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Abstract. Doxorubicin (DOX) is a principal chemotherapeutic 
agent in the domain of oncological intervention. However, its 
clinical application is constrained due to its severe and irre‑
versible side effects, particularly heart damage. Ferroptosis, 
characterized by iron accumulation and redox system 
imbalance, serves a key role in DOX‑induced cardiotoxicity. 
Ophiopogon japonicus polysaccharide (OJP) exhibits diverse 
pharmacological activities, including cardiovascular protec‑
tion, and anti‑inflammatory, anti‑oxidative and immune 
regulatory effects. However, the role and mechanism of OJP in 
DOX‑mediated ferroptosis‑triggered injury in cardiomyocytes 
remain elusive. The present study aimed to assess the effect 
of OJP on DOX‑induced myocardial ferroptosis injury and to 
reveal its underlying anti‑ferroptosis mechanism. The detec‑
tion of myocardial injury markers, such as LDH, indicated 
that OJP can ameliorate myocardial damage. Additionally, 
western blot analyses reveal that OJP decreases the expression 
levels of the ferroptosis‑related marker transferrin receptor 1 
(TFR1) while simultaneously increasing expression levels of 
glutathione peroxidase 4 (GPX4) in a concentration‑dependent 
manner. Furthermore, fluorescence probe assays demonstrate 

that OJP not only reduces iron accumulation and oxidative 
stress but also inhibits the production of lipid peroxidation, 
as evidenced by a decrease in malondialdehyde (MDA) levels 
measured. In addition, OJP simultaneously decreased ferrop‑
tosis by enhancing mitochondrial function. Mechanistically, 
OJP attenuated ferroptosis by upregulating the endogenous 
key antioxidant factor nuclear factor erythroid 2‑related 
factor 2 (Nrf2), which in turn increased the expression of the 
downstream signaling molecule GPX4 and reduced the accu‑
mulation of the labile iron pool. Therefore, OJP may be a novel 
therapeutic intervention for DOX‑induced ferroptosis‑trig‑
gered myocardial injury.

Introduction

Doxorubicin (DOX), a potent chemotherapeutic agent, is 
widely used to treat several types of malignant tumors in clin‑
ical settings, including breast and lung cancer, and others (1). 
However, its non‑targeted action limits its therapeutic appli‑
cation (2). DOX‑induced cardiomyopathy (DIC) represents 
the most severe adverse reaction to DOX (3). It manifests as 
concentration‑dependent, cumulative and potentially fatal 
myocardial injury, resulting in severe cardiomyopathy and 
heart failure (4,5).

Ferroptosis serves a pivotal role in the onset and progres‑
sion of DIC  (6). Ferroptosis refers to a programmed cell 
death mode characterized by excessive Fe2+ production and 
accumulation of lipid peroxides. It is characterized by redox 
system imbalance, leading to cell membrane destruction and 
subsequent cell death (7). Glutathione peroxidase 4 (GPX4), 
a key antioxidant enzyme, is involved in reducing lipid 
peroxides to non‑toxic alcohols (8). DOX could downregulate 
GPX4, thus triggering ferroptosis by disrupting the antioxidant 
system (8). Transferrin receptor protein 1 (TFR1) serves a key 
role in ferroptosis by mediating the entry of Fe3+ into cells to 
be converted into Fe2+ (9). In addition, DOX increases TFR1 
expression on the cell membrane, allowing the excessive 
accumulation of intracellular iron, triggering ferroptosis (10). 
Consequently, reducing ferroptosis during the application 
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of DOX in the treatment of malignant tumors is of impor‑
tance (11).

Nuclear factor erythroid 2‑related factor 2 (Nrf2) is 
involved in regulating ferroptosis in a direct or indirect 
manner via several pathways. The pathways include iron 
regulation, NADPH regeneration and the antioxidant 
pathway, and the modulation of mitochondrial function (12). 
Luo et al (13) demonstrated that astragaloside IV attenuated 
DOX‑induced myocardial ferroptosis in rats by upregulating 
Nrf2. Furthermore, resveratrol alleviates ferroptosis via the 
p62/Nrf2 axis  (14). Li et al  (15) demonstrated that fisetin 
decreased myocardial ferroptosis by regulating the sirtuin 
1/Nrf2 pathway. Therefore, Nrf2 upregulation could be 
an effective strategy to inhibit DOX‑induced myocardial 
ferroptosis.

Ophiopogon japonicus polysaccharide (OJP), a major 
bioactive compound within O. japonicus, exhibits diverse 
pharmacological activities, including anti‑inflammatory, 
antioxidant and immunomodulatory effects  (16). Previous 
studies have suggested that OJP mitigates cardiac injury 
through several pathways (17,18). However, to the best of our 
knowledge, whether OJP attenuates DOX‑induced myocardial 
ferroptosis has not been elucidated, and its underlying mecha‑
nism remains to be investigated.

The present study aimed to investigate whether OJP 
decreases ferroptosis by lowering iron buildup and lipid perox‑
idation. In addition, the inhibitory effect of OJP on ferroptosis 
by activating Nrf2 to upregulate the downstream GPX4 and 
decrease the accumulation of Fe2+ in the labile iron pool was 
also explored. Overall, the present study could provide a novel 
therapeutic strategy for mitigating DOX‑induced myocardial 
ferroptosis injury.

Materials and methods

Cell culture. The human cardiomyocyte AC16 cell line was 
obtained from Ningbo Mingzhou Biotechnology Co., Ltd. 
(cat.  no.  MZ‑4038). Cells were cultured in DMEM with 
high glucose (Shanghai Basal Media Technologies Co., Ltd.) 
supplemented with 10% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin/streptomycin solution 
(Biosharp Life Sciences) at 37˚C in a cell culture incubator 
with 5% CO2. DOX, ML385 and ferrostatin‑1 (Fer‑1) were 
purchased from MedChemExpress (cat.  nos.  HY‑15142, 
HY‑100523  and  HY‑100579, respectively). OJP (purity, 
98.50%) was obtained from Shanghai Winherb Medical 
Technology Co., Ltd. (cat. no. TDT017). DOX was utilized 
at 0.5 µM for 24 h to establish the myocardial ferroptosis 
injury model, while OJP was added (50, 100, 200 µg/ml) for 
6 h. In addition, 5 µM Fer‑1 or 10 µM ML385 were added for 
6 h at 37˚C.

Cell viability assay. The viability of AC16 cells was assessed 
using a Cell Counting Kit‑8 (CCK‑8; Beyotime Institute of 
Biotechnology) assay. Briefly, cells (5,000 cells/well) were 
inoculated into 96‑well culture plates and incubated overnight 
at 37˚C, followed by treatment with different concentrations 
of DOX (0.1, 0.5, 1.0, 2 µM) and OJP (50, 100, 200 µg/ml) for 
24 h, or pretreated with OJP or Fer‑1 (5 µM) for 6 h, followed 
by treatment with DOX at 0.5 µM for 24 h. Cells were washed 

once with PBS and then 10 µl CCK‑8 solution was added, 
followed by incubation for 1 h at 37˚C. Finally, the absorbance 
in each well was measured at 450 nm using a microplate reader 
(cat. no. PT‑3502PC, Beijing Potenov Technology Co. Ltd.).

Lactate dehydrogenase (LDH) detection. Following treat‑
ment as aforementioned, cell supernatant was obtained by 
centrifugation at room temperature 400 g for 5 min, mixed 
with LDH assay working solution (cat. no. C0016, Beyotime 
Institute of Biotechnology) and transferred to a 96‑well plate. 
Subsequently, the plate was incubated at room temperature 
in the dark for an additional 30 min and the absorbance was 
measured at 490 nm using a microplate reader.

Creatine phosphokinase‑MB (CK‑MB) and cardiac troponin 
I (cTn‑I) assessment. The levels of CK‑MB and cTn‑I were 
determined using the corresponding ELISA kits. Cells were 
treated as aforementioned. The supernatant was collected by 
centrifugation at 1,500 g for 20 min at room temperature. 
ELISA kits were used according to the manufacturer's instruc‑
tions (cat. no. H197‑1‑1, cat. no. H149‑2‑1, Nanjing Jiancheng 
Bioengineering Institute). Following incubation for 30 min 
at room temperature, the plates were washed with detergent 
in the kits. After the addition of color developing and stop 
solutions, the absorbance was measured at 450 nm with a 
microplate reader.

Reactive oxygen species (ROS) level assessment. Cells 
(60,000 cells/well) were plated into 6‑well culture plates and 
treated as aforementioned. 2'‑7'‑dichlorodihydrofluorescein 
diacetate (DCFH‑DA; Beyotime Institute of Biotechnology) 
was diluted in serum‑free DMEM and the appropriate volume 
(1 ml/well) of diluted DCFH‑DA was added to each well after 
the culture medium was removed. Subsequently, the cells 
were incubated at 37˚C for 20 min. Following washing with 
serum‑free DMEM three times, the cells were observed under 
a fluorescence microscope (Olympus Corporation). ImageJ2 
(version  1.53, National Institutes of Health) was used in 
fluorescence intensity analysis. In addition, cells treated with 
OJP at 200 µg/ml for 6 h in the presence or absence of 10 µM 
ML385 were pretreated for 6 h and then molded at 37˚C. 
Single‑cell suspensions were collected after three washes with 
PBS and analyzed using flow cytometry (Agilent NovoCyte 
Penteon, Agilent Technologies, Inc.). Analysis of flow cytom‑
etry results was performed with NovoExpress (version 1.4.1, 
Agilent Technologies, Inc.).

Western blot analysis. Following treatment as aforemen‑
tioned, cells were washed three times with PBS and lysed 
with RIPA lysis buffer (cat. no. P0013C; Beyotime Institute 
of Biotechnology) supplemented with protease inhibitors for 
30 min at 4˚C. The mixture was centrifuged at 12,000 x g for 
30 min at 4˚C and the supernatant was then collected. Nuclear 
and Cytoplasmic Protein Extraction Kit (cat.  no.  P0027, 
Beyotime Institute of Biotechnology) was used to isolate 
nuclear and cytoplasmic proteins. After the cells were washed 
with PBS, cytoplasmic extraction reagent was added, the cells 
were lysed at 4˚C for 15 min, and then centrifuged at 4˚C for 
16,000 g for 5 min to obtain the supernatant, which was cyto‑
plasmic protein. The remaining precipitation was lysed at 4˚C 
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for 30 min after adding nuclear extraction reagent, and the 
supernatant was obtained after 10 min of centrifugation at 4˚C 
16,000 g. The protein concentration was measured using the 
BCA Protein Quantification kit (cat. no. P0009, Beyotime 
Institute of Biotechnology). Proteins (35 µg/lane) was separated 
by 10% SDS‑PAGE and then transferred to PVDF membranes. 
Following blocking with 5% non‑fat powdered milk at room 
temperature for 1 h, the membranes were incubated with primary 
antibodies against TFR1 (1:500, cat. no. sc‑393719, Santa Cruz 
Biotechnology, Inc.), GPX4 (1:1,000, cat. no. 30388‑1‑AP), 
Nrf2 (1:2,000, cat.  no.  16396‑1‑AP), β‑actin (1:5,000, 
cat. no. 66009‑1‑Ig, all Proteintech Group, Inc.) and histone 
H3 (1:2,000; cat. no. 9715S, Cell Signaling Technology, Inc.) 
overnight at 4˚C. Subsequently, the membranes were incubated 
with the corresponding HRP‑conjugated secondary antibodies 
(1:5,000; cat.  nos.  sc‑2357  and  sc‑525409, all Santa Cruz 
Biotechnology, Inc.) for 1 h at room temperature. Membranes 
were treated with Omni‑ECL (cat.  no.  SQ201, Epizyme 
Biomedical Technology), the protein bands were visualized 
using the Tanon‑4600 Chemiluminescence Imaging System 
(Tanon Science and Technology Co., Ltd.). The bands were 
analyzed using the ImageJ2 software (version 1.53, National 
Institutes of Health).

Fe2+ level detection. To measure the relative amount of 
intracellular Fe2+ following cell treatment as aforementioned. 
A FerroOrange fluorescent probe (cat.  no.  F374, Dojindo 
Molecular Technologies, Inc.) was utilized. Briefly, cells 
(65,000 cells/well) seeded into 6‑well plates were washed three 
times with serum‑free medium (DMEM, Shanghai Basal Media 
Technologies Co., Ltd.) followed by addition of 1 µmol/l Fe2+ 
detection working solution. Subsequently, cells were incubated 
in a 37˚C cell culture incubator for 30 min prior to examination 
under a fluorescence microscope (Olympus Corporation). The 
fluorescence intensity analysis was conducted using ImageJ2 
(version 1.53, National Institutes of Health).

Malondialdehyde (MDA) content measurement. As MDA 
is the end product of lipid peroxidation (19), the degree of 
lipid peroxidation was evaluated by measuring MDA levels. 
Following cell lysis with Western and IP cell lysis buffer 
(cat. no. P0037, Beyotime Institute of Biotechnology), the 
protein concentration was measured using a BCA kit. The 
supernatant (12,000 g for 20 min at 4˚C) was mixed with 
MDA working solution (cat. no. S0131, Beyotime Institute 
of Biotechnology) and incubated at 100˚C for 15 min prior 
to cooling to room temperature. Following centrifugation 
at 1,000 x g for 10 min at room temperature, 200 µl superna‑
tant was added into a 96‑well plate. Finally, the absorbance in 
each well was measured at a wavelength of 532 nm with the 
microplate reader.

ATP content assessment. ATP content was detected using 
the Enhanced ATP Assay Kit (cat.  no.  S0027, Beyotime 
Institute of Biotechnology). The cell supernatant was obtained 
following cell lysis with ATP lysate (Beyotime Institute of 
Biotechnology). The relative light unit values were measured 
with a luminometer (SpectraMax iD5, Molecular Devices, 
Inc.) following mixing of 100 µl assay solution and 20 µl of 
each sample in a white background 96‑well plate.

Mitochondrial membrane potential (MMP) assessment. 
An enhanced MMP assay kit with JC‑1 (cat. no. C2003S, 
Beyotime Institute of Biotechnology) was used to evaluate 
the MMP. After the culture medium was removed, cells 
(60,000 cells/well) in the 6‑well plate were supplemented with 
1 ml DMEM, Shanghai Basal Media Technologies Co., Ltd.) 
and JC‑1 staining solution. Subsequently, cells were incu‑
bated for 20 min at 37˚C. Cells were washed twice with JC‑1 
staining buffer and observed under a fluorescence microscope 
(Olympus Corporation). The fluorescence intensity analysis 
was performed utilizing ImageJ2 (version  1.53, National 
Institutes of Health).

Immunofluorescence staining. Cells (50,000 cells/well) were 
cultured with OJP at 200 µg/ml for 6 h followed by treatment 
with DOX at 0.5 µM for 24 h at 37˚C in 6‑well plates, fixed 
with 4% paraformaldehyde for 15 min, and permeabilized 
with 0.1% Triton X‑100 for 10 min and blocked with Immunol 
staining blocking buffer (cat. no. P0260, Beyotime Institute of 
Biotechnology) for 15 min at room temperature. Cells were 
incubated with Nrf2 antibody (1:2,000, cat. no. 16396‑1‑AP, 
Proteintech Group, Inc.) at 4˚C overnight, followed by incuba‑
tion with the corresponding secondary antibody conjugated to 
Alexa Fluor® 488 (1:200, cat. no. ab150077, Abcam, Inc.) for 
1 h in room temperature. Following washing with PBS, cells 
were stained with DAPI (cat. no. C1002, Beyotime Institute 
of Biotechnology) for 5 min and images were captured under 
a fluorescence microscope (Leica Microsystem) at room 
temperature. Image analyses were processed with the Leica 
Application Suite X (version 4.6.0, Leica Microsystem, Inc.).

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 8.0 software (Dotmatics). The results 
are presented as the mean ± SD of 3 independent experi‑
mental repeats. The differences among multiple groups were 
compared using one‑way ANOVA followed by Dunnett's or 
Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

OJP protects against DOX‑induced myocardial injury. DOX 
was utilized at a concentration of 0.5 µM for modeling, while 
OJP was administrated at concentrations of 50‑200 µg/ml for 
pre‑treatment. The specific grouping is depicted in Fig. 1A. 
To investigate the potential protective effects of OJP against 
DOX‑induced cardiac cytotoxicity, a CCK‑8 assay was 
performed. Initially, the optimal concentration of DOX was 
determined for model establishment. Following treatment with 
0.5 µM DOX for 24 h, the cell viability was decreased to ~50% 
(Fig. 1B). Consequently, based on previous studies (14,20) and 
these preliminary experiments, a concentration of 0.5 µM 
DOX was chosen for further experiments. Subsequently, the 
effect of OJP on AC16 cell viability was assessed. OJP had 
no significant effect on cell viability, suggesting that OJP 
at 50‑200 µg/ml had no cytotoxic effects on AC16 cells after 
24 h of exposure (Fig. 1C). The ferroptosis inhibitor Fer‑1 
significantly inhibited DOX‑mediated cell death, indicating 
that ferroptosis was involved in DOX‑induced cell death 
(Fig.  1D). Additionally, OJP relieved DOX‑induced cell 
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death and induced concentration‑dependent partial recovery 
of cell viability. The effect of OJP with Fer‑1 suggested that 
OJP could serve a role in reducing ferroptosis. To evaluate 
the protective effects of OJP against DIC, the levels of the 
myocardial injury‑related biomarkers LDH, CK‑MB and cTn‑I 
were measured. DOX‑induced myocardial cell damage was 
demonstrated by the increased levels of the aforementioned 
biomarkers. However, OJP at concentrations ranging from 50 
to 200 µg/ml decreased the secretion levels of LDH and cTn‑I, 
in a dose‑dependent manner, with the most pronounced effect 
observed at 200 µg/ml (Fig. 1E and G). OJP could alleviate 
the increase of CK‑MB, with a significant effect observed 
at 200 µg/ml. Although the effect at 50 µg/ml was not statis‑
tically significant, it still showed a trend towards alleviation 
(Fig. 1F). Collectively, the aforementioned findings suggested 
that OJP could mitigate DOX‑induced myocardial damage in 
a concentration‑dependent manner, highlighting its potential 
as a candidate drug for ameliorating DOX‑induced myocardial 
injury.

OJP alleviates oxidative damage in DOX‑induced myocardial 
ferroptosis. To determine whether OJP decreases lipid peroxi‑
dation, changes in the content of GPX4 were assessed. GPX4 
serves both as a ferroptosis marker and a crucial endogenous 
antioxidant enzyme (21). DOX notably downregulated GPX4, 
thus indicating ferroptosis. OJP partially restored GPX4 
expression levels, with the most notable recovery observed in 

the 200 µg/ml group (Fig. 2A and B). Subsequently, changes 
in MDA levels were assessed. MDA, the ultimate metabolite 
of lipid peroxidation, is widely used as a standard marker 
for assessing the degree of lipid peroxidation (19,22). DOX 
promoted the production of MDA, whereas cell treatment 
with OJP significantly reduced MDA content in a concentra‑
tion‑dependent manner (Fig. 2C). In addition, DOX induced 
severe oxidative stress, as evidenced by the notable increase 
in green fluorescence, indicating ROS accumulation. However, 
OJP gradually attenuated the levels of green fluorescence, 
with those in the 200 µg/ml group almost returning to those 
observed in the control group (Fig. 2D and E). These results 
indicated that OJP could upregulate GPX4 and alleviate 
lipid peroxidation in myocardial ferroptosis in a concentra‑
tion‑dependent manner.

OJP decreases iron accumulation in DOX‑induced 
myocardial ferroptosis. The effect of OJP on iron accu‑
mulation in DOX‑induced myocardial ferroptosis was 
evaluated by measuring the expression levels of TFR1 and 
relative content of Fe2+. Following cell induction with 0.5 µM 
DOX for 24 h, the protein expression levels of TFR1 were 
increased, and these were then markedly diminished in 
OJP‑treated cells compared with the DOX group. The most 
pronounced decrease was observed in the highest OJP dose 
group (Fig. 3A and B). Fe2+ content serves as an indicator of 
iron accumulation (10). In the DOX group, the FerroOrange 

Figure 1. OJP protects AC16 cells against DOX‑induced injury. (A) Experimental grouping. Effect of (B) DOX and (C) OJP on cell viability. (D) Effect of OJP 
on cell viability in DOX‑induced myocardial injury cells. Effect of OJP on (E) LDH release, (F) CK‑MB and (G) cTn‑I in DOX‑induced myocardial injury 
cells. *P<0.05, **P<0.01, ***P<0.001. CK‑MB, creatine phosphokinase‑MB; CN, control; cTn‑I, cardiac troponin I; DOX, doxorubicin; Fer‑1, ferrostatin‑1; LDH, 
lactate dehydrogenase; ns, not significant; OJP, Ophiopogon japonicus polysaccharide.
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Figure 2. OJP alleviates oxidative damage in DOX‑induced myocardial ferroptosis. (A) Western blot bands showing (B) GPX4 protein expression. (C) Effects 
of OJP on the levels of MDA. (D) ROS fluorescence intensity analysis and (E) representative images. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001. CN, 
control; DOX, doxorubicin; GPX4, glutathione peroxidase 4; MDA, malondialdehyde; OJP, Ophiopogon japonicus polysaccharide; ROS, reactive oxygen 
species.

Figure 3. OJP decreases iron accumulation in DOX‑induced myocardial ferroptosis. (A) Western blot bands showing (B) TFR1 protein expression. 
(C) Quantification of Fe2+ fluorescence intensity and (D) representative fluorescence images. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001. CN, control; 
DOX, doxorubicin; OJP, Ophiopogon japonicus polysaccharide; TFR1, transferrin receptor protein 1.
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probe exhibited bright orange fluorescence upon binding 
with Fe2+ (Fig. 3C and D). Following OJP treatment, the 
orange fluorescence intensity was significantly decreased in 
a concentration‑dependent manner, thus indicating a notable 
reduction in intracellular Fe2+ content. Taken together, the 
aforementioned results suggested that OJP downregulated 

TFR1 and alleviated iron accumulation in DOX‑induced 
myocardial ferroptosis.

OJP relieves mitochondrial dysfunction in DOX‑induced 
myocardial ferroptosis. The onset of ferroptosis commonly 
coincides with mitochondrial dysfunction, where alterations 

Figure 4. OJP relieves mitochondrial damage in DOX‑induced myocardial ferroptosis. (A) Concentration of ATP. (B) JC‑1 monomers and (C) JC‑1 aggregate 
fluorescence intensity analysis. (D) Mitochondrial membrane potential representative fluorescence images. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001. 
CN, control; DOX, doxorubicin; OJP, Ophiopogon japonicus polysaccharide.
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in ATP generation and the MMP serve as indicators of mito‑
chondrial performance, indirectly reflecting the extent of 
ferroptosis (23). DOX decreased ATP production compared 
with the control group, which was restored in the OJP groups 
in a concentration‑dependent manner (Fig. 4A). In the MMP 
assessment experiments using JC‑1 staining, changes in the 
fluorescence color of the mitochondrial membrane reflected 
the degree of mitochondrial injury. The normal control cells 
exhibited red fluorescence, while those with an impaired 
mitochondrial membrane exhibited green fluorescence. Green, 
but not red fluorescence, was prominently observed in cells in 
the DOX group, thus indicating a decrease in DOX‑induced 
MMP. By contrast, green fluorescence was gradually reduced 
and red fluorescence was gradually restored in the OJP groups 
compared with the DOX group, thus indicating an enhanced 
MMP (Fig. 4B‑D). These results suggested that OJP alleviated 
mitochondrial injury during the progression of myocardial 
ferroptosis.

OJP attenuates DOX‑induced myocardial ferroptosis by 
enhancing the nuclear translocation of Nrf2. It has been 
reported that Nrf2 serves a pivotal role in the regulation of 
ferroptosis (24). To determine the potential mechanism under‑
lying the effect of OJP on myocardial ferroptosis‑induced 

injury, the expression levels of Nrf2 were detected. The 
protein expression levels of Nrf2 were significantly reduced in 
the DOX group compared with the control group. Conversely, 
cell treatment with OJP notably upregulated Nrf2 in a concen‑
tration‑dependent manner, with 200 µg/ml showing the most 
pronounced restoring effect (Fig. 5A and B). Given the key 
role of nuclear translocation in the transcriptional activation 
of Nrf2 (25), the translocation of Nrf2 was assessed. OJP 
treatment led to a dose‑dependent decrease in cytoplasmic 
Nrf2 content accompanied by an increase in nuclear Nrf2 
accumulation (Fig. 5C‑F). The effect of OJP on the Nrf2 
pathway was verified via immunofluorescence assays. DOX 
reduced Nrf2 total and nuclear protein, while OJP could 
restore Nrf2 expression and promote its nuclear translocation 
(Fig. 5G). These results suggested that OJP could enhance 
the total protein levels of Nrf2 and promote its nuclear 
translocation, thus supporting its potential as a modulator of 
myocardial ferroptosis. Furthermore, to clarify whether the 
inhibition of DOX‑induced myocardial ferroptosis by OJP 
is associated with induction of Nrf2 expression, cells were 
pretreated with the Nrf2 inhibitor ML385 and 200 µg/ml 
OJP, followed by DOX administration (Fig. 6A). OJP‑induced 
restoration of Nrf2 expression was partially reversed by 
ML385. In addition, the ability of OJP to upregulate GPX4, 

Figure 5. OJP enhances total Nrf2 protein expression and promote its nuclear translocation. (A) Western blot bands showing (B) total Nrf2 protein expression. 
(C) Protein expression of (D) cytoplasmic Nrf2. (E) Protein expression of (F) nuclear Nrf2. (G) Nrf2 representative immunofluorescence images. Scale bar, 50 
or 20 µm. *P<0.05, **P<0.01, ***P<0.001. CN, control; DOX, doxorubicin; Nrf2, nuclear factor erythroid 2‑related factor 2; NS, not significant; OJP, Ophiopogon 
japonicus polysaccharide.
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a downstream signaling molecule of Nrf2 (26), was inhibited 
by ML385 (Fig. 6B‑D). Therefore, the protective effect of OJP 
against DOX‑induced myocardial ferroptosis was partially 
mediated via enhancing the Nrf2/GPX4 signaling pathway. 
Nrf2 serves as a regulator of ROS and iron homeostasis via 
heme metabolism (27). ROS and Fe2+ levels were measured 
to assess whether the OJP‑mediated reduction of oxidative 
stress and iron accumulation in ferroptosis depended on 
Nrf2 activation. Consistent with aforementioned results, OJP 
significantly attenuated ROS and Fe2+ levels compared with 
those in the DOX group. ML385 markedly reversed the ability 
of OJP to reduce ROS and Fe2+ levels compared with those 
in the OJP group (Fig. 6E‑H). MDA and MMP levels were 
determined to evaluate whether OJP relieved DOX‑induced 
lipid peroxidation and mitochondrial injury by enhancing the 
nuclear translocation of Nrf2. ML385 significantly reduced 
the ability of OJP to alleviate lipid peroxidation and restore 
the MMP (Fig. 7A‑D). These findings suggested that OJP 
mitigated DOX‑induced ferroptosis in cardiomyocytes by 
promoting nuclear translocation of Nrf2. Collectively, the 
aforementioned findings suggested the protective effect of 
OJP against myocardial ferroptosis was primarily triggered 
by Nrf2 upregulation.

Discussion

The present study demonstrated that OJP alleviated myocar‑
dial ferroptosis by reducing iron accumulation and ROS 
production, reinstating lipid metabolism and maintaining 
mitochondrial function. OJP counteracted myocardial ferrop‑
tosis via nuclear translocation of Nrf2. The pharmacological 
effects of OJP could ultimately protect cardiomyocytes from 
DOX‑induced myocardial ferroptosis‑triggered injury. The 
proposed framework of the protective mechanism of OJP 
against DOX‑induced myocardial ferroptosis is depicted in 
Fig. 8.

The adverse effects of DOX restrict its clinical application 
and lead to severe heart failure (28). Although dexrazoxane 
is currently the only drug approved by the US Food and 
Drug Administration for prevention of DIC in patients with 
cancer  (29), its clinical application is limited by its side 
effects, including vomiting, dermatitis, subcutaneous necrosis, 
metabolic abnormality and bone marrow suppression (29). 
Therefore, the development of novel drugs or strategies for 
preventing DIC is of importance. Natural compounds are 
receiving increasing attention due to their lower incidence of 
side effects and adverse reactions (30). It has been reported 

Figure 6. OJP alleviates ROS and iron accumulation in ferroptosis by activating Nrf2. (A) Schematic diagram of the study design. (B) Western blot bands 
showing (C) Nrf2 and (D) GPX4 protein expression. (E) ROS levels after ML385 treatment by flow cytometry. (F) Analysis of ROS levels by flow cytometry. 
(G) Representative fluorescence images of (H) Fe2+ after addition of ML385. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001. CN, control; DOX, doxorubicin; 
GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid 2‑related factor 2; OJP, Ophiopogon japonicus polysaccharide; ROS, reactive oxygen species.
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that OJP displays therapeutic efficacy against myocardial 
infarction (31), ischemia‑reperfusion injury (32) and diabetic 
cardiomyopathy (18).

Zhang  et  al  (18) found that OJP, when used to treat 
myocardial injury associated with diabetes, also decreased 
blood glucose levels and hepatic and renal indices in diabetic 
rats. Further research has shown that OJP could alleviate 
lipid accumulation, hepatic degeneration and inflammation in 
non‑alcoholic fatty liver disease (33). OJP has also been shown 
to protect the integrity of the intestinal epithelial barrier 
and prevent inflammation‑induced epithelial damage (34). 

Additionally, ophiopogonin D, extracted from O. japonicus, 
has been shown to improve renal function in diabetic rats (35). 
The aforementioned studies suggest that OJP exerts protective 
effects across multiple systems in the body without notable 
toxic or adverse effects. Traditional Chinese medicine formu‑
lations containing O. japonicus have been applied in clinical 
practice. For example, Yang et al  (35) collected data from 
110 patients with non‑small cell lung cancer and found that, 
compared with chemotherapy with gemcitabine and cisplatin 
alone, the combination of Shashen Maidong Decoction (SMD, 
consists of Adenophora stricta, Polygonatum odoratum, 

Figure 7. OJP decreases lipid peroxidation and mitochondrial damage in ferroptosis by activating Nrf2. (A) Effects of OJP on the levels of MDA following the 
addition of ML385. (B) JC‑1 aggregates and (C) JC‑1 monomers fluorescence intensity analysis following the addition of ML385. (D) Mitochondrial membrane 
potential representative fluorescence images. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001. CN, control; DOX, doxorubicin; MDA, malondialdehyde; OJP, 
Ophiopogon japonicus polysaccharide.
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Glycyrrhiza uralensis, Morus alba, O. japonicus, Lablab 
purpureus, and Trichosanthes kirilowii) with chemotherapy 
led to a greater decrease in inflammation levels. Additionally, 
the clinical efficacy was higher, as evidenced by an improved 
Karnofsky performance status score, increased body weight 
stability and a lower incidence of adverse reactions. Although 
there are no clinical reports on the use of O. japonicus 
alone (36), the application of traditional Chinese medicine 
formulas containing O. japonicus highlights its advantages 
both in terms of clinical efficacy and safety.

The present study also further verified that OJP could 
significantly improve DOX‑induced cardiomyocyte failure, 
evidenced by the enhanced viability of cardiomyocytes and 
decreased levels of the myocardial injury‑related markers 
LDH, CK‑MB and cTn‑I. Furthermore, OJP did not display 
cytotoxic effects at the administered doses. These findings 
suggest that OJP may serve as a promising candidate drug 
with improved safety and fewer side effects for mitigating 
DOX‑induced cardiomyocyte injury, thereby delaying progres‑
sion of myocardial damage.

The involvement of ferroptosis in the pathogenesis of DIC 
has been supported by a previous study (37). Therefore, the 
present study aimed to explore whether the protective effects 
of OJP on cardiomyocytes were mediated by reducing ferrop‑
tosis. Ferroptosis is characterized by iron accumulation and 
redox system dysregulation (38). Fan et al (39) demonstrated 
that OJP mitigated isoproterenol‑induced myocardial injury by 
enhancing the expression of free radical scavenging enzymes, 
such as superoxide dismutase and catalase. Consistently, 
the present study revealed that OJP upregulated GPX4 and 

mitigated DOX‑induced oxidative stress and lipid peroxida‑
tion, supporting its potential in alleviating DOX‑induced 
myocardial ferroptosis by enhancing the antioxidant system.

Excessive iron accumulation in the body forms the labile 
iron pool, eventually promoting ferroptosis (40). However, 
to the best of our knowledge, there is limited research on 
the role of OJP in modulating iron accumulation (16). To 
the best of our knowledge, the present study was the first 
to demonstrate that cell treatment with OJP significantly 
decreased the expression of the iron transport protein 
TFR1. Furthermore, intracellular Fe2+ content was notably 
decreased in the OJP groups, thus inhibiting intracellular 
iron buildup. Ferroptosis disrupts the mitochondrial balance, 
thus leading to mitochondrial injury (41). In the present study, 
OJP administration partially restored mitochondrial func‑
tion and decreased mitochondrial injury. These observations 
underscore the potential of OJP as a promising therapeutic 
agent for managing and preventing DOX‑induced myocardial 
ferroptosis.

The signaling pathways of ferroptosis are intricate, 
affecting cellular antioxidant capacity and resulting in lipid 
peroxidation  (38). Nrf2 is a key regulator of antioxidant 
responses, serving a crucial role in maintaining cellular redox 
homeostasis (25). GPX4, a downstream target of Nrf2, serves a 
key role in inhibiting ferroptosis by catalyzing the reduction of 
lipid peroxides using glutathione (42). The excessive accumula‑
tion of Fe2+ leads to increased lipid peroxidation (43). It has been 
reported that Nrf2 stabilizes intracellular iron homeostasis by 
regulating the expression of heme metabolism‑related proteins 
and the heavy and light chains of ferritin, thus indirectly 

Figure 8. Pharmacological effects and mechanism of OJP attenuating DOX‑induced myocardial ferroptosis injury. By promoting the nuclear translocation 
of Nrf2, OJP reduces the accumulation of labile iron pools and the production of ROS. Additionally, it mitigates lipid peroxidation by enhancing the expres‑
sion of GPX4, ultimately leading to a decrease in the occurrence of ferroptosis. DOX, doxorubicin; GPX4, glutathione peroxidase 4; GSH, glutathione; 
GSSG, oxidized glutathione; Nrf2, nuclear factor erythroid 2‑related factor 2; OJP, Ophiopogon japonicus polysaccharide; PUFA‑PL, polyunsaturated fatty 
acid‑phospholipid; ROS, reactive oxygen species; STEAP3, 6‑transmembrane epithelial antigen of prostate 3; TFR1, transferrin receptor protein 1.



MOLECULAR MEDICINE REPORTS  31:  36,  2025 11

regulating Fe2+ levels in the labile iron pool (44). For example, 
previous studies have indicated that dexmedetomidine and 
naringenin decreased myocardial ischemia/reperfusion‑induced 
ferroptosis by upregulating Nrf2 (45,46). Similarly, prosta‑
glandin E2 receptor 1, astragaloside IV and fisetin protect 
cardiomyocytes against DOX‑induced ferroptosis via activa‑
tion of Nrf2 signaling (15,47,48). Conversely, Wang et al (49) 
demonstrated that Nrf2 inhibition aggravated myocardial 
injury. OJP has significant cardiovascular protective effects 
due to its anti‑inflammatory and antioxidant properties (50), 
suggesting that Nrf2 may play a crucial role in these mecha‑
nisms. As a key intracellular antioxidant transcription factor, 
Nrf2 provides critical protection against oxidative stress (51). 
OJP may activate the Nrf2 signaling pathway, enhancing the 
activity of antioxidant enzymes and reducing lipid peroxida‑
tion, thereby mitigating ferroptosis‑induced myocardial 
damage. Furthermore, Nrf2 regulates genes involved in iron 
metabolism, aiding in the maintenance of intracellular iron 
homeostasis and reducing oxidative stress and cellular injury 
caused by iron overload  (43). In the aforementioned study, 
OJP could increase the protein expression levels of Nrf2 and 
promote its nuclear translocation. To ascertain whether Nrf2 
inhibition abrogated the protective effect of OJP, ML385, an 
Nrf2 inhibitor, was employed. ML385 not only suppressed 
OJP‑mediated upregulation of Nrf2 and its downstream 
target GPX4, but also reversed the effect of OJP in reducing 
mitochondrial injury and iron accumulation. These findings 
supported the anti‑ferroptosis mechanism of OJP via regula‑
tion of the Nrf2/GPX4 signaling pathway and decreasing iron 
accumulation.

However, the present study has some limitations. Firstly, 
only the expression levels of core proteins of the downstream 
GPX4 signaling pathway and those involved in regulation of 
Fe2+ production were detected. Second, the present study did 
not investigate how Nrf2 indirectly regulates TFR1, leaving the 
intricate molecular pathways involved for future exploration. 
Lastly, the specific molecular mechanisms by which OJP alle‑
viates mitochondrial damage were not thoroughly examined. 
Therefore, the detailed molecular mechanisms underlying the 
regulation of Nrf2 signaling during OJP‑mediated protection 
against ferroptosis should be further investigated. Subsequent 
studies should assess the particular activation mechanisms of 
the Nrf2 signaling pathway by OJP and its effects on down‑
stream molecular targets.

The present study provided novel insights into the favorable 
pharmacological effects of OJP against DOX‑induced myocar‑
dial ferroptosis and its underlying mechanisms, thus laying the 
groundwork for the future development of novel therapeutic 
strategies for the prevention and treatment of DOX‑induced 
myocardial disease. OJP could be considered as a promising 
candidate for potential clinical intervention.
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