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USP18 exacerbates myocardial I/R injury by inhibiting 
Parkin mitophagy through the deubiquitinase PTEN-L
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Abstract

Background: Mitochondrial quality control is essential for limiting myocardial injury induced by ischemia/reperfusion 
(I/R), a major contributor to adverse outcomes after reperfusion therapy. This study aimed to determine whether 
the deubiquitinase ubiquitin-specific protease 18 (USP18) regulates mitophagy during cardiac I/R injury and thereby 
represents a potential therapeutic target to attenuate myocardial I/R injury.
Methods: Cardiac-specific USP18 knockout mice were subjected to cardiac I/R injury. To elucidate the role of USP18 
in mitophagy regulation and cardiac I/R injury, we performed RNA sequencing, proteomic mass spectrometry, 
transmission electron microscopy, and mitophagy assays. In parallel, adeno-associated virus serotype 9 (AAV9)-
mediated overexpression of USP18, knockdown of Parkin and phosphatase and tensin homolog-long (PTEN-L), 
and administration of an anti-PTEN-L neutralizing antibody were used to elucidate the underlying mechanisms. 
Additionally, serum samples from patients with ST-segment elevation myocardial infarction (STEMI) were collected to 
assess clinical relevance.
Results: USP18 expression was upregulated in mouse hearts following I/R injury and in ischemic human heart tissue. 
Cardiac-specific USP18 deficiency mitigated I/R-induced acute myocardial injury, mitochondrial dysfunction, and 
adverse cardiac remodeling, whereas USP18 overexpression exacerbated these pathological changes. Mechanistically, 
USP18 interacted with PTEN-L, which in turn bound to and inhibited the phosphorylation and translocation of 
Parkin to mitochondria, thereby suppressing mitophagy. Parkin knockdown abolished the cardioprotective effects 
conferred by USP18 deficiency, whereas PTEN-L knockdown reversed the detrimental effect of USP18 overexpression. 
Moreover, PTEN-L also exerted pathogenic effects via a paracrine mechanism, as neutralizing PTEN-L with an antibody 
attenuated cardiac I/R injury. Serum PTEN-L levels were elevated in STEMI patients, particularly postintervention.
Conclusions: USP18 impairs mitophagy and exacerbates cardiac I/R injury through a PTEN-L-Parkin axis, involving 
both intracellular and paracrine mechanisms. Targeting the USP18-PTEN-L pathway may represent a novel therapeutic 
strategy to alleviate myocardial I/R injury.
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intervention (PCI) is the preferred initial therapy for AMI 
because of its ability to promptly re-establish coronary perfusion 
[3]. While restoring blood flow is crucial for preventing 
ischemic cell death, reperfusion can trigger a spectrum of 
cell injuries that can be more severe than those induced by 
ischemia alone [4]. Reperfusion injury, particularly in elderly 
patients and those with extended ischemia, may counteract 
the advantages of coronary flow restoration [5]. To date, there 
is no effective method to prevent ischemia/reperfusion (I/R) 
injury. A deeper understanding of the mechanisms underlying 
reperfusion injury could open new treatment strategies for 
AMI, offering hope for better outcomes.

Maintaining mitochondrial homeostasis is critical for 
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Background
Acute myocardial infarction (AMI) results from the sudden 
blockage of coronary arteries, causing ischemia in the affected 
area of the myocardium, which often leads to myocardial 
necrosis [1]. Without timely restoration of coronary perfusion, 
the development of myocardial scarring occurs, resulting 
in adverse remodeling of the myocardium; this process can 
ultimately lead to heart failure [2]. Percutaneous coronary 
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preserving cellular physiological functions [5]. During I/R 
stress, damaged, abnormal, or dysfunctional mitochondria 
are cleared through a process known as mitochondrial 
autophagy, also known as mitophagy. Impaired mitophagy and 
mitochondrial dysfunction are reported to be involved in the 
initiation and progression of cardiovascular diseases, particularly 
cardiac I/R injury [6]. By activating mitophagy, empagliflozin 
confers protection against cardiac microvascular I/R injury [7]. 
Thus, targeting mitochondrial homeostasis and mitophagy 
has emerged as a promising therapeutic approach for treating 
cardiac I/R injury. Among the best-characterized pathways 
regulating mitophagy is the phosphatase and tensin homolog 
(PTEN)-induced putative kinase 1 (PINK1)-Parkin axis. Upon 
mitochondrial depolarization, PINK1 accumulates on the 
outer mitochondrial membrane and recruits the E3 ubiquitin 
ligase Parkin, which ubiquitinates multiple mitochondrial 
surface proteins to trigger mitophagic clearance [8]. In the 
heart, PINK1-Parkin-mediated mitophagy has been shown to 
play a protective role in limiting I/R-induced injury [9]. An 
experimental study in Parkin-deficient mice has demonstrated 
worsened cardiac outcomes following I/R, highlighting the 
importance of this pathway in myocardial adaptation [10]. 
Therefore, proper regulation of PINK1-Parkin-dependent 
mitophagy is critical for mitochondrial quality control and 
cardiac cell survival under ischemic stress. Recently, Wang 
et al. [11] reported that phosphatase and tensin homolog-long 
(PTEN-L) is a novel negative regulator of Parkin-mediated 
mitophagy, exerting its effects through the dephosphorylation 
of ubiquitin conjugates via its protein phosphatase activity. 
Thus, targeting the PTEN-L-Parkin-mitophagy pathway may 
provide promising therapeutic strategies for the treatment of 
cardiac I/R injury.

Ubiquitination and deubiquitination play pivotal roles in 
maintaining mitochondrial homeostasis, particularly under 
pathological conditions such as cardiovascular diseases and 
cardiac I/R injury [12,13]. Several deubiquitinating enzymes, 
including ubiquitin-specific protease (USP) 30, USP33, and 
USP35, have been implicated in the regulation of mitophagy 
and mitochondrial dynamics in cardiomyocytes [14]. 
USP33 has been reported to deubiquitinate Parkin and modulate 
Parkin-mediated mitophagy in neuron-like cells [14,15]. 
More recently, USP28 was reported to regulate mitochondrial 
homeostasis and attenuate the progression of diabetic 
cardiomyopathy [14]. As a prominent member of the 
deubiquitinase family, USP18 was initially identified for its 
roles in regulating inflammation, innate antiviral signaling, and 
cancer progression [16-18]. Recent findings by Ying et al. [19] 
demonstrated that USP18 attenuates angiotensin Ⅱ-induced 

pathological cardiac remodeling, indicating a potential role 
for USP18 in the context of cardiac I/R injury. However, the 
precise involvement of USP18 in myocardial I/R injury, as 
well as its underlying regulatory mechanisms, remains largely 
undefined.

Despite increasing recognition of ubiquitin-dependent 
mitophagy in protecting the heart against I/R injury, the 
contribution of deubiquitinating enzymes to this process 
remains poorly understood. USP18 has been implicated 
in ubiquitin signaling, yet its role in cardiac I/R injury and 
mitochondrial quality control is unknown. Therefore, this study 
aimed to investigate the functional role of USP18 in myocardial 
I/R injury and to explore the underlying mechanisms involved 
in USP18-mediated regulation of mitophagy.

Methods
Animals
To establish a cardiac-specific USP18 knockout mice model 
(USP18-cKO), USP18flox/flox mice (C57BL/6J; Shanghai Model 
Organisms, NM-cKO-215042) were bred with α-MHC-
MerCreMer mice (C57BL/6J; Jackson Laboratory, stock No. 
024992). USP18-cKO (USP18flox/flox; α-MHC-MerCreMer) 
were generated by crossing USP18-cKO mice with α-MHC-
MerCreMer transgenic mice. Littermate USP18-cKO mice 
without Cre served as wild-type (WT) controls. Tamoxifen 
[20 mg/(kg·d); T-5648, Sigma, MO, USA] was administered 
intraperitoneally to 6-week-old male mice for 5 consecutive 
days to induce Cre-mediated recombination.

To induce cardiac-specific USP18 overexpression, male 
C57BL/6J mice received a single tail vein injection of adeno-
associated virus serotype 9 (AAV9)-cardiac troponin T 
(cTnT)-USP18 or control AAV9-negative control [60−80 μl, 
(5.0−6.5)×10¹³ viral genome/ml, Vigene Bioscience, China] 
under 1.5%−2% isoflurane anesthesia. For the I/R model, 
each group consisted of 35 mice, with 15 used for acute 
injury assessment at 24 h and 20 for chronic assessment at 4 
weeks; the sham group included 17 mice per group; a total 
of 108 mice were used. Injections were performed 2 weeks 
before surgery. For the myocardial knockdown of PTEN-L 
or Parkin, male C57BL/6J mice were injected with AAV9-
cTnT-shPTEN-L, AAV9-cTnT-shParkin, or control AAV9-
ScRNA (Vigene Bioscience, Jinan, China) at the same dose 
and schedule as described above [20]. To inhibit PTEN-L, 
mice were administered an anti-PTEN-L antibody (50 μg/
mouse, Merck Millipore, USA) on alternate days for 28 d after 
cardiac I/R surgery. Control animals received vehicle and 
isotype-matched rat IgG (50 μg/mouse, Sigma, USA). All 
animal procedures were reviewed and approved by the Animal 



3

Wu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100004

Ethics Committee of Zhongnan Hospital, Wuhan University 
(ZN2023201). To minimize potential bias, all key procedures 
in our study were performed in a blinded manner.

Neonatal rat cardiomyocyte (NRVM) isolation and treatment
NRVMs were isolated by enzymatic digestion of 1–3-day-old 
rat hearts, followed by pre-plating to remove nonmyocytes and 
collection of the enriched cardiomyocyte population following 
the method described by Liu et al. [21]. Adenoviral vectors 
carrying USP18 (Ad-USP18) and PTEN-L (Ad-PTEN-L) 
were obtained from Vigene Biosciences ( Jinan, China). 
Truncated PTEN-L was created by deleting the alternatively 
translated region (ATR) to inhibit its secretion [11]. NRVMs 
were transduced with adenoviruses [multiplicity of infection 
(MOI)=100] for gene overexpression or with a control vector 
(Ad-NC). For knockdown experiments, siRNAs targeting 
USP18, PTEN-L, or Parkin (RiboBio, Guangzhou, China) 
or scrambled controls were used. To block mitophagy, the 
selective dynamin-related protein 1 (Drp1) inhibitor Mdivi-1 
was used (50 μmol/L, MedChemExpress, USA). Cells were 
incubated under hypoxic conditions (95% N₂, 5% CO₂) 
for 4 h, followed by reoxygenation under normoxia (95% 
air, 5% CO₂) overnight to induce a hypoxia/reoxygenation 
(H/R) model. USP18 expression in NRVMs was induced by 
treatment with tumor necrosis factor-α (TNF-α, 5 ng/ml; 
Beyotime, China) [22] or high mobility group box 1 (HMGB1, 
100 ng/ml; Abcam, USA) [23] for 6 h.

Human samples
Left ventricular (LV) samples were obtained from heart 
transplant recipients with ischemic heart disease (IHD) and 
from normal heart donors [24].

Serum samples were collected retrospectively. Thirty AMI 
patients were recruited from Zhongnan Hospital between 
January 1, 2025, and June 30, 2025. The diagnostic criteria 
included 1) creatine kinase-MB isoenzyme (CK-MB) levels 
at least twice the normal range or a cardiac troponin I (cTnI) 
concentration >0.1 ng/ml and 2) the presence of new Q waves 
or ST-segment/T-wave abnormalities on electrocardiography. 
Patients with thrombolysis in myocardial infarction flow 
grade 0−2 received immediate revascularization, including 
percutaneous coronary angioplasty and stent placement. 
Revascularization was considered successful if thrombolysis in 
myocardial infarction flow grade 3 flow was achieved without 
significant residual stenosis. The exclusion criteria included 
previous myocardial infarction, stent implantation, bypass 
surgery, cardiomyopathies, myocarditis, acute heart failure, 
malignancies, inflammatory or autoimmune diseases, and 

transplant patients. The control subjects were patients with 
normal coronary angiograms and no diagnosis of coronary 
artery disease.

All the subjects provided written informed consent before 
participation. Serum samples from AMI patients were obtained 
before and after PCI. The study protocol was approved by the 
Ethics Committee of Zhongnan Hospital (2025058K) and 
complied with the principles of the Declaration of Helsinki.

Other experimental procedures
Other experimental procedures including mouse model, 
biochemical analysis,  echocardiography, histological 
analysis, ELISA assessment of inflammatory cytokines, 
electron microscopy, mitochondrial respiratory complexes, 
transcriptomic profiling, mitochondrial functional, imaging, 
and in vitro mitophagy analyses, co-immunoprecipitation 
(Co-IP) and high-performance liquid chromatography-tandem 
mass spectrometry analysis, ubiquitination assays, luciferase 
activity analysis, phosphorylation-tag gel electrophoresis, and 
Western blotting, are described in detail in Additional file 1. 
Additional file 1: Table S1 lists all the primer sequences used in 
RT-PCR [5].

Statistical analysis
SPSS 23.3 was used for data analysis. A power analysis with 
95% power and α=0.05 indicated that a sample size of at least 
5 mice per group was required for function and morphometry 
analysis and a minimum of 3 mice per group for the molecular 
analysis [25]. We routinely exceeded the minimal number of 
mice required for each experiment, as indicated in the figure 
legends. For multiple group comparisons, one-way ANOVA 
was used. W hen the ANOVA indicated significance and 
variance was homogeneous, the least significant difference 
(LSD) post hoc test was applied; otherwise, Tamhane’s 
T2 test was used. Comparisons between two groups were 
performed using an unpaired Student’s t-test. Specifically, 
all hypothesis tests were two-tailed to account for potential 
effects in both directions. All experiments, including in vivo, 
in vitro, and imaging studies, were conducted blinded. 
Statistical significance was defined as P<0.05. For clinical 
data, the Mann-Whitney U test and χ² test were applied for 
continuous and categorical clinical variables, respectively, with 
P<0.05 considered significant. Between-variable correlations 
were assessed by Spearman’s test.

Results
USP18 expression is induced by cardiac I/R injury
USP18 expression has been found in various tissues, with 
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particularly high levels in macrophages and bone marrow-
derived dendritic cells. Its levels notably increase following 
viral or bacterial infections [26]. Gene expression profiles of 
LV tissues from mice exposed to 24 h I/R were analyzed and 
compared to those of control mice to identify potential key 
regulators of cardiac I/R injury. Gene Ontology (GO) analysis 
revealed a significant enrichment in ubiquitin-mediated protein 
regulation (Fig. 1a). An in-depth analysis of the ubiquitin-
related differentially expressed genes revealed 14 upregulated 
genes and 2 downregulated genes (Fig. 1b). Notably, the 
upregulation of USP18 expression was most prominent in I/R 
hearts. Data from the Human Protein Atlas indicated that 
USP18 was highly expressed in the liver, testis, breast, and 
skin, with moderate expression in the heart (Additional file 1: 
Fig. S1a). To further investigate the involvement of USP18 in 
cardiac I/R injury, we assessed the protein levels of USP18 in 
human heart samples obtained from donors and individuals 
diagnosed with IHD. As anticipated, USP18 expression 
was upregulated in heart tissue affected by IHD (Fig. 1c, d). 
Upon reanalysis of the RNA sequencing (RNA-seq) data 
obtained from end-stage IHD human hearts (GSE203160), 
we observed increased expression of USP18, as depicted in 
Additional file 1: Fig. S1b. In murine hearts subjected to I/R 
injury, USP18 expression progressively increased from 24 h 
to 4 weeks post-surgery (Fig. 1e; Additional file 1: Fig. S1c). 
Dual immunofluorescence labeling of USP18 and wheat germ 
agglutinin revealed minimal baseline expression of USP18, 
which was significantly elevated in cardiac tissue post-I/R and 
was predominantly localized within cardiomyocytes (Fig. 1f; 
Additional file 1: Fig. S1c). The level of USP18 remained 
unchanged in cardiac fibroblasts, endothelial cells, and 
macrophages in response to cardiac I/R stress (Additional file 1: 
Fig. S1c, d). In vitro studies also revealed that USP18 expression 
was significantly upregulated following H/R injury at 6, 12, and 
24 h in NRVMs (Fig. 1g) and was predominantly localized in 
the cytoplasm (Fig. 1h). Collectively, these findings suggest that 
USP18 expression is induced by cardiac I/R injury.

Another question to be answered was the regulation 
of USP18 expression during cardiac I/R injury. USP18 
expression is strongly induced by type Ⅰ and Ⅲ interferons, 
lipopolysaccharide, and TNF-α [26]. Because inflammation 
is strongly associated with acute cardiac I/R injury, we 
explored whether these inflammatory factors mediate the 
upregulation of USP18 expression during cardiac I/R injury. 
NRVMs were treated with TNF-α  and HMGB1, a key 
inflammatory mediator during myocardial infarction. The 
protein level of USP18 sharply increased upon TNF-α and 
HMGB1 stimulation (Additional file 1: Fig. S1e). Moreover, 

the increase in USP18 expression was significantly suppressed 
in H/R-stressed NRVMs by TNF-α or HMGB1 antibodies 
(Additional file 1: Fig. S1f ). Luciferase assays revealed that 
stimulation with TNF-α and HMGB1 led to a significant 
increase in USP18 transcription (Additional file 1: Fig. S1g).

USP18 deficiency mitigates mitochondrial dysfunction, 
acute cardiac I/R injury, and cardiac remodeling in vivo
To investigate the role of USP18 in cardiac I/R injury, we 
established cardiac-specific USP18-cKO mice and confirmed 
them by Western blotting (Additional file 1: Fig. S2a). 
Compared with WT control mice, USP18-cKO mice had a 
diminished infarct size following cardiac I/R injury, despite 
receiving the same surgical treatment (Fig. 2a). At 4 h post-I/R, 
the serum levels of cTnT, CK-MB, and lactate dehydrogenase 
(LDH) were significantly lower in USP18-cKO mice than 
in control mice, indicating that cardiac injury was mitigated 
(Additional file 1: Fig. S2b). The loss of USP18 led to 
decreased overall apoptosis following I/R injury, as indicated 
by decreased DNA fragmentation and reduced cleaved 
caspase-3 activity in the LV (Additional file 1: Fig. S2c). 
USP18 has been shown to influence innate antiviral immunity 
by shifting tripartite motif-containing protein 31 from the 
cytoplasm to the mitochondria [18]. These findings suggest 
a potential impact of USP18 on mitochondrial function. 
We subsequently assessed mitochondrial morphology and 
function. USP18-cKO mice exhibited increased mitochondrial 
DNA content and ameliorated activity of mitochondrial 
complexes Ⅰ and Ⅱ−Ⅲ (Fig. 2b). USP18-cKO mice showed 
attenuation of I/R-induced mitochondrial loss and cristae 
disarray, indicating preser ved mitochondrial structure 
(Fig. 2c). The mitochondrial dysfunction induced by I/R 
injury was also alleviated by USP18 knockdown, as evidenced 
by an increased respiratory oxygen consumption rate (OCR) 
and elevated basal, ATP-related, and maximal respiration, 
while no difference in spare respiration (Fig. 2d).

To further investigate the long-term effects of USP18 on 
cardiac function under physiological conditions and on cardiac 
remodeling after cardiac I/R injury, we observed the animals 
over an extended timeline. The cardiac function of USP18-
cKO mice at 2, 4, 6, and 12 months was comparable to that of 
their WT littermates, as shown in Additional file 1: Fig. S2d. 
Compared with W T mice, USP18-cKO mice displayed 
less cardiomyocyte enlargement, diminished LV fibrotic 
remodeling, and a decreased heart weight-to-tibia length 
ratio (HW/TL) (Fig. 2e; Additional file 1: Fig. S2e). The 
transcriptional activation of hypertrophic and fibrotic markers, 
including atrial natriuretic peptide (ANP), B-type natriuretic 
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Fig. 1　USP18 expression is induced by cardiac I/R injury.
a Gene Ontology (GO) enrichment analysis of the RNA-seq data in I/R and control hearts at 24 h postsurgery (n=3). b Heatmap 
displaying differentially expressed ubiquitination-associated genes in I/R and control hearts at 24 h postsurgery (n=3). c Protein 
levels of USP18 in donor heart tissue and patients with ischemic heart disease (IHD) (n=4). d Immunofluorescence staining of 
USP18 and α-actin in donor heart tissue and patients with IHD (n=3). Scale bar=35 μm (left) and 50 μm (right). e Protein levels of 
USP18 in heart tissue post-IR (n=4). f Immunofluorescence staining of USP18 and WGA in heart tissue 24 h after I/R injury (n=5). 
Scale bar=50 μm. g Protein expression of USP18 in primary neonatal rat cardiomyocytes (NRVMs) after H/R challenge (n=4). 
h Immunofluorescence staining of USP18 in cardiomyocytes after H/R challenge. Scale bar=50 μm. **P<0.01, ***P<0.001, ****P<0.0001. 
USP18. Ubiquitin-specific protease 18; I/R. Ischemia/reperfusion; WGA. Wheat germ agglutinin; DAPI. 4′,6-diamidino-2-phenylindole; 
H/R. Hypoxia/reoxygenation; RNA-seq. RNA sequencing; MAPK. Mitogen-activated protein kinase; GABA. γ-aminobutyric acid

peptide (BNP), and collagen Ⅰ and Ⅲ, was significantly 
suppressed in USP18-cKO hearts 4 weeks after I/R injury 
(Additional file 1: Fig. S2f ). USP18-cKO mice showed 
improved cardiac function and attenuated ventricular dilation 
following I/R injury, as evidenced by elevated LV ejection 
fraction and LV fractional shortening, along with decreased left 

ventricle internal diameter at diastole (LVIDd), left ventricle 
internal diameter at systole (LVISd), and heart rate (Fig. 2f, g). 
Overall, the results of the genetic ablation of cardiac USP18 
reveal its pathogenic contribution to mitochondrial disruption, 
acute I/R-induced myocardial damage, and long-term adverse 
ventricular remodeling in murine hearts.
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Fig. 2　(See legend on next page.)

Pathological effects of cardiac USP18 overexpression on 
mitochondrial function and after ischemic remodeling
We next investigated whether overexpression of USP18 could 
exacerbate these pathologies. To test this hypothesis, C57BL 
mice were administered a single tail vein injection of AAV9-

USP18 two weeks before I/R surgery, which resulted in 
abundant USP18 expression in heart tissue (Additional file 1: 
Fig. S3a). USP18-overexpressing (OV) mice had a larger 
infarct area 24 h after cardiac I/R injury (Fig. 3a). Elevated 
serum levels of cTnI, CK-MB, and LDH were observed in 
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USP18-OV mice 4 h after cardiac I/R (Additional file 1: 
Fig. S3b). An increased DNA fragment was also observed in 
USP18-OV hearts following I/R injury (Additional file 1: 
Fig. S3c). Additionally, overexpression of USP18 in the 
heart significantly exacerbated mitochondrial dysfunction, 
as evidenced by decreased mitochondrial density, increased 
disarrayed cristae, reduced mitochondrial DNA content, 
and decreased activity of mitochondrial complexes Ⅰ and 
Ⅱ−Ⅲ in I/R injury mice (Fig. 3b, c). The mitochondrial 
dysfunction induced by I/R injury was exacerbated by USP18 
overexpression, as evidenced by a decreased respiratory OCR 
and decreased basal, maximal, and spare respiration (Fig. 3d).

Cardiac-specific overexpression of USP18 led to a decline 
in cardiac function, starting at 6 months of age and becoming 
particularly pronounced at 12 months (Additional file 1: 
Fig. S3d). USP18-OV mice displayed pronounced cardiac 
remodeling 4 weeks after I/R, as evidenced by hypertrophic 
cardiomyocytes, expanded fibrotic regions, and an elevated 
HW/TL, in accordance with their acute injury severity 
(Fig. 3e; Additional file 1: Fig. S3e). Mice with USP18 
overexpression exhibited increased mRNA transcription of 
cardiac hypertrophic and fibrosis markers at 4 weeks after I/R 
injury (Additional file 1: Fig. S3f ). LVEF and LVFS were 
decreased, while LVIDd, LVISd, and heart rate were aggravated 
in USP18-OV mice after I/R injury (Fig. 3f, g). Collectively, 
these findings reveal that the cardiac-specific overexpression of 
USP18 intensifies mitochondrial dysfunction, acute ischemic 
injury, and subsequent structural and functional deterioration 
in post-I/R hearts.

Effects of USP18 on H/R-induced injury to NRVMs
To confirm the role of USP18 in vitro, NRVMs were transfected 
with USP18 siRNA to silence endogenous USP18 expression. 
Western blotting analysis demonstrated that USP18 expression 

was downregulated in H/R-treated NRVMs following USP18 
siRNA transfection (Additional file 1: Fig. S4a). USP18 
knockdown led to a significant increase in cell viability, 
decreased LDH release, and reduced cleaved caspase-3 
activity, along with diminished formation of DNA fragments 
in H/R-stimulated NRVMs (Additional file 1: Fig. S4b). 
Furthermore, USP18  knockdown in NRVMs mitigated 
mitochondrial damage induced by H/R stress, as evidenced 
by longer mitochondrial length and fewer mitochondrial 
fragments, accompanied by increased mitochondrial DNA 
content (Fig. 4a, b). The mitochondrial dysfunction induced 
by H/R stress was also alleviated by USP18 knockdown, as 
evidenced by increased OCR and elevated basal and maximal 
respiration, but no difference in ATP-related and spare 
respiration (Fig. 4c, d).

Consistent with the in vivo findings, in NRVMs transfected 
with Ad-USP18 to overexpress USP18 (as validated by Western 
blotting; Additional file 1: Fig. S4c), H/R injury-induced cell 
injury and death were dramatically exacerbated by USP18 
overexpression (Additional file 1: Fig. S4d). H/R injury-
induced mitochondrial dysfunction was also exacerbated by 
USP18 overexpression in NRVMs, as evidenced by shorter 
mitochondrial length, increased mitochondrial fragmentation, 
decreased mitochondrial DNA content, and reduced OCR 
with decreased basal and ATP-related respiration, but no 
difference in maximal and spare respiration (Fig. 4e-h). 
Collectively, our findings demonstrate that USP18 exacerbates 
mitochondrial dysfunction and cardiac I/R injury both in vivo 
and in vitro.

USP18 aggravates cardiac I/R injury through regulation of 
mitochondria and inhibition of mitophagy
To assess the molecular impact of USP18, we conducted 
RNA-seq analysis of heart samples 24 h after LV tissue 

(See figure on previous page.)
Fig. 2　USP18 deficiency mitigates mitochondrial dysfunction, acute cardiac I/R injury, and cardiac remodeling in vivo.
a 2,3,5-triphenyltetrazolium chloride (TTC) staining of heart tissue 24 h post-I/R in WT and I/R groups (n=5). Scale bar=0.5 cm. ***P<0.001. 
b Mitochondrial DNA (n=6) and mitochondrial complexes Ⅰ and Ⅱ−Ⅲ activity (n=5) 24 h post-I/R in each group. **P<0.01, ****P<0.0001. 
c Representative electron microscopy images of heart sections 24 h post-I/R; quantitative analysis of the mitochondrial volume density 
and percent of mitochondria with cristae loss in each group (n=5). Scale bar=10 μm (top) and 6 μm (bottom). Red arrows indicate 
mitochondria with cristae loss ***P<0.001. d Oxygen consumption rate (OCR) and quantitative statistical analysis of basal respiration, 
ATP-related respiration, maximal respiration, and spare respiratory capacity in mitochondria in the indicated groups (n=4). **P<0.01, 
****P<0.0001, ns non-significant. e H&E staining, PSR staining, and quantitative statistical analysis of cell size and left ventricle (LV) 
fibrotic area in WT mice and USP18-cKO mice at 4 weeks after I/R injury (n=5). Scale bar=1 mm (left), 50 μm (middle), and 100 μm (right). 
**P<0.01. f Representative B-mode and M-mode echocardiographic images of LV from WT mice or USP18-cKO mice 4 weeks after I/R 
injury. g Cardiac function of WT mice and USP18-cKO mice after I/R injury at the indicated time points (n=6). *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 vs. WT, ns non-significant. USP18. Ubiquitin-specific protease 18; I/R. Ischemia/reperfusion; WT. Wild-type; ATP. 
Adenosine triphosphate; H&E. Hematoxylin and eosin; PSR. Picrosirius red; FCCP. Carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 
USP18-cKO. Ubiquitin-specific protease 18 conditional knockout; LVIDd. Left ventricle internal diameter at diastole; LVISd. Left ventricle 
internal diameter at systole; LVEF. Left ventricle ejection fraction; LVFS. Left ventricle fractional shortening
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Fig. 3　(See legend on next page.)

isolation from USP18-cKO-I/R and WT-I/R mice. Metabolic 
regulation and mitophagy were the most enriched pathways 
in USP18-deficient hearts following I/R, as determined by 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 

(Additional file 1: Fig. S5a, b). A heatmap revealed that USP18-
cKO significantly regulated the expression of genes involved 
in mitochondrial activity and metabolic events (Additional 
file 1: Fig. S5c). Indeed, Gene Set Enrichment Analysis of 
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the RNA-seq data further confirmed that mitochondrial-
related GO pathways were significantly increased by USP18 
deletion in I/R-induced hearts (Additional file 1: Fig. S5d). 
Both loss-of-function and gain-of-function studies revealed 
the effect of USP18 on mitochondrial function. Because 
mitochondrial dysfunction plays a crucial role in mediating 
pathophysiological processes in cardiac I/R injury and 
impaired mitophagy accelerates mitochondrial dysfunction 
and cardiac I/R injury, it is plausible that the effects of USP18 
on mitochondrial function may contribute to its role in cardiac 
I/R injury [6]. Transmission electron microscopy revealed that 
the impaired mitophagy observed in I/R mice was restored in 
the hearts of USP18-cKO mice (Fig. 5a). I/R induction also 
increased the levels of PTEN-induced PINK1, Parkin, P62, 
and microtubule-associated protein 1 light chain 3-Ⅱ (LC3Ⅱ), 
and the level of ubiquitinated proteins (Ub) in mitochondria 
(Fig. 5b). During I/R injury, PINK1 and Parkin accumulate 
on damaged mitochondria in response to cellular stress. 
This process leads to the isolation of damaged mitochondria 
from the mitochondrial network and directs them toward 
autophagic degradation [27]. USP18-cKO mice presented 
significantly increased protein levels of PINK1, Parkin, Ub, 
P62, and LC3II in the mitochondria (Fig. 5b). The impairment 
of mitophagy was exacerbated in USP18-OV mouse hearts 
(Fig. 5c). USP18-OV reduced the levels of PINK1, Parkin, Ub, 
P62, and LC3II in mitochondria (Fig. 5d).

We also visualized mitophagy in vitro by using a mitophagy 
dye and a lysosomal dye in NRVMs. This dual-fluorescent 
probe system indicates the pH changes as mitophag y 
fluorescence (red) increases in the acidic lysosomal compart-
ment (green). Mitophagic fluorescence was increased in 
USP18-knockdown cardiomyocytes, indicating increased 

mitophagy flow (Fig. 5e). Conversely, decreased mitophagy 
signaling was observed in USP18-OV cardiomyocytes, 
indicating impaired mitophagy flow (Fig. 5f ). The protein 
levels of PINK1, Parkin, Ub, P62, and LC3Ⅱ in mitochondria 
were increased in USP18-knockdown cardiomyocytes but 
reduced in USP18-OV cardiomyocytes during I/R injury 
(Fig. 5g, h). These data suggest that by inhibiting PINK1/
Parkin-mediated mitophagy signaling, USP18 may act as a 
detrimental factor during cardiac I/R injury.

Key markers of mitochondrial fission [p-Drp1 (Ser616)], 
fusion [mitofusin 2 (MFN2), mitofusin 1 (MFN1)], 
biogenesis [peroxisome proliferator-activated receptor gamma 
coactivator-1α (PGC-1α) and mitochondrial transcription 
factor A (TFAM)], and other mitophage-related proteins 
[BCL2 interacting protein 3 (BNIP3), and FUN14 domain 
containing 1 (FUNDC1)] were also assessed. As shown in 
Additional file 1: Fig. S6a, b, neither genetic deletion nor 
overexpression of USP18 resulted in significant changes in 
the levels of these markers, suggesting that USP18 does not 
substantially affect mitochondrial fission, fusion, or biogenesis 
in the context of cardiac I/R injury. USP18 increased the 
expression of apoptosis-associated proteins (Bax, Bcl-2), 
but this effect was hampered by USP18-cKO (Additional 
file 1: Fig. S6a, b). These results support the notion that 
USP18 select ively  impairs  PINK1/Parkin-mediated 
mitophagy rather than broadly disrupting mitochondrial 
quality control mechanisms. USP18 knockdown significantly 
reduced mitochondrial reactive oxygen species (ROS) levels 
following H/R stress. In contrast, USP18 overexpression 
markedly increased mitochondrial ROS levels under the 
same conditions (Additional file 1: Fig. S6c, d). Improved 
mitochondrial clearance likely contributed to reduced ROS 

(See figure on previous page.)
Fig. 3　Overexpression of USP18 in the heart exacerbates mitochondrial dysfunction, acute cardiac injury, and cardiac 
remodeling following I/R in mice.
a TTC staining of heart tissue 24 h post-I/R in each group (n=5). Scale bar=0.5 cm. ***P<0.001. b Mitochondrial DNA levels 
(n=6) and mitochondrial complexes Ⅰ and Ⅱ−Ⅲ activity (n=5) 24 h post-I/R in each group. **P<0.01, ***P<0.001, ****P<0.0001. 
c Representative electron microscopy images of heart sections 24 h post-I/R. Quantitative analysis of mitochondrial volume density 
and the percent of mitochondria with cristae loss in each group (n=5). Scale bar=10 μm (top) and 6 μm (bottom). Red arrows indicate 
mitochondria with cristae loss. ***P<0.001, ****P<0.0001. d Oxygen consumption rate (OCR) and quantitative statistical analysis 
of basal respiration, ATP-related respiration, maximal respiration, and spare respiratory capacity in mitochondria in the indicated 
groups (n=4). *P<0.05, ***P<0.001, ****P<0.0001. e H&E staining, PSR staining, and quantitative statistical analysis of cell size and left 
ventricle (LV) fibrotic area in AAV9-USP18-transfected mice at 4 weeks after I/R injury (n=5). Scale bar=1 mm (left), 50 μm (middle), 
and 100 μm (right). ***P<0.001, ****P<0.0001. f Representative B-mode and M-mode echocardiographic images of LV from AAV9-
USP18-transfected mice 4 weeks after I/R injury. g Cardiac function of AAV9-USP18-transfected mice after I/R injury at the indicated 
time points (n=6). **P<0.01, ***P<0.001, ****P<0.0001 vs. AAV9-NC, ns non-significant. USP18. Ubiquitin-specific protease 18; 
I/R. Ischemia/reperfusion; NC. Negative control; AAV9. Adeno-associated virus serotype 9; AAV9-USP18. Adeno-associated virus 
serotype 9 encoding USP18; TTC. 2,3,5-triphenyltetrazolium chloride; ATP. Adenosine triphosphate; H&E. Hematoxylin and eosin; PSR. 
picrosirius red; FCCP. Carbonyl cyanide p-trifluoromethoxyphenylhydrazone; LVIDd. Left ventricle internal diameter at diastole; LVISd. 
Left ventricle internal diameter at systole; LVEF. Left ventricle ejection fraction; LVFS. Left ventricle fractional shortening
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Fig. 4　Effects of USP18 on H/R-induced injury to NRVMs.
a-d NRVMs were transfected with USP18 siRNA and exposed to H/R. Scale bar=26 μm (top) and 50 μm (bottom). Representative 
confocal microscopy images showing mitochondrial morphology probed with MitoTracker Red (n=6) and quantification of 
mitochondrial length, mitochondrial fragmentation, and mitochondrial DNA levels (n=6) (a and b). Oxygen consumption rate (OCR) 
and quantitative statistical analysis of basal respiration, ATP-related respiration, maximal respiration, and spare respiratory capacity 
in NRVMs in the indicated groups (n=4) (c and d). e-h NRVMs were infected with Ad-USP18 and exposed to H/R. Scale bar=26 μm 
(top) and 50 μm (bottom). Representative confocal microscopy images showing mitochondrial morphology probed with MitoTracker 
Red (n=6) and quantification of mitochondrial length, mitochondrial fragmentation, and mitochondrial DNA levels (n=6) (e and f). 
Oxygen consumption rate (OCR) and quantitative statistical analysis of basal respiration, ATP-related respiration, maximal respiration, 
and spare respiratory capacity in NRVMs in the indicated groups (n=4) (g and h). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 
ns non-significant. USP18. Ubiquitin-specific protease 18; H/R. Hypoxia/reoxygenation; NC. Negative control; FCCP. Carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone; NRVMs. Neonatal rat ventricular cardiomyocytes; ATP. Adenosine triphosphate; OCR. Oxygen 
consumption rate
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Fig. 5　(See legend on next page.)
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accumulation. USP18-cKO mice also exhibited reduced levels 
of proinflammatory cytokines (TNF-α, IL-1, IL-6) following 
myocardial I/R injury (Additional file 1: Fig. S6e). These 
findings suggest that USP18 may influence mitochondrial 
function primarily through mitophagy, which in turn affects 
the number of healthy mitochondria and mitochondrial 
respiration, oxidative stress, and apoptosis pathways.

Parkin knockdown in the heart aggravates acute cardiac I/R 
injury in USP18-cKO mice
To validate whether USP18 regulates cardiomyocyte injury 
through inhibition of mitophagy, NRVMs with silenced 
USP18 were infected with Parkin siRNA to block mitophagy 
after H/R injury. As shown in Additional file 1: Fig. S7a, the 
Parkin siRNA exhibited an effective knockdown efficiency. 
The cellular protection from H/R injury observed with 
USP18 silencing was significantly diminished by Parkin 
knockdown, as shown by reduced cell viability, increased 
LDH release, and increased DNA fragmentation and cleaved 
caspase-3 activity (Additional file 1: Fig. S7b). Additionally, 
the protective effects of USP18 knockdown on H/R-induced 
mitochondrial injury in cardiomyocytes were diminished 
by Parkin silencing (Additional file 1: Fig. S7c, d). Similarly, 
USP18 silencing-mediated cellular protection against H/R 
injury and mitochondrial dysfunction was also counteracted 
by Mdivi-1, a known inhibitor of mitochondrial fission, which 
is also an inhibitor of mitophagy [28] (Additional file 1: 
Fig. S8). Consistent with the in vitro findings, in vivo Parkin 
depletion exacerbated acute I/R-induced myocardial injury in 
USP18-cKO mice (Fig. 6a-d). Moreover, the protective effects 
of USP18 knockout against I/R-induced acute cardiac injury, 
mitochondrial dysfunction, and mitophagy imbalance were 
significantly reversed by Parkin knockdown in vivo (Fig. 6b-h). 
In addition, the protective effects induced by USP18-cKO 
against adverse cardiac remodeling and cardiac dysfunction 4 
weeks after I/R surgery were abolished by Parkin knockdown 
(Fig. 6i-l). These combined in vivo and in vitro findings suggest 

that impaired mitophagy is a key factor in USP18-mediated 
cardiac I/R injury.

USP18 inhibits mitophagy degradation and facilitates 
cardiac I/R injury through deubiquitinating and up-
regulating PTEN-L
Immunoprecipitation coupled with mass spectrometry was 
used to identify candidate USP18-interacting partners involved 
in mitophagy regulation in cardiomyocytes. Following the 
removal of antibody-derived light and heavy chain peptides, we 
identified 138 potential target proteins of USP18, with PTEN 
ranking as the top hit (Additional file 1: Fig. S9a). A previous 
study has reported that, acting as a deubiquitinase, USP18 
regulates the stability of PTEN in lung cancer cell lines [29]. 
Our findings revealed that the expression of PTEN-L, a newly 
identified isoform of PTEN, was downregulated in USP18-
cKO hearts under both baseline and I/R stress conditions 
compared with that of full-length PTEN (Fig. 7a). Conversely, 
USP18-OV significantly increased the protein levels of 
PTEN-L but not those of PTEN in both baseline hearts and 
I/R-stressed hearts (Fig. 7b). In line with the in vivo results, 
PTEN-L expression was also downregulated by USP18 
knockdown but upregulated by USP18-OV in NRVMs under 
both baseline and I/R stress conditions (Additional file 1: 
Fig. S9b, c). Co-IP experiments further verified that USP18 
interacted with PTEN-L but not with PTEN in NRVMs 
(Fig. 7c; Additional file 1: Fig. S9d, e). The endogenous 
interaction between USP18 and PTEN-L increased under 
both H/R (in vitro) and I/R (in vivo) conditions (Fig. 7d, e). 
PTEN-L ubiquitination was reduced following H/R and I/R 
(Fig. 7f). USP18 expression significantly decreased PTEN-L 
ubiquitination and increased PTEN-L protein levels in cell 
lysates, whereas USP18 silencing led to increased PTEN-L 
ubiquitination and reduced PTEN-L protein levels under 
both control conditions and H/R conditions (Fig. 7g). No 
alterations in PTEN ubiquitination or protein expression were 
detected in cells overexpressing or lacking USP18 (Additional 

(See figure on previous page.)
Fig. 5　USP18 aggravates cardiac I/R injury through regulation of mitochondria and inhibition of mitophagy.
a Electron microscopy image showing mitophagy in USP18-cKO mouse hearts (n=5). Scale bar=3 μm. White arrowheads indicate 
sites of mitophagy. b Protein levels of PINK1, Parkin, ubiquitinated proteins (Ub), P62, and LC3Ⅱ in mitochondria from heart tissue 
in USP18-cKO and WT mice 24 h after I/R injury (n=4). c Electron microscopy image showing mitophagy in USP18-overexpress (OV) 
mouse hearts (n=5). Scale bar=3 μm. White arrowheads indicate sites of mitophagy. d Protein levels of PINK1, Parkin, Ub, P62, and 
LC3II proteins in mitochondria from the heart tissue of USP18-OV mice 24 h after I/R injury (n=4). Color shift in mitophagy dye (red) 
and lysosomal dye (green) in NRVMs showing mitophagy in NRVMs with USP18 siRNA transfection (e) or Ad-USP18 infection (f) 
and the quantitative mitophagy index in each group (n=5). Scale bar=9 μm. Protein levels of PINK1, Parkin, Ub, P62, and LC3Ⅱ in 
mitochondria from NRVMs transfected with USP18 siRNA (g) or infected with Ad-USP18 (h). **P<0.01, ***P<0.001, ****P<0.0001. 
USP18. Ubiquitin-specific protease 18; I/R. Ischemia/reperfusion; WT. Wild-type; KO. Knockout; P62. Sequestosome 1; LC3. 
Microtubule-associated protein 1 light chain 3; VDAC. Voltage-dependent anion channel
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Fig. 6　(See legend on next page.)

file 1: Fig. S9f ). To further elucidate the molecular domains 
responsible for the interaction between USP18 and PTEN-L, 
mutants of both proteins were constructed. Pull-down 
assays revealed that the 1−109 aa and 299−368 aa fragments 

of USP18 strongly associated with the ATR domain of 
PTEN-L (Fig. 7h, i). Furthermore, we discovered that USP18 
significantly suppressed the Lys48-linked polyubiquitination 
of PTEN-L but not the Lys63-induced ubiquitination (Fig. 7j). 
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(See figure on previous page.)
Fig. 6　Parkin knockdown counteracts the protection of USP18 deficiency in vivo.
USP18-cKO mice were infected with AAV9-shParkin and subjected to I/R surgery. a Parkin protein levels in mouse hearts infected 
with AAV9-shParkin (n=4). b TTC staining of heart tissue 24 h post-I/R in each group (n=5). Scale bar=0.5 cm. c Serum levels of cTnI, 
CK-MB, and LDH in AAV9-shParkin-infected mice 4 h after I/R surgery (n=5). d DNA fragmentation and cleaved caspase-3 activity 
in heart tissue from AAV9-shParkin-infected mice 24 h after I/R injury (n=6). e Oxygen consumption rate (OCR) and quantitative 
statistical analysis of basal respiration, ATP-related respiration, maximal respiration, and spare respiratory capacity in mitochondria 
in the indicated groups (n=4). f Mitochondrial DNA (n=6) and complexes Ⅰ and Ⅱ−Ⅲ activity (n=5) 24 h post-I/R in each group. 
g Representative electron microscopy images of heart sections 24 h post-I/R. The mitochondrial volume density and percent of 
mitochondria with cristae loss were measured in each group (n=5). Scale bar=10 μm (top) and 6 μm (bottom). h Protein levels 
of P62, ubiquitinated proteins (Ub), and LC3II in mitochondria from heart tissue 24 h after I/R injury (n=4). i H&E staining and 
quantitative statistical analysis of cell size (n=5) in USP18-cKO mice and AAV9-shParkin-infected mice 4 weeks after I/R injury. Scale 
bar=1 μm (top) and 50 μm (bottom). j Heart weight-to-tibia length ratio (HW/TL) (n=6) in each group. k Representative B-mode 
and M-mode echocardiographic images of the left ventricle from USP18-cKO mice and AAV9-shParkin-infected mice 4 weeks after 
I/R injury. l Cardiac function of USP18-cKO mice and AAV9-shParkin-infected mice 4 weeks after I/R injury (n=6). *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. USP18. Ubiquitin-specific protease 18; I/R. Ischemia/reperfusion; cTnI. Cardiac Troponin I; CK-MB. Creatine 
kinase-MB isoenzyme; LDH. Lactate dehydrogenase; NC. Negative control; AAV9. Adeno-associated virus serotype 9; AAV9-USP18. 
Adeno-associated virus serotype 9 encoding USP18; TTC. 2,3,5-triphenyltetrazolium chloride; ATP. Adenosine triphosphate; H&E. 
Hematoxylin and eosin; PSR. Picrosirius red; FCCP. Carbonyl cyanide p-trifluoromethoxyphenylhydrazone; LVIDd. Left ventricle 
internal diameter at diastole; LVISd. Left ventricle internal diameter at systole; LVEF. Left ventricle ejection fraction; LVFS. Left ventricle 
fractional shortening; HR. Heart rate

NRVMs were treated with cycloheximide to inhibit protein 
translation. We observed that USP18 silencing markedly 
reduced the half-life of the PTEN-L protein, whereas the half-
life increased in NRVMs infected with Ad-USP18 (Fig. 7k, l). 
These findings suggest that USP18 stabilizes PTEN-L by 
specifically binding and deubiquitinating it. Phosphorylated 
ubiquitin at Ser65 (pSer65-Ub) directly engages Parkin, 
facilitating its translocation from the cytosol to mitochondria 
[30]. PTEN-L directly dephosphorylates pSer65-Ub, thereby 
decreasing its mitochondrial level [11]. To investigate 
whether USP18 regulates mitophagy through the PTEN-L-
pSer65-Ub-Parkin pathway, we evaluated the effect of pSer65-
Ub on mitochondria in I/R-stressed hearts and NRVMs. As 
anticipated, the protein level of pSer65-poly-Ub was elevated 
in USP18-cKO mouse hearts and cardiomyocytes (Additional 
file 1: Fig. S10a, b), whereas it was decreased in USP18-
OV mouse hearts and cardiomyocytes (Additional file 1:  
Fig. S10a, b). Moreover, we also observed an interaction 
between PTEN-L and Parkin in cardiomyocytes (Additional 
file 1: Fig. S10c, d). USP18 overexpression increased the 
cellular interaction between PTEN-L and Parkin, whereas 
USP18 silencing reduced the PTEN-L-Parkin interaction 
under H/R (Additional file 1: Fig. S10e). USP18-cKO 
significantly reduced the PTEN-L-Parkin interaction after I/R. 
Conversely, USP18 overexpression increased this interaction 
in post-I/R hearts (Additional file 1: Fig. S10f ). However, 
PTEN-L inhibited the translocation of Parkin from the 
cytoplasm to the mitochondria (Additional file 1: Fig. S10g). 
Moreover, a Phos-tag assay revealed that PTEN-L reduced 
p-Parkin levels in NRVMs treated with carbonyl cyanide 

m-chlorophenyl hydrazone (CCCP) (Additional file 1: 
Fig. S10h). Collectively, these findings suggest that by 
deubiquitinating PTEN-L, USP18 increases the level of 
PTEN-L in cardiomyocytes during I/R stress and that 
PTEN-L interacts with Parkin, subsequently inhibiting its 
phosphorylation and translocation into mitochondria, thus 
suppressing mitophagy degradation.

To directly assess whether the detrimental effects of USP18 
on cardiomyocytes are dependent on its deubiquitinase 
activity, we constructed a catalytically inactive mutant of 
USP18 (C61A). Overexpression of WT USP18 significantly 
exacerbated mitochondrial dysfunction and cell injury under 
H/R conditions. In contrast, the USP18-C61A mutant [31], 
which lacks deubiquitinase activity, failed to reproduce 
these effects (Additional file 1: Fig. S11a, b). These results 
strongly support the conclusion that the deleterious effects of 
USP18 on cardiomyocytes are mediated primarily through 
its deubiquitinase activity. A previous study reported that the 
phosphatase domain of PTEN-L is essential for its interaction 
with Parkin [11]. To investigate this further, we constructed a 
phosphatase-deficient mutant of PTEN-L (PTEN-L-C297S), 
as described previously [11]. Overexpression of WT PTEN-L 
significantly exacerbated mitochondrial dysfunction and cell 
injury under H/R conditions. In contrast, the PTEN-L-C297S 
mutant failed to replicate these effects, indicating that the 
phosphatase activity of PTEN-L is required for its detrimental 
role in mitochondrial homeostasis (Additional f i le 1: 
Fig. S11c).

We then transfected USP18-OV NRVMs with PTEN-L 
siRNA, which specifically knocked down PTEN-L without 



15

Wu et al. Mil Med Res 2026
https://doi.org/10.1016/j.mmr.2026.100004

Fig. 7　(See legend on next page.)

affecting canonical PTEN protein levels (Additional file 1: 
Fig. S12a). PTEN-L suppression significantly reduced H/R- 
induced cell injury, improved mitochondrial function, 
and restored mitophagy. However, USP18 overexpression 
did not counteract the cellular protection against H/R 
injury caused by PTEN-L knockdown (Additional file 1: 

Fig. S12b-d). We then infected USP18-silenced NRVMs 
with an adenovirus encoding PTEN-L (Ad-PTEN-L), which 
specifically overexpressed PTEN-L without affecting canonical 
PTEN protein levels (Additional file 1: Fig. S13a). PTEN-L 
overexpression significantly aggravated I/R-induced acute cell 
injury, mitochondrial dysfunction, and impaired mitophagy. 
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(See figure on previous page.)
Fig. 7　USP18 inhibits mitophagy degradation and facilitates cardiac I/R injury through deubiquitinating and upregulating 
PTEN-L.
a The protein levels of PTEN-L and PTEN in USP18-cKO mouse hearts 24 h after I/R injury (n=4). ****P<0.0001, ns non-significant. 
b The protein levels of PTEN-L and PTEN in AAV9-USP18-infected mouse hearts 24 h after I/R injury (n=4). ***P<0.001, ****P<0.0001, 
ns non-significant. c Co-IP of USP18 and PTEN-L in NRVMs (left); NRVMs were transfected with HA-PTEN-L and Flag-USP18 (middle); 
Co-IP of Flag-USP18 and HA-PTEN-L in NRVMs (right). d Endogenous Co-IP of USP18 and PTEN-L in NRVMs subjected to H/R injury. 
e Endogenous Co-IP of USP18 and PTEN-L in hearts subjected to I/R injury. f PTEN-L ubiquitination (Ub) levels assessed by CO-IP in 
NRVMs subjected to H/R injury (top) and hearts subjected to I/R injury (bottom). g NRVMs were transfected with Ad-USP18 or USP18 
siRNA or HA-PTEN-L and Myc-Ub and treated with MG132. Co-IP of Myc-Ub and HA-PTEN-L. h Schematic representations of the 
domains of PTEN-L involved in binding to USP18. Full-length PTEN-L or truncated PTEN-L was coexpressed with USP18 in HEK293T 
cells. Cells were subjected to immunoprecipitation with an anti-Myc antibody or an anti-HA antibody, followed by immunoblotting 
with the indicated antibodies. i Schematic representations of USP18 residues involved in binding to PTEN-L. Full-length USP18 or 
USP18 truncations were coexpressed with PTEN-L in HEK293T cells. Cells were subjected to immunoprecipitation with an anti-Myc 
antibody or an anti-HA antibody, followed by immunoblotting with the indicated antibodies. j Ub assay of PTEN-L in HEK293T cells 
cotransfected with Myc-USP18, Myc-USP18-mut, and Flag-PTEN-L and treated with 10 μmol/L MG132. k, l NRVMs were transfected 
with scRNA or USP18 siRNA (k), infected with Ad-NC or Ad-USP18 (l), and then treated with cycloheximide (CHX, 10 μmol/L) for the 
indicated time periods. Representative immunoblot analysis of PTEN-L protein levels in each group. ****P<0.0001 vs. scRNA or Ad-
NC. USP18. Ubiquitin-specific protease 18; I/R. Ischemia/reperfusion; H/R. Hypoxia-reoxygenation; PTEN. Phosphatase and tensin 
homolog; PTEN-L. Phosphatase and tensin homolog-long; AAV9. Adeno-associated virus serotype 9; NC. Negative control

However, USP18 knockdown did not abolish the adverse 
effects of PTEN-L overexpression on H/R injury (Additional 
file 1: Fig. S13b-d). Mice were injected with AAV9-shPTEN-L 
to specifically knock down PTEN-L in vivo without altering 
canonical PTEN protein levels (Additional file 1: Fig. S14a). 
PTEN-L knockdown in hearts attenuated acute cardiac 
I/R injury (Additional file 1: Fig. S14a-c), mitochondrial 
dysfunction (Additional file 1: Fig. S14d, e), mitophagy 
imbalance (Additional file 1: Fig. S14f, g), long-term adverse 
cardiac remodeling (Additional file 1: Fig. S14h, i), and 
cardiac dysfunction (Additional file 1: Fig. S14j, k). The 
overexpression of USP18 did not lead to worsened cardiac 
I/R injury, mitochondrial dysfunction, or adverse remodeling 
in mice lacking PTEN-L (Additional file 1: Fig. S14b-l).

An anti-PTEN-L antibody protects against cardiac I/R 
injury in vivo
PTEN-L, a secreted protein, has been detected in human serum 
and plasma [32]. To further investigate this phenomenon, 
we measured serum PTEN-L levels in mice subjected to I/R 
stress. Additional file 1: Fig. S15a, b demonstrates that I/R 
challenge led to an increase in the level of circulating 
PTEN-L. The serum level of PTEN-L increased in USP18-
OV mice but decreased in USP18-cKO mice (Additional 
file 1: Fig. S15a, b). Consistently, we also found that the 
level of PTEN-L increased in the supernatant of USP18-
OV NRVMs but decreased in the supernatant of USP18-
silenced NRVMs (Additional file 1: Fig. S15c, d). The ATR of 
PTEN-L facilitates its secretion from donor cells and uptake 
by recipient cells [32]. We subsequently infected NRVMs with 

Ad-PTEN-L containing a mutated ATR region [Ad-PTEN-L 
(ATR-MUT)]. PTEN-L is an isoform of canonical PTEN 
and is characterized by the addition of an ATR region at the 
N-terminus of PTEN [32]. Thus, we assessed the expression 
of PTEN-L (ATR-MUT) with an anti-PTEN antibody. The 
level of PTEN-L in the supernatant of cardiomyocytes was 
abolished in NRVMs infected with Ad-PTEN-L (ATR-MUT) 
(Additional file 1: Fig. S16a, b). No aggravating effects on 
H/R-induced mitochondrial dysfunction or cell injury were 
observed following treatment with Ad-PTEN-L (ATR-MUT) 
(Additional file 1: Fig. S16c, d). To further investigate whether 
PTEN-L exerts its deleterious effects through paracrine 
signaling, we collected conditioned medium from H/R-injured 
cardiomyocytes transfected with Ad-NC or Ad-PTEN-L 
and applied it to cardiomyocytes. Interestingly, exposure to 
PTEN-L-rich conditioned media resulted in decreased H/R 
injury and mitochondrial DNA levels (Additional file 1: 
Fig. S17a, b). Furthermore, this PTEN-L-rich conditioned 
media significantly aggravated H/R injury in PTEN-L-silenced 
cells (Additional file 1: Fig. S17a, b). The potential therapeutic 
effect of a PTEN-L neutralizing antibody against cardiac I/R 
injury was subsequently investigated. As anticipated, treatment 
with the antibody mitigated the detrimental effect of H/R 
on NRVMs (Additional file 1: Fig. S17b). To validate the 
protective effects of the antagonistic anti-PTEN-L antibody, 
mice were injected with the anti-PTEN-L antibody after 
cardiac I/R surgery. The anti-PTEN-L antibody significantly 
protected against acute cardiac I/R injury (Additional file 1: 
Fig. S18a, b), mitochondrial dysfunction (Additional file 1: 
Fig. S18c-e), mitophagy imbalance (Additional f i le 1: 
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Fig. S18f, g), adverse cardiac remodeling , and cardiac 
dysfunction (Additional file 1: Fig. S18h-k). Taken together, 
our in vivo and in vitro results indicate that elevated serum 
PTEN-L in cardiomyocytes contributes to the detrimental 
effects of USP18 on cardiac I/R injury.

We evaluated serum PTEN-L levels in patients with ST-
segment elevation myocardial infarction (STEMI) and in 
healthy control individuals. As depicted in Additional file 1: 
Fig. S17c, serum PTEN-L levels increased in patients with 
STEMI and further increased in the serum of STEMI patients 
immediately after PCI. We also explored the association of 
PTEN-L levels with cardiac function in all control and STEMI 
patients post-PCI. As a result, the PTEN-L level post PCI was 
negatively related to LVEF (R2=0.7233, P<0.0001). Negative 
correlation was found with LVFS (R2=0.7389, P<0.0001) 
(Additional file 1: Fig. S17d). The clinical characteristics are 
listed in Additional file 1: Table S2. Our data indicate that 
cardiac I/R injury upregulates USP18 in the heart, which binds 
PTEN-L to inhibit Parkin phosphorylation and mitochondrial 
translocation, thereby suppressing mitophagy and exacerbating 

myocardial injury. PTEN-L further promotes cardiac damage 
via a paracrine mechanism, and targeting the USP18-PTEN-L 
axis restores mitophagy and protects the heart (Fig. 8).

Discussion
The advent of revascularization therapy has significantly 
affected the clinical landscape of coronary heart disease. 
Despite advancements in and widespread application of 
coronary reperfusion interventions, AMI still has a significant 
burden of morbidity and mortality [4]. Various types of 
cardiomyocyte death and coronary microvascular injury 
are induced by persistent I/R , contributing significantly 
to the onset of heart fai lure [5]. Therefore, reducing 
revascularization-induced cardiac injury represents a neglected 
therapeutic target but remains an unmet clinical need [5]. 
In this study, we revealed a previously unreported molecular 
signature in postreperfusion hearts characterized by marked 
induction of USP18 expression. Notably, suppressing USP18 
effectively protected against cardiac injury, mitochondrial 
dysfunction, cardiac dysfunction, cardiac remodeling , 

Fig. 8　Summary of the key findings in this paper.
Cardiac I/R injury upregulates USP18 in both mouse and human hearts. USP18 interacts with PTEN-L, inhibiting Parkin 
phosphorylation and mitochondrial translocation, thereby suppressing mitophagy and exacerbating mitochondrial dysfunction and 
myocardial injury. PTEN-L additionally promotes cardiac damage via a paracrine mechanism. Genetic or pharmacological targeting 
of the USP18-PTEN-L axis restores mitophagy and protects against I/R-induced cardiac injury, representing a potential therapeutic 
strategy. I/R. Ischemia/reperfusion; PTEN-L. Phosphatase and tensin homolog-long; USP18. Ubiquitin-specific protease 18; 
Ub. Ubiquitination
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and heart failure in mice. The upregulation of USP18 was 
found to be sufficient to worsen cardiac I/R injury in both 
experimental models and cultured cells. Mechanistically, the 
upregulated deubiquitinase USP18 in I/R-injured hearts 
directly bound to PTEN-L and inhibited its ubiquitination-
mediated degradation. Consequently, this suppressed Parkin 
translocation to mitochondria and mitigated pSer65-Ub levels, 
leading to impaired mitophagy. These events collectively 
facilitated cardiac I/R injury.

USP18 has long been recognized as an ISGylation-specific 
member of the deubiquitinase family and is responsible 
for removing interferon-stimulated gene 15 (ISG15) or 
ubiquitin from conjugated proteins in a manner dependent 
on its deconjugating activity [26]. The deubiquitinase 
activity of USP18 is a crucial component underlying its 
pathophysiological functions, including those in immune 
diseases and tumorigenesis [26]. USP18 is involved in 
numerous physiological processes, yet its precise contribution 
to cardiovascular disease is still unclear. USP18 exerts 
protective effects against pressure overload-induced cardiac 
remodeling by targeting the transforming growth factor-β-
activated kinase 1-p38/c-Jun N-terminal kinase signaling 
cascade [19]. Positive associations between circulating USP18 
concentrations and systolic blood pressure, pulse pressure, 
and heart rate were identified by Dziamałek-Macioszczyk 
et al. [33]. In this study, we also detected increased USP18 
expression in patients with IHD, in murine hearts subjected to 
I/R injury, and in cardiomyocytes exposed to I/R conditions. 
In contrast to the findings of the aforementioned study, our 
findings revealed that USP18 overexpression exacerbated 
mitochondrial dysfunction, aggravated cardiac I/R injury, 
and worsened cardiac remodeling and dysfunction. The key 
differences lie in the pathophysiological context and cellular 
stress involved. The angiotensin Ⅱ model involves primarily 
hypertrophic signaling and fibrotic remodeling, whereas I/R 
injury is characterized by acute oxidative stress, mitochondrial 
dysfunction, and mitophagy activation. Our data revealed 
that under I/R stress, USP18 impaired mitochondrial quality 
control by inhibiting mitophagy, thereby aggravating injury. 
These findings suggest that USP18 may act in a stimulus-
specific and pathway-dependent manner; it may be beneficial 
in certain chronic remodeling settings but detrimental in acute 
ischemic injury because it can compromise mitochondrial 
homeostasis.

Mitochondria are vital for sustaining cardiac homeostasis, as 
they supply the major energy needed for excitation-contraction 
coupling in the heart. Additionally, mitochondria regulate 
critical intracellular survival and cell death pathways [6,34]. 

Programmed mitophagy is critical in physiological settings 
where the deliberate removal of mitochondria is necessary 
for developmental processes [5,34]. In response to stress, 
mitophagy regulates cellular metabolism, particularly during 
external insults. Emerging evidence highlights its role in 
cardiac I/R injury, as dysregulated mitophagy leads to the 
accumulation of dysfunctional mitochondria, impaired 
ATP production, mitochondrial dysfunction, and metabolic 
disorders. This dysregulation further contributes to oxidative 
stress, cell death, and, subsequently, pathological cardiac 
remodeling and heart failure [35-37]. Previously, Ma et al. [38] 
reported that USP18 promotes resistance to vemurafenib 
in B-Raf proto-oncogene, serine/threonine kinase V600E-
mutant melanoma cells by regulating autophagy. Our RNA-seq 
results revealed that the mitochondrial metabolism pathway 
was the top signaling pathway altered in USP18-deficient 
hearts. Additionally, we found that during I/R injury, USP18 
suppressed mitophagy degradation, resulting in increased 
accumulation of impaired mitochondria in cardiomyocytes, 
which exacerbated mitochondrial dysfunction. Among known 
mitophagy pathways, the Parkin-dependent mechanism 
has been the most extensively characterized [8]. Following 
mitochondrial damage, PINK1 is recruited to and activated 
on the outer mitochondrial membrane, subsequently 
phosphorylating mitochondrial ubiquitin at Ser65 [8,30]. By 
acting as a critical signal, pSer65-Ub recruits cytosolic Parkin 
to the outer mitochondrial membrane, thereby promoting 
the elimination of damaged mitochondria and supporting 
mitochondrial homeostasis [8,39]. Other signaling molecules, 
such as FUN14 domain-containing 1 and BCL2/adenovirus 
E1B 19 kD interacting protein 3, also act as mitophagy 
receptors to regulate mitophagy [40,41]. Our results revealed 
that USP18 downregulated mitochondrial PINK1 and Parkin 
levels during I/R injury, whereas the expression of FUN14 
domain-containing 1 and BCL2/adenovirus E1B 19 kD 
interacting protein 3 remained unaffected. USP18 deficiency 
increased the cardiac and cardiomyocyte levels of PINK1 and 
Parkin in mitochondria during I/R injury. Treatment with 
a mitophagy inhibitor or knockdown of Parkin in cardio-
myocytes dramatically inhibited USP18-cKO-mediated 
cardioprotection. These results suggest that USP18 functions 
as a modulator of the PINK1/Parkin-mediated mitophagy 
pathway in the context of cardiac I/R injury.

The tumor suppressor PTEN is known to suppress the class Ⅰ 
phosphoinositide 3-kinase-protein kinase B-mechanistic 
target of rapamycin (PI3K-Akt-mTOR) signaling cascade 
and may also affect autophagic processes through its effect on 
Akt activity [42]. Mustachio et al. [29] recently reported that 
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USP18 influences carcinogenesis through its regulation of 
PTEN stability in lung cancer cell models. However, we found 
that USP18 regulated the stability of PTEN-L but not PTEN 
in cardiomyocytes. Encoded by the same mRNA as PTEN, 
PTEN-L possesses an N-terminal ATR that facilitates its 
intercellular transfer via secretion and uptake mechanisms [32]. 
Research has revealed that PTEN-L is a mitochondrial protein 
that regulates mitochondrial energy metabolism [43]. Wang 
et al. [11] reported that PTEN-L utilizes its protein phosphatase 
function to dephosphorylate pSer65-Parkin, thus blocking the 
autoubiquitination of Parkin and inhibiting mitophagy in HeLa 
cells. Our findings revealed that USP18 selectively bound to 
PTEN-L but not to PTEN and protected it from ubiquitin-
dependent degradation. Increased levels of USP18 led to 
elevated levels of PTEN-L, which could also bind to Parkin in the 
cytoplasm to suppress Parkin phosphorylation and translocation 
to mitochondria in cardiomyocytes. Moreover, we also revealed 
that USP18 reduced the level of pSer65-Ub, which may have 
facilitated the suppression of PINK1-Parkin-mediated mitophagy 
degradation. Moreover, knockdown of PTEN-L reversed 
USP18 overexpression-induced cardiac injury, mitochondrial 
dysfunction, and cardiac dysfunction. Collectively, these results 
suggest that USP18 may serve as a detrimental modulator of 
mitophagy during myocardial I/R injury.

Secreted PTEN-L has been shown to modulate key 
oncogenic processes, including cell proliferation, motility, 
and invasive capacity, in cancer cells [44]. In this study, we 
found that serum PTEN-L was upregulated in STEMI patients 
and further increased in the serum of STEMI patients after 
PCI surgery. Notably, the administration of an anti-PTEN-L 
antagonistic antibody effectively attenuated mitochondrial 
dysfunction, adverse remodeling, and cardiac impairment 
induced by I/R injury. These findings suggest that the 
upregulation of PTEN-L by USP18 may suppress PINK1-
Parkin-mediated mitophagy in cardiomyocytes through both 
intracellular and paracrine mechanisms. Although the precise 
mechanism remains to be fully elucidated, this paracrine 
effect may involve the uptake of extracellular PTEN-L, which 
impairs the recruitment of Parkin to damaged mitochondria. 
USP18 expression is strongly upregulated by type Ⅰ and type 
Ⅲ interferons and other inflammatory factors, such as TNF-α 
and lipopolysaccharides [26]. Consistently, we found that the 
upregulation of USP18 in cardiomyocytes during cardiac I/R 
stress was associated with inflammation. Treatment with 
a TNF-α antibody or an HMGB1 antibody dramatically 
inhibited the I/R-induced upregulation of USP18 and 
PTEN-L expression.

In this study, we used a single dose of AAV9-USP18 

that resulted in an overexpression level comparable to the 
endogenous increase observed after myocardial I/R injury. 
This design was intended to closely mimic the pathological 
upregulation of USP18 under disease conditions. However, 
we acknowledge that the use of a single expression level 
limits our ability to determine whether USP18 exerts graded 
or threshold-dependent effects on mitochondrial function, 
inflammation, or cardiac injury. Future studies incorporating a 
dose-response approach with varied titers of AAV9-USP18 will 
be important to define the functional range and therapeutic 
window of USP18 modulation in the heart. Short-term 
administration of a PTEN-L-neutralizing antibody conferred 
cardioprotection after myocardial I/R injury, but the long-
term safety and clinical applicability of PTEN-L blockade 
warrant further investigation. Although the antibody used was 
designed to specifically target the N-terminal extension unique 
to PTEN-L and did not alter canonical PTEN expression in 
our models, off-target effects and immune responses remain 
possible. Therefore, future studies are needed to assess the 
pharmacokinetics, isoform selectivity, and long-term effects of 
PTEN-L inhibition in vivo. Potential off-target effects of USP18 
manipulation were minimized by cardiomyocyte-specific 
strategies, although indirect effects on other pathways cannot 
be completely excluded and warrant further investigation.

Conclusions
In summary, during I/R injury, USP18 upregulation by 
inflammatory factors reduced ubiquitination degradation and 
increased the level of PTEN-L. PTEN-L, in turn, binds to 
Parkin in the cytoplasm, suppressing Parkin translocation to 
mitochondria, thereby inhibiting mitophagy degradation and 
subsequently accelerating cardiac injury. USP18 was identified 
as a harmful factor enriched in cardiomyocytes and associated 
with inflammation, suggesting that therapeutic targeting of the 
USP18/PTEN-L pathway may offer a promising strategy for 
alleviating cardiac I/R injury.
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