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Abstract: Background: Ferroptosis-related oxidative injury has been implicated in the progression of heart failure (HF).
Rosmarinic acid (RA) has antioxidant and anti-lipid peroxidation properties, but its role in HF-associated ferroptosis-
related cardiomyocyte injury remains unclear. Objectives: This study aimed to investigate whether RA attenuates Ang I1-
induced cardiomyocyte injury by modulating ferroptosis-related oxidative injury and GPX4/xCT-associated defense
responses. Methods: RA-related targets were retrieved from TCMSP, while HF-related and ferroptosis-related genes were
obtained from GeneCards/OMIM and FerrDB. Intersection targets were analyzed using PPI network construction, GO and
KEGG enrichment analyses, RA-target-disease-pathway network construction and molecular docking. An Ang Il-induced
H9c2 cardiomyocyte injury model was established for validation. Cell viability was assessed by CCK-8 assay; ANP and
BNP mRNA levels were measured by RT-gPCR; MDA content was measured to evaluate lipid peroxidation; and GPX4
and XCT protein expression was examined by Western blotting. Results: Twenty-six RA-related targets, 3311 HF-related
genes and 1393 ferroptosis-related genes were identified. Intersections yielded 397 HF-associated ferroptosis targets and
9 RA-related candidate targets. Network analysis highlighted PPARG, PTGS2, MAPK1, CDKN1A and CASP3 as
important targets. Enrichment analyses indicated associations with oxidative stress, apoptotic regulation, iron ion response,
inflammatory signaling, lipid and atherosclerosis, TNF, IL-17 and AGE-RAGE pathways. Molecular docking suggested
favorable binding of RA to these targets, especially PPARG and PTGS2. In Ang Il-treated H9c2 cells, RA restored cell
viability, reduced ANP and BNP expression, decreased MDA accumulation and increased GPX4 and xCT expression;
these effects were partially reversed by erastin. Conclusion: RA may attenuate Ang ll-induced cardiomyocyte injury by
modulating ferroptosis-related oxidative injury and GPX4/xCT-associated defense responses. These findings provide
preliminary computational and cellular evidence supporting RA as a candidate compound for further investigation in HF-
related cardiomyocyte injury.
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INTRODUCTION collectively inhibit lipid peroxidation and ferroptosis
(Gong et al., 2025). MDA, the terminal product of lipid
peroxidation, serves as an important biomarker of
ferroptosis when elevated (YYang et al., 2024). Recent work

has established that ferroptosis contributes significantly to

Ferroptosis, which depends on iron and is driven by lipid
peroxidation, constitutes a key pathogenic driver in
cardiovascular diseases (Yu et al., 2021). Featuring

mitochondrial shrinkage, elevated membrane density, and
cristae reduction, ferroptosis displays a distinct
morphological profile that differs from that of apoptosis,
necrosis and autophagy (Tang et al., 2021). Driven by
labile iron-catalyzed reactive oxygen species (ROS)
accumulation, ferroptosis initiates at the molecular level
via the Fenton reaction, leading to the lethal peroxidation
of polyunsaturated fatty acids in membrane phospholipids
(Lietal., 2024). GPX4 and SLC7A11 (xCT) constitute the
core defense system against ferroptosis. Glutathione
(GSH) synthesis depends on SLC7A11-mediated cystine
import. Lipid peroxide reduction to harmless alcohols
requires GPX4, utilizing GSH. These processes
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HF (Zhang et al.,, 2025), rendering it an attractive
therapeutic target for cardioprotection.

Rosmarinic acid (RA) is a natural polyphenolic compound
widely distributed in Lamiaceae and Boraginaceae plants,
including rosemary (Rosmarinus officinalis), Danshen
(Salvia miltiorrhiza) and perilla (Perilla frutescens) (Noor
et al., 2022). Chemically, RA derives from caffeic acid and
3,4-dihydroxyphenyllactic acid. Its two catechol structures
enable potent free radical scavenging. They also provide
anti-lipid peroxidation activity (Girgenti et al., 2025).
Growing evidence demonstrates that RA exhibits
remarkable antioxidant, anti-inflammatory, anti-apoptotic
and cardioprotective effects (Atefipour et al., 2024).
Notably, previous studies have shown that RA elevates the

Pak. J. Pharm. Sci., Vol.----, No.0, ---------- 20----, pp.000-00

1



Rosmarinic acid attenuates heart failure-related injury through modulation of ferroptosis-related pathways: Network pharmacology

expression of ferroptosis defense genes, including GPX4
and xCT, and suppresses lipid peroxidation, suggesting
that it may exert cytoprotective effects by modulating
ferroptosis-related proteins (Liu et al., 2026). However,
whether RA can alleviate HF-related cardiomyocyte injury
by modulating ferroptosis-related oxidative stress remains
unclear. In particular, the potential upstream targets and
pathways linking RA to downstream GPX4/xCT-
associated ferroptosis defense responses in HF-related
cellular injury have not been systematically investigated.

Angiotensin Il (Ang 1), the pivotal effector of the renin-
angiotensin-aldosterone system (RAAS), drives the
development of pathological cardiac hypertrophy and HF
(Tuo et al, 2024). Ang Il induces cardiomyocyte
hypertrophy through multiple mechanisms, including
oxidative stress generation, calcium overload and
activation of pro-hypertrophic signaling pathways such as
NF-xB (Ren et al, 2021). The Ang Il-induced
cardiomyocyte model is commonly used as an in vitro
model to investigate cardiac hypertrophy and screen for
cardioprotective drugs, as it simulates cell injury and
pathological alterations associated with HF (Ren et al.,
2021). It is embryonic rat heart tissue that serves as the
origin of the H9c2 cell line, a widely adopted
cardiomyocyte model, retains cardiac-specific
characteristics and responds to hypertrophic stimuli in a
manner similar to primary cardiomyocytes, representing a
well-established  cellular ~ model  for  studying
cardiomyocyte injury and drug effects (Shi et al., 2024).

Given the established role of ferroptosis in HF
pathogenesis and the well-documented anti-lipid
peroxidation activity of RA, along with its ability to
upregulate ferroptosis defense genes such as GPX4 and
XCT, it was hypothesized that RA may ameliorate Ang Il-
induced cardiomyocyte injury by modulating ferroptosis-
related oxidative injury and GPX4/xCT-associated defense
responses. The specific mechanistic question addressed in
this study was whether RA attenuates Ang Il-induced
cardiomyocyte  injury  primarily by modulating
downstream GPX4/xCT-associated ferroptosis defense
responses, and whether network pharmacology could
further identify potential upstream targets and pathways
that may contribute to these effects. To address this
research gap, this study employed an integrated approach
combining network pharmacology prediction with cellular
experimental validation, using Ang Il-induced H9c2
cardiomyocytes as a model to systematically investigate
the effects of RA on cardiomyocyte viability, hypertrophic
markers (ANP and BNP) expression, lipid peroxidation
levels (MDA content) and the expression of key ferroptosis
proteins (GPX4 and xCT). Furthermore, interventions with
ferrostatin-1 (Fer-1) and erastin were conducted to
determine whether RA exerts cardioprotective effects by
modulating ferroptosis-related pathways. These findings
are expected to provide preliminary experimental evidence

and theoretical support for the development of RA as a
potential cardioprotective compound for HF-related injury.

MATERIALS AND METHODS

Compound target prediction

RA (MOL007132) was predefined as the compound of
interest in this study. The TCMSP database (Ru et al.,
2014) was used to retrieve RA-related targets through the
“Related Targets” module. RA was not selected based on
oral bioavailability or drug-likeness thresholds, as this
study focused on a predefined single compound rather than
screening active components from a herbal mixture. After
deduplication, RA-related candidate targets were obtained
for subsequent intersection analysis.

Disease target acquisition and intersection screening
HF-related targets were retrieved from GeneCards (Stelzer
et al., 2016) and OMIM (Amberger et al., 2015) using the
keywords “heart failure” and “cardiac failure”. For
GeneCards, targets with a relevance score >10 were
retained. Ferroptosis-related genes were retrieved from
FerrDB V3 (Zhou and Bao, 2020; Zhou et al., 2023), and
only marker and driver genes were selected. After merging
and deduplication, HF-related targets were intersected with
ferroptosis-related genes to identify HF-associated
ferroptosis targets. These targets were further intersected
with RA-related targets using Venny 2.1 (Oliveros, 2007)
to obtain potential RA targets involved in HF-associated
ferroptosis.

Protein-protein interaction network construction

The intersection targets were imported into the STRING
database (Szklarczyk et al., 2023). The PPI network was
constructed with “Homo sapiens” as the species and a
confidence score threshold of >0.4. The PPI results were
then imported into Cytoscape 3.9.1 for visualization. The
CytoHubba plugin was used to calculate degree values and
identify relatively important nodes in the PPI network.

GO and KEGG analysis

GO and KEGG enrichment analyses were performed for
the RA-HF-ferroptosis intersection targets using the
clusterProfiler 4.6.0 package in R 4.3.0. Gene symbols
were converted to Entrez IDs before enrichment analysis.
GO enrichment analysis covered three categories:
biological process (BP), cellular component (CC) and
molecular function (MF). KEGG pathway enrichment
analysis was performed using the KEGG pathway
database. The entire human genome annotation from the
org.Hs.eg.db package was used as the background gene set.
Enrichment significance was calculated using the
hypergeometric test and P values were adjusted for
multiple comparisons using the Benjamini—Hochberg
method. Terms or pathways with P < 0.05 and adjusted P
value/FDR < 0.05 were considered significantly enriched.
When more than 15 significant terms or pathways were
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identified, the top 15 entries, ranked by adjusted p-value,
were selected for visualization. GO bar plots and KEGG
enrichment plots were generated using the ggplot2 package
(v3.4.0).

RA-target-disease-pathway network construction

RA, the intersection targets, HF, ferroptosis and
significantly enriched KEGG pathways were integrated to
construct an RA-target-disease-pathway network. The
network was visualized using Cytoscape 3.9.1 and the
relationships among RA, candidate targets, diseases and
pathways were analyzed to illustrate the potential multi-
target and multi-pathway regulatory characteristics of RA.

Molecular docking evaluation

Candidate targets selected from the RA-target-disease-
pathway network, including PPARG, PTGS2, MAPK1,
CDKN1A and CASP3, were used for molecular docking
analysis. The protein crystal structures of these targets
were obtained from the RCSB PDB database (Berman et
al., 2000). PyMOL was used for protein preprocessing,
including removal of water molecules, ligands and
redundant conformations. The two-dimensional structure
of RA was downloaded from TCMSP and submitted to
CB-Dock2 (Liu et al., 2022) for blind docking. Each
protein-ligand pair was automatically docked five times
and the conformation with the lowest binding energy was
selected for visualization and analysis.

Cell culture

H9c2 rat cardiomyocytes were obtained from the Cell Bank
of the Chinese Academy of Sciences (CBCAS/SIBS,
Shanghai, China; catalog no. GNR 5) and used between
passages 5 and 15. Cells were grown in high-glucose
DMEM (Procell Life Science and Technology, Wuhan,
China) fortified with 10% FBS (Gibco, Thermo Fisher
Scientific) and 1% penicillin-streptomycin (Biosharp).
Cells were maintained at 37°C in a humidified CO-
incubator (Thermo Fisher Scientific, Waltham, MA, USA)
with 5% COz, with medium renewal every 2—3 days. Upon
reaching 80%-90% confluence, cells were passaged. Only
logarithmic-phase cells with optimal viability were used
for experiments.

Cell grouping

HO9c2 cells were plated into 96-well plates (Corning Inc.)
at 5x10° cells/well. After 24 h, randomization was
performed to allocate cells to various treatments. To
establish the working concentration of RA, cells were
incubated with increasing concentrations of RA (5, 10, 50,
100 uM; Aladdin Reagent, Shanghai, China) or DMSO
vehicle (Sigma-Aldrich) for 24 h and 50 uM was chosen
for subsequent experiments. This concentration was also
consistent with a previous study in H9¢2 cardiomyocytes,
which used 50 pM RA to attenuate doxorubicin-induced
cardiomyocyte injury following concentration screening
(Xie et al., 2025). Thereafter, cells were divided into five
experimental cohorts: (i) Untreated control; (ii) Ang II
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(Wang et al., 2022): Exposure to 1 uM Ang IT (Shanghai
Yuanye Bio-Technology) for 24 h; (iii) Ang II+RA: 1 h
pretreatment with 50 uM RA followed by 24 h Ang II
stimulation; (iv) Ang I[+Fer-1 (Sun ef al., 2022): 1 h
pretreatment with 10 uM Fer-1 (Sigma-Aldrich, Merck
KGaA) prior to 24 h Ang II incubation; (v) Ang
II+RA+Erastin: Sequential pretreatment with 50 uM RA (1
h) and 5 puM erastin (MedChemExpress, Monmouth
Junction, NJ, USA) (1 h), then co-incubation with Ang II
for 24 h. The concentration of erastin was selected based
on previous NRCM ferroptosis studies showing that 5 pM
erastin effectively induces ferroptosis-related injury while
maintaining sufficient cell viability for rescue analysis
(Cheng et al., 2024).

CCK-8 assay

Upon completion of the experimental treatments in
Experiments 1 and 2, cell viability was assessed using the
CCK-8 assay according to the manufacturer’s instructions
and previously described protocols (Sun et al., 2022). Each
well was supplemented with 10 pL of CCK-8 working
solution (Beyotime Biotechnology) and incubated at 37°C
for 1-2 h. Absorbance readings at 450 nm were then
obtained using a microplate reader (Synergy H1 Hybrid
Multi-Mode  Reader, BioTek Instruments/Agilent
Technologies, Winooski, VT, USA).

MDA assay

Following the MDA detection kit manual (Cat. No. A003-
1, Nanjing Jiancheng), cell precipitates were collected and
processed after completion of the treatments in Experiment
2. Using the TBA method, MDA content was determined.
Briefly, cell disruption was performed by sonication (200
W, 3-s pulses with 5-s intervals, 30 cycles). Following
centrifugation of lysates (12,000 rpm, 10 min, 4°C). With
the TBA reagent (95°C, 40 min), the supernatant was
incubated using a microplate reader (Synergy H1 Hybrid
Multi-Mode  Reader, BioTek Instruments/Agilent
Technologies), and absorbance at 532 nm was measured
after cooling and centrifugation. MDA content, expressed
as nmol/mg protein, was calculated based on the
determined protein concentration (BCA protein assay Kit,
Beyotime Biotechnology).

RT-gPCR

Upon completion of Experiment 2, with TRIzol reagent
(Thermo Fisher Scientific), total RNA was extracted from
cells. RNA concentration and purity were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). With PrimeScript RT
Master Mix (RR036A), reverse transcription of 2 pg RNA
to cDNA was conducted (37°C for 15 min, 85°C for 5 s),
followed by cooling to 4°C. Subsequently, quantitative
PCR was performed in a 20 pL reaction containing SYBR
Green qPCR mix (Bio-Rad). Using Primer-BLAST
(NCBI) (Bai et al., 2025), gene-specific primers for ANP,
BNP, and GAPDH (as a reference) were designed. The
sequence is shown in table 1.
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Table 1: Primer sequences (5°-3”).

Genes Sense (5°-3”) Antisense (5°-3°)

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
ANP ACAATGCCGTGTCCAACGCAGA CTCCTTCTGCATCCTGTCAGC
BNP TCTGGCTGCTTTGGGAGGAAGA CCTTGTGGAATCAGAAGCAGGTG

Western blot

Western blotting was performed as previously described
with minor modifications (Sun et al., 2022; Wang et al.,
2022). After treatment, cells were lysed in RIPA lysis
buffer (Beyotime) containing 1% PMSF, 1% protease
inhibitor, and 1% phosphatase inhibitor on ice for 30 min.
The lysate was centrifuged at 12,000 rpm for 15 min at 4
°C and the supernatant was collected. 30 pug of protein
samples were subjected to 12% SDS-PAGE
electrophoresis, after protein concentration determination
using the BCA protein concentration assay kit (Beyotime),
followed by wet transfer onto PVDF membranes (Merck
Millipore) at 300 mA for 90 min. The membranes were
blocked for 1 h at room temperature after being treated with
5% skim milk (Biosharp). Primary antibody incubation
was carried out overnight at 4°C using GPX4 (ab125066,
1:1000), xCT (ab307601, 1:1000) and B-actin (66009-1-Ig,
1:2000) antibodies. This was followed by three washes
with TBST (10 min each). Secondary antibody incubation
was then performed for 1 h at room temperature with HRP-
conjugated goat anti-rabbit 1gG (1:5000) or goat anti-
mouse 1gG (1:5000) (Proteintech). Using the ECL ultra-
sensitive chemiluminescence reagent (Biosharp), the bands
were visualized after washing with TBST, and images were
captured with the ChemiDoc XRS+ imaging system (Bio-
Rad Laboratories, Hercules, CA, USA). Densitometric
analysis was performed using Image Lab software (v6.1,
Bio-Rad) and relative protein expression levels were
calculated as the ratio of target protein to p-actin.

Statistical analysis

All experiments were performed with three independent
biological replicates. Data were reported as the mean + SD.
Statistical analysis was performed using GraphPad Prism
9.0 (GraphPad Software, San Diego, CA, USA). Group
comparisons were performed by one-way ANOVA
followed by Tukey’s post hoc test. A P-value < 0.05 was
deemed to indicate statistical significance.

RESULTS

Screening of RA targets related to heart failure-
associated ferroptosis

RA-related drug targets were retrieved from the TCMSP
database and 26 RA-related candidate targets were
obtained after deduplication. Heart failure-related targets
were collected from GeneCards and OMIM, yielding 3311
heart failure-related genes. Ferroptosis-related genes were
retrieved from FerrDB by selecting marker and driver
genes, vyielding 1393 ferroptosis-related genes. The

intersection between heart failure-related genes and
ferroptosis-related genes identified 397 heart failure-
associated ferroptosis targets (Fig. 1A). Further
intersection of these 397 heart failure-associated
ferroptosis targets with the 26 RA-related drug targets
identified 9 potential RA targets involved in heart failure-
associated ferroptosis (Fig. 1B). These 9 intersection
targets were then used to construct the PPl network. The
resulting network consisted of PTGS2, PPARG, CASP3,
CDKN1A, MAPK1, AR, SNCA, CCL2 and CCL3 (Fig.
1C). Among them, PTGS2, PPARG, CASP3, CDKN1A
and MAPK1 showed relatively higher network
connectivity, suggesting that these targets may represent
important candidate nodes through which RA participates
in the regulation of heart failure-associated ferroptosis.

GO functional and KEGG pathway enrichment analysis
of intersection targets

GO and KEGG enrichment analyses were performed based
on the 9 RA-heart failure—ferroptosis intersection targets.
GO bhiological process analysis showed that these targets
were mainly enriched in regulation of cellular catabolic
process, gliogenesis, regulation of apoptotic signaling
pathway, positive regulation of DNA metabolic process,
intrinsic apoptotic signaling pathway, response to
oxidative stress, cellular response to oxidative stress,
response to ischemia, response to iron ion, intracellular
iron ion homeostasis, cardiac muscle cell apoptotic process
and cardiac chamber development (Fig. 2A). These
enriched biological processes are closely related to
oxidative stress, iron homeostasis, apoptosis-related injury
and cardiomyocyte pathological responses. KEGG
pathway analysis showed that the intersection targets were
mainly enriched in human cytomegalovirus infection, lipid
and atherosclerosis, TNF signaling pathway, microRNASs
in cancer, IL-17 signaling pathway, efferocytosis, thyroid
cancer, AGE-RAGE signaling pathway in diabetic
complications and other inflammation- or cell death-
related pathways (Fig. 2B). These findings suggest that RA
may regulate heart failure-associated ferroptosis through
multiple biological processes, including oxidative stress,
inflammatory signaling, apoptotic regulation, and iron-
related cellular responses.

Construction of the RA-target-disease-pathway
integrated network

To maintain consistency with the single-compound focus
of this study, an RA-target-disease-pathway integrated
network was constructed using RA, the 9 intersection
targets, heart failure, ferroptosis and significantly enriched
KEGG pathways (Fig. 3).
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RA_drug_targets

Heart failure-associated ferroptosis

Fig. 1: Screening of RA-associated targets related to heart failure-associated ferroptosis. (A) Venn diagram showing the
intersection between ferroptosis-related genes retrieved from FerrDB marker and driver categories and heart failure-
related genes, yielding 397 heart failure-associated ferroptosis targets; (B) Venn diagram showing the intersection between
RA-related drug targets and heart failure-associated ferroptosis targets, yielding 9 potential RA targets involved in heart
failure-associated ferroptosis; (C) PPI network of the 9 intersection targets, including PTGS2, PPARG, CASP3,

CDKNI1A, MAPKI1, AR, SNCA, CCL2 and CCL3. Node size and color intensity indicate the degree value.
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Fig. 2: GO and KEGG enrichment analyses of RA-associated intersection targets. (A) GO biological process enrichment
analysis of the 9 RA-associated intersection targets. Bar length represents gene count and color indicates the adjusted P
value; (B) KEGG pathway enrichment analysis of the 9 RA-associated intersection targets. Bar length represents gene
count and color indicates the adjusted P value.
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Fig. 3: RA-target-disease-pathway integrated network. The network diagram illustrates the relationships among RA-
associated candidate targets, heart failure, ferroptosis, and enriched KEGG pathways. Target genes are shown as diamond
nodes, diseases are shown as oval nodes and KEGG pathways are shown as VV-shaped nodes. The network highlights the
potential multi-target and multi-pathway regulatory characteristics of RA in heart failure-associated ferroptosis.

The network showed that RA was connected with multiple
candidate targets, including PPARG, PTGS2, MAPK1,
CDKN1A, CASP3, AR, CCL2 and SLC2A1, which were
further associated with heart failure, ferroptosis and
enriched signaling pathways. Among these targets,
PPARG, PTGS2, MAPK1, CDKN1A and CASP3 were
selected for molecular docking analysis due to their
network relevance and potential involvement in
inflammation, apoptosis, lipid metabolism, and stress-
related cellular responses. This integrated network
supports the multi-target and multi-pathway regulatory
characteristics of RA in heart failure-associated
ferroptosis.

Molecular docking validation of RA with candidate
targets

Molecular docking was performed to evaluate the
predicted binding interactions between RA and selected
candidate targets. The docking results showed that RA
exhibited favorable binding affinities with PPARG,
PTGS2, MAPK1, CDKN1A and CASP3, with binding
energies of -9.1, -9.1, -8.0, -7.9 and -7.3 kcal/mol,
respectively (Table 2, Figs. 4). Among these targets,
PPARG and PTGS2 showed the lowest binding energies,
suggesting relatively stronger predicted binding affinities
with RA. The docking conformations indicated that RA
could fit within the predicted binding pockets of these
proteins and engage multiple amino acid residues. Because
these candidate targets are closely associated with
inflammation, apoptosis, lipid metabolism, oxidative stress

and cellular stress responses, they may represent upstream
regulatory nodes through which RA influences
downstream ferroptosis-related oxidative injury. However,
molecular docking should be interpreted as predictive
evidence only and further experimental validation is
required to confirm direct target engagement and
biological relevance.

Effects of RA on Ang Il-induced cardiomyocyte injury
and ferroptosis-related markers

CCK-8 results showed that RA at concentrations of 5-100
uM had no significant cytotoxicity in H9¢2 cells (Fig. 5A).
To further determine the working concentration of RA
under Ang ll-induced injury, H9c2 cells were treated with
Ang Il in combination with different concentrations of RA.
Compared with the control group, Ang Il significantly
reduced cell viability (P < 0.001). Compared with the Ang
II group, 5 uM RA did not significantly restore cell
viability, whereas 50 uM RA did (P = 0.002). However,
increasing the concentration to 100 uM did not produce a
stronger protective effect than 50 uM RA (Fig. 5B).
Therefore, 50 uM RA was selected as the intervention
concentration for subsequent experiments because it
showed clear cytoprotective efficacy without detectable
cytotoxicity.

RT-qPCR results (Fig. 5C) showed that ANP and BNP
mRNA levels were significantly higher in the Ang Il arm
than in the control group (both P < 0.001) and that
pretreatment with RA (50 uM) prominently reduced their
expression (both P < 0.001 vs. Ang II).
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Table 2: Molecular docking binding energies of rosmarinic acid with candidate targets.

Target MOL ID Score
PPARG MOLO011865 -9.1
PTGS2 MOLO011865 -9.1
MAPK1 MOLO011865 -8.0
CDKN1A MOLO011865 -7.9
CASP3 MOL011865 -7.3
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Fig. 4: Molecular docking validation of RA with candidate targets. Docking conformations of RA with (A) PPARG; (B)
PTGS2; (C) MAPKI; (D) CDKNI1A and; (E) CASP3. The enlarged panels show the predicted binding pockets and amino
acid interactions between RA and each target.
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Fig. 5: Effects of RA on Ang ll-induced cardiomyocyte injury and ferroptosis-related markers.

(A) The CCK-8 assay was used to detect the effects of different concentrations of RA (0, 5, 10, 50, 100 uM) on
cardiomyocyte viability; (B) The CCK-8 assay was used to detect the protective effect of RA on Ang Il-induced
cardiomyocyte viability, with Fer-1 serving as the positive control for ferroptosis inhibitor; (C) RT-gPCR was performed
to detect the relative mRNA expression levels of ANP and BNP in each group; (D) MDA content in cardiomyocytes from
each group was measured using assay kits; (E) GPX4 and xCT protein expression in each group were evaluated by
Western blot as ferroptosis defense-related markers. Densitometric quantification was performed by normalizing GPX4
and xCT band intensities to B-actin. Data are presented as mean *+ SD from three independent biological replicates. ***P
< 0.001, Compared with the control group; #P < 0.01, #*P < 0.001, compared with the Ang Il group; ®%%ndp < 0,001,

compared with the Ang I1+RA group. Ve

The erastin rescue experiment partially reversed the
protective effects of RA, as reflected by increased ANP and
BNP mRNA expression compared with the Ang lI+RA
group (both P < 0.001), suggesting that ferroptosis-related
pathways may contribute to RA-mediated protection
against Ang Il-induced cardiomyocyte injury.

MDA detection results illustrated (Fig. 5D) that MDA
content was significantly elevated in the Ang Il arm
compared with the control group (P < 0.001) and RA
pretreatment prominently lowered MDA content (P <
0.001 vs. Ang I1); erastin partially reversed the antioxidant
effect of RA (P < 0.001 vs. Ang II+RA). Western blot
results illustrated (Fig. 5E) that GPX4 and XCT protein
expression was pronouncedly declined in the Ang Il arm
compared with the control group (both P < 0.001) and RA
pretreatment considerably enhanced their expression (both
P < 0.001 vs. Ang Il); erastin significantly reversed the
upregulatory effects of RA on GPX4 and XCT (both P <
0.001 vs. Ang II+RA), supporting the involvement of
GPX4/xCT-associated ferroptosis defense responses rather
than definitively proving direct inhibition of ferroptosis.

DISCUSSION

This study explored the potential mechanism by which RA
ameliorates Ang ll-induced cardiomyocyte injury through
the modulation of ferroptosis-related pathways. Cellular
experiments demonstrate that 50 uM RA significantly
increased the expression of the ferroptosis defense-related
proteins GPX4 and xCT, reduced the level of the lipid
peroxidation end product MDA and attenuated Ang Il-
induced decreases in cell viability and upregulation of the
hypertrophy-related markers ANP and BNP. The erastin
rescue experiment partially reversed the protective effects
of RA, suggesting that ferroptosis-related regulation
contributes to RA-mediated cardioprotection. However,
because this reversal was incomplete and because
ferroptosis-specific assays, such as lipid ROS
measurements  or mitochondrial morphological
assessments, were not performed, these findings should be
interpreted as evidence of ferroptosis-related oxidative
injury rather than as definitive proof that RA directly
inhibits ferroptosis. These findings are consistent with
studies reporting that active components of traditional
Chinese medicine can regulate cardiac ferroptosis-related
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injury via the SLC7A11/GPX4 axis, thereby improving
chronic heart failure (Wei et al., 2025).

Network pharmacological analysis identified 9 potential
RA-related targets involved in HF-associated ferroptosis,
including PTGS2, PPARG, CASP3, CDKN1A, MAPK1,
AR, SNCA, CCL2 and CCL3. GO and KEGG enrichment
analyses indicated that these targets were associated with
oxidative stress, iron ion response, apoptotic signaling,
inflammatory pathways, lipid and atherosclerosis,
efferocytosis and AGE-RAGE signaling. Molecular
docking further suggested favorable predicted interactions
between RA and PPARG, PTGS2, MAPK1, CDKN1A and
CASP3. These computationally predicted targets were not
directly examined in the cellular experiments and were
distinct from the experimentally measured downstream
markers GPX4, xCT and MDA, therefore, they should be
interpreted as putative upstream regulatory nodes rather
than experimentally validated targets. In this framework,
RA may first modulate inflammation-, apoptosis-, lipid
metabolism- and oxidative stress-related targets or
pathways, which  could subsequently influence
downstream ferroptosis-related events, including lipid
peroxidation and GPX4/xCT-associated antioxidant
defense responses. Specifically, inflammatory and stress-
related pathways, such as TNF, IL-17, and AGE-RAGE
signaling, may enhance ROS generation and lipid
peroxidation, thereby increasing the requirement for
GPX4/xCT-mediated  antioxidant  defense.  Lipid
metabolism-related pathways may further influence
membrane lipid susceptibility to peroxidation, providing a
potential upstream link between the predicted KEGG
pathways and the experimentally observed changes in
MDA, GPX4 and xCT. Accordingly, network
pharmacology and molecular docking analyses provide
mechanistic hypotheses at the upstream level, whereas
cellular experiments provide preliminary downstream
phenotypic evidence supporting the involvement of
ferroptosis-related injury.

From the TCM perspective, heart failure falls under "xin
shuai" and "xin bi". Ferroptosis features lipid peroxidation
and disturbances in iron metabolism. This aligns with the
TCM theory of "toxin damaging heart collaterals” (Han et
al., 2024). Recently, research on TCM active components
regulating ferroptosis has advanced notably. Calycosin
effectively treats doxorubicin-induced cardiac injury. Its
mechanism  likely involves activation of the
Nrf2/SLC7A11/GPX4 pathway and suppression of
ferroptosis in cardiomyocytes (Han et al., 2024). Similarly,
lycopene  improves  doxorubicin-triggered  cardiac
dysfunction. It reduces oxidative stress and inflammation.
It inhibits ferroptosis. These effects appear linked to Nrf2
signaling (Huang et al., 2025). RA is also a representative
natural polyphenolic compound with antioxidant and anti-
lipid peroxidation properties. Previous studies have
reported its cardioprotective potential in different cardiac
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injury contexts (Fan et al., 2025; Li et al., 2020). Compared
with single-target ferroptosis intervention strategies, RA
possesses both free radical-scavenging and ferroptosis-
related regulatory properties, which may provide broader
cytoprotective potential (Wu et al., 2025). Studies on RA
liposomes have confirmed that nano-formulations can
enhance targeted delivery efficiency (Jia et al., 2024),
offering new pharmaceutical insights for targeted therapy
of HF. Ferroptosis is receiving widespread attention as a
therapeutic target for cardiovascular diseases, with
research confirming its critical role in diabetic
cardiomyopathy and myocardial ischemia-reperfusion
injury (Wu et al., 2021); therefore, RA may represent a
potential natural compound for modulating ferroptosis-
related cardiomyocyte injury, although its direct targets
and in-vivo efficacy require further validation.

This study has the following limitations: network
pharmacology relies on existing databases, which may
miss emerging or context-specific targets; molecular
docking does not consider in-vivo pharmacokinetics, target
engagement, or dynamic biological environments.
Although PPARG, PTGS2, MAPK1, CDKNI1A and
CASP3 were identified as candidate targets by network
analysis and molecular docking, these predicted targets
were not experimentally validated in the cellular model. In
addition, GPX4 and xCT were selected as canonical
downstream markers of ferroptosis defense, but additional
ferroptosis-specific assays, such as lipid ROS detection,
would further strengthen the mechanistic evidence. ANP
and BNP were measured only at the mRNA level, without
protein-level ~or  morphological  assessment  of
cardiomyocyte hypertrophy; therefore, the present findings
support that RA reduced hypertrophy-related gene
expression rather than conclusively demonstrating reversal
of cardiomyocyte hypertrophy. Future studies need to
validate its in-vivo efficacy in animal models and further
clarify the molecular mechanisms linking the predicted
upstream targets to GPX4/xCT-associated ferroptosis
defense. Additionally, this study employed only the H9¢c2
cell line for in vitro experiments, lacking validation in
primary cardiomyocytes and in vivo models of RA's tissue
distribution, metabolic transformation, and cardiac
function-improvement effects.

CONCLUSION

In this study, network pharmacology, molecular docking
and cellular experiments were combined to show that RA
may attenuate Ang ll-induced cardiomyocyte injury by
modulating ferroptosis-related oxidative injury and
GPX4/xCT-associated defense responses.  Network
pharmacology and molecular docking suggested that
PPARG, PTGS2, MAPK1, CDKN1A and CASP3 may be
candidate targets involved in the multi-target regulation of
RA in HF-associated ferroptosis. These findings provide
preliminary experimental and computational evidence for
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RA as a potential cardioprotective compound, although
further mechanistic and in vivo validation is required.

Acknowledgments
None.

Author’s contributions

YLY and JHL: Conceptualization, methodology, formal
analysis, data curation, writing-original draft, writing-
review and editing, project administration, investigation
and supervision; XLW: Formal analysis, data curation,
writing-review and editing, software and visualization,
validation.

Funding
There was no funding.

Data availability statement
The data used to support the findings of this study are
available from the corresponding author upon request.

Ethics approval
Not applicable.

Conflict of interest
The authors declare no conflict of interest.

REFERENCES

Amberger JS, Bocchini CA, Schiettecatl F, Scott AF and
Hamosh A (2015). OMIM.org: Online Mendé€lian
Inheritance in Man (OMIM®), an gonline (catédlog of
human genes and genetic disorders./Nugleic Acig’s Res.,
43(D1): D789-D798.

Atefipour N, Dianat M, Badavi M, Radan M an@dMard SA
(2024). Rosmarinic acid ameliogates thejcomplications
of monocrotaline-induced right ventricular hypertrophy
on the left ventricle: Investigating the'signaling pathway
of Wnt/beta-catenin itthe hearthran J. Basic Med. Sci.,
27(7): 841-849.

Bai X, Wei H, Lig"G andygli L (2025). Astragalus
polyphenols attenuates doxorubicin-induced
cardiotoxicity by “@etivating the PI3K/AKT/NRF2
pathwayliPLoS One,20(2): €0319067.

Berman HM, Westbfook J, Feng Z, Gilliland G, Bhat TN,
Weissig M, Shirldyalov IN and Bourne PE (2000). The
Protein Data Bank. Nucleic. Acids Res., 28(1): 235-242.

Cheng P, Wang X, Liu Q, Yang T, Dai E, Sha W, Qu H and
Zhou H (2024). LuQi formula attenuates Cardiomyocyte
ferroptosis via activating Nrf2/GPX4 signaling axis in
heart failure. Phytomedicine, 125: 155357.

Fan C, Wu J, Hu S, Xia Y, Wei Z, Tang H, Jin W, Zhang Z,
An P, Luo J, Luo Y and Zhu Y (2025). Rosmarinic acid
alleviates doxorubicin-induced cellular senescence and
cardiotoxicity by targeting the 14-3-3/Foxol signaling
axis. Phytomedicine, 148: 157482.

Girgenti A, Picone P, Buttacavoli M, Palumbo L, Naselli F,
Presti EL, Pecora D, Cipollina C, Annunziata F, Pinto A,
Tamborini L and Nuzzo D (2025). Mitochondria-
targeted rosmarinic acid: Its role against oxidative
damage. Biomed Pharmacother, 187: 118114.

Gong C, Fu X, Ma Q, He M, Zhu X, Liu L, Zhou D and
Yan S (2025). Gastrodin: Modulating the xCT/GPX4
and ACSL4/LPCAT3 pathways to inhibit ferroptosis
after ischemic stroke. Phytomedicine, 136: 156331.

Greene SJ, Xu H, Chiswell K, Felker GM, Léwsey SC,
Divanji PH, Goertz HP, Heitner SB, Shrgay S;gRandey
A, Yancy CW, Butler J and Fonarow GC(2026),/One-
year outcomes in patients hospitaliZed for h&apt failure
with reduced ejection fraction prescribe/d quadruple
medical therapy at discharge®JAMA, Cdrdiol., 11(3):
293-297. A

Han Q, Shi J, Yu'Y, Yuan HgGuo,Y, Litt X, Xue Yand LiY
(2024). Calycosin alleviates fe{roptosis and attenuates
doxorubicinifiduéed “myocardial injury via the
Nrf2/SLCZA11/GPX4 Signaling  pathway.  Front
Pharmdcol, 35 A4497733.

Huang R, Zhou'C)Wang T, Chen Y, Xie Z, Wei L, Duan Y,
Liao C, Ma C and Yang X (2025). Lycopene inhibits
doxorubicin-indticed heart failure by inhibiting
fegrroptosis through the Nrf2 signaling pathway. Life Sci,
365: 123452.

Jia'CL, Gou Y, Gao Y, Pei X, Jin X, Li BL, Zhang Z, He Y,
Ji BS and Zhao Y (2024). Rosmarinic acid liposomes
suppress ferroptosis in ischemic brain via inhibition of
T{R1 in BMECs. Phytomedicine, 132: 155835.

Kurmani S and Squire I (2017). Acute heart failure:
Definition, classification and epidemiology. Curr. Heart
Fail Rep., 14(5): 385-392.

Li M, Yin D, Li J, Shao F, Zhang Q, Jiang Q, Zhang M and
Yang Y (2020). Rosmarinic acid, the active component
of Salvia miltiorrhizae, improves gliquidone transport
by regulating the expression and function of P-gp and
BCRP in Caco-2 cells. Pharmazie, 75(1): 18-22.

LiY, Liu C, Fang B, Chen X, Wang K, Xin H, Wang K and
Yang SM (2024). Ferroptosis, a therapeutic target for
cardiovascular diseases, neurodegenerative diseases and
cancer. J. Transl. Med., 22(1): 1137.

Liu Y, Yang X, Gan J, Chen S, Xiao ZX and Cao Y (2022).
CB-Dock2: Improved protein-ligand blind docking by
integrating cavity detection, docking and homologous
template fitting. Nucleic Acids Res., SO(W1): W159-
W164.

LiuL, WengJ,Yue L,QinY, YuJ, LiY, Li S, Wu J, Yang
Y, Tang Z and Xu H (2026). Rosmarinic acid suppresses
ferroptosis and confers neuroprotection in cerebral
ischemia-reperfusion via direct KEAP1 inhibition and
NRF?2 activation. Free Radic. Biol. Med., 242: 237-249.

Noor S, Mohammad T, Rub MA, Raza A, Azum N, Yadav
DK, Hassan MI and Asiri AM (2022). Biomedical
features and therapeutic potential of rosmarinic acid.
Arch. Pharm. Res., 45(4): 205-228.

10

Pak. J. Pharm. Sci., Vol.----, No.0, ---------- 20----, pp.000-00



Oliveros JC (2007). Venny. An interactive tool for
comparing lists with Venn's diagrams. Available at:
https://bioinfogp.cnb.csic.es/tools/venny/index.html
(Accessed 15 June 2025).

Ren B, Feng J, Yang N, Guo Y, Chen C and Qin Q (2021).
Ginsenoside Rg3 attenuates angiotensin II-induced
myocardial hypertrophy through repressing NLRP3
inflammasome and oxidative stress via modulating
SIRT1/NF-kappaB pathway. Int. Immunopharmacol.,
98: 107841.

Ru J, Li P, Wang J, Zhou W, Li B, Huang C, Li P, Guo Z,
Tao W, Yang Y, Xu X, Li Y, Wang Y and Yang L (2014).
TCMSP: A database of systems pharmacology for drug
discovery from herbal medicines. J. Cheminform., 6: 13.

Shi Y, Zhao L, Wang J, Liu X, Bai Y, Cong H and Li X
(2024). Empagliflozin protects against heart failure with
preserved ejection fraction partly by inhibiting the
senescence-associated STAT1-STING axis. Cardiovasc
Diabetol, 23(1): 269.

Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M,
Fishilevich S, Stein TI, Nudel R, Lieder I, Mazor Y,
Kaplan S, Dahary D, Warshawsky D, Guan-Golan Y,
Kohn A, Rappaport N, Safran M and Lancet D (2016).
The GeneCards Suite: From gene data mining to disease
genome  sequence  analyses.  Curr.  Protoc.
Bioinformatics, 54(1): 1-30.

Sun L, Wang H, Yu S, Zhang L, Jiang J and Zhou Q (2022).
Herceptin induces ferroptosis and mitochondrial
dysfunction in H9¢2 cells. Int. J. Mol. Med., 49(2): 17.

Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary
F, Hachilif R, Gable AL, Fang T, Doncheva NT#Pyysalo
S, Bork P, Jensen LJ and von Mering C (2023). The
STRING database in 2023: Protein/protein association
networks and functional enrichment analyses fgr any
sequenced genome of interest. Nueleic. ‘Aeids Res.,
51(D1): D638-D646.

Tang D, Chen X, Kang®R and\Kroemer G (2021).
Ferroptosis: Molecular /mechanisms and health
implications. Cell Re$,, 31(2):107-125.

Tuo P, Zhao R, Li N, Yan S, Yang G, Wang C, Sun J, Sun
H and Wang M (2024). Lycoezine inhibits Ang II-induced
heart remodeling and inflammation by suppressing the
PI3K-AKT/NF-kappaB pathway. Phytomedicine, 128:
155464

Wang M{\LuoWeXWT, Liang S, Sun J, Zhang Y, Han X,
Long X, Fiang G and Li G (2022). Corynoline protects
ang II—in/duced hypertensive heart failure by increasing
PPARalpla and Inhibiting NF-kappaB pathway.
Biomed. Pharmacother, 150: 113075.

Wei X, Fan X, Chai W, Xiao J, Zhao J, He A, Tang X, Li F
and Guo S (2025). Dietary limonin ameliorates heart
failure with preserved ejection fraction by targeting
ferroptosis via modulation of the Nrf2/SLC7A11/GPX4

Yili Yao et al.

axis: An integrated transcriptomics and metabolomics
analysis. Food Funct, 16(9): 3553-3574.

WulL, LvL, XiangV, Yi D, Liang Q, Ji M, Deng Z, Qin L,
Ren L, Liang Z and He J (2025). Rosmarinic acid
protects against acetaminophen-induced hepatotoxicity
by suppressing ferroptosis and oxidative stress through
Nrf2/HO-1 activation in mice. Mar. Drugs, 23(7): 287.

Wu X, Li Y, Zhang S and Zhou X (2021). Ferroptosis as a
novel therapeutic target for cardiovascular disease.
Theranostics, 11(7): 3052-3059.

Xie S, Chang C, Jiang R, Wang L, Yang Y, Li Z andsZhang
Y (2025). Network pharmacology and ‘eXperimental
verification: Rosmarinic acid allefiates_doxetubicin-
induced cardiomyocyte apoptosis b}/ regulating
BCL2L1. Hum. Exp. Toxicol 44499603271251354890.

Yang R, Gao W, Wang Z, Jian H, Peng L, Yu X, Xue P,
Peng W, Li K and Zeng®(2024). Polyphyllin I induced
ferroptosis to suppressithe progression of hepatocellular
carcinoma thfiough” activation of the mitochondrial
dysfunctief via Nrf2/HO-WGPX4 axis. Phytomedicine,
122: 155135

YuY, Yan Y, NiaE,Wang Y, Chen X, Su G, Liu Y, Zhao X,
Qian L, Liu P and”Xiong Y (2021). Ferroptosis: A cell
death connecting oxidative stress, inflammation and
cardiovascular diseases. Cell Death Discov., 7(1): 193.

Zhang 7, Yatig Z, Wang S, Wang X and Mao J (2025).
Mechantism of ferroptosis in heart failure: The role of the
RAGE/TLR4-JNK1/2 pathway in cardiomyocyte
ferroptosis and intervention strategies. Ageing Res. Rev.,
109: 102770.

Zhou N and Bao J (2020). FerrDb: A manually curated
resource for regulators and markers of ferroptosis and
ferroptosis disease associations. Database (Oxford),
2020: baaa021.

Zhou N, Yuan X, Du Q, Zhang Z, Shi X, Bao J, Ning Y and
Peng L (2023). FerrDb V2: Update of the manually
curated database of ferroptosis regulators and
ferroptosis-disease associations. Nucleic. Acids Res.,
51(D1): D571-D582.

Pak. J. Pharm. Sci., Vol.----, No.0, ---------- 20----, pp.000-00

11



	Fig. 2: GO and KEGG enrichment analyses of RA-associated intersection targets. (A) GO biological process enrichment analysis of the 9 RA-associated intersection targets. Bar length represents gene count and color indicates the adjusted P value; (B) KE...

