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A B S T R A C T

Background: Diabetic cardiomyopathy (DCM) is a prevalent and severe complication of diabetes, for which 
effective management strategies remain limited. Ubiquitin-specific protease 38 (USP38) has been associated with 
various cardiovascular diseases. In this study, we investigate the role of USP38 in the pathogenesis of DCM.
Methods: Cardiomyocyte-specific transgenic and knockout USP38 mice were generated, and diabetic mouse 
model was established using streptozotocin injections. Neonatal rat cardiomyocytes exposed to high glucose 
conditions were utilized for in vitro experiments. Cardiac remodeling was assessed through echocardiography, 
electrophysiological analysis, histological assessment, and molecular analysis.
Results: USP38 expression was significantly upregulated in DCM. Cardiomyocyte-specific USP38 overexpression 
aggravated cardiac dysfunction, cardiac inflammation and myocardial fibrosis, mitochondrial dysfunction, and 
increased vulnerability to ventricular arrhythmia in diabetic mice. Conversely, cardiomyocyte-specific USP38 
deletion improved cardiac structural and electrical remodeling and attenuated mitochondrial impairment. 
Similar results were observed in vitro. Mechanistically, RNA-sequencing analysis, immunoprecipitation and mass 
spectrometry analysis and lipidomic analysis demonstrated that USP38 directly interacts with Acy-CoA dehy-
drogenase (ACAD11), deubiquitinating and inactivating it. This leads to abnormal fatty acid oxidation and 
subsequent activation of the receptor for advanced glycation end products (RAGE) pathway in diabetic heart. 
Pharmacological inhibition of RAGE using FPS-ZM1 hampered cardiac remodeling and dysfunction in 
cardiomyocyte-specific USP38 overexpressing diabetic mice.
Conclusion: The study demonstrates that USP38 exacerbates diabetes-induced cardiac remodeling and DCM via 
post-translational modification of ACAD11, highlighting a novel therapeutic target for DCM.

1. Introduction

The global prevalence of diabetes mellitus is rising rapidly, placing 
significant burden on public health worldwide [1]. Diabetic cardiomy-
opathy (DCM), a serious complication of diabetes, is characterized by 
both diastolic and systolic dysfunction, which can eventually lead to 
heart failure (HF) [2–4]. Furthermore, DCM has been reported to in-
crease the risk of fatal ventricular arrhythmias (VAs) [5]. Despite this, 
effective therapeutic strategies for DCM remain limited, and glycemic 

control along often fails to improve cardiac function or long-term out-
comes. Therefore, it is particularly important to find novel therapeutic 
option for DCM.

The progression of DCM is driven by a range of pathological mech-
anisms, including inflammation, oxidative stress, mitochondrial 
dysfunction, impaired insulin metabolic signaling and cardiac auto-
nomic neuropathy, etc [6]. Among these, alternations in myocardial 
energy metabolism have attracted increasing attention. Cardiomyocytes 
are high energy consuming cells, and under physiological conditions, 
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40–60 % of energy supply of cardiomyocytes is derived from fatty acid 
β-oxidation [7]. In diabetic hearts, there is a significant shift in 
myocardial energy metabolism, with increased reliance on fatty acid 
oxidation and reduced glucose utilization [8]. This metabolic imbalance 
contributes to mitochondrial dysfunction, impaired ATP production, 
and worsened cardiac dysfunction.

Acyl-CoA dehydrogenases (ACADs) play a crucial role in the dehy-
drogenation process during fatty acid oxidation. Well-established 
members of this family, such as very long chain acyl-CoA dehydroge-
nase (VLCAD), medium-chain acyl-CoA dehydrogenase (MCAD), and 
short-chain acyl-CoA dehydrogenase (SCAD),participate in the meta-
bolism of long-chain to medium-chain and finally to short-chain acyl- 
CoAs [9,10]. Recently, a novel member of the ACAD family, known as 
ACAD11, has been identified and shown to be highly expressed in the 
heart [11]. ACAD11 may function as a mitochondrial enzyme with long 
chain acyl-CoA activity in oligodendrocytes [11]. Notably, ACAD11 has 
been reported to be involved in the metabolism of hydroxylated fatty 
acid, which are important intermediates in lipid metabolism and 
signaling [12]. Therefore, regulating ACAD11 activity may reverse the 
pathological remodeling of DCM.

Protein ubiquitination is a multi-functional post-translational 
modification, with different polyubiquitin chains mediating various 
cellular processes [13]. The most common type is K48-linked poly-
ubiquitination, which targets proteins for degradation, while K63-linked 
polyubiquitination is typically involved in non-degradation processes, 
including signal transduction, DNA repair, and cell survival [13]. 
Ubiquitin-specific protease 38 (USP38) is a member of deubiquitinating 
enzyme family that acts by removing different polyubiquitin chains from 
substrate proteins in various functional contexts. Our previous study 
demonstrated that USP38 aggravates pathological cardiac remodeling 
by removing K48-linked polyubiquitin chains of phospho-TANK-binding 
kinase 1 [14]. Moreover, USP38 has been reported to clean K63-linked 
polyubiquitin chains from histone deacetylases 1(HDAC1), thereby 
enhancing its deacetylase activity [15]. However, the mechanisms of 
USP38 in DCM is poorly understood.

In this study, we demonstrate that USP38 accelerates the progression 
of DCM and heart failure, increasing vulnerability to VAs. This effect is 
primarily driven by the decreased K63-linked polyubiquitination level of 
ACAD11, which triggers the mitochondrial dysfunction and pathological 
cardiac remodeling.

2. Methods

2.1. Detailed methods

Further information on experimental methods can be found in the 
Supplementary Material.

2.2. Animals and animal models

Cardiomyocyte-specific Usp38 transgenic mice (Usp38-TG), 
cardiomyocyte-specific Usp38 knockout mice (Usp38cko), along with 
their respective control strains (NTG and Usp38fl/fl), were constructed in 
Cyagen Biotechnology [16]. All procedures involving animals were 
conducted in accordance with the NIH guidelines for the Care and Use of 
Laboratory Animals and approved by the Animal Care and Use Com-
mittee of Renmin Hospital of Wuhan University (WDRM20230906). 
Male mice aged 8–10 weeks were selected for the experiment. Diabetes 
was induced by administrating intraperitoneal injections of streptozo-
tocin (STZ, Sigma Aldrich, St, Louis, MO, USA) at dose of 50 mg/kg for 5 
consecutive days. Control mice received citrate buffer (CB) injections for 
the same duration. One week following injections, mice with random 
blood glucose ≥16.7 mmol/L were considered diabetic and were 
selected for subsequent experiments. After additional 11 weeks of 
feeding, mice were deeply euthanized, and heart tissues were collected 
for analysis.

2.3. Statistical analysis

Data are presented as mean ± standard deviation. The normality of 
the data distribution was evaluated using the Shapiro-Wilk test. The 
Student’s t-test was used to compare two groups, while one-way ANOVA 
followed by Tukey’s post-hoc test was applied for comparisons among 
multiple groups. The Fisher’s exact test was used to analyze induction 
rate of ventricular arrhythmias. Statistical analysis was performed using 
GraphPad Prism 9.0.0 software. For all statistical comparisons, a P-value 
of less than 0.05 was considered statistically significant.

3. Results

3.1. USP38 expression is upregulated in diabetic myocardium

To investigate the role of deubiquitinating enzymes in DCM, we first 
analyzed the GSE197850 and GSE202418 datasets from GEO database. 
The analysis revealed a significant upregulation of Usp38 mRNA in 
diabetic hearts (Fig. 1A–C). Meanwhile, the results of western blotting 
and immunofluorescence staining showed increased protein level of 
USP38 in diabetic hearts (Fig. 1D–G). Similarly, high glucose (HG) 
treatment of neonatal rat cardiomyocytes (NRCMs) also resulted in 
elevated in USP38 expression (Fig. 1H and I). In contrast, no significant 
changes were observed in neonatal rat cardiac fibroblasts (NRCFs) 
exposed to HG (Fig. 1J and K). Based on these results, USP38 was 
selected for further investigation in subsequent experiments.

3.2. Cardiomyocyte-specific USP38 overexpression accelerates cardiac 
electrical remodeling in diabetic mice

To determine the role of USP38 in diabetes-induced cardiac electrical 
remodeling, we constructed a Usp38-TG mouse line, with over-
expression efficiency of USP38 verified by western blotting (Fig. S1A). 
Mice were intraperitoneally injected with or without streptozotocin 
(STZ), and experimental groups and timeline were depicted in 
Figure S1B. Surface electrocardiogram (ECG) analysis discovered pro-
longed QT interval and QTc interval in diabetic mice, which was further 
exacerbated in Usp38-TG diabetic mice (Fig. S1C–G). No significant 
differences were observed in the RR interval and QRS interval among 
groups (Fig. S1C–G). In vivo electrophysiological study demonstrated a 
prolonged action potential duration (APD) at 90 % repolarization 
(APD90) in diabetic mice, with greater prolongation observed in Usp38- 
TG diabetic mice (Fig. S2A and S2B). Similar results were observed in 
APD alternans (ALT) (Fig. S2C and S2D). Likewise, Usp38-TG diabetic 
mice exhibited increased vulnerability to ventricular arrhythmias (VAs), 
as demonstrated by higher induction rates (Fig. S2E and S2F). According 
to RNA-sequencing analysis on diabetic hearts of Usp38-TG mice and 
NTG mice, we identified 442 differently expressed genes (DEGs), visu-
alized through heatmap and volcano plot (Fig. S3A and S3B). Notably, 
Usp38 mRNA level was extremely upregulated in Usp38-TG diabetic 
hearts than NTG diabetic hearts (Fig. S3B). Gene ontology (GO) analysis 
revealed significant enrichment in potassium ion transmembrane 
transporter activity (Fig. S3C). Therefore, we assessed the protein level 
of potassium ion channel by western blotting. Usp38-TG diabetic mice 
exhibited significantly reduced expression of Kv4.2 and Kv4.3, key 
components of transient outward potassium current (Ito) (Fig. S3D and 
S3E). These findings suggest that cardiomyocyte-specific USP38 over-
expression accelerates diabetes-induced cardiac electrical remodeling.

3.3. Cardiomyocyte-specific USP38 overexpression aggravates cardiac 
dysfunction and cardiac structural remodeling in diabetic mice

To explore the role of USP38 on diabetic cardiac structural remod-
eling, we monitored physiological parameters such as blood glucose and 
body weight, with no significant differences observed between groups of 
diabetic mice (Fig. 2A–D). Echocardiographic assessment revealed 
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impaired cardiac systolic and diastolic function in diabetic mice, char-
acterized by lower left ventricular ejection fraction and shortening 
fraction (LVEF and LVFS), and higher left ventricle internal dimension at 
end-systole and at end-diastole (LVIDs and LVIDd). These impairments 
were further exacerbated in Usp38-TG diabetic mice (decreased LVEF 
and LVFS, and increased LVIDs) (Fig. 2E–I). Similarly, Usp38-TG dia-
betic mice exhibited prominent cardiac diastolic dysfunction, as 
demonstrated by a reduction of early to late diastolic transmitral flow 
velocity (E/A ratio) (Fig. 2J).

We next performed morphological analysis of cardiac tissues. H&E 
staining revealed myocardial disarray in NTG diabetic mice, which was 
further exacerbated in Usp38-TG diabetic mice (Fig. 2K). Masson’s 
staining showed increased collagen deposition in Usp38-TG diabetic 
mice (Fig. 2K and L). Likewise, immunohistochemical staining 
confirmed elevated expression of collagen I and collagen III in Usp38-TG 

diabetic hearts (Fig. 2M–O), and western blotting further supported 
these findings, showing increased Collagen I, Collagen III, and TGF-β 
expression in Usp38-TG diabetic hearts (Fig. 2P and Q).

Moreover, inflammation and apoptosis are hallmarks of DCM. As 
shown in Fig. 3A and B, western blotting analysis revealed elevated 
levels of TNF-α, IL-1β, and IL-6 in diabetic hearts, with further elevation 
observed in Usp38-TG diabetic mice. TUNEL staining analysis showed 
increased cardiomyocyte apoptosis in Usp38-TG diabetic hearts (Fig. 3C 
and D). Additionally, western blotting analysis showed higher expres-
sion of Bax and lower expression of Bcl-2 in Usp38-TG diabetic hearts 
than NTG diabetic hearts (Fig. 3E and F). Collectively, these data suggest 
that cardiomyocyte-specific USP38 overexpression aggravates cardiac 
dysfunction and structural remodeling in diabetic mice.

Fig. 1. The expression of USP38 is upregulated in diabetic myocardium. 
(A) Heatmap of differentially expressed deubiquitinating enzyme genes in GSE197850. (B) Heatmap of differentially expressed deubiquitinating enzyme genes in 
GSE202418. (C) Venn diagram of differentially expressed deubiquitinating enzyme genes in GSE197850 and GSE202418. (D–E) Representative immunoblots and 
corresponding quantification showing cardiac USP38 in ventricular tissues (n = 6). (F–G) Representative images and corresponding quantification showing USP38 in 
ventricular tissues (magnification × 40) (n = 3). (H–I) Representative immunoblots and quantification showing USP38 in NRCMs (n = 6). (J–K) Representative 
immunoblots and corresponding quantification showing USP38 in NRCFs (n = 6). Data was calculated by student’s t-test (unpaired, two-tailed, two groups). *P <
0.05, **P < 0.01.
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3.4. Cardiomyocyte-specific USP38 overexpression disturbs fatty acid 
oxidation and aggravates mitochondrial dysfunction in diabetic mice

To further elucidate the underlying molecular mechanism of 
USP38’s effects, we conducted RNA-sequencing analysis on diabetic 
hearts of Usp38-TG mice and NTG mice. Gene ontology (GO) analysis of 

DEGs revealed enrichment in fatty acid oxidation (Fig. 4A). Based on 
these findings, we evaluated lipid contents and mitochondrial 
morphology in myocardial tissues. Interestingly, no significant lipid 
deposition was observed in the hearts of the different groups by Oil Red 
O staining (Fig. 4B). However, transmission electron microscope showed 
abnormal mitochondrial morphology and lipid droplets in diabetic 

Fig. 2. Cardiomyocyte-specific USP38 overexpression aggravates cardiac dysfunction and cardiac structural remodeling in diabetic mice. 
(A) Change in body weight in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (B) Statistical analysis of body weight in each group after 12 w (n = 6–7). (C) 
Change in blood glucose in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (D) Statistical analysis of blood glucose in each group after 12 w (n = 6–7). (E–J) 
Representative images and corresponding quantification for echocardiography(n = 6–7). (K–L) Representative images of H&E stained and Masson stained, and 
corresponding quantification based on myocardial fibrosis (magnification × 40) (n = 6). (M–O) Representative immunohistochemical images and corresponding 
quantification of Collagen I and Collagen III (magnification × 40) (n = 6). (P–Q) Representative immunoblots and corresponding quantification for Collagen I, 
Collagen III and TGF-β (n = 4). Data was calculated by one-way analysis of variance (Tukey’s multiple comparisons test). *P < 0.05, **P < 0.01.
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myocardial tissues (Fig. 4C and D). Compared to NTG diabetic mice, we 
observed more pronounced mitochondrial damage in Usp38-TG diabetic 
myocardial tissues, including the loss and swelling of mitochondrial 
cristae (Fig. 4C). We then analyzed the expression of gene related to 
mitochondrial fusion and fission by RT-qPCR. Mitochondrial fusion- 
related genes, such as Mfn2 and Opa1, were reduced in diabetic 
hearts, with further reduction observed in Usp38-TG diabetic mice 
(Fig. 4E). However, mitochondrial fission-related genes, including Drp1 
and Fis1, did not show significant changes among groups (Fig. 4F). 
Mitochondrial dysfunction is often accompanied with lipid peroxidation 
and ROS production. Therefore, we detected lipid peroxidation using 4- 
hydroxynonenal (4-HNE) and reactive oxygen species (ROS) levels using 
dihydroethidium (DHE) assay. NTG diabetic mice exhibited enhanced 
lipid peroxidation and ROS accumulation, which was further aggravated 
in Usp38-TG diabetic mice (Fig. S4A–D). Additionally, the expression of 
anti-oxidant components, such as nuclear factor erythroid 2-related 
factor 2 (Nrf2) and heme oxygenase (HO-1), was significantly sup-
pressed in Usp38-TG diabetic mice (Fig. S4E and S4F).

To further identify the role of USP38 overexpression in mitochondria 
dysfunction in vitro, we transfected NRCMs with adenovirus carrying 
Usp38 (AdUsp38) or null transfection (AdGFP) and treated them with 
normal glucose (NG) or HG. We first assessed mitochondria morphology 
and found that HG treatment caused fragmented and swollen mito-
chondria in NRCMs. The defect was more severe in NRCMs with over-
expressing USP38 under HG conditions (Fig. 4G and H). Second, we 
measured mitochondrial ROS production, which was increased in HG- 
treated NRCMs, and further elevated by USP38 overexpression (Fig. 4I 
and J). Consistent with in vivo results, the expression of anti-oxidant 
components, including Nrf2 and HO-1, was significantly down-
regulated in HG-treated NRCMs with USP38 overexpression (Fig. S4G 
and S4H). Given that mitochondria are crucial for cellular energy pro-
duction, we next evaluated mitochondrial membrane potential and ATP 

production. TMRE staining revealed that HG treatment reduced mito-
chondrial membrane potential in NRCMs, with USP38 overexpression 
further exacerbating this reduction (Fig. 4K and L). Then, we detected 
the ATP production and found that USP38 overexpression further 
reduced ATP content in NRCMs treated with HG (Fig. 4M). Collectively, 
these results indicate that USP38 overexpression disrupts fatty acid 
oxidation and exacerbates mitochondrial dysfunction in diabetic 
conditions.

3.5. Cardiomyocyte-specific USP38 deficiency ameliorates cardiac 
remodeling and mitochondrial dysfunction in diabetic mice

To further explore the function of USP38 in DCM, we generated 
Usp38cko mice, with knockout efficiency of USP38 verified by western 
blotting (Fig. S5A). The experimental group and timeline were depicted 
in Figure S5B. Diabetes contributes to electrical instability, which can 
lead to VAs and sudden cardiac death. Usp38cko diabetic mice exhibited 
increased cardiac electrical stability, as evidenced by shortened QT in-
terval and QTc interval (Fig. S5C–G), reduced APD90 and ALT, and 
decreased VAs induction rates (Fig. S6A–E). The expression of Kv4.2 and 
Kv4.3 also was upregulated in Usp38cko diabetic mice than Usp38fl/fl 

diabetic mice (Fig. S6F).
In line with Usp38-TG diabetic mice, there were no significant dif-

ferences in blood glucose levels and body weight between groups of 
diabetic mice (Fig. 5A–D). Echocardiography revealed improved cardiac 
function in Usp38cko diabetic mice, including higher LVEF, LVFS and E/ 
A ratio, as well as lower LVIDs (Fig. 5E–J). Additionally, Usp38cko dia-
betic mice exhibited reduced myocardial fibrosis and collagen expres-
sion (Fig. 5K–N). We next assessed the expression of inflammatory and 
apoptotic markers. Compared with Usp38fl/fl diabetic mice, Usp38cko 

diabetic mice showed lower expression of TNF-α, IL-1β, IL-6, and Bax, 
and higher expression of Bcl-2 in myocardial tissues (Fig. 5O–R). 

Fig. 3. Cardiomyocyte-specific USP38 overexpression aggravates cardiac inflammation and cardiomyocytes apoptosis in diabetic mice. 
(A–B) Representative immunoblots and corresponding quantification for TNF-α, IL-1-β and IL-6 (n = 4). (C–D) Representative images and corresponding quanti-
fication for TUNEL staining (magnification × 40) (n = 6). (E–F) Representative immunoblots and corresponding quantification for Bax and Bcl-2 (n = 4). Data was 
calculated by one-way analysis of variance (Tukey’s multiple comparisons test). *P < 0.05, **P < 0.01.
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Mitochondrial fusion-related genes (Mfn2 and Opa1) were upregulated 
in Usp38cko diabetic hearts (Fig. S7A), while mitochondrial fission- 
related genes (Drp1 and Fis1) remained unchanged (Fig. S7B). In addi-
tion, Usp38cko diabetic mice exhibited increased expression of HO-1 and 
Nrf2 (Fig. S7C and S7D).

In vitro experiments, NRCMs were transfected with adenovirus short 
hairpin Usp38 (AdshUsp38) or null transfection (AdshRNA) and treated 
with NG or HG. We discovered that NRCMs with USP38 knockdown 
exhibited improved mitochondrial morphology based on mitochondrial 
length and fragment under HG conditions (Fig. 6A and B). Additionally, 

we found that USP38 knockdown reduced mitochondrial ROS produc-
tion in HG-treated NRCMs (Fig. 6C and D). Likewise, USP38 knockdown 
increased the anti-oxidant capacity of HG-treated NRCMs by promoting 
HO-1 and Nrf2 expression (Fig. S7E and S7F). Next, we explored the 
effect of USP38 knockdown on energy metabolism of HG-treated 
NRCMs. NRCMs with USP38 knockdown exhibited increased mito-
chondrial membrane potential (Fig. 6E and F) and higher ATP produc-
tion (Fig. 6G) under HG conditions. Together, these data indicate that 
USP38 deficiency improves diabetes-induced mitochondrial dysfunction 
and cardiac remodeling.

Fig. 4. Cardiomyocyte-specific USP38 overexpression disturbs fatty acid oxidation and aggravates mitochondrial dysfunction. 
(A) Gene ontology (GO) analysis of DEGs between Usp38-TG STZ group and NTG STZ group. (B) Representative images of Oil Red O staining (magnification × 40) (n 
= 6). (C–D) Representative images and corresponding quantification for transmission electron microscope based on lipid droplet numbers/100 μm2 (n = 6). (top, 
magnification × 15000, scale bar = 10 μm). (E–F) mRNA level of Mfn2, Opa1, Drp1 and Fis1 (n = 5–6). (G–H) Representative images and corresponding quan-
tification for Mito Tracker staining in NRCMs (n = 15), (top, magnification × 1200, scale bar = 10 μm). (I–J) Representative images and corresponding quantification 
for MitoSOX staining in NRCMs (n = 8), (magnification × 600, scale bar = 20 μm). (K–L) Representative images and corresponding quantification for TMRE staining 
in NRCMs (n = 8), (magnification × 1200, scale bar = 10 μm). (M) ATP content in NRCMs (n = 5–6). Data was calculated by one-way analysis of variance (Tukey’s 
multiple comparisons test). *P < 0.05, **P < 0.01.
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3.6. USP38 interacts with ACAD11 to modulate ACAD11 activity

To investigate potential USP38-binding partners, we performed 
immunoprecipitation and mass spectrometry (IP-MS) analysis. The 
experimental workflow is shown in Fig. 7A. A total of 1066 protein 

candidates were obtained from the USP38-binding protein complex 
(Excel file S), with ACAD11 emerging as the top candidate (Fig. 7B and 
C). Based on these findings, we performed Co-immunoprecipitation (Co- 
IP) to confirm the interaction between USP38 and ACAD11. As expected, 
the endogenous binding of USP38 and ACAD11 was confirmed in 

Fig. 5. Cardiomyocyte-specific USP38 deficiency improves cardiac function and cardiac structural remodeling in diabetic mice. 
(A) Change in body weight in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (B) Statistical analysis of body weight in each group after 12 w (n = 6–7). (C) 
Change in blood glucose in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (D) Statistical analysis of blood glucose in each group after 12 w (n = 6–7). (E–J) 
Representative images and corresponding quantification for echocardiography (n = 6–7). (K–L) Representative images of H&E stained and Masson stained, and 
corresponding quantification based on myocardial fibrosis (magnification × 40) (n = 6). (M–N) Representative immunoblots and corresponding quantification for 
Collagen I, Collagen III and TGF-β (n = 4). (O–P) Representative immunoblots and corresponding quantification for TNF-α, IL-1-β and IL-6 (n = 4). (Q–R) Repre-
sentative immunoblots and corresponding quantification for Bax and Bcl-2 (n = 4). Data was calculated by one-way analysis of variance (Tukey’s multiple com-
parisons test). *P < 0.05, **P < 0.01.
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NRCMs with antibodies against USP38 and ACAD11 (Fig. 7D and E). 
Likewise, the exogenous binding of USP38 and ACAD11 was verified in 
HEK293T cells transfected with plasmid encoding USP38 and ACAD11 
(Fig. 7F and G). Immunofluorescence staining further confirmed the co- 
location of USP38 and ACAD11 in NRCMs (Fig. 7H). Recent study has 
reported that ACAD11 is located to peroxisomes and participates in the 
oxidation of 4-hydroxy fatty acid [12]. Therefore, we detected the 
subcellular location of ACAD11 and found it is present in both mito-
chondria and peroxisomes (Fig. 7I and J). To further determine the 
binding domains of USP38 and ACAD11, we constructed the two trun-
cations of USP38 and four truncations of ACAD11. Our results showed 
that USP38 failed to bind to ACAD11 with the absence of the APH 
domain (ΔAPH), and ACAD11 failed to bind to USP38 with the absence 
of the C domain (ΔC). These findings indicate that the C domain of 
USP38 interacts with the APH domain of ACAD11 (Fig. 7K–N).

Considering the deubiquitinating function of USP38, we next eval-
uated its effect on the post-translational modification of ACAD11. As 
expected, USP38 overexpression reduced the ubiquitination level of 
ACAD11, whereas the effect disappeared under USP38 mutant condi-
tions (Fig. 8A). We further investigated the specific polyubiquitination 
modifications. The results revealed that USP38 specifically blocked K63- 
linked polyubiquitination of ACAD11, but not K48-linked poly-
ubiquitination in HEK293T cells (Fig. 8B). Likewise, we observed that 
USP38 overexpression reduced K63-linked polyubiquitination of 
ACAD11 in NRCMs under HG conditions (Fig. 8C). In contrast, USP38 
knockdown increased K63-linked polyubiquitination of ACAD11 in HG- 
treated NRCMs (Fig. 8D). Taken together, these findings indicate that 
USP38 specifically interacts with ACAD11 to reduce its K63-linked 
polyubiquitination.

3.7. USP38 regulates cardiac remodeling by promoting RAGE signaling 
pathway in diabetic mice

To explore the role of USP38 on lipid metabolism in diabetic mice, 
we performed lipidomic analysis on the heart of NTG diabetic mice and 
Usp38-TG diabetic mice. Differently lipid metabolites, such as 

cardiolipins, diacylglycerols and triglycerides, are shown in a bilateral 
bar diagram (Fig. 9A). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis of these differently lipid metabolites revealed enrich-
ment in the AGE-RAGE signaling pathway in diabetic complications 
(Fig. 9B). Notably, KEGG analysis of DEGs also confirmed enrichment in 
AGE-RAGE signaling pathway in diabetic complications (Fig. 9C).

Therefore, we next assessed the expression of RAGE in diabetic 
hearts by immunofluorescence staining and western blotting. As ex-
pected, Usp38-TG mice exhibited increased expression of RAGE in dia-
betic hearts (Fig. 9D–G). Conversely, Usp38cko mice exhibited reduced 
expression of RAGE in diabetic hearts (Fig. 9H and I). Consistent results 
were found in HG-treated NRCMs (Fig. 9J–M). These results indicate 
that USP38 promotes RAGE signaling pathway in diabetic myocardium.

3.8. Inhibition of RAGE by FPS-ZM1 improves pathological cardiac 
remodeling in Usp38-TG diabetic mice

To further investigate whether USP38 promotes the progression of 
DCM through the RAGE pathway, we treated Usp38-TG diabetic mice 
with FPS-ZM1, a specific RAGE inhibitor, and the experimental timeline 
was depicted in Figure S8A. FPS-ZM1 increased cardiac electrical sta-
bility in Usp38-TG diabetic mice, manifested by shortened QT interval 
and QTc interval, and reduced induction rate of VAs (Fig. S8B–F). No 
significant differences in blood glucose and body weight were observed 
between Usp38-TG diabetic mice with or without FPS-ZM1 adminis-
tration (Fig. 10A–D). Echocardiographic analysis showed improved 
cardiac function after FPS-ZM1 administration, as evidenced by 
increased LVEF, LVFS and E/A ratio (Fig. 10E–H). There results indicate 
that FPS-ZM1 significantly attenuates cardiac systolic and diastolic 
dysfunction in Usp38-TG diabetic mice. We subsequently assessed the 
effects of FPS-ZM1 on diabetes-induced cardiac structural remodeling. 
FPS-ZM1 alleviated myocardial disarray and myocardial fibrosis in 
Usp38-TG diabetic mice (Fig. 10I–N), suggesting that FPS-ZM1 allevi-
ates cardiac structural remodeling in diabetes. In addition, FPS-ZM1 
markedly reduced the expression of inflammatory marker in Usp38-TG 
diabetic mice (Fig. 10O and P). Collectively, these results indicate that 

Fig. 6. USP38 downregulation improves mitochondrial function in HG-treated NRCMs. 
(A–B) Representative images and corresponding quantification for Mito Tracker staining (n = 10–15). (top, magnification × 1200, scale bar = 10 μm). (C–D) 
Representative images and corresponding quantification for MitoSOX staining (n = 8), (magnification × 600, scale bar = 20 μm). (E–F) Representative images and 
corresponding quantification for TMRE staining (n = 8). (magnification × 1200, scale bar = 10 μm). (G) ATP content in NRCM (n = 5–6). Data was calculated by one- 
way analysis of variance (Tukey’s multiple comparisons test). *P < 0.05, **P < 0.01.
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FPS-ZM1 effectively mitigates the detrimental effects induced by USP38 
overexpression in diabetic hearts.

4. Discussion

Patients with diabetes are at high risk for developing heart failure 
and ventricular arrhythmia [2,3,5,17]. The molecular mechanism un-
derlying DCM are complex and have attracted considerable attention 
over the past few decades. In this study, we uncover that 

cardiomyocyte-specific USP38 overexpression in diabetic hearts dis-
turbs lipid metabolism and mitochondrial function, activates the RAGE 
signaling pathway, and leads to cardiac inflammation, myocardial 
fibrosis, cardiomyocyte apoptosis, and ventricular electrical instability. 
Conversely, loss of USP38 function in diabetic hearts improves cardiac 
remodeling and reduces vulnerability to VAs. Mechanistically, USP38 
directly interacts with ACAD11 and deubiquitinates it, resulting in 
abnormal fatty acid oxidation. Our findings reveal a novel pathogenesis 
for DCM and suggest that targeting the USP38-ACAD11 axis may 

Fig. 7. USP38 interacts with ACAD11. 
(A–C) The diagram of immunoprecipitation-mass spectrometry (IP-MS), and USP38-interacting Top 10 proteins. (D–E) Immunoblot showing the endogenous 
interaction between USP38 and ACAD11 in NRCMs. (F–G) Immunoblot showing the exogenous interaction between USP38 and ACAD11 in HEK293T cells. Cell 
lysates were extracted and immunoprecipitated with anti-Myc or anti-Flag antibody, followed by the detection of Flag-tag or Myc-tag. (H) Representative images of 
immunofluorescence staining for USP38 (yellow) and ACAD11 (green) in NRCMs. (magnification × 1200, scale bar = 20 μm). (I) Representative images of 
immunofluorescence staining for ACAD11 (green) and COV IV (red) in NRCMs. (magnification × 1200, scale bar = 20 μm). (J) Representative images of immu-
nofluorescence staining for ACAD11 (green) and PEX1 (red) in NRCMs. (magnification × 1200, scale bar = 20 μm). (K) Schematic diagram showing the constructs 
expressing full-length USP38 or its truncated fragments. (L) Myc-tagged full-length or truncated USP38 were co-transfected with Flag-tagged full-length ACAD11 into 
HEK293T cells, respectively. Cell lysates were immunoprecipitated with anti-Myc antibody, and immunoblotting was performed using anti-Flag antibody. (M) 
Schematic diagram showing the constructs expressing full-length ACAD11 or its truncated fragments. (N) Flag-tagged full-length or truncated ACAD11 were co- 
transfected with Myc-tagged full-length USP38 into HEK293T cells, respectively. Cell lysates were immunoprecipitated with anti-Flag antibody, and immunoblot-
ting was performed using anti-Myc antibody.

Fig. 8. USP38 removes the K63-linked polyubiquitination of ACAD11. 
(A) Ubiquitination assay of ACAD11 in HEK293T cells transfected with Myc-tagged USP38 or catalytically inactive mutant USP38H857A. (B) Ubiquitination assay of 
ACAD11 in HEK293T cells transfected with HA-tagged ubiquitin-K63, HA-tagged ubiquitin-K48, HA-tagged ubiquitin, Myc-tagged USP38 and Flag-tagged ACAD11. 
(C–D) Ubiquitination assay of ACAD11 in NRCMs.
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provide a potential therapeutic strategy to improve mitochondrial en-
ergy metabolism in DCM.

DCM is a diabetes-induced pathophysiological condition character-
ized by early diastolic dysfunction, which gradually progresses to sys-
tolic dysfunction as diabetes advances. Recent studies have reported 
reduced LVEF and E/A ratio in diabetic mice, suggesting impaired car-
diac systolic and diastolic function following STZ administration [18,
19]. Interestingly, in db/db mice, the E/A ratio significantly increases, 
indicating impaired diastolic function [20]. This discrepancy likely 
arises from the timing of cardiac function assessment. In the early stages 
of diastolic dysfunction, impaired left ventricular relaxation leads to a 
decreased E/A ratio. However, as the disease progresses to the restric-
tive filling stage, increased ventricular stiffness and fibrosis result in an 

increased E/A ratio. In this study, we observed a decreased E/A ratio in 
diabetic mice, likely due to the relatively early timing of cardiac func-
tion assessment. This phenomenon was more pronounced in mice with 
cardiomyocyte-specific USP38 overexpression. In contrast, 
cardiomyocyte-specific USP38 knockout improved the E/A ratio and 
diastolic function in diabetic mice. Notably, no significant changes in 
blood glucose levels were observed, suggesting that USP38 promotes 
pathological cardiac remodeling in diabetic mice through directly tar-
geting, rather than through glycemic control.

DCM is driven by diverse pathological cardiac remodeling processes. 
Among these, structural and electrical remodeling have received the 
most research attention [18,21,22]. Structural remodeling, manifested 
by the development of myocardial fibrosis and inflammation, leads to 

Fig. 9. USP38 regulates cardiac remodeling by promoting RAGE signaling pathway in diabetic mice. 
(A) Bilateral bar diagram of differently lipid metabolites between Usp38-TG STZ group and NTG STZ group. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis of differently lipid metabolites between Usp38-TG STZ group and NTG STZ group. (C) KEGG analysis of DUBs between Usp38-TG STZ group and NTG STZ 
group. (D–E) Representative immunofluorescence staining images and corresponding quantification of RAGE (magnification × 40) (n = 4). (F–I) Representative 
immunoblots and corresponding quantification of RAGE in ventricular tissues(n = 4). (J–K) Representative immunoblots and corresponding quantification of RAGE 
in NRCMs(n = 4). Data was calculated by one-way analysis of variance (Tukey’s multiple comparisons test). *P < 0.05, **P < 0.01.
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cardiac dysfunction [23]. Notably, STZ administration promotes 
collagen accumulation in the cardiac interstitial space [18,19]. Our 
team has previously demonstrated that USP38 overexpression increases 
collagen synthesis in hearts subjected to pressure overload-induced 
heart failure [14]. Moreover, increased expression of inflammatory cy-
tokines in diabetic mice indicates that inflammation plays a key role in 
DCM progression [19]. Our recent study also confirmed that USP38 
accelerates atrial remodeling and increases vulnerability to atrial 
fibrillation by promoting inflammation [24]. In this study, we observed 
significant myocardial fibrosis and inflammation in diabetic mice, with 
more pronounced collagen protein deposition and inflammatory cyto-
kine expression in Usp38-TG diabetic mice. In contrast, 
cardiomyocyte-specific USP38 deficiency reduced collagen expression 
and improved cardiac inflammation. This finding suggests that USP38 
promotes cardiac structural remodeling in diabetic mice.

Cardiac electrical remodeling, which is associated with abnormal ion 
channel function and expression, significantly contributes to increased 
susceptibility to VAs. Reduced transient outward potassium current (Ito) 
is a key factor leading to prolonged APD and QT intervals, both critical 
contributors to VAs. Numerous studies have demonstrated that diabetic 
mice exhibit prolonged APD and QT intervals, alongside increased 
vulnerability to VAs, primarily due to a reduction in Ito [22,25]. Previous 
study has also shown that USP38 overexpression prolongs APD and QT 
intervals, increasing the induration rate of VAs in heart failure models 
[26]. Our findings are consistent with the previous study, we observed 
that cardiomyocyte-specific USP38 overexpression exacerbated elec-
trical instability, manifested by prolonged QT intervals and APD90, as 
well as increased susceptibility to VAs. This may due to the reduced 
expression of Kv4.2 and Kv4.3, key ion channels involved cardiac 
repolarization. Thus, USP38 promotes cardiac electrical remodeling in 
diabetic mice by influencing the protein expression of potassium ion 
channels.

Recent research has increasingly highlighted the role of cardiac 
metabolic remodeling in DCM. Metabolic remodeling occurs early, often 
preceding cardiac structural and electrical changes [6]. In diabetic 
states, cardiomyocytes exhibit a metabolic shift, manifested by 
increased fatty acids and decreased glucose utilization for ATP pro-
duction [7,27,28]. Thus, regulating fatty acids oxidation is particularly 
important in DCM. However, over time, fatty acid oxidation fails to 
adequately metabolize all intracellular fatty acids, leading to cardiac 
lipotoxicity [7,27,28]. Previous studies have demonstrated increased 
lipid deposition and cardiac lipotoxicity in db/db mouse models and 
STZ/high fat diet (HFD) mouse models [20,29,30]. Similarly, other 
studies have reported increased cardiac lipotoxicity in STZ-induced 
diabetic models [27,31]. In the present study, lipidomic analysis 
revealed elevated levels of toxic lipids, such as diacylglycerols and tri-
glycerides, in Usp38-TG diabetic hearts. Notably, although Oil Red 
staining did not reveal significant lipid accumulation in the hearts of 
diabetic mice, transmission electron microscopy identified the presence 
of lipid droplets. As previously reported, both type 1 diabetes and type 2 
diabetes develop metabolic abnormalities in the myocardium, primarily 
characterized by increased fatty acid uptake and oxidation [29,31]. In 
comparison to type 2 diabetes models, type 1 diabetes animal models, 
lacking the effects of high-fat feeding, exhibit a slower lipid deposition 
progression. Consequently, lipid droplets were only detectable at the 
microscopic level in our study.

Mitochondria occupy a central role in energy production. In DCM 

animal models, mitochondrial dysfunction is manifested by morpho-
logical alteration, decreased mitochondrial membrane potential, and 
ROS overproduction. In our study, we observed that cardiomyocyte- 
specific USP38 overexpression aggravates mitochondrial morphofunc-
tional defects in diabetic mice. As a member of the deubiquitinating 
enzymes family, USP38 has been implicated in cardiovascular diseases. 
For example, USP38 promotes heart failure progression and increases 
susceptibility to VAs by deubiquitinating phospho-TANK-binding kinase 
1 [14,26]. Moreover, USP38 accelerates ferroptosis by removing 
K48-linked polyubiquitination chain from iron regulatory protein 2 in 
diabetic hearts, accompanied by increased induction rate of atrial 
fibrillation [16]. Notably, recent studies have also reported the role of 
USP38 in other ubiquitin linkage types, such as K63-linked, K11-linked 
and K33-linked ubiquitination [15,32,33]. In our study, we demon-
strated that USP38 serves as a deubiquitinating enzyme regu-
latingACAD11 activation. ACAD11 primarily utilizes long-chain fatty 
acids in mitochondrial fatty acid β-oxidation in human neuroblastoma 
cells. Recently, Paquay et al. found that ACAD11 is localized in perox-
isomes and engaged in hydroxy fatty acids β-oxidation [12]. In our 
study, we found that ACAD11 is located in both mitochondria and 
peroxisomes, suggesting its involvement in fatty acid β-oxidation in 
multiple organelles. Additionally, we observed that the C domain of 
USP38 directly interacts with the APH domain of ACAD11. Notably, in 
NG-treated NRCMs, although USP38 influenced the ubiquitination level 
of ACAD11, it did not significantly affect ATP production. However, in 
HG-treated NRCMs, USP38 further reduced ATP production by 
decreasing the ubiquitination level of ACAD11. Therefore, we speculate 
that ACAD11 may act as a backup system for fatty acid oxidation in 
normal cardiomyocytes, compensating for other members of the ACADs 
family.

Previous studies have positioned RAGE at the center of DCM path-
ogenesis [34]. RAGE, a pattern recognition receptor expressed in car-
diomyocytes, interacts with multiple ligands, initiating a series of events 
that lead to myocardial damage, including inflammation, extracellular 
matrix accumulation, oxidation stress, and apoptosis, etc [34–36]. In our 
study, we found that the USP38-ACAD11 axis mediated fatty acids 
metabolism disorder is linked to the AGE-RAGE signaling pathway 
through lipidomic analysis and RNA sequencing analysis. We further 
demonstrated that USP38 promotes RAGE activation in diabetic hearts. 
Inhibition of RAGE has been shown to improve diabetic cardiac 
remodeling by inactivating the NF-κB signaling pathway and reducing 
ROS production [35]. Similarly, calcitriol has been reported to relieve 
cardiac fibrosis by downregulating RAGE expression [36]. Consistent 
with these reports, we discovered that inhibition of RAGE by FPS-ZM1 
improved cardiac function and alleviated inflammation, fibrosis in 
Usp38-TG diabetic hearts, indicating that USP38 promotes cardiac 
remodeling via the RAGE pathway in diabetic mice.

This study has several limitations. For animal-related aspects, as fe-
male mice are less sensitive to STZ than male mice, leading to a lower 
model-establishment success rate, only male mice were used in this 
study. Further research should include experiments on female mice. 
Regarding the number of animals, although conclusions were drawn 
from the existing sample size, ethical guidelines restricted us from 
increasing the number. In futhre studies, we will determine an appro-
priate number while following animal ethics. In terms of molecular 
mechanism, while the binding between USP38 domain and ACAD11 
domain is confirmed, the specific deubiquitination function of USP38 on 

Fig. 10. FPS-ZM1 improves cardiac function and cardiac structural remodeling in Usp38-TG diabetic mice. 
(A) Change in body weight in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (B) Statistical analysis of body weight in each group after 12 w (n = 6–7). (C) 
Change in blood glucose in each group after 0w, 1w, 4w, 8w and 12w (n = 6–7). (D) Statistical analysis of blood glucose in each group after 12 w (n = 6–7). (E–H) 
Representative images and corresponding quantification of echocardiography (n = 6–7). (I–J) Representative images of H&E stained and Masson stained, and 
corresponding quantification based on myocardial fibrosis (magnification × 40) (n = 6). (K–L) Representative immunohistochemical images and corresponding 
quantification of Collagen I (magnification × 40) (n = 6). (M–N) Representative immunoblots and corresponding quantification for Collagen I, Collagen III and TGF- 
β(n = 4). (O–P) Representative immunoblots and corresponding quantification for TNF-α, IL-1-β and IL-6 (n = 4). Data was calculated by student’s t-test (unpaired, 
two-tailed, two groups). *P < 0.05, **P < 0.01.
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ACAD11’s lysine residues remain unclear. Also, although we have 
determined that USP38 removes the K63-linked polyubiquitin chain 
from ACAD11, but we did not investigate other polyubiquitin chain 
modifications. Further exploration is needed to clarify the precise 
mechanism of USP38 on ACAD11.

5. Conclusion

In conclusion, our study underscores the pivotal role of USP38 in the 
pathogenesis of DCM. We demonstrate that USP38 expression is upre-
gulated in DCM, and cardiomyocyte-specific overexpression of USP38 
exacerbates cardiac remodeling in diabetic mice. Mechanistically, 
USP38 removes the K63-linked polyubiquitin chain from ACAD11, 
thereby impairing lipid metabolism and inducing mitochondrial 
dysfunction. These alterations subsequently activate the RAGE signaling 
pathway. Thus, therapeutic targeting of the USP38-ACAD11-RAGE axis 
may represent a promising strategy for the treatment of DCM.
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