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Abstract. Myocardial ischemia/reperfusion (I/R) injury 
is closely associated with excessive oxidative stress and 
ferroptosis. Salidroside (Sal), a major active component of 
Rhodiola, has demonstrated cardioprotective properties, 
yet its precise mechanisms in regulating ferroptosis remain 
unclear. The present study investigated whether Sal attenu‑
ates myocardial I/R injury by modulating ubiquitin‑specific 
protease 11 (USP11)‑mediated deubiquitination and stabi‑
lization of peroxiredoxin  2 (PRDX2). An in  vitro H9c2 
anoxia/reoxygenation (A/R) model and an in  vivo rat I/R 
model were established. Sal significantly improved the 
viability of A/R‑injured H9c2 cells and reduced reactive 
oxygen species accumulation, ferrous iron overload and lipid 
peroxidation. Mechanistically, Sal upregulated the expression 
levels of USP11, glutathione peroxidase 4 and PRDX2 while 
suppressing prostaglandin‑endoperoxide synthase 2; notably, 
these effects were attenuated by USP11 silencing. Molecular 
docking and cellular thermal shift assay analyses suggested 

that USP11 may represent a potential molecular target involved 
in Sal‑mediated cardioprotection, thereby increasing its 
thermal stability and strengthening the USP11‑PRDX2 inter‑
action. This may facilitate the USP11‑mediated stabilization of 
PRDX2, prolonging its half‑life and preserving cellular redox 
homeostasis. In vivo experiments further demonstrated that Sal 
pretreatment markedly reduced myocardial infarct size and 
improved cardiac contractile function, which was associated 
with the concurrent upregulation of the USP11‑PRDX2 axis. 
Collectively, these findings indicate that Sal confers robust 
cardioprotection against I/R injury by engaging USP11 and 
promoting the stabilization of PRDX2, thereby suppressing 
oxidative stress and ferroptosis. USP11 represents a promising 
therapeutic target for mitigating myocardial I/R injury.

Introduction

Myocardial ischemia/reperfusion (I/R) injury represents a 
notable clinical challenge in cardiovascular disease, commonly 
observed in conditions such as acute myocardial infarction 
and cardiac surgery (1,2). Following the restoration of blood 
flow to ischemic myocardial tissue, accumulated metabolites, 
oxygen‑derived free radicals and other harmful substances 
generated during the ischemic phase trigger the production 
of damaging agents, such as reactive oxygen species (ROS), 
reactive nitrogen species and lipid peroxidation products (3,4). 
This initiates a cascade of complex pathophysiological 
responses, including excessive oxidative stress, mitochondrial 
dysfunction, inflammatory responses and cardiomyocyte 
death, which severely compromise cardiac function and may 
even prove fatal (5). Consequently, investigating the underlying 
mechanisms of myocardial I/R injury and developing effec‑
tive preventive and therapeutic strategies are major research 
priorities in cardiovascular science (6).

In previous years, ferroptosis, an iron‑dependent form 
of regulated cell death driven by excessive lipid peroxide 
accumulation, has gained increasing attention for its role in 
myocardial I/R injury (7,8). Under physiological conditions, 
cells maintain iron homeostasis through sophisticated regu‑
latory mechanisms, ensuring iron participation in essential 
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biological processes including oxygen transport, electron 
transfer and DNA synthesis (9,10). However, during myocar‑
dial I/R injury, intracellular iron homeostasis becomes 
disrupted, leading to notable iron accumulation  (11). The 
excess iron ions (primarily Fe2+) catalyze generation of ROS, 
particularly the oxidative hydroxyl radical, through the Fenton 
reaction (12). These ROS molecules subsequently attack poly‑
unsaturated fatty acids in cell membranes, initiating severe 
lipid peroxidation. When lipid peroxide production exceeds 
cellular clearance capacity, such as when the function of key 
antioxidant defense systems including glutathione peroxi‑
dase 4 (GPX4) is compromised, membrane integrity becomes 
destroyed, leading to irreversible cell death (13,14). A study 
has demonstrated that the ferroptosis‑specific inhibitor ferro‑
statin‑1 (Fer‑1) effectively mitigates myocardial I/R injury, 
providing interventional evidence for the role of ferroptosis in 
this pathological process (15).

Oxidative stress constitutes a fundamental pathological 
event in myocardial I/R injury (16). When the myocardium 
experiences an I/R insult, the balance between oxidative and 
antioxidant systems becomes disrupted, resulting in excessive 
ROS generation and/or impaired antioxidant capacity. During 
myocardial I/R, the increase in ROS primarily originates 
from mitochondrial dysfunction and NADPH oxidase activa‑
tion (17). In the early reperfusion phase, the mitochondrial 
electron transport chain serves as a major ROS source (18). 
Concurrently, various I/R‑related stimuli, including calcium 
overload, inflammatory cytokines and angiotensin II, activate 
NADPH oxidases located on cell membranes and mitochon‑
dria, directly catalyzing ROS production (19). Excessive ROS 
not only directly damage cellular components, inducing lipid 
peroxidation, protein inactivation and DNA damage, but also 
activate intricate intracellular signaling networks that amplify 
cellular injury (20). For instance, ROS can activate the inflam‑
masome, promoting pro‑inflammatory cytokine release and 
establishing a vicious cycle of damage (21).

A tight interplay exists between oxidative stress and 
ferroptosis (22). Oxidative stress disrupts intracellular iron 
metabolism, promoting free ferrous ion accumulation, while 
ROS‑driven lipid peroxide accumulation represents a hallmark 
of ferroptosis. Thus, in myocardial I/R injury, oxidative stress 
and ferroptosis form a positive feedback loop through multiple 
molecular mechanisms, mutually promoting cardiomyocyte 
dysfunction and death (11).

Plants of the Rhodiola genus have a long history of use 
in traditional medicine. Salidroside (Sal), the primary active 
component of Rhodiola, has attracted considerable interest due 
to its diverse pharmacological properties, including antioxidant, 
anti‑hypoxic, anti‑fatigue and anti‑inflammatory effects (23). 
In the cardiovascular system, Sal has been shown to ameliorate 
myocardial I/R injury, reduce infarct size and improve cardiac 
function  (24); its antioxidant activity, potentially mediated 
through direct ROS scavenging and modulation of antioxidant 
enzymes such as superoxide dismutase (SOD), is considered a key 
mechanism underlying these protective effects (25). However, 
the impact of Sal on myocardial I/R‑induced ferroptosis and its 
precise molecular mechanisms require further investigation.

Ubiquitin‑specific protease 11 (USP11), a deubiquitinating 
enzyme family member, regulates substrate stability, activity 
and localization by removing ubiquitin molecules from target 

proteins (26). USP11 participates in various cellular processes 
including DNA damage repair and cell cycle progression (27). 
Emerging evidence suggests that USP11 may influence cellular 
oxidative stress responses by deubiquitinating and stabilizing 
sirtuin 3, thereby regulating oxidative stress‑induced ferrop‑
tosis (28). However, its specific role in myocardial I/R injury 
remains unclear. 

Peroxiredoxin 2 (PRDX2), a ubiquitously expressed anti‑
oxidant enzyme, serves roles in maintaining cellular redox 
homeostasis by efficiently scavenging ROS such as hydrogen 
peroxide and peroxides (29). Under oxidative stress conditions, 
PRDX2 function can be altered by post‑translational modifica‑
tions such as S‑nitrosylation, which may affect its antioxidant 
activity and mitochondrial homeostasis, thereby influencing 
cell survival and function (30). The stability and activity of 
PRDX2 are modulated by various factors, with S‑nitrosylation 
serving as a prominent regulatory mechanism (31). Nonetheless, 
the potential impact of ubiquitination on PRDX2 degradation 
and function necessitates further exploration.

The present study aimed to investigate the effects of Sal on 
ferroptosis and oxidative stress markers, along with its regula‑
tory role on USP11 and PRDX2 expression and ubiquitination, 
using an in vitro H9c2 cell model of A/R injury and an in vivo 
Sprague‑Dawley (SD) rat model of myocardial I/R injury. The 
findings from the present study will help elucidate the molec‑
ular mechanisms through which Sal alleviates myocardial I/R 
injury.

Materials and methods

Reagents and antibodies. Sal (purity ≥98%) was purchased 
from Beijing Solarbio Science & Technology Co., Ltd. 
Fer‑1 (cat. no. HY‑100579) and erastin (cat. no. HY‑15763) 
were obtained from MedChemExpress. Sal and Fer‑1 were 
dissolved in DMSO. The final concentration of DMSO in the 
cellular culture medium was <0.1% (v/v) for all experiments to 
preclude any vehicle‑induced cytotoxicity. Primary antibodies 
against USP11 (cat. no. R22861; ZenBio; Chengdu Zhengneng 
Biotechnology Co., Ltd.), ubiquitin (cat. no. R382766; ZenBio; 
Chengdu Zhengneng Biotechnology Co., Ltd.), PRDX2 (cat. 
no.  R27157; ZenBio; Chengdu Zhengneng Biotechnology 
Co., Ltd.), GPX4 (cat. no. 30388‑1‑AP; Proteintech Group, 
Inc.), prostaglandin‑endoperoxide synthase 2 (PTGS2; cat. 
no. AF7003; Affinity Biosciences) and β‑actin (cat. no. TA‑09; 
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) were used. 
Horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
(cat. no. 511203; ZenBio; Chengdu Zhengneng Biotechnology 
Co., Ltd.) and goat anti‑mouse (cat.  no.  511103; ZenBio; 
Chengdu Zhengneng Biotechnology Co., Ltd.) antibodies 
served as secondary antibodies.

Animals. A total of 18 male SD rats (8 weeks old; weighing 
250±20 g) were obtained from Hubei Tianqin Biotechnology 
Group Co., Ltd. Rats were housed under standard laboratory 
conditions at a temperature of 22‑24˚C and relative humidity 
of 40‑60%, with a 12‑h light/dark cycle. All rats had free 
access to food and water throughout the experimental period 
and were randomized into experimental groups using a 
random number table. Outcome assessments were conducted 
in a blinded manner. All animal experiments were approved 
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by the Ethics Committee of the First Affiliated Hospital 
of Nanchang University (Nanchang, China; approval no. 
CDYFY‑IACUC‑2025092003) and conducted in accordance 
with the National Institutes of Health guidelines.

In vivo experiments
Animal experiments. The myocardial I/R model was estab‑
lished as previously described (32). A total of 18 rats were used 
in the study, with 6 rats in each group. Rats were randomly 
assigned to three groups: The sham group underwent thora‑
cotomy without left anterior descending (LAD) ligation; the 
I/R group received 4 weeks of daily normal saline gavage 
before I/R surgery; and the I/R + Sal group received 4 weeks 
of daily Sal (50 mg/kg/day) gavage before I/R surgery. This 
dosage was selected based on a previous study demonstrating 
its robust cardioprotective efficacy against myocardial I/R 
injury without inducing systemic toxicity  (33). Rats were 
monitored daily for general health and behavior throughout the 
experimental period, including activity, food and water intake, 
body weight, posture and signs of pain or distress. Animals 
were euthanized if they exhibited severe or persistent signs of 
distress, including marked reductions in activity or food/water 
intake, severe respiratory distress, inability to ambulate 
or maintain normal posture or other signs of severe pain 
that could not be alleviated. No animals met the predefined 
humane endpoint criteria during the present study. The total 
experimental period was 4 weeks of daily gavage followed by 
myocardial I/R surgery and 2 h of reperfusion. Briefly, rats 
were anesthetized with isoflurane (induction at 3%, mainte‑
nance at 1.5%) and mechanically ventilated, followed by hair 
removal and a left thoracotomy at the fourth intercostal space 
to expose the heart. The LAD coronary artery was ligated 
with a 7‑0 silk suture for 30 min of ischemia, after which the 
ligature was released to allow 2 h of reperfusion. The chest 
was closed in layers with a 4‑0 silk suture after evacuating 
residual air from the pleural cavity. At the end of the experi‑
ment, echocardiographic assessment was performed, followed 
by blood collection from all rats while they remained under 
anesthesia. According to the American Veterinary Medical 
Association Guidelines for the Euthanasia of Animals (34), 
rats were euthanized by a deep anesthetic overdose using 5% 
isoflurane, and death was confirmed by cessation of respiration 
and heartbeat. No rats died during surgery or the experimental 
period; no animals were found dead and no animals were 
excluded from the final analysis. All 18 rats were euthanized 
at the end of the experiment.

Echocardiographic measurements. Under isoflurane anes‑
thesia, left ventricular function was assessed using M‑mode 
echocardiography [V6 lead, 23 MHz linear transducer; 
VINNO Technology (Suzhou) Co., Ltd.] to measure left 
ventricular fractional shortening (LVFS) and left ventricular 
ejection fraction (LVEF).

Measurement of lactate dehydrogenase (LDH) and 
creatine kinase isoenzyme (CK‑MB) levels. After echocardio‑
graphic measurement and while under isoflurane anesthesia, 
~2 ml blood was collected from the abdominal aorta. The rats 
were then immediately euthanized. Blood samples were stored 
at 4˚C overnight and then centrifuged at 12,000 x g for 15 min 
at 4˚C to obtain serum. LDH and CK‑MB levels were deter‑
mined using corresponding assay kits (LDH, cat. no. A020‑2‑2; 

CK‑MB, cat. no. H197‑1‑1; Nanjing Jiancheng Bioengineering 
Institute) as per the manufacturer's protocol.

Triphenyl tetrazolium chloride (TTC) staining. Following 
euthanasia, the hearts were immediately excised, washed with 
PBS and frozen at ‑20˚C for 30 min. Each heart was sliced 
into 2 mm sections, followed by incubation in 2% TTC solu‑
tion (cat.  no. C0652; Beyotime Biotechnology) at 37˚C in 
the dark for 30 min. Digital images of the heart slices were 
obtained and analyzed using ImageJ software (version 1.8.0; 
National Institutes of Health). To quantify myocardial infarct 
size, the infarcted area and the total ventricular slice area were 
measured manually in a blinded manner. The infarct size was 
calculated as the percentage of the infarcted area relative to 
the total ventricular slice area (used as the denominator).

H&E staining. Myocardial tissue samples used for H&E 
staining were collected separately from those used for TTC 
staining and were not subjected to the freezing procedure. 
Following the respective treatments, the tissues were fixed 
in 4% paraformaldehyde at room temperature for 24 h. The 
fixed tissues were then dehydrated, embedded in paraffin and 
sectioned at a thickness of 5 µm. According to the manu‑
facturer's instructions (cat.  no. G1076; Wuhan Servicebio 
Technology Co., Ltd.), sections were stained with hematoxylin 
at room temperature for 10 min, followed by eosin staining at 
room temperature for 2 min. Stained sections were observed 
and imaged at x400 magnification using an optical microscope 
(LX73; Olympus Corporation).

In vitro experiments
Cell culture. H9c2 cells were purchased from the Cell 
Bank/Stem Cell Bank of the Chinese Academy of Sciences. 
The cells were cultured in Dulbecco's Modified Eagle 
Medium (DMEM; Beijing Solarbio Science & Technology 
Co., Ltd.; cat. no. 12100) supplemented with 10% fetal bovine 
serum (FBS; cat. no. ZQ0500; Shanghai Zhongqiao Xinzhou 
Biotechnology Co., Ltd.) and 1% penicillin‑streptomycin and 
maintained at 37˚C in a humidified atmosphere containing 
5% CO2.

Anoxia/reoxygenation (A/R) injury model. In accordance 
with a previous study, an H9c2 cell A/R injury model was 
established to simulate in vivo I/R injury (35). Briefly, cells 
were incubated in an anoxic buffer containing 1.0 mM CaCl2, 
20.0 mM HEPES, 10.0 mM KCl, 1.2 mM MgSO4, 98.5 mM 
NaCl, 0.9 mM NaH2PO4, 6.0 mM NaHCO3 and 40.0 mM 
sodium lactate (pH 6.8) for 4 h at 37˚C under anoxia condi‑
tions (95% N2 and 5% CO2). Subsequently, the medium was 
replaced with a reoxygenation solution composed of 1.0 mM 
CaCl2, 5.5  mM glucose, 20.0  mM HEPES, 5.0  mM KCl, 
1.2  mM MgSO4, 129.5  mM NaCl, 0.9  mM NaH2PO4 and 
20.0 mM NaHCO3 (pH 7.4), and cells were further incubated 
for 4 h at 37˚C in a sealed chamber equilibrated with 95% O2 
and 5% CO2.

Cell transfection. To investigate the role of USP11 in 
myocardial I/R injury, genetic manipulations were performed 
in H9c2 cells to knock down or overexpress USP11. For USP11 
knockdown, small interfering (si) RNA (si‑USP11) and its 
negative control (si‑NC) (Shanghai Focus Bioscience Co., Ltd.; 
Table SI) were transfected into H9c2 cells at a final concen‑
tration of 50 nM using jetOPTIMUS transfection reagent 
(cat.  no.  101000006; Polyplus‑transfection SA) according 
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to the manufacturer's instructions. The cells were incubated 
at 37˚C in a humidified atmosphere containing 5% CO2, and 
subsequent experiments were performed after 48 h of trans‑
fection. For USP11 overexpression, the USP11 empty vector 
(USP11‑EV; pCMV‑3xFLAG‑Neo) and USP11 overexpression 
plasmid [USP11‑OE; pCMV‑Usp11(rat)‑3xFLAG‑Neo] were 
constructed using the same pCMV‑3xFLAG‑Neo backbone 
and obtained from Wuhan MiaoLing Biotech Science Co., Ltd. 
The plasmids were transfected into H9c2 cells using 4‑6 µg of 
plasmid DNA per transfection with HighGene plus transfec‑
tion reagent (cat. no. RM09014P; ABclonal Biotech Co., Ltd.) 
following the manufacturer's protocol. The cells were incu‑
bated at 37˚C in a humidified atmosphere containing 5% CO2 

for 6 h during transfection, after which the culture medium 
was replaced. Subsequent experiments were performed 48 h 
after transfection.

H9c2 cells treatment. All treatments were performed 
at 37˚C. The experimental design consisted of the following 
groups: i) Control group of H9c2 cells maintained under stan‑
dard culture conditions; ii) A/R group of H9c2 cells subjected 
to A/R injury; iii) Sal concentration‑dependent group of H9c2 
cells pretreated with varying concentrations of Sal (1.25, 2.5, 5, 
10, 20 and 40 µM) for 48 h; iv) Sal concentration‑dependent + 
A/R group of H9c2 cells pretreated with Sal at concentrations 
of 1.25, 2.5, 5, 10, 20 and 40 µM for 48 h, followed by A/R 
injury; v) 10 µM Sal + A/R group of H9c2 cells pretreated 
with 10 µM Sal for 48 h prior to A/R injury; vi) Fer‑1 + A/R 
group of H9c2 cells pretreated with 5 µM Fer‑1 for 2 h prior 
to A/R injury; vii) erastin group of H9c2 cells pretreated with 
10 µM erastin for 24 h prior to protein extraction (this group 
served strictly as a positive methodological control to validate 
the efficacy of the ferroptosis detection assays, rather than to 
model A/R injury); viii) 10 µM Sal + si‑USP11 + A/R group 
of H9c2 cells transfected with si‑USP11 and pretreated with 
10 µM Sal for 48 h before A/R injury; and ix) USP11‑OE + 
A/R group of H9c2 cells transfected with USP11‑OE for 48 h 
prior to A/R injury.

Cell viability assay. Cell viability was assessed using the 
Cell Counting Kit‑8 (CCK‑8; cat.  no. GK10001; GLPBIO 
Technology LLC) according to the manufacturer's instruc‑
tions. H9c2 cells were seeded into 96‑well plates and subjected 
to the indicated treatments. Subsequently, serum‑free DMEM 
containing 10% CCK‑8 solution was added. The cells were 
then incubated at 37˚C for 30 min and the optical density was 
measured at a wavelength of 450 nm.

Lipid peroxidation assay. Lipid peroxidation levels in H9c2 
cells were evaluated by measuring 4‑hydroxynonenal (4‑HNE) 
and malondialdehyde (MDA) contents. MDA levels were 
quantified using an MDA assay kit (cat. no. S0131; Beyotime 
Biotechnology) and 4‑HNE levels were determined using a 
4‑HNE assay kit (cat. no. JL46304; Jianglai Biotechnology 
Co., Ltd.), according to the manufacturers' instructions.

To further assess lipid peroxidation, a boron‑dipyrro‑
methene (BODIPY) 581/591 C11 lipid peroxidation assay kit 
(cat. no. S0043; Beyotime Biotechnology) was used according 
to the manufacturer's instructions. The BODIPY 581/591 
C11 probe was diluted 1:1,000 to a final concentration of 
2 µM and incubated with H9c2 cells at 37˚C in the dark for 
20 min. After three washes with PBS, fluorescence images 
were captured using an optical microscope (LX73; Olympus 

Corporation) at x200 magnification. Red fluorescence indi‑
cates the non‑oxidized form of the BODIPY 581/591 C11 
probe, whereas green fluorescence indicates the oxidized 
form, reflecting increased lipid peroxidation.

Measurement of SOD, glutathione disulfide (GSSG) and 
glutathione (GSH) levels. After the designated treatments, 
cell lysates were collected from each group. SOD activity 
(cat. no. S0101S; Beyotime Biotechnology) and the levels of 
reduced GSH and oxidized GSSG (cat. no. S0053; Beyotime 
Biotechnology) were measured according to the manufac‑
turer's instructions. The GSH/GSSG ratio was subsequently 
calculated.

Measurement of intracellular ROS. Intracellular ROS 
levels were measured using a ROS assay kit (cat. no. S0033S; 
Beyotime Biotechnology). The 2',7'‑dichlorodihydrofluores‑
cein diacetate probe was diluted to a final concentration of 
10 µM and incubated with H9c2 cells at 37˚C in the dark for 
20 min. Cells were then washed three times with PBS and 
fluorescence images were captured using fluorescence micros‑
copy (LX73; Olympus Corporation) at x100 magnification.

Ferrous ion detection. Ferrous ion levels in H9c2 cells 
were assessed using a ferrous ion detection kit (cat. no. F374; 
Dojindo Molecular Technologies, Inc.). According to the 
manufacturer's instructions, the FerroOrange working solution 
was prepared and diluted with Hank's balanced salt solution 
to a final concentration of 1 µM. Cells were incubated with 
the 1 µM working solution at 37˚C in the dark for 30 min. 
Fluorescence images were subsequently acquired using an 
optical microscope (magnification, x200; LX73; Olympus 
Corporation).

Co‑immunoprecipitation (Co‑IP). Cells were lysed in RIPA 
buffer (cat. no. R0010; Beijing Solarbio Science & Technology 
Co., Ltd.) supplemented with protease and phosphatase inhibi‑
tors. Lysates were centrifuged at 12,000 x g for 15 min at 4˚C 
and total protein concentrations were determined using a BCA 
protein assay kit. To ensure equal total protein input across all 
experimental groups, equal amounts of total protein from each 
sample were adjusted to the same final volume and used for 
each IP reaction. Each reaction contained 600 µl of lysate and 
was incubated with 3 µl of anti‑PRDX2 antibody at 4˚C with 
gentle rotation overnight. Protein A+G agarose beads (50 µl 
suspension; cat. no. P2055; Beyotime Biotechnology) were 
then added and the mixture was incubated for an additional 8 h 
at 4˚C with gentle rotation. The agarose beads were collected 
by centrifugation at 3,000 x g for 30 sec at room temperature, 
washed three times with PBST (0.1% Tween‑20) and boiled 
directly in SDS‑PAGE loading buffer. The immunoprecipitants 
were subsequently separated by 10% SDS‑PAGE and analyzed 
using western blotting.

Western blotting. Following the respective treatments, 
cells were lysed in RIPA buffer containing 1% PMSF (cat. 
no. R0010; Beijing Solarbio Science & Technology Co., Ltd.). 
The lysates were collected and protein concentrations were 
determined using a BCA Protein Assay Kit (cat. no. GK10009; 
GLPBIO Technology LLC). Equal amounts of protein (30 µg) 
were separated by 10% SDS‑PAGE and transferred onto 
PVDF membranes. The membranes were blocked with 5% 
non‑fat milk for 2 h at room temperature, followed by incuba‑
tion with primary antibodies at 4˚C overnight. The primary 
antibodies used were PTGS2, GPX4, USP11, PRDX2, 
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ubiquitin and β‑actin (all at 1:1,000). After incubation with 
HRP‑conjugated secondary antibodies (1:5,000) for 2 h at 
room temperature, protein bands were visualized using an 
Ultra‑High Sensitivity ECL Kit (cat. no. GK10008; GLPBIO 
Technology LLC) and imaged with a FluorChem FC3 
system (ProteinSimple). All immunoblot experiments were 
performed in at least three independent biological replicates. 
Target protein expression was normalized to the corre‑
sponding β‑actin internal loading control. Band intensities 
were semi‑quantified using ImageJ software (version 1.8.0; 
National Institutes of Health).

Cellular thermal shift assay (CETSA). Cell lysates were 
prepared as aforementioned and the supernatants were 
collected. Each lysate was divided into two equal portions 
and incubated with Sal (10 µM) or DMSO (0.1%) at room 
temperature for 30 min. The samples were then aliquoted into 
six equal fractions and heated at 50, 54, 58, 62, 66 or 70˚C for 
3 min. Following heat treatment, samples were centrifuged 
at 12,000 x g for 15 min at 4˚C, and the resulting superna‑
tants were collected, mixed with loading buffer, boiled and 
subsequently subjected to western blot analysis. As a control 
experiment to assess the thermal stability of USP11 at 50˚C, 
cell lysates were divided into equal portions and treated with 
Sal (10 µM) or DMSO (0.1%) at room temperature for 30 min, 
followed by heating at 34, 38, 42, 46 or 50˚C for 3 min. 
Samples were then processed for western blot analysis, and 
USP11 band intensities were quantified. Notably, a conven‑
tional loading control (such as β‑actin) was not employed 
in this assay, as the majority of cellular proteins undergo 
unpredictable thermal denaturation across the applied 
temperature gradient. Instead, the reliability of the assay was 
ensured by strictly equalizing the starting protein concen‑
tration and dividing the lysates into equal aliquots prior to 
heat treatment, in accordance with established pioneering 
CETSA protocols (36‑38). USP11 does not undergo signifi‑
cant thermal denaturation at 50˚C; therefore, for quantitative 
analysis the band intensity at 50˚C was defined as the intact 
baseline reference (100%) and the subsequent temperature 
points were normalized to this value to determine the thermal 
denaturation curves.

Cycloheximide (CHX) chase assay. H9c2 cells were 
transfected with si‑USP11 and/or treated with Sal (10 µM), as 
indicated. Subsequently, cells were treated with CHX (10 µg/ml; 
cat.  no.  HY‑12320; MedChemExpress) to inhibit de  novo 
protein synthesis. Cells were collected at 0, 6, 12 and 24 h after 
CHX treatment, and total protein was extracted and analyzed 
by western blotting. The protein levels of USP11 and PRDX2 
were determined, with β‑actin used as the loading control. 
PRDX2 stability was assessed by comparing its relative 
protein abundance at each time point with that at 0 h.

Ubiquitination analysis. H9c2 cells were treated with 
Sal (10 µM) and/or transfected with si‑USP11 according to 
the experimental design. MG132 (10 µM; cat. no. HY‑13259; 
MedChemExpress) was added 4 h before protein collection to 
inhibit proteasomal degradation. Cell lysates were subjected to 
immunoprecipitation with an anti‑PRDX2 antibody following 
the procedure described for the Co‑IP assay. The resulting 
immunoprecipitants were subsequently analyzed by western 
blotting with an anti‑ubiquitin antibody to assess PRDX2 
ubiquitination.

Molecular docking. Molecular docking was performed using 
CB‑Dock2 (http://clab.labshare.cn/cb‑dock2/)  (39,40). The 
three‑dimensional structure of USP11 (PDB ID, 4MEM) 
was obtained from the Protein Data Bank (http://www.
rcsb.org/) (41) and that of Sal (PubChem CID, 159278) was 
retrieved from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/).

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism (version 8.0.2; Dotmatics). The exact number 
of independent biological replicates for each individual 
experiment is specified in the corresponding figure legends. 
Data distribution was evaluated for normality using the 
Shapiro‑Wilk test. Data are presented as the mean ± standard 
deviation. Differences between two groups were assessed using 
an unpaired Student's t‑test. Comparisons among multiple 
groups were conducted using one‑way ANOVA followed by 
Tukey's multiple comparison post hoc test. Exact P‑values are 
provided in the figure legends and results text where possible. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Sal pretreatment alleviates A/R injury in H9c2 cells. Fig. 1A 
shows the chemical structure of Sal. To evaluate the biosafety 
and optimal protective concentration of Sal, separate evalu‑
ations were performed under normoxic and A/R conditions. 
First, to assess potential baseline cytotoxicity, normal H9c2 
cells were treated with increasing concentrations of Sal 
(0 to 40 µM) for 48 h under normoxic conditions. As demon‑
strated in Fig. 1B, cell viability remained unaffected across 
this entire concentration range, confirming that Sal exhibits no 
intrinsic cytotoxicity. Second, to determine cardioprotective 
efficacy, H9c2 cells were pretreated with the same concentra‑
tion gradient of Sal for 48 h, after which the Sal‑containing 
medium was replaced with specific anoxic and reoxygenation 
buffers to induce A/R injury. As demonstrated in Fig. 1C, 
A/R injury markedly reduced cell viability; however, this 
detrimental effect was attenuated by Sal pretreatment in 
a bell‑shaped concentration‑dependent manner, with the 
optimal protective effect observed at 10 µM. Therefore, a 48‑h 
pretreatment with 10 µM Sal was selected for all subsequent 
mechanistic experiments.

Sal attenuates A/R‑induced oxidative stress and ferroptosis 
in H9c2 cells. To determine whether Sal exerts cardioprotec‑
tive effects by suppressing oxidative stress and ferroptosis, 
a systematic evaluation of key associated indicators was 
conducted. Considering that erastin can simultaneously induce 
oxidative stress and ferroptosis  (42), erastin‑treated cells 
were utilized as a positive control to validate the ferroptosis 
detection system. The results demonstrated that A/R injury 
produced ferroptotic marker alterations comparable to those 
induced by erastin; however, while this phenotypic similarity 
is supportive, the mechanistic involvement of ferroptosis 
in A/R injury was further corroborated by the protective 
effects of the specific inhibitor Fer‑1. Western blot analysis 
demonstrated that A/R injury significantly upregulated the 
downstream ferroptosis‑associated marker PTGS2 while 
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downregulating the ferroptosis‑related protein GPX4 and the 
oxidative stress‑related protein PRDX2. Pretreatment with 
Sal or the ferroptosis inhibitor Fer‑1 (5 µM) attenuated these 
alterations in protein expression (Fig. 2A and B). Further 
analyses revealed that A/R injury markedly increased intracel‑
lular ROS, ferrous ion levels and lipid peroxidation, whereas 
pretreatment with Sal or Fer‑1 significantly attenuated these 
elevations (Fig. 2C‑E). Moreover, assessment of oxidative and 
antioxidative parameters demonstrated that MDA and 4‑HNE 
levels were markedly elevated in the A/R group, accompanied 
by pronounced reductions in SOD activity and the GSH/GSSG 
ratio. Notably, treatment with Sal and Fer‑1 effectively reversed 
these alterations, as evidenced by decreased levels of MDA and 
4‑HNE, along with increased SOD activity and GSH/GSSG 
ratio (Fig. 2F‑I). Given the previously reported involvement 
of USP11 in oxidative stress‑induced ferroptosis (28), USP11 
expression was also examined to explore its potential involve‑
ment in A/R injury. Notably, compared with the control group, 
A/R injury resulted in a significant downregulation of USP11 
expression in H9c2 cells, whereas pretreatment with Sal or 
Fer‑1 partially restored USP11 expression (Fig. 2A and B). 
Collectively, these findings indicated that Sal may attenuate 
A/R‑induced oxidative stress and protect cells against ferrop‑
totic injury, although whether these effects are mediated via 
USP11 requires further investigation.

Sal mitigates A/R‑induced oxidative stress and ferroptosis in 
H9c2 cells by enhancing USP11‑mediated signaling. To deter‑
mine whether Sal confers protection against A/R‑induced 
oxidative stress and ferroptosis through USP11, a USP11‑OE 
plasmid and a specific siRNA (si‑USP11) were constructed, 
and their transfection efficiencies verified using western blot‑
ting (Fig. 3A and B). Subsequent experiments demonstrated 
that Sal pretreatment significantly increased the expression 
levels of USP11, GPX4 and PRDX2, while suppressing PTGS2 
expression. However, silencing USP11 abolished these effects, 
as evidenced by increased PTGS2 levels and reduced USP11, 
GPX4 and PRDX2 expression (Fig. 3C and D). These findings 
indicated that Sal may alleviate A/R‑induced oxidative stress 

and ferroptosis through the upregulation of USP11. Oxidative 
stress and ferroptosis‑related cellular parameters were 
further evaluated. Sal markedly reduced A/R‑induced ROS 
accumulation, ferrous iron overload and lipid peroxidation. 
USP11 knockdown notably weakened the inhibitory effects 
of Sal on ROS accumulation and lipid peroxidation, while 
partially attenuating its effect on ferrous iron accumulation 
(Fig. 3E‑G). Biochemical analyses, including MDA, 4‑HNE, 
SOD activity and the GSH/GSSG ratio, consistently supported 
the potential role of USP11 in mediating the antioxidative and 
anti‑ferroptotic actions of Sal (Fig. 3H‑K). Consistently, USP11 
overexpression was associated with a coordinated attenuation 
of the A/R‑induced oxidative stress and ferroptotic phenotype, 
including reduced PTGS2 expression, ROS accumulation, 
ferrous iron overload and lipid peroxidation, MDA and 4‑HNE 
levels, accompanied by increased GPX4 and PRDX2 expres‑
sion, SOD activity and GSH/GSSG ratio (Fig. 3C‑K). Taken 
together, these results demonstrated that Sal may suppress 
A/R‑induced oxidative stress and ferroptosis in H9c2 cells 
through the upregulation of USP11.

Sal binds to USP11 and enhances the USP11‑PRDX2 inter‑
action in H9c2 cells. Based on the aforementioned findings, 
PRDX2 was selected as a potential downstream target of 
USP11 since its expression changed in parallel with USP11 and 
was responsive to USP11 knockdown and overexpression. In 
addition, PRDX2 is an antioxidant protein whose stability may 
be influenced by ubiquitination, providing a mechanistic basis 
for investigating whether it is regulated by the deubiquitinase, 
USP11. Therefore, it was hypothesized that Sal may directly 
interact with USP11 and thereby modulate its association with 
PRDX2. To test this, molecular docking, Co‑IP and CETSA 
assays were performed. Molecular docking using CB‑Dock2 
revealed that Sal fits into several potential binding cavities of 
USP11, with the C5 pocket showing the highest affinity (Vina 
score: ‑7.5; Fig. 4A). Consistently, Co‑IP analysis demonstrated 
that A/R injury markedly attenuated the USP11‑PRDX2 
interaction, whereas Sal pretreatment effectively restored their 
binding (Fig. 4B). Furthermore, CETSA demonstrated that Sal 

Figure 1. Sal pretreatment alleviates A/R injury in H9c2 cells. (A) Chemical structure of Sal. (B) H9c2 cells were treated with increasing concentrations of Sal 
(0 to 40 µM) for 48 h under normoxic conditions and cell viability was assessed using the CCK‑8 assay (n=6). (C) H9c2 cells were pretreated with different 
concentrations of Sal (0 to 40 µM) for 48 h, followed by replacement with anoxic and reoxygenation buffers to induce A/R injury. Cell viability was measured 
using CCK‑8 assay to determine the protective concentration range (n=6). Data are presented as mean ± SD, with *P<0.05, **P<0.01 and ***P<0.001 indicating 
statistical significance. ns, not significant; Sal, salidroside; A/R, anoxia/reoxygenation; CCK‑8, Cell Counting Kit‑8.
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Figure 2. Sal attenuates A/R‑induced oxidative stress and ferroptosis in H9c2 cells. (A) Western blot analysis of PTGS2, GPX4, PRDX2 and USP11 proteins in 
different groups of H9c2 cells (n=3). (B) Relative expression analysis of PTGS2, GPX4, PRDX2 and USP11 (n=3). (C) Intracellular ROS levels detected using 
2',7'‑dichlorodihydrofluorescein diacetate fluorescence staining (magnification, x100; scale bar, 800 µm; n=3). (D) Intracellular ferrous iron levels measured 
using FerroOrange probe (magnification, x200; scale bar, 400 µm; n=3). (E) Lipid peroxidation assessed using boron‑dipyrromethene 581/591 C11 fluorescence 
staining (magnification, x200; scale bar, 400 µm; n=3). Biochemical quantification of (F) MDA, (G) 4‑HNE, (H) GSH/GSSG ratio and (I) SOD activity (n=6). 
Data are presented as mean ± SD, with *P<0.05, **P<0.01 and ***P<0.001 indicating statistical significance. Sal, salidroside; Fer‑1, ferrostatin‑1; A/R, anoxia/reox‑
ygenation; PTGS2, prostaglandin‑endoperoxide synthase 2; GPX4, glutathione peroxidase 4; PRDX2, peroxiredoxin 2; USP11, ubiquitin‑specific protease 11; 
ROS, reactive oxygen species; MDA, malondialdehyde; 4‑HNE, 4‑hydroxynonenal; GSSG, glutathione disulfide; GSH, glutathione; SOD, superoxide dismutase.
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Figure 3. Sal mitigates A/R‑induced oxidative stress and ferroptosis in H9c2 cells by enhancing USP11‑mediated signaling. Validation of USP11 (A) silencing 
(si‑USP11) and (B) overexpression (USP11‑OE) efficiency in H9c2 cells via western blotting (n=3). (C) Western blot analysis of PTGS2, GPX4, PRDX2 and 
USP11 proteins in different groups of H9c2 cells (n=3). (D) Relative expression analysis of PTGS2, GPX4, PRDX2 and USP11 (n=3). (E) Intracellular ROS 
levels detected using 2',7'‑dichlorodihydrofluorescein diacetate fluorescence staining (magnification, x100; scale bar, 800 µm; n=3). (F) Intracellular ferrous 
iron levels measured using FerroOrange probe (magnification, x200; scale bar, 400 µm; n=3). (G) Lipid peroxidation assessed using boron‑dipyrromethene 
581/591 C11 fluorescence staining (magnification, x200; scale bar, 400 µm; n=3). Biochemical quantification of (H) MDA, (I) 4‑HNE, (J) GSH/GSSG ratio 
and (K) SOD activity (n=6). Data are presented as mean ± SD, with *P<0.05, **P<0.01 and ***P<0.001 indicating statistical significance. ns, not significant; 
Sal, salidroside; A/R, anoxia/reoxygenation; PTGS2, prostaglandin‑endoperoxide synthase 2; GPX4, glutathione peroxidase 4; PRDX2, peroxiredoxin 2; 
USP11, ubiquitin‑specific protease 11; ROS, reactive oxygen species; MDA, malondialdehyde; 4‑HNE, 4‑hydroxynonenal; GSSG, glutathione disulfide; GSH, 
glutathione; SOD, superoxide dismutase; si, small interfering; OE, overexpression; EV, empty vector.
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increased the thermal stability of USP11, supporting an inter‑
action between Sal and USP11 (Fig. 4C and D). Preliminary 
thermal evaluations confirmed that USP11 does not undergo 
significant thermal denaturation or precipitation up to 50˚C 
and Sal treatment alone did not alter baseline USP11 solubility 
within this lower temperature range (Fig. S1). These results 
suggest that Sal may exert cardioprotective effects through 
modulation of USP11‑associated signaling and strengthening 
its interaction with PRDX2.

Sal enhances USP11‑mediated deubiquitination and stabili‑
zation of PRDX2. The aforementioned findings demonstrated 
an interaction between USP11 and PRDX2 and showed that 
PRDX2 expression was responsive to changes in USP11 
levels. These observations prompted further investigation into 
whether USP11 regulates PRDX2 stability through deubiquiti‑
nation and whether Sal modulates this process. To determine 
whether Sal stabilizes PRDX2 in a USP11‑dependent manner, 
CHX chase assays were performed. Silencing USP11 mark‑
edly shortened the half‑life of PRDX2, whereas Sal treatment 
effectively attenuated the accelerated degradation caused by 
USP11 depletion (Fig. 5A and B). Consistently, ubiquitination 
analyses revealed that Sal reduced PRDX2 ubiquitination, 
while USP11 knockdown exerted the opposite effect and 
significantly increased PRDX2 ubiquitination (Fig. 5C and D). 
Together, these results demonstrate that Sal may stabilize 
PRDX2 by enhancing USP11‑mediated deubiquitination, 
thereby contributing to its protective effects against A/R 
injury.

Sal pretreatment protects the myocardium against I/R injury. 
To evaluate the protective effect of Sal against myocardial I/R 
injury in vivo, a rat model of LAD coronary artery ligation 
was established. Compared with the sham‑operated group, the 
serum levels of the myocardial injury markers CK‑MB and LDH 
were markedly elevated following I/R injury (Fig. 6A and B), 
and the infarct area increased markedly (Figs. 6F and S2). 
Echocardiography further demonstrated severe cardiac dysfunc‑
tion in the I/R group, evidenced by pronounced reductions in 
LVEF and LVFS (Fig. 6C‑E). Sal pretreatment effectively atten‑
uated these alterations, thereby mitigating myocardial damage 
and functional decline. Morphological assessment revealed that 
I/R injury induced myofibrillar disarray, cardiomyocyte swelling 
and interstitial edema with inflammatory infiltration, as shown 
by H&E staining, whereas these pathological abnormalities were 
markedly ameliorated by Sal pretreatment (Fig. 6G). Analysis of 
oxidative stress‑ and ferroptosis‑related proteins demonstrated 
increased PTGS2 expression and decreased USP11, GPX4 and 
PRDX2 expression after I/R injury; Sal pretreatment attenuated 
these molecular changes (Fig. 6H‑L). Collectively, these find‑
ings indicate that Sal pretreatment may confer cardioprotection 
by modulating the expression levels of USP11 and other related 
proteins, thereby mitigating I/R‑induced oxidative injury and 
ferroptosis.

Discussion

In the present study, an in vitro A/R model using H9c2 cells 
was combined with an in vivo rat model of myocardial I/R 

Figure 4. Sal binds to USP11 and enhances the USP11‑PRDX2 interaction in H9c2 cells. (A) Molecular docking simulation using CB‑Dock2, predicting the 
binding mode of Sal in the C5 pocket of the USP11 protein. (B) Co‑IP assay performed using H9c2 cells to assess the physical interaction between USP11 and 
PRDX2 under A/R and Sal‑treatment conditions (n=3). (C) Quantification of the relative USP11 band intensity following CETSA in cell lysates treated with 
DMSO or Sal (10 µM) across a temperature gradient of 50‑70˚C (n=3). (D) Representative CETSA western blot showing the thermal stability of USP11 in cell 
lysates treated with DMSO or Sal (10 µM) across the same temperature gradient. Data are presented as mean ± SD, with *P<0.05 indicating statistical significance. 
ns, not significant; Sal, salidroside; USP11, ubiquitin‑specific protease 11; PRDX2, peroxiredoxin 2; Co‑IP, co‑immunoprecipitation; A/R, anoxia/reoxygenation; 
CETSA, cellular thermal shift assay.
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injury to systematically investigate the cardioprotective 
effects of Sal and its underlying molecular mechanisms. The 
present results demonstrated that Sal pretreatment signifi‑
cantly improved left ventricular systolic function, as indicated 
by increased LVEF and LVFS, and reduced infarct size in 
I/R‑injured rats, while effectively attenuating A/R‑induced 
loss of H9c2 cell viability. The findings from the present study 
are consistent with previous reports demonstrating the cardio‑
protective and antioxidant properties of Sal in experimental 
models of myocardial injury (23,33,43,44). The present data 
further indicated that inhibition of oxidative stress‑driven 
ferroptosis represents a critical mechanism by which Sal 
confers cardioprotection. Mechanistically, Sal interacted with 
the deubiquitinating enzyme USP11, increasing its thermal 
stability and its affinity for the antioxidant protein PRDX2, 
thereby promoting USP11‑mediated deubiquitination and 
stabilization of PRDX2. Activation of this Sal‑USP11‑PRDX2 
axis preserved intracellular redox homeostasis and prevented 
lethal lipid peroxidation, ultimately mitigating myocardial I/R 
injury (Fig. 7).

Accumulating evidence has established oxidative stress 
and ferroptosis as central pathological processes in myocardial 
I/R injury, particularly during the reperfusion phase (6,45,46). 
Ferroptosis is characterized by iron overload, GSH depletion, 
lipid peroxidation, downregulation of GPX4 and upregulation 
of PTGS2 (47), all of which were observed in the A/R and I/R 
models in the present study. In the present study, GPX4 and 
PTGS2 were assessed as downstream phenotypic indicators 
of ferroptosis and were not investigated as candidate direct 

substrates of USP11. PRDX2 functions as an important anti‑
oxidant protein by scavenging ROS and peroxides (29), and 
recent evidence has shown that USP11 can stabilize PRDX2 by 
reducing its ubiquitination (48). Loss of antioxidant capacity 
can promote ROS accumulation and lipid peroxidation, 
thereby favoring ferroptotic responses, in which GPX4 consti‑
tutes a major defense against lipid hydroperoxides and PTGS2 
upregulation serves as a downstream phenotypic marker (49). 
In the present study, Sal treatment markedly reversed these 
ferroptotic features, exhibiting a protective profile comparable 
to that of the ferroptosis‑specific inhibitor Fer‑1. These find‑
ings strongly suggest that suppression of ferroptosis constitutes 
an essential component of Sal‑mediated cardioprotection. 
Further mechanistic analyses revealed that USP11 expression 
was significantly reduced following A/R injury, whereas Sal 
restored USP11 levels. Molecular docking and CETSA assays 
supported an interaction between Sal and USP11, resulting in 
enhanced thermal stability of USP11. This interaction may 
have facilitated the association between USP11 and PRDX2 
and promoted PRDX2 deubiquitination, thereby prolonging its 
protein half‑life.

Due to the critical role of PRDX2 in scavenging excessive 
ROS and maintaining redox balance in cardiomyocytes (29,50), 
stabilization of PRDX2 effectively curtails lipid peroxidation 
and reduces susceptibility to ferroptotic cell death (51). A notable 
observation in the present study was that Sal treatment partially 
attenuated the accelerated degradation of PRDX2 even when 
USP11 was knocked down. This phenomenon is likely attributed 
to the inherent nature of transient siRNA transfection, which 

Figure 5. Sal enhances USP11‑mediated deubiquitination and stabilization of PRDX2. (A) Representative western blot analysis of USP11 and PRDX2 in H9c2 
cells treated with CHX (10 µg/ml) for 0, 6, 12 and 24 h in the presence or absence of Sal and si‑USP11 (n=3). (B) Semi‑quantification of PRDX2 protein levels 
during the CHX chase assay (n=3; si‑USP11 vs. 10 µM Sal + si‑USP11). (C) Representative western blot analysis of PRDX2 ubiquitination in H9c2 cells treated 
with Sal and/or si‑USP11 in the presence of MG132. The ubiquitination smear represents the extent of PRDX2 polyubiquitination (n=3). (D) Semi‑quantitative 
analysis of the ubiquitination levels of PRDX2 (n=3). Data are presented as mean ± SD, with *P<0.05, **P<0.01 and ***P<0.001 indicating statistical significance. 
Sal, salidroside; USP11, ubiquitin‑specific protease 11; PRDX2, peroxiredoxin 2; CHX, cycloheximide; si, small interfering; Ub, ubiquitin. 
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Figure 6. Sal pretreatment protects the myocardium against I/R injury. Serum levels of (A) CK‑MB and (B) LDH were measured 2 h after reperfusion as 
markers of acute myocardial damage (n=6). (C) LVEF and (D) LVFS were quantified by echocardiography to evaluate cardiac contractile function (n=6). 
(E) Representative M‑mode echocardiographic tracings (n=6). (F) Representative images of heart sections stained with 2% triphenyl tetrazolium chloride; 
white areas represent infarcted tissue, while red areas represent viable myocardium (n=3). (G) Representative H&E staining images (magnification, x400; scale 
bar, 400 µm) showing myocardial histopathological changes (n=3). (H) Representative immunoblot of USP11, PRDX2, GPX4 and PTGS2. Semi‑quantitative 
analysis of (I) USP11, (J) PRDX2, (K) GPX4 and (L) PTGS2 in rat myocardial tissues (n=3). Data are presented as mean ± SD, with **P<0.01 and ***P<0.001 
indicating statistical significance. Sal, salidroside; I/R, ischemia/reperfusion; CK‑MB, creatine kinase isoenzyme; LDH, lactate dehydrogenase; LVEF, left 
ventricular ejection fraction; LVFS, left ventricular fractional shortening; USP11, ubiquitin‑specific protease 11; PRDX2, peroxiredoxin 2; GPX4, glutathione 
peroxidase 4; PTGS2, prostaglandin‑endoperoxide synthase 2.
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typically results in incomplete silencing of the target protein. 
Residual USP11 expression after incomplete siRNA‑mediated 
knockdown may contribute to the partial restoration of PRDX2 
stability by Sal. In addition, USP11‑independent antioxidant 
mechanisms of Sal may also partially contribute to PRDX2 
preservation. Compared with previous studies, the present work 
extends current understanding of the cardiovascular pharma‑
cology of Sal by uncovering a novel post‑translational regulatory 
mechanism. Earlier investigations have largely attributed the 
cardioprotective effects of Sal to activation of classical signaling 
pathways, such as PI3K/AKT, AMP‑activated protein kinase or 
the nuclear factor erythroid 2‑related factor 2/heme oxygenase‑1 
axis (52‑54). While the present findings are generally consis‑
tent with the established antioxidant role of Sal, they further 
demonstrate that Sal exerts sustained cytoprotective effects by 
modulating protein stability through the ubiquitin‑proteasome 
system.

In addition, the present study assigns a previously unrecog‑
nized role to USP11 in the context of cardiovascular disease. 
Although USP11 has been extensively studied in cancer biology 
and DNA damage repair (28,55,56), reports on its involvement 
in myocardial I/R injury and ferroptosis remain limited (57). 
Recent studies have implicated other deubiquitinating enzymes 
in ferroptosis regulation, including USP7 in BRAFV600E‑mutant 
thyroid cancer, where pharmacological inhibition of USP7 
promotes ferroptosis, and BRCA1‑associated protein 1 in 
inflammatory bowel disease, where it promotes ferroptosis 
through SLC7A11 suppression (58,59). The present data demon‑
strate that loss of USP11 accelerates PRDX2 degradation and 
increases ferroptotic vulnerability, identifying PRDX2 as a 
functional substrate of USP11 in H9c2 cells.

The present study proposes a ‘small‑molecule‑deubiqui‑
tinase‑antioxidant protein’ regulatory paradigm, providing 
insight into how natural compounds exert cardioprotective 
effects by fine‑tuning protein stability. Despite these encour‑
aging findings, several limitations of the present study should 
be acknowledged. First, while direct C11‑BODIPY lipid 
peroxidation staining and classical biochemical markers were 
examined to validate ferroptosis, future studies incorporating 
transmission electron microscopy to assess mitochondrial 
ultrastructure and testing a broader panel of targets (such as 
acyl‑CoA synthetase long‑chain family member 4 and solute 
carrier family 7 member 11) will provide a more exhaustive 
validation. Second, although the use of Fer‑1 confirmed that 
ferroptosis is a critical component of myocardial A/R injury, 
it does not completely rule out the synergistic involvement 
of other cell death modalities, such as apoptosis or necrosis. 
Whether ferroptosis acts as the dominant form of cell death 
requires further broad‑spectrum cross‑validation using novel 
ferroptosis modulators such as Liproxstatin‑1 or RAS‑selective 
lethal small molecule 3. Third, while the CETSA and func‑
tional assays demonstrated that Sal may physically engage 
USP11 and promote USP11‑dependent PRDX2 stabilization, 
the detailed upstream mechanisms, specifically whether Sal 
directly modulates USP11 transcription, baseline protein 
half‑life or intrinsic catalytic activity, warrant further dedi‑
cated biochemical investigation. Additionally, while present 
data suggests target engagement, definitive validation of 
direct binding kinetics and the precise binding pocket will 
require future orthogonal biophysical assays (such as surface 
plasmon resonance) and targeted mutagenesis. Moreover, 
identifying the specific ubiquitin linkage type (such as K48 

Figure 7. Schematic representation of the mechanism by which salidroside may attenuate myocardial I/R injury. I/R, ischemia/reperfusion; A/R, anoxia/reoxy‑
genation; USP11, ubiquitin‑specific protease 11; PRDX2, peroxiredoxin 2; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; 
GSH, glutathione; GSSG, glutathione disulfide; 4‑HNE, 4‑hydroxynonenal; GPX4, glutathione peroxidase 4; PTGS2, prostaglandin‑endoperoxide synthase 2.
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or K63) and employing catalytically inactive USP11 mutants 
or cell‑free in vitro deubiquitination systems will be essential 
to fully elucidate the biochemical nuances of this interac‑
tion. Fourth, a pretreatment strategy was utilized to provide 
proof‑of‑concept for the prophylactic potential of Sal in antici‑
pated I/R scenarios (such as scheduled coronary artery bypass 
grafting). Post‑ischemic therapeutic administration remains to 
be evaluated for unpredictable acute events such as myocardial 
infarction. Fifth, while in vitro genetic silencing supported 
the functional involvement of USP11 in Sal‑mediated protec‑
tion, the in vivo rat model primarily demonstrated a robust 
phenotypic and molecular association. Definitive proof of 
in vivo causality will require future investigations employing 
adeno‑associated virus‑mediated cardiac‑specific USP11 
knockdown or knockout animal models. Sixth, the in vivo 
model relied on a single dose of Sal and lacked a Fer‑1 posi‑
tive control, limiting the characterization of dose‑dependent 
pharmacological effects. Seventh, the in vitro mechanistic 
investigations were performed in the H9c2 cardiomyoblast 
cell line. While these findings were phenotypically supported 
by the in vivo adult rat model, future investigations employing 
primary rat cardiomyocytes will be essential to definitively 
validate this biochemical axis in mature cellular physiology.

In conclusion, the present study demonstrated that Sal atten‑
uated myocardial I/R injury by promoting USP11‑mediated 
deubiquitination and stabilization of PRDX2, thereby 
suppressing oxidative stress‑induced ferroptosis.
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