scavenging assays as described previously [23]. Briefly, 
100 μL JM04 at various concentrations was incubated 
with 100 μL DPPH solution (200 μM) in a 96-well plate 
at room temperature for 30 min, away from any 
source of light. Absorbance was measured at 517 nm. 
A sample containing methanol without JM04 served 
as a control. The DPPH radical scavenging ability (%) 
was calculated as [(A0−A1)/A0] × 100, with A0 and A1 
representing the absorbance of the control and the 
sample, respectively. Three replicate experiments were 
conducted.

2.7 Measurement of lactate dehydrogenase (LDH) 
levels
LDH levels were detected in H9c2 cells with a cytotoxic-
ity assay kit. H9c2 cells were seeded in 12-well plates (8 
× 104 cells/mL), pretreated with JM04 (50, 100, or 200 μg/
mL) for 12 h, and were followed by OGD treatment for 6 
h. LDH levels were measured according to the manufac-
turer’s instructions. Briefly, 50 μL supernatant from the 
OGD treatment was added to 50 μL working solution in 
a 96-well plate. After a 30 min reaction at room temper-
ature under light-avoidant conditions, the reaction was 
stopped by addition of 50 μL stop solution. UV absorp-
tion values were measured at 490 nm with a Synergy H1 
Hybrid Multi-Mode Reader.

2.8 Determination of intracellular reactive 
oxygen species (ROS)
H9c2 cells were cultured in 12-well plates (6 × 104 cells/
mL), then pretreated with JM04 (50, 100, and 200 μg/
mL) for 12 h, and subjected to OGD treatment for 6 h. 
Next, 10 μM H2DCFDA (DCFH-DA) diluent was added 
into 12-well plates at 37°C in the dark for 30 min. 
The cells were washed three times with serum-free 
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culture medium after removal of DCFH-DA diluent. 
Subsequently, the cells were examined and imaged 
with a fluorescence microscope (Nikon, TS2RFL, Tokyo, 
Japan). Positive signals for ROS were quantified in 
ImageJ software.

2.9 Animal model
C57BL/6J mice (6–8 weeks, male) were obtained from 
Lingchang Biotechnology Co., Ltd. (Shanghai, China). 
After 1 week of acclimation, the mice were randomly 
divided into three groups (n = 7–9): a control group, 
model group, and JM04-treated group. Mice in the 
model group and the JM04-treated group received sub-
cutaneous injections of ISO twice daily. The dosage reg-
imen was 40 mg/kg for days 1–2, 20 mg/kg for days 3–7, 
and 10 mg/kg for days 8–14. Control mice were subcuta-
neously injected with saline. Simultaneously, the JM04-
treated groups were intragastrically administered 200 
mg/kg once per day for 14 days, whereas the control 
group and model group were treated with water.

2.9.1 Echocardiography.  To evaluate the therapeutic 
effects of JM04 on ISO-induced HF, we assessed cardiac 
function with echocardiography. The cardiac function 
indices of ejection fraction (EF), fractional shortening 
(FS), left ventricular internal diastolic diameter (LVIDd), 
and left ventricular internal dimension systole (LVIDs) 
were measured with transthoracic echocardiography 
with a Vevo 3100 high-resolution imaging system (Visual 
Sonics, Vevo® 3100, Toronto, Canada).

2.9.2 Masson’s trichrome staining.  Myocardial fibrosis 
was assessed with Masson’s trichrome staining. Briefly, 
mouse hearts were excised and fixed in 4% paraformal-
dehyde, embedded in paraffin, and cut into 4 μm serial 
sections. The sections were stained with Masson’s tri-
chrome and observed under an ECLIPSE Ts2R microscope 
(Nikon, TS2RFL, Tokyo, Japan). ImageJ software was 
used to measure the fibrotic area.

2.10 Pharmacology network analysis
We initially obtained 157 chemical ingredients and their 
physicochemical properties from E. neriifolia L. from 
many prior studies [24, 25]. Criteria of oral bioavailabil-
ity ≥ 30% and drug-likeness activity ≥ 0.18 were used 
to screen candidate active compounds. We filtered 
HF-related targets from the GeneCards database (https://
www.genecards.org/). The overlapping targets between 
compounds from E. neriifolia L. and those associated 
with HF were identified with a Venn diagram, thus yield-
ing a set of common targets. The common targets were 
submitted to the STRING database version 11.0 (https://
string-db.org/) for protein-protein interaction (PPI) 
analysis. Furthermore, direct targets were input into 
the DAVID 6.8 database (https://davidbioinformatics. 
nih.gov/) to obtain Kyoto Encyclopedia of Genes and 

Genomes (KEGG) signaling pathway data. Statistical sig-
nificance wasdetermined using a threshold of 0.05.

2.11 Western blot analysis
H9c2 cells were cultured in 6 cm dishes, then pretreated 
with JM04 (50 or 100 μg/mL) for 12 h and subjected 
to OGD treatment for 6 h. Next, the cells were lysed 
in RIPA lysis buffer containing 1% protease inhibitor. 
Subsequently, proteins were collected by centrifugation 
at 12,000 × g for 10 min at 4°C. Protein concentrations 
were quantified with a BCA protein quantification kit. 
Equal amounts of protein from each sample cell were 
separated with SDS-PAGE and transferred to NC mem-
branes. The membranes were then blocked with 5% 
milk powder in TBST for 1 h and incubated overnight 
with primary antibodies at 4°C. After being washed, 
the membranes were incubated with appropriate HRP-
conjugated secondary antibodies for 1 h at room tem-
perature. Finally, the membranes were photographed 
with imaging techniques (Tanon-4600SF), and ImageJ 
software was used to quantify the intensity. Primary 
antibodies to Bax (catalog number: AF1270, Beyotime 
Inc., Shanghai, China), Bcl-2 (catalog number: CY6717, 
Abways, Shanghai, China), cleaved caspase 3 (cata-
log number: AF1150, Beyotime Inc., Shanghai, China), 
mTOR and phosphorylated mTOR (P-mTOR) (catalog 
number: D198411 and D155324, respectively, Sangon 
Biotech Co., Ltd., Shanghai, China), HIF-1α (catalog 
number: D222477, Sangon Biotech Co., Ltd., Shanghai, 
China), Nrf2 (catalog number: 16396-1-AP, Proteintech 
Group, Inc., United States), and β-actin (catalog num-
ber: 30102ES, Yeasen, Shanghai, China) were used. 
Secondary HRP-conjugated goat anti-rabbit antibodies 
were purchased from Yeasen, Shanghai, China.

2.12 UPLC-MS/MS analysis
The analysis of JM04 was conducted with a Waters 
Micromass Q-TOF system equipped with an ACQUITY 
UPLC HSS T3 (2.1 × 100 mm, 1.8 μm) maintained at 35°C. 
The limit of detection was 1 ng/mL, and the flow rate 
was set at 0.3 mL/min. The column was eluted with a 
gradient of water/formic acid (100:0.1, v/v, A) and ace-
tonitrile/formic acid (100:0.1, v/v, B): 0–55 min, 0–100% 
B. The temperature of the autosampler was kept at 
4°C, and the injection volume was set at 10 μL. Mass 
spectrometry was performed with a quadrupole-time-
of-flight system (Waters, Massachusetts, United States) 
in negative and positive ion electrospray ionization 
(HESI-II) mode. The full MS scan ranged from 100 to 
1,500 m/z. Nitrogen was used as the auxiliary and nebu-
lizer gas.

2.13 Statistical analysis
Quantitative data are presented as mean ± SD. Statistical 
analysis was performed with t-test along with Sisak 
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multiple comparisons test. All analyses were performed 
in GraphPad Prism version 8.0.2 (GraphPad Software, 
United States), and P < 0.05 was considered to indicate 
statistical significance.

3. RESULTS

3.1 JM04 protects H9c2 cells and primary 
cardiomyocytes against OGD-induced injury
To determine the optimal concentration of JM04 for 
protecting H9c2 cells exposed to OGD treatment, we 
assessed cell viability with CCK-8 assays, in which nico-
randil served as the positive control. OGD significantly 
decreased cell viability, whereas 10, 20, 50, or 100 μg/
mL JM04 treatment, compared with OGD, markedly 
attenuated cell damage in a dose-dependent manner 
(Figure 2a). Furthermore, treatment with JM04 (200 μg/
mL), compared with OGD, significantly increased pri-
mary cardiomyocyte viability (Figure 2b). LCZ696 served 
as the positive control [26]. In agreement with the cell 
viability results, LDH release was markedly greater in 
the OGD group than the control group (####P < 0.0001, 
Figure 2c), thus indicating OGD-induced injury and sub-
sequent cell membrane damage with LDH leakage. In 
contrast, JM04 treatment (50, 100, or 200 μg/mL) signif-
icantly protected cells from injury, thus resulting in less 
LDH release than observed in the OGD group (***P < 
0.001, Figure 2c).

3.2 JM04 has significant radical scavenging 
activity and inhibits OGD-induced oxidative 
damage in H9c2 cells
Prior investigations have demonstrated the substan-
tial antioxidant activity of methanolic extracts from  
E. neriifolia L. leaves [27]. Oxidative stress, defined as 
excess production of ROS relative to antioxidant defense, 
is critical in HF pathophysiology and potentially results 
in cardiomyocyte damage [28]. To investigate whether 
JM04 might have antioxidative capabilities, we con-
ducted DPPH radical scavenging assays. JM04 showed 
concentration-dependent DPPH radical scavenging abil-
ity (Figure 2d) and therefore has antioxidative potential. 
To further explore whether the in vitro protective effect 
of JM04 might be associated with oxidative stress, we 
conducted DCFH-DA assays to detect intracellular ROS 
production during OGD treatment. Intracellular ROS in 
H9c2 cells was significantly elevated in the OGD group 
but decreased with JM04 treatment (Figure 2e). These 
findings demonstrated that the cardioprotective effect 
of JM04 against OGD-induced injury in H9c2 cells is asso-
ciated with its antioxidative stress properties.

3.3 JM04 alleviates cardiac dysfunction and 
myocardial fibrosis in mice with ISO-induced HF
To assess the cardioprotective efficacy of JM04 in 
HF, we established an in vivo mouse model of HF via 

Figure 2  |  JM04 treatment protects H9c2 cells and primary cardiomyocytes against OGD injury in vitro.
(a) Viability of H9c2 cells. (b) Viability of primary cardiomyocytes. (c) LDH assay in H9c2 cells. (d) DPPH radical scavenging ability. (e) Representative 
images of H9c2 cells and ROS fluorescence intensity (scale bars, 100 μm). The results are shown as mean ± SD (n = 3). ###P < 0.001, ####P < 
0.0001 vs. control group, *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. OGD group.



Acta  
Materia  
Medica Research Article

704      Acta Materia Medica 2025, Volume 4, Issue 4, p. 704-710 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

subcutaneous injection of ISO (Figure 3a) and assessed 
cardiac function through echocardiography. ISO admin-
istration markedly impaired both systolic and diastolic 
function in the left ventricle (Figure 3b). In contrast, 
treatment with JM04 (200 mg/kg) significantly increased 
cardiac performance, as evidenced by increased EF and FS 
(**P < 0.01, Figure 3c, d). Whereas no significant differ-
ence in LVIDd was observed between the JM04-treated 
and model groups (Figure 3e), the LVID was modestly but 
significantly lower in the JM04 group than the model 
group (*P < 0.05, Figure 3f). Additionally, although the 
heart weight-to-body weight (HW/BW) ratio appeared 
lower in JM04-treated mice than model mice, the dif-
ference was not statistically significant (Figure 3g). 
Histological analysis with Masson’s trichrome staining 
revealed that ISO exposure led to a substantial increase 
in myocardial interstitial fibrosis, a hallmark of adverse 
cardiac remodeling. JM04 administration resulted in a 
visibly attenuated collagen deposition and fibrosis area 
with respect to that in the model group. However, the 
difference was not statistically significant (Figure 3h–i). 
Together, these results indicated that JM04 exerts cardi-
oprotective effects in a mouse model of HF.

3.4 Network pharmacology analysis reveals 
potential mechanisms of JM04 against HF
To elucidate the molecular mechanisms underlying 
the cardioprotective effects of JM04, we used a net-
work pharmacology approach. Through extensive lit-
erature mining, we retrieved 157 phytochemicals from  
E. neriifolia L., including alkaloids, glycosides, phenols, 
terpenoids, flavonoids, and saponins. On the basis of 
criteria of oral bioavailability ≥ 30% and drug likeness 
≥ 0.18, we identified 12 compounds as candidate bio-
active components (Table S1), thus suggesting their 
potential as therapeutic agents in HF. Prediction of 
molecular targets associated with these compounds with 
the Traditional Chinese Medicine Systems Pharmacology 
Database yielded 217 unique protein targets after 
removal of duplicates.

3.4.1 HF-related targets and overlapping targets 
of JM04 and HF.  To explore potential therapeutic 
targets of JM04 for HF, we compiled HF-associated 
genes from GeneCards, the Therapeutic Target 
Database, Online Mendelian Inheritance in Man, 
and DrugBank. After eliminating redundancies, we 

Figure 3  |  JM04 treatment enhances cardiac function in ISO-induced HF.
(a) Schematic of the experimental design. (b) Representative M mode echocardiographic tracings. (c) Ejection fraction (EF%). (d) Fractional 
shortening (FS%). (e) Left ventricular internal diameter at diastole (LVIDd, mm). (f) Left ventricular internal diameter at systole (LVIDs, mm). (g) 
Ratios of heart to body weight of mice across groups. (h) Quantification of fibrosis area. (i) Representative Masson staining (scale bars, 100 μm). 
Data are expressed as mean ± SD (n = 7–9). ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. control group; *P < 0.05, **P < 0.01 vs. model group.
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identified 367 HF-related targets. Venn diagram anal-
ysis revealed 49 overlapping targets between JM04-
predicted proteins and HF-associated genes (Figure 4a, 
Table S2). These targets were then used to con- 
struct an ingredient-target-pathway network diagram 
in Cytoscape 3.7.2, which illustrated the multifaceted 
benefits of JM04 in the treatment of HF, through mul-
ticomponent, multitarget, and multipathway effects 
(Figure 4b).

3.4.2 PPI network.  To further clarify the interactions 
among overlapping targets, we imported the 49 shared 
targets into the STRING database and visualized the 
results in Cytoscape 3.7.2. The resulting PPI network 
comprised 59 nodes and 160 edges (Figure 4c). Among 
them, IL6, VEGFA, TNF, AKT1, and MAPK1 exhibited the 

highest degree values, thus suggesting their potential 
roles in mediating the therapeutic effect of JM04 against 
HF. These targets are known to be critically involved in 
inflammation, angiogenesis, and cellular survival path-
ways relevant to cardiac remodeling and dysfunction.

3.4.3 KEGG pathway enrichment analysis.  After KEGG 
enrichment analysis, 87 pathways were sorted according 
to the number of enriched genes. The top 15 pathways 
(Figure 4d) were associated predominantly with TNF 
and HIF-1 receptor signaling pathways, which regulate 
complex biological metabolic processes such as cell pro-
liferation, apoptosis, and inflammation. Notably, the 
TNF signaling pathway and HIF-1 signaling pathway 
emerged as key cascades, both of which have been impli-
cated in regulating cell apoptosis, oxidative stress, and 

Figure 4  |  Network pharmacology analysis profile of the ingredient-target-pathway relationships of E neriifolia L.
(a) Venn diagram illustrating that 12 bioactive ingredients share 49 potential targets with known pathological targets of HF. (b) Ingredient-
target-pathway network of E neriifolia L. The 12 bioactive ingredients are presented as red circles. The predicted direct targets are shown as 
purple diamonds. (c) PPI network of 49 overlapping genes. (d) Representative enriched clusters of the KEGG pathway.
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inflammatory responses, all of which are key processes 
in HF pathogenesis [29, 30]. Given the established role 
of HIF-1α in promoting cardiomyocyte survival under 
hypoxic stress, we focused on validating the HIF-1 sign-
aling pathway as a primary mechanism of JM04 action.

3.5 JM04 ameliorates OGD-induced oxidative 
stress and myocardial apoptosis through up-
regulating expression of the antioxidant-related 
protein Nrf2 and regulating the ROS/P-mTOR/ 
HIF-1αα pathway
Building on the network pharmacology findings, which 
highlighted the HIF-1 signaling pathway as a central 
mechanism potentially mediating the cardioprotec-
tive effects of JM04, we next sought to experimentally 
validate this prediction. Specifically, we investigated 
the regulatory roles of JM04 in oxidative stress, HIF-1α 
expression, and apoptosis in H9c2 cardiomyocytes sub-
jected to OGD.

First, JM04 was found to significantly decrease ROS 
generation by scavenging radicals. The levels of ROS 
within cells are influenced not only by the availability 
of ROS scavengers but also by the modulation of anti-
oxidant enzymes and proteins. Nrf2, a key transcription 
factor, plays a central role in the cellular antioxidant 
defense system by upregulating the expression of var-
ious antioxidant-associated genes involved in cellu-
lar defense against oxidative stress [31]. Therefore, to 
determine whether JM04 might attenuate ROS gen-
eration by activating Nrf2, we assessed Nrf2 protein 
expression with western blotting. The decreased expres-
sion of Nrf2 in OGD-treated H9c2 cells indicated func-
tional impairment of the antioxidant system after OGD 
treatment (Figure 5a). However, JM04 increased the 
expression of Nrf2 (Figure 5a, b), thus suggesting that 
JM04 not only directly scavenges ROS but also activates 
antioxidant enzymes by enhancing Nrf2 levels, thereby 
inhibiting ROS production.

Furthermore, we examined the total mTOR and 
P-mTOR in H9c2 cells, because high concentrations or 
prolonged ROS treatment has been shown to inhibit 
mTOR activation, decrease synthesis of HIF-1α, and 
induce apoptosis [20]. In agreement with these expec-
tations, OGD treatment significantly inhibited P-mTOR, 
whereas JM04 restored P-mTOR levels, thus indicating 
a potential role in counteracting the inhibitory effect 
of OGD on P-mTOR activation (Figure 5c). Next, we 
examined the effect of JM04 on HIF-1α protein in OGD-
treated H9c2 cells. OGD induced HIF-1α production, 
whereas JM04 treatment further promoted the increase 
in HIF-1α (Figure 5d), thus suggesting its involvement in 
activating the mTOR/HIF-1α signaling pathway. Finally, 
the effects of JM04 on apoptosis-associated proteins in 
H9c2 cells under OGD stimulation were explored. JM04 
treatment reversed the OGD-induced increase in the 
pro-apoptotic protein cleaved caspase 3, thus indicating 
that JM04 inhibited cardiomyocyte apoptosis in H9c2 
cells, whereas the protein expression of Bax and Bcl-2 

showed nonsignificant decreasing or increasing trends. 
Together, these results suggested that JM04 inhibits car-
diomyocyte apoptosis by directly scavenging intracellu-
lar ROS, upregulating Nrf2, and activating the mTOR/
HIF-1α signaling pathway.

3.6 UPLC-MS/MS analysis of JM04
To further understand the key components involved 
in the anti-HF effect of JM04, we performed UPLC-MS/
MS to identify the components of JM04. The total ion 
chromatogram for JM04 based on UPLC-MS/MS analysis 
in positive and negative electrospray ionization mode 
confirmed pachypodol, yucalexin P-21, p-hydroxybenza-
ldehyde, xanthoxylin, dibutyl phthalate, and quercetin 
as active ingredients in JM04 (Figure S1), in agreement 
with the network pharmacology analysis.

4. DISCUSSION

HF is a multifaceted clinical syndrome driven by a com-
plex interplay among hemodynamic, neurohormonal, 
and cellular disturbances. Despite substantial progress 
in understanding the pathophysiology of HF, including 
the roles of oxidative stress, inflammation, apoptosis, 
and maladaptive remodeling, a translational gap per-
sists. Current therapeutic strategies remain inadequate 
in addressing the multifactorial nature of disease pro-
gression [4, 5, 7]. Conventional pharmacologic agents, 
although essential, often target single pathways and are 
associated with considerable adverse effects that com-
promise long-term adherence and efficacy. Increasing 
attention has turned toward multitarget approaches, 
including natural-product-based therapies, to modulate 
the diverse pathological cascades implicated in HF. TCM 
provides a rich pharmacopeia with demonstrated clini-
cal potential in cardiovascular disease management [12-
14], particularly through its synergistic and system-wide 
effects. Notably, formulations such as SBP and TXLC 
have shown benefits in modulating vascular integrity, 
myocardial energy metabolism, and neurohormonal 
activity, thereby delaying HF progression [32]. However, 
the discovery of novel cardioprotective agents from 
underexplored TCM sources, particularly those derived 
from regions with large populations of minority ethnic 
groups, remains a promising but understudied research 
avenue. In this context, we used a high-throughput 
screening strategy based on cellular models of hypoxic 
injury to assess 828 herbal extracts. The extract of  
E neriifolia L. (JM04) emerged as a promising candidate 
for cardioprotection. Although E neriifolia L. has long 
been recognized as a folk herbal medicine with phar-
macological benefits for treating diseases or enhancing 
health [33, 34], its role in cardiovascular protection has 
been largely undocumented.

Our mechanistic investigations revealed that JM04 
exerts cardioprotective effects by modulating oxida-
tive stress and apoptosis, two hallmark processes in HF 
pathology [28, 35]. In the OGD-induced injury model, 
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JM04 not only enhanced cell viability and decreased 
LDH release, but also significantly suppressed ROS gen-
eration. Further mechanistic investigations and network 
pharmacology analysis revealed that JM04’s cardiopro-
tective role involves sequential activation of the Nrf2 
and HIF-1α pathways. In the OGD-induced injury model, 
JM04 significantly suppressed ROS generation. We pro-
pose that JM04 first activates the Nrf2 signaling pathway, 
which in turn upregulates a suite of antioxidant genes. 
This potent scavenging of excess ROS not only mitigates 
oxidative damage but also creates a more stable cellu-
lar redox environment permitting effective HIF-1α sta-
bilization and function [36]. When the myocardium is 
subjected to stressors such as ischemia, hypoxia, or oxi-
dative stress, HIF-1α, a master regulator of cellular adap-
tation, is activated, thereby promoting angiogenesis, 
energy metabolism, and anti-apoptotic signaling, facil-
itating cardiomyocyte adaptation to the hypoxic envi-
ronment, and promoting the establishment of collateral 
circulation [37]. Furthermore, our data demonstrated 
that JM04 independently promotes HIF-1α synthesis by 
restoring the expression of P-mTOR, a key upstream reg-
ulator of HIF-1α [38]. This dual action of JM04, which 
creates a conducive environment for HIF-1α function 
via Nrf2 but also directly enhances HIF-1α synthesis via 

P-mTOR, ensures robust upregulation of HIF-1α levels 
in OGD-injured cardiomyocytes [39, 40]. Consequently, 
the Nrf2-mediated antioxidant response and P-mTOR-
mediated HIF-1α synthesis collectively constitute a syner-
gistic network that enhances cardiomyocyte survival and 
resists stress-induced damage, thus exerting powerful 
anti-HF effects through multiple targets.

Numerous studies have shown that TCM therapies 
typically exert therapeutic effects through multicompo-
nent, multipathway, and multitarget mechanisms, which 
might confer distinct advantages over conventional 
Western medicine in certain contexts [41]. These prop-
erties have led to the clinical approval and widespread 
use of TCM preparations such as SBP and TXLC in CVDs 
management [32]. Both SBP and TXLC are complex mul-
tiherbal formulations containing bioactive constituents 
such as cholic acid, deoxycholic acid, cinobufagin, gin-
senoside Rb1, paeoniflorin, hirudin, and jujuboside A, 
many of which are terpenoid or terpenoid-derived chem-
icals [42, 43]. These compounds have been reported to 
exert cardioprotective effects by modulating oxidative 
stress, inflammatory signaling, and mitochondrial integ-
rity. Similarly, JM04 is enriched in diterpenoid and triter-
penoid constituents, such as pachypodol and quercetin, 
which have potent antioxidant and anti-inflammatory 

Figure 5  |  JM04 modulates oxidative stress and apoptosis-related signaling pathways in OGD-injured H9c2 cells.
(a, e) Representative western blot bands for Nrf2, P-mTORSer2448, total mTOR, and HIF-1α. (b–d) Quantitative analysis of Nrf2, P-mTOR/mTOR, 
and HIF-1α expression levels. (e) Representative western blot bands for Bax, Bcl-2, and cleaved caspase-3. (f–h) Quantitative analysis of Bax, 
Bcl-2, and cleaved caspase-3 expression levels. Data are presented as mean ± SD (n = 3). #P < 0.05, ##P < 0.01 compared with control group; 
*P < 0.05, **P < 0.01 compared with OGD group.
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activities. Given this compositional resemblance, JM04 
might be hypothesized to share common mechanis-
tic pathways with SBP and TXLC, particularly through 
activation of the Nrf2 antioxidant system, inhibition of 
excessive ROS accumulation, and modulation of inflam-
matory mediators involved in HF progression. Further 
comparative studies are warranted to quantitatively 
correlate the terpenoid profiles of JM04 with those of 
SBP and TXLC, and to potentially provide a basis for 
identifying conserved cardioprotective scaffolds.

To deconvolve the complex composition of JM04, 
we conducted network pharmacology analysis. This 
approach identified 12 candidate bioactive ingredi-
ents in JM04, with 49 overlapping targets mapped 
to HF-associated genes. KEGG pathway enrichment 
revealed the HIF-1 signaling cascades as central regula-
tory axes. Subsequent UPLC-MS/ MS analysis confirmed 
the presence of several of bioactive ingredients pre-
dicted by network pharmacology, including known Nrf2 
activators such as quercetin and pachypodol [44-47].  
Although six components were identified in JM04, 

their relative quantitative contributions to the overall 
pharmacological activity remain to be determined. This 
limitation should be addressed by establishing a quanti-
tative chemical profile and performing correlation anal-
ysis between component concentration and biological 
activity. Future work will follow a bioactivity-guided 
fractionation strategy, together with combination 
assays and experiments using key monomeric com-
pounds, to isolate, quantify, and confirm the primary 
active constituents responsible for the cardioprotective 
effects of JM04.

Together, our results suggest that JM04 might act 
through a coordinated Nrf2/ROS/mTOR/HIF-1α axis to 
preserve myocardial function under stress conditions 
(Figure 6). Importantly, this integrated approach, com-
bining phenotypic screening, network-based predic-
tion, in vitro validation, and chemical profiling, offers a 
robust paradigm for elucidating the therapeutic poten-
tial of traditional medicinal plants in HF management. 
Nonetheless, further studies are warranted to clarify 
the pharmacokinetics, bioavailability, and synergistic 

Figure 6  |  JM04 prevents OGD-induced H9c2 cell damage via regulation of a signaling pathway involving the antioxidant- 
associated protein Nrf2 and ROS/mTOR/HIF-1αα.
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interactions among JM04 constituents. Additionally, 
translation into clinical application will require the 
development of standardized extraction methods, 
safety evaluations, and large-animal efficacy models.
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