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Abstract: Objective: To investigate the effects of Shuangshen Ningxin Capsules (SSNX) on myocardial function in pa-
tients with diabetic cardiomyopathy (DCM) and its underlying mechanism. Methods: A streptozotocin (STZ)-induced 
DCM model was established in C57BL/6J mice. The mice were administered low or high doses of SSNX (90 mg/
kg/d or 180 mg/kg/d). Cardiac function was evaluated by echocardiographic parameters, H&E staining, Masson 
staining, and TUNEL assays. Transcriptomics analysis and Western blotting analysis were performed to explore 
potential molecular mechanisms. An in vitro high glucose (35 mmol/L)-induced DCM cell model was also estab-
lished. Cells were treated with SSNX (40 μg/mL or 80 μg/mL) alone or in combination with the ferroptosis activator 
erastin (10 μM) or the NRF2 inhibitor ML385 (20 μM). Biochemical assays, EdU staining, and Western blotting 
were performed to investigate the effects of SSNX on cell proliferation, ferroptosis, and the NRF2/HO-1 pathway 
in DCM cells. Results: SSNX significantly improved cardiac dysfunction and attenuated cardiomyocyte hypertrophy, 
myocardial fibrosis, and apoptosis in DCM mice. Transcriptomics analysis revealed that after SSNX intervention, 
16 originally upregulated genes were downregulated, while 33 originally downregulated genes were upregulated. 
These differentially expressed genes (DEGs) were associated with ferroptosis-related pathways. In vitro experiments 
showed that SSNX inhibited ferroptosis in the myocardium of DCM mice through activating the NRF2/HO-1 signaling 
pathway. Moreover, SSNX significantly reversed high glucose-induced suppression of the proliferation of cardiomyo-
cytes, inhibition of the NRF2/HO-1 signaling pathway, and induction of ferroptosis. Conclusion: SSNX alleviates myo-
cardial injury in DCM mice, and the mechanism underlying the effect of SSNX may involve activation of the NRF2/
HO-1 signaling pathway to inhibit ferroptosis.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic 
disorder characterized by persistent hypergly-
cemia. The incidence of DM is on the rise glob-
ally. DM is associated with serious complica-
tions, such as diabetic cardiomyopathy (DCM), 
which is a major contributor to cardiovascular 
events and mortality in DM patients. The pro-
gression of DCM is insidious and chronic. In the 
early stage, only mild pathological changes, 
such as interstitial hyperplasia and cardiomyo-
cyte degeneration, may be observed. In the 
later stages, myocardial fibrosis and ventricular 
hypertrophy may gradually develop as the dis-

ease aggravates, ultimately leading to systolic 
and diastolic dysfunction [1, 2]. Currently, the 
management of DCM mainly relies on conven-
tional cardiovascular drugs, including glycemic 
control, agents that improve myocardial metab-
olism, angiotensin-converting enzyme inhibi-
tors, and β-blockers. Although these approach-
es can slow disease progression, their long-term 
clinical benefits are limited and fail to reverse 
the pathological process of DCM [3, 4]. There- 
fore, searching for new and effective treatment 
regimens is of substantial clinical significance.

Shuangshen Ningxin (SSNX) is a traditional 
Chinese compound formulation primarily com-
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posed of Panax ginseng C.A. Meyer (total gin-
senosides), Salvia miltiorrhiza Bunge (total sal-
vianolic acids), and Corydalis yanhusuo W.T. 
Wang (total alkaloids). It is traditionally used to 
replenish qi and promote blood circulation, 
eliminate stasis, and alleviate pain, and has 
been shown to effectively ameliorate myocar-
dial ischemia-reperfusion injury [5, 6]. Its active 
constituents, including ginsenosides, salviano-
lic acid, and Corydalis yanhusuo alkaloids, ex- 
ert multiple pharmacological effects, including 
anti-inflammatory, antioxidant, and cardiopro-
tective properties. For example, ginsenoside 
Rg3 and salvianolic acid A can improve mito-
chondrial respiratory function in cardiomyo-
cytes of DCM rats, reduce myocardial fibrosis 
and hypertrophy, and decrease lipid accumula-
tion, inflammatory responses, and cardiomyo-
cyte apoptosis [7, 8]. Additionally, the alkaloid 
dehydrocorydaline from Corydalis yanhusuo 
ameliorated atherosclerosis by suppressing 
inflammation in apolipoprotein E (ApoE)-de- 
ficient mice [9]. However, whether SSNX exerts 
specific therapeutic effects against DCM re- 
mains insufficiently investigated, and its poten-
tial clinical application in DCM treatment needs 
to be further assessed.

The pathogenesis of DCM involves multiple 
complex mechanisms, including hyperglyce-
mia, oxidative stress, and the apoptosis of car-
diomyocytes, among which hyperglycemia ser- 
ves as a key initiating factor [10]. Sustained 
hyperglycemia induces the production of large 
amounts of reactive oxygen species (ROS) in 
cardiomyocytes, triggering mitochondrial dys-
function, thereby activating programmed cell 
death pathways and ultimately leading to car-
diac dysfunction [11]. Ferroptosis, a form of 
regulated cell death, has attracted consider-
able attention due to its close association with 
DCM. Ferroptosis is closely associated with the 
dysregulation of intracellular iron homeostasis 
and excess accumulation of ROS. When aber-
rantly activated in cardiomyocytes, it acceler-
ates myocardial injury and exacerbates the  
progression of DCM [12, 13]. However, whether 
SSNX can inhibit ferroptosis in individuals suf-
fering from DCM remains unclear.

The NRF2/HO-1 signaling pathway has been 
reported to play an essential role in alleviating 
oxidative stress, suppressing ferroptosis, and 
maintaining cellular homeostasis [14]. Conse- 
quently, targeting the NRF2/HO-1 pathway em- 
erges as an effective way to ameliorate DCM. 
Evidence has demonstrated that activation of 

this pathway mitigates myocardial injury and 
enhances cardiac activity by suppressing fer-
roptosis, demonstrating significant therapeutic 
potential across various cardiovascular dis-
ease models [15, 16]. However, whether SSNX 
ameliorates DCM by suppressing ferroptosis 
through the NRF2/HO-1 pathway remains un- 
certain. Accordingly, this study comprehensive-
ly evaluated the effects of SSNX on DCM in 
order to elucidate the underlying mechanisms, 
aiming to provide a novel candidate drug for 
preventing and treating DCM.

Materials and methods

Preparation of SSNX

The detailed protocol for preparing SSNX cap-
sules and the ultra-high performance liquid 
chromatography analysis of SSNX extract have 
been described previously [5, 17]. The SSNX 
capsules (Lot No. 20240220) used in this stu- 
dy were provided by Xiyuan Hospital, China 
Academy of Chinese Medical Sciences.

Materials

Streptozotocin (STZ; Cat. No. HY-13753), Era- 
stin (Cat. No. HY-15763), and ML385 (Cat. No. 
HY-100523) were purchased from MedChem- 
Express (NJ, USA). Metformin hydrochloride 
(Cat No. 317240) was purchased from Sigma 
(St Louis, USA). Creatine kinase (CK; Cat No. 
S03024) and aspartate aminotransferase (AST; 
Cat No. S03040) ELISA kits were purchased 
from Rayto (Shenzhen, China). Cardiac troponin 
I ELISA kit (cTnI; Cat. No. LJS-E-02103), hema-
toxylin (Cat. No. G1140), and eosin (Cat. No. 
E8090) were purchased from Lingjiesi (Wuhan, 
China). The Masson kit was purchased from 
Baso (Zhuhai, China). The TUNEL detection kit 
(Cat. No. A113-03) was purchased from Vazyme 
(Nanjing, China). Claycomb medium (Cat. No. 
iCell-0021) was purchased from Cellverse 
(Shanghai, China). Fetal bovine serum (Cat. No. 
FB15015) was purchased from CLARK (Virginia, 
USA). CCK-8 kit (Cat. No. C0037) and EdU kit 
(Cat. No. C0071S) were purchased from Be- 
yotime (Shanghai, China). The cellular iron con-
tent assay kit (Cat. No. BC5310) was purchased 
from Solarbio (Beijing, China). Detection kits  
for malondialdehyde (MDA, Cat. No. A003-1-2), 
total superoxide dismutase (T-SOD, Cat. No. 
A001-3-2), and glutathione (GSH, Cat. No. A006- 
2-1) were purchased from Jiancheng (Nanjing, 
China). GPX4 antibody (Cat. No. YN3047), FTH1 



Shuangshen Ningxin capsules ameliorate diabetic cardiomyopathy

1721	 Am J Transl Res 2026;18(2):1719-1731

antibody (Cat. No. YT1692), NRF2 antibody 
(Cat. No. YT1692), NRF2 antibody (Cat. No. 
YM4294), and HO-1 antibody (Cat. No. YM330- 
779) were purchased from Immunoway (Beijing, 
China). ACSL4 antibody (Cat. No. LJS-D-12141) 
was purchased from Lingjiesi (Wuhan, China).

Cells and animals

Mouse cardiomyocytes (HL-1, Cat. No.: iCell-
m077) were purchased from Cellverse (Shang- 
hai, China). Male C57BL/6J mice (6-8 weeks 
old, 18-22 g) were obtained from Sibeifu 
(Beijing, China; SCXK [Jing] 2024-0001), and 
housed under specific pathogen free (SPF) 
environments at 22-26°C with 50-60% relative 
humidity and a 12-h/12-h light/dark cycle. Mice 
acclimated for seven days upon arrival before 
the initiation of experiments. All animal experi-
ments were approved by the Animal Ethics 
Committee of Changchun University of Chinese 
Medicine (Approval No. 2024854).

DCM model establishment and grouping

For DCM model establishment, mice were ad- 
ministered STZ via intraperitoneal injection at a 
dose of 50 mg/kg for five consecutive days, 
while mice in the control group were adminis-
tered the same amount of normal saline. Two 
weeks after the last STZ injection, animals were 
fasted for 12 h and the tail vein blood was col-
lected to determine fasting blood glucose (FBG) 
levels. Mice with FBG levels ≥16.7 mmol/L, 
accompanied by polydipsia, polyphagia, poly-
uria, and weight loss, were considered to have 
developed DM. After an additional three weeks 
of feeding with a high-fat, high-sugar diet, echo-
cardiographic assessment revealed significant 
cardiac dysfunction in the DM mice, indicating 
successful construction of the DCM model 
[18]. All DCM mice were randomized into the 
Model, SSNX low-dose (SSNX-L, 90 mg/kg/d), 
SSNX high-dose (SSNX-H, 180 mg/kg/d), posi-
tive control metformin (350 mg/kg/d) groups 
[19], with an additional Control group. Each 
group consisted of six mice. The SSNX-L, SSNX- 
H, and metformin groups received the corre-
sponding drugs by oral gavage once daily for 
four consecutive weeks, while mice in the 
Model and Control groups received an equal 
volume of saline. 

At the end of the experiment, all animals under-
went echocardiography. Subsequently, blood 

samples were collected from the orbital sinus 
under anesthesia (2.5% isoflurane inhalation), 
followed by euthanasia via cervical dislocation. 
All invasive procedures were performed care-
fully to minimize suffering. Blood specimens 
were centrifuged at 1,000×g for 10 min at 4°C 
to obtain serum. Cardiac tissue samples were 
collected, with one portion fixed in 4% parafor-
maldehyde and the remaining portion pre-
served at -80°C for subsequent use.

Echocardiography for cardiac function assess-
ment

Mice were anesthetized with 2.5% isoflurane, 
and transthoracic echocardiography was per-
formed using a Mylab X5 Vet echocardiography 
system (Esaote, Shenzhen, China). Left ventric-
ular ejection fraction (EF) and left ventricular 
fractional shortening (LVFS) were measured to 
evaluate cardiac systolic function. Additionally, 
serum levels of myocardial enzyme profile 
markers, including creatine kinase (CK), aspar-
tate aminotransferase (AST), and cardiac tropo-
nin I (cTnI), were detected using a Chemray 800 
fully automated biochemistry analyzer (Rayto, 
Shenzhen, China) and corresponding ELISA 
kits.

Histological analysis

Myocardial tissues were fixed, dehydrated, and 
embedded in paraffin, followed by sectioning 
into 4-μm slices. Hematoxylin-eosin (H&E) sta- 
ining was performed to evaluate myocardial 
hypertrophy, while Masson staining was per-
formed to assess myocardial fibrosis.

TUNEL staining

Cell apoptosis was evaluated using the TUNEL 
kit following the manufacturer’s instructions. 
Paraffin sections were fixed with an immuno-
fluorescence fixative and incubated with termi-
nal deoxynucleotidyl transferase (TdT), followed 
by labeling with fluorescein-dUTP. A Nikon Fi3 
laser confocal microscope (Nikon, Japan) was 
used to acquire images after nuclear staining 
with DAPI.

Transcriptomics analysis

Myocardial tissue samples from six mice per 
group in the Control group, Model group, and 
SSNX-H group were homogenized in TRIzol 
reagent to extract total RNA. After treatment 
with oligo(dT) magnetic beads, the mRNA was 
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fragmented to the target size range. The frag-
ments were then purified, end-repaired, adap-
tor-ligated, and amplified by PCR to construct 
sequencing libraries. High-throughput sequenc-
ing was subsequently performed. Sequencing 
data quality was assessed using fastQC soft-
ware, ensuring that the data were suitable for 
downstream analyses. Differentially expressed 
genes (DEGs) were identified using the DESeq 
method. Gene Ontology (GO) and Kyoto En- 
cyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed.

Cell culture and treatment

HL-1 cells were cultivated in Claycomb medium 
containing 10% fetal bovine serum, 2 mM L- 
glutamine, 1% penicillin/streptomycin, and 0.1 
mM norepinephrine, and maintained at 37°C in 
a humidified atmosphere containing 5% CO2. To 
establish the in vitro DCM model [20], HL-1 
cells were incubated in normal-glucose medi-
um (5.5 mmol/L) for 16 h and then exposed to 
high-glucose medium (35 mmol/L) for 24 h. 
Cells were divided into the Control group, Model 
group, SSNX-L (40 μg/mL) group, SSNX-H (80 
μg/mL) group, SSNX-L+Erastin (10 μM) [21] 
group, SSNX-H+Erastin group, SSNX-L+ML385 
(20 μM) [22] group, and SSNX-H+ML385 group. 
Cells were pretreated with SSNX, erastin, and/
or ML385 in normal-glucose medium for 16 h, 
after which high-glucose medium was added to 
all groups except the Control group for an addi-
tional 24 h incubation.

CCK-8 assay

To determine the optimal concentration of 
SSNX for HL-1 cells, the cells were seeded at a 
density of 3×103 cells/well in 96-well plates. 
Cells were treated with increasing concentra-
tions of SSNX (0, 20, 40, 80, 160, and 320 μg/
mL) in normal-glucose medium for 16 h, fol-
lowed by incubation in high-glucose median for 
24 h, with an additional Control group. Next, 
the CCK-8 reagent (10 μL/well) was added for 
incubation in the dark for 2 h. An HBS-1096A 
microplate reader (DeTie, Nanjing, China) was 
used to determine absorbance at 450 nm, and 
proliferation activity was calculated.

EdU assay

HL-1 cells were inoculated in 12-well plates. 
After drug administration, an equal volume of 
pre-warmed 2 × EdU working solution (20 μM) 
was introduced into each well and incubated at 

37°C for 2 h. Supernatants were removed,  
followed by cell fixation, permeabilization, and 
Click reaction. Nuclei were counterstained  
with DAPI for 10 min, and images were cap-
tured using an XD202 fluorescence microscope 
(Yongxin, Jiangnan, China).

Biochemical detection

Following the manufacturers’ protocols, bio-
chemical assay kits were used to evaluate the 
levels of Fe2+, malondialdehyde (MDA), glutathi-
one (GSH), and SOD in HL-1 cells and mouse 
myocardial tissues.

Western blotting analysis

Using RIPA lysis buffer, total proteins were iso-
lated from mouse myocardium tissues or HL-1 
cells, with protein content measured using the 
BCA assay. Equal amounts of protein (30 μg) 
were separated by 10% SDS-PAGE and trans-
ferred to polyvinylidene fluoride (PVDF) mem-
branes. After blocking with skim milk for 1 h at 
ambient temperature, membranes were incu-
bated overnight 4°C with primary antibodies 
against GPX4 (1:1,000), FTH1 (1:1,000), ACSL4 
(1:1,000), NRF2 (1:1,000), HO-1 (1:1,000), and 
GAPDH (1:1,000). Then, membranes were incu-
bated with horseradish peroxidase-conjugated 
rabbit IgG secondary antibody (1:10,000) at 
room temperature for 2 h. Next, an ECL devel-
oping solution was added for visualizing protein 
bands, which were imaged using a 4300 che-
miluminescence instrument (CLINX, Shanghai, 
China). The ImageJ software was used to quan-
tify protein levels, with the levels of the GAPDH 
protein serving as the internal reference.

Statistical analysis

All data were analyzed using the SPSS software 
(version 26.0). Experimental data were pre-
sented as the mean ± standard deviation (

_
x

±s). The differences among multiple groups 
were determined by conducting one-way analy-
sis of variance (ANOVA), whereas those between 
the two groups were determined by conducting 
the LSD t-test. A P value < 0.05 was considered 
statistically significant.

Results

SSNX ameliorated cardiac dysfunction and 
myocardial injury in DCM mice

DCM mice in the Model group exhibited de- 
creased EF and LVFS along with elevated CK, 
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AST, and cTnI levels, indicating myocardial inju-
ry and impaired systolic function. After treat-
ment with SSNX or metformin, EF and LVFS 
were significantly increased, whereas CK, AST, 
and cTnI levels were markedly decreased in 
DCM mice (Figure 1A-F). These findings indi-
cate that SSNX effectively mitigated cardiac 
dysfunction and myocardial injury in DCM mice.

SSNX alleviated cardiomyocyte hypertrophy, 
fibrosis, and apoptosis in DCM mice

Cardiomyocyte hypertrophy, apoptosis, and 
fibrosis are hallmark pathological features of 
DCM. H&E, Masson’s trichrome, and TUNEL 
staining results showed that, compared with 
the Control group, mice in the Model group 
showed cardiomyocyte hypertrophy, collagen 
deposition in the myocardial interstitium, and 
an increase in cardiomyocyte apoptosis. After 
intervention with SSNX or metformin, cardio-
myocyte hypertrophy was alleviated compared 
to that in the Model group, with concomitant 
reductions in collagen deposition and apoptotic 
cells (Figure 2A-E).

Cardioprotective effects of SSNX at the tran-
scriptional level in DCM mice

Transcriptomics analysis was further per-
formed to elucidate the potential molecular 
mechanisms underlying the cardioprotective 
mechanisms of SSNX in DCM. Compared with 
the Control group, 357 DEGs were identified in 
the Model group, comprising 203 upregulated 

genes and 154 downregulated genes. Com- 
pared with the Model group, 348 DEGs were 
screened in the SSNX-H group, encompassing 
176 upregulated genes and 172 downregulated 
genes (Figure 3A, 3B). Further intersection 
analysis of the two comparisons (Control vs. 
DCM and DCM vs. SSNX-H) revealed that after 
SSNX-H intervention, 16 originally upregulated 
genes in the myocardium of DCM mice were 
downregulated, while 33 originally downregu-
lated genes were upregulated (Figure 3C, 3D).

The results of the KEGG enrichment analysis 
showed that these DEGs were significantly 
enriched in ferroptosis-related pathways, sup-
porting a potential regulatory effect of SSNX on 
the ferroptosis signaling pathway (Figure 3E). 
GO annotation results revealed that these 
DEGs were mainly associated with the integral 
component of membranes (cellular compo-
nent), structural molecule activity (molecular 
function), and transmembrane transporter ac- 
tivity (biological process) (Figure 3F).

SSNX inhibited oxidative stress and ferroptosis 
in STZ-induced DCM mice

Compared to the Control group, ferrous ion 
(Fe2+) contents were significantly elevated in 
both serum and myocardial tissues of mice in 
the Model group (Figure 4A, 4B). Consistently, 
biochemical assays showed that serum MDA 
contents were notably elevated, while SOD and 
GSH contents were markedly decreased in the 
Model group compared to the Control group 

Figure 1. SSNX ameliorated cardiac dysfunction and myocardial injury in DCM mice. A. Representative echocardio-
grams; B. Left ventricular ejection fraction (EF); C. Left ventricular fractional shortening (LVFS); D-F. Serum levels of 
creatine kinase (CK), aspartate aminotransferase (AST), and cardiac troponin I (cTnI). Notes: DCM, diabetic cardio-
myopathy; EF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; CK, creatine kinase; AST, 
aspartate aminotransferase; cTnI cardiac troponin I. *P < 0.05 and **P < 0.01.
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(Figure 4C-E). These results demonstrate en- 
hanced ferroptosis and oxidative stress in the 
myocardium of DCM mice. 

Compared to the Model group, intervention 
with SSNX or metformin significantly reduced 
Fe2+ accumulation and alleviated oxidative 
stress in DCM mice. Concurrently, Western 
blotting analysis revealed that the protein  
levels of FTH1 and GPX4 were significantly 
decreased, while ACSL4 protein levels were 
considerably increased in the myocardium of 
the mice in the Model group compared with 
those in the Control group. However, SSNX tre- 

atment significantly reversed the alterations in 
the expression of these ferroptosis-associated 
proteins (Figure 4F-I).

SSNX reversed suppression of the NRF2/HO-1 
pathway in DCM mice

A schematic diagram of ferroptosis-related 
pathways shows that the NRF2/HO-1 pathway 
plays a key role in regulating ferroptosis (Figure 
5A). To investigate the involvement of this path-
way, we first analyzed gene expression pat-
terns. Heatmap analysis of DEGs revealed that 
SSNX treatment significantly altered the expres-

Figure 2. SSNX ameliorated cardiomyocyte hypertrophy, fibrosis, and apoptosis in DCM mice. A. H&E staining show-
ing myocardial histopathological changes; B. Masson staining for assessment of myocardial fibrosis; C. TUNEL stain-
ing for detecting cardiomyocyte apoptosis; D. Quantification of collagen fiber-positive areas; E. Quantification of 
apoptotic cells. Notes: DCM, diabetic cardiomyopathy. *P < 0.05 and **P < 0.01.
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sion of ferroptosis-related genes (FTH1, GPX4, 
ACSL4) in the myocardium of DCM mice (Figure 
5B). Western blotting analysis demonstrated 
that the protein expression levels of NRF2 and 

HO-1 were significantly reduced in the Model 
group compared with the Control group, indi-
cating suppression of the NRF2/HO-1 pathway 
in DCM. In contrast, SSNX or metformin inter-

Figure 3. Cardioprotective effect of SSNX on DCM mice at the transcriptional level. A, B. Volcano plots of differen-
tially expressed genes, with red indicating upregulated genes and blue indicating downregulated genes; C. Venn 
diagram showing 16 upregulated genes in the DCM group that downregulated after SSNX treatment; D. Venn dia-
gram showing 33 downregulated genes in the DCM group that upregulated after SSNX treatment; E. KEGG pathway 
enrichment analysis; F. GO functional annotation analysis. Notes: DCM, diabetic cardiomyopathy; GO, Gene Ontol-
ogy; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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vention significantly increased the protein lev-
els of NRF2 and HO-1 compared with the Model 
group (Figure 5C-E).

SSNX inhibited high-glucose-induced ferrop-
tosis in HL-1 cells by activating the NRF2HO-1 
signaling pathway

The optimal concentration of SSNX was first 
determined using a CCK-8 assay. Compared 
with the Control group, exposure to high glu-
cose (35 mmol/L) significantly decreased the 
viability of HL-1 cells. Treatment with 20, 40, 
80, and 160 μg/mL SSNX significantly attenu-
ated this decrease in a dose-dependent man-
ner, with the maximal protective effect observed 
at 80 μg/mL (Figure 6A). Therefore, 80 μg/mL 
was selected as the high dose (SSNX-H) for 
subsequent experiments, while 40 μg/mL was 
selected as the low dose (SSNX-L).

To evaluate ferroptosis, intracellular levels of 
Fe2+ and oxidative stress markers were exam-
ined. High glucose stimulation significantly in- 
creased intracellular Fe2+ levels (Figure 6B) and 
MDA levels (Figure 6D), along with a decrease 
in SOD (Figure 6C) and GSH (Figure 6E) levels 
compared to the Control group, indicating the 
induction of ferroptosis. Co-treatment with 
SSNX-L or SSNX-H significantly reversed these 
changes. However, co-treatment with the fer-
roptosis inducer erastin or the NRF2 inhibitor 

ML385 abolished the protective effects of 
SSNX on these indicators (Figure 6B-E). 

Moreover, EdU assay revealed that the prolifer-
ative capacity of HL-1 cells was significantly 
impaired under high glucose conditions, which 
was ameliorated by treatment with SSNX. 
Similarly, this pro-proliferative effect of SSNX 
was blocked by co-incubation with erastin or 
the NRF2 inhibitor ML385 (Figure 6F, 6G).

At the molecular level, Western blotting analy-
sis confirmed the involvement of NRF2/HO-1 
pathway in SSNX-mediated protection against 
ferroptosis. High glucose exposure suppress- 
ed the protein expression of NRF2 and HO-1, 
downregulated the ferroptosis-suppressive pro-
teins FTH1 and GPX4, and upregulated the fer-
roptosis-promoting protein ACSL4. However, 
SSNX treatment significantly counteracted the- 
se high glucose-induced alterations. Notably, 
the regulatory effects of SSNX on the expres-
sion of these key proteins were largely abol-
ished by co-treatment with either erastin or 
ML385 (Figure 6H-M).

Discussion

Diabetes mellitus can induce a series of patho-
logical changes primarily driven by insulin defi-
ciency, which is the fundamental pathogenic 
basis of DCM. DCM is characterized by a high 

Figure 4. SSNX inhibited oxidative stress and ferroptosis in STZ-induced mice. A. Ferrous ion levels in mouse serum; 
B. Ferrous ion levels in mouse myocardium; C-E. Levels of MDA, SOD, and GSH in mouse myocardium; F-I. Protein 
levels of ferroptosis-related markers FTH1, ACSL4, and GPX4 in mouse myocardium. Notes: DCM, diabetic cardiomy-
opathy; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione. *P < 0.05 and **P < 0.01.
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clinical incidence and poor prognosis. Currently, 
unified diagnostic criteria are lacking, and eff- 
ective treatment methods remain limited. 

Previous experimental and clinical studies have 
indicated that the effective components in 
SSNX, ginsenoside and salvianolic acid, have 
significant effects in improving myocardial inju-
ry and related pathological alterations, with 
their acting mechanism largely associated with 
the inhibition of ferroptosis. Ginsenoside Rg3 
can suppress ferroptosis, improve cardiac func-
tion, and reduce infarct size in mice with myo-
cardial ischemia/reperfusion injury [23]. Gin- 
senoside Rb1 similarly ameliorates doxorubi-

effect of SSNX on the myocardium in DCM. 
However, the underlying mechanisms need to 
be further elucidated. 

To further identify potential therapeutic targets 
of SSNX for ameliorating DCM and its specific 
mechanisms, high-throughput transcriptomic 
sequencing was performed on murine myocar-
dial tissues. The results of the DEG analysis 
confirmed that in the myocardium of DCM mi- 
ce, 16 originally upregulated genes exhibited a 
downward trend after intervention with high-
dose SSNX, while 33 originally downregulated 
genes showed an upward trend. GO annotation 
showed that these DEGs were primarily associ-

Figure 5. SSNX reversed inhibition of the NRF2/HO-1 pathway in DCM mice. 
A. Schematic diagram of ferroptosis-related pathways; B. A heatmap show-
ing ferroptosis-related gene expression; C. Protein expression levels of the 
NRF2/HO-1 pathway-related molecules assessed using Western blot; D 
and E. Protein expression levels of NRF2 and HO-1 in mouse myocardium. 
Notes: *P < 0.05 and **P < 0.01.

cin-induced myocardial hyper-
trophy and fibrosis by inhibiting 
mitochondrial damage in car-
diomyocytes [24]. Moreover, 
salvianolic acid A inhibits iron 
deposition and lipid peroxida-
tion, decreases mitochondri- 
al dysfunction, and therefore 
ameliorates retinal injury [25]. 
Salvianolic acid B can activate 
the NRF2 signaling pathway, 
decrease Fe2+ and lipid perox-
ide levels, and downregulate 
ferroptosis-related protein ex- 
pression in myocardial infarc-
tion rats, which ultimately im- 
proves the myocardial injury 
[26]. However, whether SSNX 
has specific therapeutic eff- 
ects against DCM remains 
insufficiently investigated. 

In this study, SSNX effectively 
alleviated DCM-related pheno-
types in vivo, extending the 
findings from its individual 
components to the compound 
formula. These results suggest 
a potential synergistic or addi-
tive cardioprotective effects 
through the coordinated ac- 
tions of multiple bioactive con-
stituents in SSNX, which needs 
to be further investigated. We 
observed that SSNX markedly 
mitigated STZ-related cardiac 
dysfunction, myocardial apop-
tosis, myocardial hypertrophy, 
and cardiac fibrosis in DCM 
mice, indicating a protective 
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ated with membrane-related cellular compo-
nents, structural molecular activity, and trans-
membrane transport-related biological proces- 
ses. KEGG pathway enrichment analysis dem-

onstrated that SSNX treatment ameliorates 
DCM through the ferroptosis signaling pathway. 
These findings are consistent with previous 
studies by Song et al. and Wang et al. [12, 13], 

Figure 6. SSNX inhibited high-glucose-induced ferroptosis in HL-1 cells by activating the NRF2/HO-1 signaling path-
way. A. Proliferative activity of HL-1 cells; B. Ferrous ion levels in HL-1 cells; C-E. SOD, MDA, and GSH levels in HL-1 
cells; F, G. Proliferative capacity of HL-1 cells; H-M. Protein expression levels of HO-1, NRF-2, FTH1, ACSL4, and 
GPX4 in HL-1 cells. Notes: MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione. *P < 0.05 and **P 
< 0.01.
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which reported that ferroptosis plays a critical 
role in the pathogenesis of DCM. Our study 
extends these observations by identifying 
SSNX as a potential intervention targeting fer-
roptosis in DCM. Collectively, GO functional and 
KEGG pathway enrichment analyses improved 
our understanding of gene functions and regu-
latory networks involved in the cardioprotective 
effects of SSNX, and provided a ferroptosis-
oriented direction for investigating the molecu-
lar mechanisms underlying these therapeutic 
effects at the cellular level.

Iron homeostasis dysregulation and lipid per-
oxidation represent two hallmarks during fer-
roptosis, where FTH1, GPX4, and ACSL4 serve 
as key regulatory nodes in iron and lipid metab-
olism pathways, respectively [27]. FTH1 facili-
tates the oxidation of Fe2+, enabling its deposi-
tion as ferric hydroxide to prevent ferroptosis 
triggered by excessive intracellular free iron. 
GPX4 catalyzes the reduction of glutathione to 
reduce lipid peroxides into respective alcohols, 
thus suppressing the lipid peroxidation chain 
reaction while protecting cells from ferroptotic 
damage. In contrast, ACSL4 enhances ferropto-
sis via the catalysis of acyl-CoA generation from 
polyunsaturated fatty acids while inhibiting the 
activity of GPX4 [28, 29]. 

Additionally, the NRF2/HO-1 signaling pathway 
exerts an important effect on regulating ferrop-
tosis. NRF2 is an important transcription factor 
for cellular antioxidant response and is translo-
cated to the nucleus upon activation. It can 
bind to antioxidant response elements (ARE) to 
promote the expression of HO-1, subsequently 
modulating lipid and iron metabolism pathways 
to suppress ferroptosis [30, 31]. Previous stud-
ies have demonstrated that ginsenoside Rg3 
ameliorates DCM by activating the NRF2/HO-1 
pathway, suppressing ferroptosis, reducing in- 
flammation, and counteracting oxidative stress 
mechanisms [32]. Our in vivo and in vitro exper-
imental observations suggested that high glu-
cose induces ferroptosis in cardiomyocytes, 
manifested by an increase in Fe2+ levels, oxida-
tive stress levels, and ACSL4 protein expres-
sion, along with a decrease in the expression of 
NRF2, HO-1, FTH1, and GPX4 proteins. Follow- 
ing SSNX intervention, DCM mice and in vitro 
DCM cardiomyocytes exhibited a decrease in 
Fe2+ levels, oxidative stress levels, and ACSL4 
protein expression, along with an increase in 
the expression of NRF2, HO-1, FTH1, and GPX4 

proteins, accompanied by an increase in the 
viability of cardiomyocytes. However, co-treat-
ment with erastin or ML385 reversed the pro-
tective effects of SSNX on myocardial injury. 
These results suggest that SSNX may inhibit 
ferroptosis and improve DCM by activating the 
NRF2/HO-1 signaling pathway, in agreement 
with the findings reported by Wu et al. [32]. 
Collectively, SSNX may exert protective effects 
against DCM by activating the NRF2/HO-1 sig-
naling pathways, thus suppressing ferroptosis. 

Nevertheless, several limitations of this study 
should be acknowledged. First, the STZ-induced 
mouse model does not fully mimic complex 
pathophysiology of human DCM. Second, as  
a multi-compound formulation, the specific 
active components of SSNX responsible for the 
observed effects remain to be identified. Al- 
though pharmacological inhibition with ML385 
supports the involvement of NRF2, genetic vali-
dation may further strengthen the conclusion. 
Future studies should isolate the key effective 
substances of SSNX, validate the mechanism 
using genetic models, and assess its long-term 
efficacy and potential for combined therapy.

Conclusion

SSNX ameliorates cardiac dysfunction in DCM 
mice by suppressing ferroptosis via regulation 
of the NRF2/HO-1 pathway, while concurrently 
alleviating myocardial hypertrophy, fibrosis, and 
injury. These findings indicate that SSNX may 
represent a promising candidate therapeutic 
agent for DCM.
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