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Diabetes mellitus is an emerging global threat to human 
health. It is estimated that the total number of people 

experiencing diabetes mellitus will reach 366 million in 2030.1 
Although hypertension and coronary narrowing are major 
pathogenic factors of acquired cardiomyopathy, diabetes mel-
litus has been established as an independent risk factor since 
1972.2 Diabetic cardiomyopathy, as a major complication, 
is the leading cause of morbidity and mortality for diabetic 
patients. Epidemiological studies have demonstrated that dia-
betic people have a 2- to 5-fold increase of risk in develop-
ing heart failure compared with age-matched healthy subjects 

after adjusting for age, blood pressure, weight, cholesterol 
level, and coronary artery disease.3–7
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Rodent models are of particular value in study of diabetic 
cardiomyopathy because there is minimal confounding involve-
ment of coronary atherosclerosis. It has been demonstrated 
that diabetic mice and rats fed with high-fat diet display car-
diac remodeling and dysfunction.8–11 Recently we and others 
have shown that mice overexpressing Mitsugumin 53 (MG53) 
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develop obesity, systemic insulin resistance, dyslipidemia, and 
hyperglycemia, whereas MG53 deficiency prevents high-fat 
diet–induced metabolic disorders, including obesity, dyslipid-
emia, and hyperglycemia.12,13 MG53 was originally shown to 
play an important role in membrane repair.14,15 We have shown 
that MG53 acts as an E3 ligase targeting insulin receptor (IR) 
and insulin receptor substrate 1 (IRS1) for ubiquitin-dependent 
degradation, resulting in insulin resistance and metabolic dis-
orders.12 However, it is possible that MG53 regulates not only 
insulin-dependent glucose metabolism but also lipid metabo-
lism. In addition, we and others have reported that MG53 is 
abundantly expressed in the heart as well as skeletal muscle 
and involved in ischemia-mediated cardiac preconditioning and 
postconditioning.16,17 But it is unclear whether MG53 plays a 
role in the regulation of myocardial glucose and lipid metabo-
lism. In particular, we seek to determine the potential function 
of MG53 in regulating myocardial lipid metabolism and its 
malfunction in the pathogenesis of diabetic cardiomyopathy.

To understand the exact role of MG53 in the myocardial 
metabolism, in this study we have generated transgenic mice 
with cardiac-specific overexpression of MG53 (MG53 h-TG) 
via alpha myosin heavy chain (α-MHC) promoter. The MG53 
h-TG mice developed typical diabetic cardiomyopathy symp-
toms characterized by myocardial insulin resistance, defective 
substrate utilization, cardiac fibrosis, ventricular hypertrophy, 
and cardiac dysfunction. Mechanistically, in addition to the 
compromised insulin signaling, the expression levels of per-
oxisome proliferation-activated receptor alpha (PPAR-α) and 
its downstream target genes were markedly increased in the 
MG53 h-TG hearts, but downregulated in the MG53-deficient 
hearts. These findings suggest that MG53 contributes to the 
pathogenesis of diabetic cardiomyopathy via, at least in part, 
activation of PPAR-α signaling pathway.

Material and Methods
Animals
All animal procedures were carried out in compliance with the proto-
cols approved by the Institute of Animal Care and Use Committee of 
Peking University, and in accordance with the Guide for the Care and 
Use of Laboratory Animals (National Institutes of Health publication 
No. 86-23, revised 1985).

Generation of the MG53 h-TG mice
The MG53 transgenic construct was generated by cloning the 
MG53cDNA into an expression vector containing the α-MHC pro-
moter (a gift from Dr Jeff Robbins , the Heart Institute, Department 
of Pediatrics, The Cincinnati Children’s Hospital Medical Center, 
OH). The MG53 h-TG construct was injected into 1-cell embryos of 
C57BL/6 mice. The transgenic founders were further crossed with 
C57BL/6. Age-matched male mice of MG53 h-TG and their wild-
type littermates (WT, C57BL/6) were used in this study.

Echocardiography
Mice were anesthetized with 4% chloral hydrate (1 mL/100g body 
weight), and echocardiography assessment was performed using a 
VEVO-2100 machine (Visual Sonics) with an M-mode Doppler.

In Vitro Palmitate Uptake Assay
Neonatal rat ventricular myocytes (NRVMs) were infected with 
Ad-MG53-GFP or Ad-MG53-Myc virus 24 h before palmitate 

stimulation. Cells in the control groups were infected with Ad-GFP or 
Ad-β-gal, respectively. Before images were obtained, NRVMs were 
incubated in DMEM with 2% BSA with or without 100 μmol/L pal-
mitate for 6 h. Then, lipid uptake was determined using a stimulated 
Raman scattering system.18,19

In Vitro Glucose Uptake Assay
Male adult rat ventricular myocytes infected with either Adv-GFP or 
Adv-MG53-GFP were incubated with Kreb-Ringer phosphate buf-
fer (128 mmol/L NaCl, 1.4 mmol/L CaCl

2
, 1.4 mmol/L MgSO

4
, 5.2 

mmol/L KCl, and 10 mmol/L Na
2
HPO

4
, pH7.4) containing glucose 

(3 mmol/L), and then treated with 100 nmol/L insulin for 30 min-
utes at 37°C, and exposed to 2-[1,2-3H]-deoxy-D-glucose (1 μCi/mL, 
0.02 μmol/L) for the final 5 minutes. Then, the cells were washed 3 
times with ice-cold PBS and solubilized with 0.5 mol/L NaOH. The 
cell associated radioactivity was determined by scintillation counting. 
Nonspecific counts, determined in the presence of 20 μmol/L cyto-
chalasin B, were subtracted from each value as previously described.20

Real-Time Polymerase Chain Reaction
Total RNA was isolated with Trizol reagent (Invitrogen) and 2 μg was 
reverse-transcribed into cDNA using RT-MLV reverse transcriptase 
(Promega). The RT reaction mixture was used as template to perform 
real-time polymerase chain reaction (PCR; Stepone Plus Real-Time 
PCR System, Applied Biosystems). The relative mRNA levels were 
determined by normalizing to the 18S rRNA level. The primers used 
are listed in Table I in the online-only Data Supplement.

Small-Interfering RNA
NRVMs were transfected with small-interfering RNA (siRNA; 
RiboBio Co. Ltd.) specifically targeting PPAR-α using Lipofectamine 
RNAi MAX (Invitrogen) according to the manufacturer’s instruc-
tions. The sequences of siRNAs against PPAR-α are listed in Table II 
in the online-only Data Supplement.

RNA-Seq
Total RNA was extracted from MG53 h-TG or WT mice. RNA-
Seq libraries were prepared from 4 hearts from each group. Next-
generation sequencing was performed on an Illumina HiSeq2000 
sequencing system according to the manufacturer’s instructions. 
RNA-Seq reads were mapped to the mouse genome (version mm9) 
by TopHat (version v2.0.8), according to computational pipelines 
as reported previously.21 Tools such as DAVID22,23 and Qiagen’s 
Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.
qiagen.com/ingenuity) were used for functional enrichment analyses 
and pathway network analyses, respectively.

ChIP-PCR
ChIP assay was conducted using a chromatin immunoprecipitation 
(ChIP) kit (Millipore). The procedure was performed following the 
protocol provided by the manufacturer. Primers used for ChIP-PCR 
are listed in Table III in the online-only Data Supplement.

Statistical Analysis
Data are presented as mean±SEM. Statistical analysis was performed 
with prism 5.0 or SPSS 17.0. Data sets were tested for normality of 
distribution with Kolmogorov–Smirnov tests. Data groups with nor-
mal distribution were compared using unpaired Student t test. The 
Mann–Whitney U test was used for nonparametric data. Comparisons 
between multiple groups were assessed by 1-way ANOVA with 
Bonferroni post hoc analysis. For the oxygen consumption experi-
ment, repeated measures ANOVA was used to compare the oxygen 
consumption rate between the WT and MG53 h-TG cardiac myocytes 
over the time course. A P<0.05 was considered as significant.

More information of methods could be found in the online-only 
Data Supplement.
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Results
MG53 h-TG Mice Display Symptoms of Diabetic 
Cardiomyopathy
Two lines of MG53 h-TG mice were generated by overex-
pressing MG53 driven by the α-MHC promoter (Figure IA 
and IB in the online-only Data Supplement). At 20 weeks of 
age, the body weight of the MG53 h-TG mice was not sig-
nificantly different from their WT littermates. However, hearts 
from both lines of MG53 h-TG mice were overtly enlarged 
with ventricular dilation and cardiac dysfunction. In this study, 
we opted to use the first line of MG53 h-TG mice for detailed 
phenotyping and mechanistic studies. Specifically, the inter-
ventricular inner diameter and the weight of the MG53 h-TG 
hearts were increased by 22% and 15%, respectively, com-
pared with WT (Figure 1A and 1B). Myocardial hypertrophy 
was also evidenced by increased ratio of heart weight to tibia 
length (Figure 1C) and hypertrophic gene expression profile, 
including inversed changes of α-MHC and β-MHC expres-
sion and upregulation of atrial natriuretic peptide and brain 
natriuretic peptide (Figure  1D). In addition, MG53 h-TG 
hearts had augmented lipid deposition as compared with 
WT (Figure  1E, upper panel, and Figure IIA in the online-
only Data Supplement). Myocardial fibrosis was detected 
in the MG53 h-TG but not WT hearts (Figure  1E, lower 
panel, and Figure IIB in the online-only Data Supplement). 
Enhanced fibrosis in the MG53 h-TG hearts would decrease 
ventricular compliance, which is a major pathogenic process 

of maladaptive cardiac structure remodeling and functional 
insufficiency. Indeed, cardiac cross sections and ECHO mea-
surements revealed ventricular dilation and cardiac dysfunc-
tion as manifested by enlarged left ventricular inner diameter 
with reduced posterior wall thickness and significantly sup-
pressed ejection fraction and fractional shortening (Figure 1F 
and 1G, and Table IV in the online-only Data Supplement). 
Thus, cardiac-specific overexpression of MG53 is sufficient to 
recapitulate the phenotype of diabetic cardiomyopathy.

MG53 Overexpression Causes Cardiac Insulin 
Resistance
In our previous study, globally overexpressing MG53 leads 
to an obese phenotype resembling db/db mice, featured by 
impaired insulin signaling, obesity, dyslipidemia, and hyper-
glycemia.12 We and others have demonstrated that MG53 
binds to the IR and IRS1 and subsequently mediates ubiq-
uitin-dependent degradation of IR and IRS1 through its E3 
ligase activity.12,13,24 Consistent with these previous reports, we 
found that IR and IRS1 protein levels were reduced by ≈40% 
in the MG53 h-TG hearts relative to WT controls (Figure 2A). 
Because IR and IRS1 sense and respond to insulin stimulation, 
their degradation would be expected to cause deterioration 
in insulin signaling. Indeed, insulin signaling was markedly 
impaired in the hearts from MG53 h-TG mice as manifested 
by diminished myocardial Akt phosphorylation in response to 
insulin stimulation (Figure 2B). To obtain mechanistic insight 
in a defined in vitro setting, we overexpressed GFP-tagged 

A B C D
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Figure 1. Cardiac-specific overexpression of MG53 leads to cardiomyopathy. A, Transgenic mice with cardiac-specific overexpression of 
MG53 (MG53 h-TG) hearts were enlarged. B and C, The heart weight (B) and the ratio of heart weight to tibia length (C) were significantly 
increased in the MG53 h-TG mice. D, The mRNA levels of α-myosin heavy chain (MHC), β-MHC, atrial natriuretic peptide (ANP), and 
brain natriuretic peptide (BNP) of MG53 h-TG hearts relative to wild-type (WT) controls. E, Oil red O staining revealed increased neutral 
triglyceride deposition in the heart from MG53 h-TG mice (top). Fibrosis of the hearts from the 2 groups was assessed by Masson 
staining (bottom). F, The gross morphology of MG53 h-TG hearts showing the ventricular dimensions and ventricular wall thickness by 
sections along the shorter (top) and longer (bottom) axes of the heart. G, Representative echocardiographic images of the left ventricle 
showing ventricular dilation and cardiac dysfunction. Scale bar in F, 1 mm; in E, 20 μm. Data in B, C, and D are mean±SEM (*P<0.05, 
**P<0.01 vs WT control; n=8–10 for each group).
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MG53 in cultured adult rat ventricular myocytes using adeno-
viral gene transfer, and found that insulin-induced phosphory-
lation of Akt at both T308 and S473 was almost completely 
blocked by MG53 overexpression (Figure 2C). Because insu-
lin signaling pathway is one of the major pathways regulating 
cellular energy metabolism,25,26 induction of insulin resistance 
may be a pivotal event in causing metabolic derangement in 
hearts subjected to MG53 overexpression.

MG53 Overexpression Alters Cardiac Nutrient 
Utilization
Physiologically, lipids contribute to ≈70% of the energy supply 
for the working heart, whereas the rest is provided by glucose 
and lactate.27,28 It has been implicated that the insulin-resistant 
heart becomes even more dependent on free fatty acids (FFA) 
for its energy needs,29 and that diabetic cardiomyopathy is 
associated with this kind of shift in substrate preference.30,31 
To test whether MG53 is involved in the regulation of myo-
cardial substrate use, we took the advantage of highly sensi-
tive stimulated Raman scattering microscopy technology to 
detect FFA in situ. By detecting the unique vibrational signa-
ture of FFA, stimulated Raman scattering microscopy allows 
label-free visualization and quantitative analysis of lipids in 
living cells.18 In NRVMs overexpressing MG53, uptake of 
palmitate was enhanced by about 3-fold (Figure 3A). In con-
trast, insulin-stimulated 2-[1,2-3H]-deoxy-D-glucose uptake 
by cardiomyocytes was completely abrogated (Figure  3B). 
These results suggest that MG53 overexpression decreases 
glucose uptake, but facilitates FFA uptake, tipping the myo-
cardial substrate use further toward lipids. Because, relative 
to glucose, FFA requires more oxygen for its β-oxidation, the 
oxygen consumption rate is an indicator of substrate utiliza-
tion by cells. Besides at the indicated time points where the 
oxygen consumption rate of the MG53 h-TG cardiomyocytes 
is significantly elevated, repeated measurements analysis 
showed that oxygen consumption rate of the MG53 h-TG 

was significantly higher than that of the WT over the entire 
time course of measurement (Figure 3C), indicating that the 
MG53 h-TG heart consumes more FFA, even though its con-
tractility was suppressed (Figure 1F and 1G, and Table IV in 
the online-only Data Supplement). Thus, the enhanced FFA 
uptake and use compromise cardiac function of MG53 h-TG 
mice, recapitulating the hallmark of increased myocardial 
oxygen consumption associated with reduced cardiac func-
tion in diabetic mice.32

Pathways Relevant to Diabetic Cardiomyopathy Are 
Induced in the MG53 h-TG Mouse Heart
To delineate the mechanism underlying MG53-mediated 
alterations in myocardial energy substrate use, we analyzed 
genome-wide gene expression profile in the hearts from MG53 
h-TG mice versus WT controls using RNA deep sequencing 
(RNA-Seq) approach. We selected 916 genes from the MG53 
h-TG RNA-seq data set that fit the criteria of fragments per kilo-
bases of exon per million fragments mapped (FPKM)>0.5 and 
P<0.05, and analyzed these genes using the online RNA deep 
sequencing analysis tool DAVID (Database for Annotation, 
Visualization and Integrated Discovery, http://david.abcc.ncif-
crf.gov/). The pathways affected by MG53 overexpression are 
listed in Figure 4A. Among them, hypertrophic cardiomyopa-
thy, dilated cardiomyopathy, and the PPAR-α signaling path-
ways were the most relevant to the cardiac phenotype in the 
MG53 h-TG mice, and interestingly they were all activated by 
MG53 overexpression (Figure 4B). In contrast, a mirrored gene 
expression profile was found in the RNA-Seq data obtained 
from MG53 knockout (MG53 KO) mouse heart (Figure IIIA 
and IIIB in the online-only Data Supplement). To test whether 
genes involved in FFA metabolism were affected in MG53 
h-TG mice, we selected several genes involved in lipid metab-
olism and examined their expression in the MG53 h-TG heart 
by real-time PCR. As expected, the mRNA levels of the most 
of these genes were up-regulated in the MG53 overexpressing 

A B C

Figure 2. MG53 overexpression causes reduced protein abundance of insulin receptor (IR) and insulin receptor substrate 1 (IRS1) and 
impaired insulin signaling in the heart. A, The protein abundance of IR and IRS1 in wild-type (WT) and transgenic mice with cardiac-
specific overexpression of MG53 (MG53 h-TG). B, The insulin-induced phosphorylation of Akt was attenuated in the MG53 h-TG mouse 
heart. C, In adult rat ventricular myocytes (ARVMs), phosphorylation of Akt at sites S473 and T308 after insulin stimulation was robustly 
blocked by MG53 overexpression. Data are mean±SEM (*P<0.05, **P<0.01 vs WT for A and B; in C, *P<0.05 vs 0 minutes [in the absence 
of insulin], †P<0.05 vs Ad-GFP; n=3–4 for each group). Ad-GFP indicates cells infected with adenovirus expressing GFP; Ad-MG53-GFP, 
cells infected with adenovirus expressing MG53-GFP fusion protein; and con, control cells with no adenovirus infection.
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hearts (Figure 4C). Concomitantly, the genes promoting glycol-
ysis were systematically suppressed, whereas the expression of 
pyruvate dehydrogenase kinase (PDK) 1 and 3, which inhibit 
the key enzyme pyruvate dehydrogenase (PDH) in glycolysis, 
were significantly upregulated (Figure 4D). Thus, in the MG53 
h-TG heart, the lipid metabolism pathways are enhanced, 
whereas glycolysis is repressed. Importantly, PPAR-α path-
way was activated in the MG53 h-TG hearts (Figure 4B), but 
repressed in the MG53 KO hearts (Figure IIIB in the online-
only Data Supplement). Because PPAR-α is the key regulator 
of lipid metabolism, the dysregulation of PPAR-α would dis-
turb myocardial lipid homeostasis.33,34 The impaired PPAR-α 
pathway caused by alterations in MG53 expression led us to 
further examine the role of PPAR-α in the MG53 h-TG hearts.

Upregulation of MG53 Is Associated With an 
Elevation of PPAR-α Expression in Various Animal 
Models of Metabolic Disorders
Next, to determine whether PPAR-α is upregulated in the high-
expressed MG53 contexts, we measured the protein abundance 

of PPAR-α in MG53 h-TG mice and multiple metabolic dis-
ease models. In the MG53 overexpressing heart, the PPAR-α 
expression level was increased compared with WT controls 
(Figure  5A). In our previous study, we found that MG53 
expression is increased in the skeletal muscle of db/db diabetic 
mice, high-fat diet–induced obese mice, and rhesus monkeys 
with spontaneous metabolic syndrome featured by obesity, dys-
lipidemia, and hyperglycemia.35 Similarly, an upregulation of 
MG53 was also detected in the myocardium of these animal 
models (Figure 5B–5D). It is noteworthy that the elevation of 
myocardial MG53 protein level was universally accompanied 
by an increase in PPAR-α protein abundance in these meta-
bolic disease models. Moreover, RNA-Seq data demonstrated 
that the mRNA levels of MG53 as well as PPAR-α in the heart 
(Figure IVA and IVB in the online-only Data Supplement) and 
the skeletal muscle (Figure IVC and IVD in the online-only 
Data Supplement) were increased in the mice fed with high-fat 
diet. These data indicate that the expression of MG53 is strongly 
linked with the expression level of PPAR-α, and that MG53 
may participate in the transcriptional regulation of PPAR-α.

A

C

B

Figure 3. MG53 overexpression causes a 
glucose–free fatty acid (FFA) use shift and 
increased oxygen consumption rate (OCR). A, In 
neonatal rat ventricular myocytes (NRVMs), label-
free images were obtained by stimulated Raman 
scattering (SRS) microscopy to determine the 
palmitate content in cells after 6 h of incubation 
with palmitate. B, In cultured adult rat ventricular 
myocytes (ARVMs), overexpression of MG53 by 
adenovirus infection inhibited insulin-mediated 
2-[1,2-3H]-deoxy-D-glucose uptake. C, OCR 
analysis showed that cardiomyocytes isolated from 
mice with cardiac-specific overexpression of MG53 
(MG53 h-TG) consumed more oxygen than those 
from wild-type (WT) mice. Data are mean±SEM 
(*P<0.05, **P<0.01 vs Ad-GFP for A and B, vs WT 
control in C; ††P<0.01 vs treated with BSA alone, 
‡P<0.05 over the entire time course, n=3 for each 
group).

A B

C D

α

Figure 4. Pathways relevant to diabetic 
cardiomyopathy are induced in the  
heart of mice with cardiac-specific  
overexpression of MG53 (MG53 h-TG).  
A, Categories of genes influenced by MG53 
overexpression according to Database for 
Annotation, Visualization, and Integrated 
Discovery analysis. B, Changes of the 
genes related to dilated cardiomyopathy, 
hypertrophic cardiomyopathy, and the 
peroxisome proliferation-activated receptor 
alpha (PPAR-α) pathway. C, Real-time 
polymerase chain reaction (PCR) showed 
that the mRNA levels of genes involved 
in free fatty acid (FFA) metabolism were 
elevated in the MG53 h-TG heart compared 
with that in the wild-type (WT) mouse 
hearts. D, The mRNA levels genes involved 
in glucose metabolism in the hearts from 
WT or MG53 h-TG mice were assayed with 
real-time PCR. Data in C and D are plotted 
as mean±SEM (*P<0.05, ** P<0.01 vs WT 
control; n=8–10 for each group).
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MG53 Regulates PPAR-α Expression at the 
Transcriptional Level
To further establish the relationship between the abundance 
of MG53 and the expression of PPAR-α we suppressed or 
enhanced MG53 expression in cultured cardiac myocytes by 
either shRNA-mediated gene knockdown or adenovirus-medi-
ated gene transfer, respectively. Knocking down of MG53, 
indeed, markedly reduced PPAR-α mRNA and protein levels 
in NRVMs (Figure 6A, and Figure VA in the online-only Data 
Supplement). In contrast, adenovirus-mediated overexpression 
of MG53 led to a 2-fold increase in the expression of PPAR-α 
at both the mRNA and protein levels (Figure 6B and 6C). Thus, 
upregulation of MG53 is sufficient to increase PPAR-α expres-
sion at both mRNA and protein levels in cardiac myocytes.

MG53, also known as TRIM72, belongs to the tripartite 
motif (TRIM) family. A few members of the TRIM family can 
regulate gene transcription. To determine whether MG53 also 
participates in transcriptional regulation, we first examined 
the intracellular distribution of endogenous as well as GFP-
tagged MG53 in cultured neonatal rat cardiomycytes. Immuno-
confocal staining assay revealed that MG53 was homogenously 
distributed in the cytosol with an enrichment in the nuclear 
compartment in some of the cells (Figure 6D). This was corrob-
orated by cytosolic/nuclear fraction analysis (Figure 6E). The 
enforced expression of GFP-tagged MG53 exhibited a global 
cellular distribution pattern with a nuclear enrichment in some 
of the cells (Figure VB in the online-only Data Supplement). 
Furthermore, the overexpressed MG53 in the MG53 h-TG 
hearts could be detected in both cytosolic and nuclear fraction 
(Figure VC in the online-only Data Supplement). Thus, the sub-
cellular localization of MG53 suggests that it may elicit nuclear 
functions. To determine whether MG53 is directly involved 
in transcriptional regulation, we fused MG53 with the DNA 
binding domain (DBD) of Gal4 to tether MG53 to the Gal4-
responsive promoter.36 When this Gal4-MG53 fusion protein 
was cotransfected into H9c2 cells with the Gal4-responsive 
luciferase reporter construct, it induced reporter gene expres-
sion, whereas cotransfection of Flag-MG53 alone did not 
induce the reporter activity (Figure VD in the online-only Data 

Supplement). This result indicates that MG53 can activate tran-
scription when it is recruited to a target promoter.

We then constructed reporter constructs driven by the nested 
deletions of PPAR-α promoter. When MG53 was overexpressed, 
the reporter gene activity was significantly increased except 
the 150-bp construct, suggesting that MG53 enhances the pro-
moter activity of PPAR-α (Figure 6F). To further ascertain that 
MG53 was recruited to the PPAR-α promoter, we performed 
ChIP assay in NRVMs with adenoviral gene transfer of MG53. 
Consistent with the reporter assay, the region between −140 and 
−2 of PPAR-α gene was enriched in the ChIP-PCR analysis 
(Figure 6G), suggesting that MG53 is recruited to this region of 
PPAR-α promoter.

MG53 Promotes Palmitate Uptake via Enhancing 
the Expression of PPAR-α and Its Target Genes
Because PPAR-α is a pivotal regulator of lipid metabolism,33,34 
we further analyzed the PPAR network and found that the 
expression of many genes in this pathway were altered in the 
MG53 h-TG mouse heart (Figure VI in the online-only Data 
Supplement). Most importantly, overexpression of MG53 led to 
the upregulation of PPAR-α target genes, CD36 and FABP3, in 
the transgenic hearts. It has been shown that ≈70% of the fatty 
acids transported into cells is mediated by CD36.37,38 The mRNA 
and protein levels of CD36 and FABP3 were augmented in the 
MG53 h-TG hearts (Figure 7A–7C). This was not caused by car-
diac compensation, because adenoviral gene transfer of MG53 
was also able to profoundly increase gene expression of CD36 
and FABP3 in the well-controlled settings of cultured adult and 
neonatal cardiomyocytes (Figure 7D and 7E), whereas shRNA-
mediated MG53 gene silencing significantly suppressed the 
expression of both genes (Figure 7F). These results indicate that 
upregulation of PPAR-α key target genes, CD36 and FABP3, is 
essentially involved in MG53-mediated FFA uptake and utiliza-
tion, as well as lipid accumulation in the myocardium.

Next, we determined whether upregulation of PPAR-α is obli-
gated to MG53-mediated augmentation of FFA uptake. We first 
examined the effect of MG53 deficiency in lipid uptake. When 
the expression of MG53 was inhibited by specific shRNA in 

α α α α

A B C D

Figure 5. Accompanying increases in peroxisome proliferation-activated receptor alpha (PPAR-α) and MG53 expression were detected 
in various animal models with metabolic disorders. A, In the heart of mice with cardiac-specific overexpression of MG53 (MG53 h-TG), 
PPAR-α was upregulated. B–D, In models of different metabolic disorders, db/db mice (B), high-fat diet (HFD)-fed mice (C), and a rhesus 
model with spontaneous metabolic disorder (D), the increase in PPAR-α expression level was associated with the augmentation of MG53 
expression. Data are expressed as mean±SEM (*P<0.05, **P<0.01 vs respective control; n=3–4).
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NRVMs, palmitate uptake was repressed (Figure VIIA and VIIB 
in the online-only Data Supplement). Then, we designed 3 pairs 
of siRNAs to knockdown PPAR-α expression, and the efficacy of 
the siRNAs is shown in Figure VIIIA and VIIIB in the online-only 
Data Supplement. PPAR-α silencing abolished MG53-induced 
uptake of palmitate in NRVMs (Figure 7G and 7H). This result 
indicates that PPAR-α is an indispensable component for MG53-
induced lipid accumulation in MG53 h-TG heart. Altogether, 
our in vivo and in vitro data have demonstrated that MG53 may 

play a crucial role in regulating the expression of PPAR-α and 
its target genes, thus controlling myocardial lipid metabolism, in 
addition to its previously reported E3 ligase activity and resultant 
downregulation of IR and IRS1 and insulin resistance.

Discussion
The major findings of the present study are that myocardial 
MG53 expression is elevated in several clinically relevant 

α

α

β

A B C

E
D

F

G

Figure 6. MG53 regulates peroxisome proliferation-activated receptor alpha (PPAR-α) expression at the transcriptional level. A, The 
PPAR-α protein level was decreased when MG53 was knocked down by 2 effective shRNAs. B, Real-time polymerase chain reaction 
(PCR) showed an increase of PPAR-α expression in adult rat ventricular myocytes (ARVMs) overexpressing MG53. C, The PPAR-α protein 
level was increased by MG53 overexpression in ARVMs. D, Immuno-confocal staining showed the homogenous distribution of MG53 in 
neonatal rat ventricular myocytes (NRVMs). E, Western blots of the cytosolic and nuclear fractions of NRVMs demonstrated that MG53 
was present in both the cytosol and nucleus. Similar results were obtained in 3 independent experiments. F, The activity of luciferase 
reporter gene driven by the PPAR-α promoter was induced by MG53 overexpression. G, Chromatin immunoprecipitation-PCR showed 
that an enrichment of PPAR-α promoter was detected in the anti-MG53 immunoprecipitated chromatin. Scale bar in D, 10 μm. Data are 
mean±SEM (*P<0.05, **P<0.01 vs Ad-b-gal; n=3–4 for each group in A–C and F).
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animal models with metabolic disorders, and that cardiac-
specific overexpression of MG53 is sufficient to produce 
cardiac phenotypes that closely resemble diabetic cardio-
myopathy in mice, including insulin resistance, hypertro-
phy, ventricular dilation, fibrosis, and cardiac dysfunction. 
In addition to insulin signaling impairment, MG53 over-
expression shifts myocardial energy substrate use further 
toward lipid dependence. RNA-seq analysis revealed that 
PPAR-α pathway was activated in the MG53 h-TG hearts, 
but repressed in the MG53 deficient hearts. We further dem-
onstrated that MG53 regulated PPAR-α expression at a tran-
scriptional level. Thus, the upregulation of PPAR-α and its 
target genes is responsible for the myocardial lipid accumu-
lation which, in turn, contributes to the diabetic cardiomyop-
athy–like phenotype.

It is well accepted that in the diabetic heart, the use of glu-
cose is decreased and the oxidation of FFA is increased.29 The 
substrate use shift may play an important role in the pathogen-
esis of diabetic cardiomyopathy. In particular, the increased 
FFA storage in cardiac myocytes causes lipid toxicity which, 
in turn, triggers cardiomyocyte death and subsequent fibro-
sis.39 In addition, diabetes mellitus–associated elevation of 
blood glucose may induce glycosylation of certain interstitial 

proteins, which may also result in myocardial fibrosis and 
decreased ventricular compliance.40,41

In the present study, we have provided evidence that MG53 
is essentially involved in the regulation of cardiac substrate use. 
Similar to the situation of diabetic heart, the glucose uptake 
is inhibited, whereas lipid is accumulated and FFA oxidation 
is enhanced in the cardiomyocytes overexpressing MG53. In 
line with these findings, genes related to lipid metabolism are 
upregulated in response to MG53 overexpression. Most impor-
tantly, we have provided multiple lines of evidence to dem-
onstrate that MG53 can positively regulate the expression of 
a key regulator of lipid metabolism, PPAR-α, in the heart and 
in cultured cardiomyocytes. In fact, the relationship between 
upregulation of MG53 and the induction of PPAR-α is observed 
not only in MG53 h-TG hearts but also in hearts from mul-
tiple animal models with metabolic disorders, suggesting that 
MG53-induced cardiac metabolic disorders and resultant dia-
betic cardiomyopathy is mediated, in part, by upregulation of 
PPAR-α signaling. This conclusion is supported by the previous 
notion that PPAR-α overexpression in the heart, indeed, leads 
to a phenotype that mimics the cardiac symptoms caused by 
diabetes mellitus in humans, including enhanced FFA uptake 
and oxidation and suppressed glucose utilization.34

α
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E F

Figure 7. MG53 promotes palmitate uptake via enhancing the expression of peroxisome proliferation-activated receptor alpha (PPAR-α) 
and its target genes. A, mRNA levels of CD36 and FABP3 of wild-type (WT) and hearts from mice with cardiac-specific overexpression 
of MG53 (MG53 h-TG) were assayed with real-time polymerase chain reaction (PCR). B and C, In the MG53 h-TG hearts, the CD36 (B) 
and FABP3 (C) protein levels were increased as compared with their WT controls. D and E, In isolated adult and neonatal rat ventricular 
myocytes (NRVMs), CD36 (D) and FABP3 (E) mRNA levels were upregulated by adenovirus-mediated MG53 overexpression. F, Inhibition of 
the expression of MG53 with specific shRNAs decreased the mRNA levels of CD36 and FABP3. G and H, MG53 mediated palmitate uptake 
was inhibited by PPAR-α gene silencing. Scale bar in G, 20 μm. NC indicates negative control. Data are mean±SEM (*P<0.05 and **P<0.01 
vs WT control for A–C, vs Ad-GFP for panels D and E, vs scramble for F, and as indicated in H; n=3–4 for each group in all panels).
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We and others have previously shown that MG53 is involved in 
striated muscle membrane repair,14,15 and participates in ischemic 
preconditioning- and postconditioning-mediated cardiac protec-
tion.16,17 Although all the studies, to date, have concentrated on 
the cytosolic functions of MG53, its role in the nucleus remains 
elusive. It is noteworthy that several members of the TRIM fam-
ily play important roles in transcriptional regulation.42–44 For 
instance, promyelocytic leukemia can regulate PPAR-δ expres-
sion in hematopoietic stem cells.45 Some other members travel 
between the cytosol and nucleus to exert their functions.46,47

In this study, we have found that the expression of MG53 is 
markedly increased in several animal models with metabolic 
disorders, although the underlying mechanism remains elu-
sive. Candidate mechanisms may include changes in nutrients 
or genetic defects, or dysregulation of transcription factors 
or noncoding RNAs under pathological conditions. Thus, the 
regulation of MG53 expression merits further studies.

In summary, we have demonstrated, for the first time, 
that overexpression of MG53 induces, whereas its depletion 
decreases, the mRNA levels of PPAR-α and its target genes. 
Notably, the PPAR-α promoter is activated by MG53, sug-
gesting that MG53 regulates PPAR-α expression at the tran-
scriptional level. Moreover, inhibition of PPAR-α expression 
by gene silencing attenuates the MG53-induced lipid uptake 
in cardiac myocytes, indicating that the dysregulation of lipid 
metabolism induced by MG53 overexpression is PPAR-α 
dependent. Taken together, these findings have revealed a previ-
ously unappreciated nuclear function of MG53 in regulating the 
expression of PPAR-α and its target genes. Thus, under patho-
logical conditions, when MG53 expression is increased, it not 
only compromises myocardial insulin signaling, but also trig-
gers dysregulation of lipid metabolism, both of which contrib-
ute to the diabetic cardiomyopathy–like phenotypes (Figure 8).
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Clinical Perspective
Diabetic cardiomyopathy has become a major cause of heart failure. In the present study, we have demonstrated that increased 
MG53 protein level in the transgenic mouse heart results in diabetic cardiomyopathy–like phenotypes. Mechanistically, 
MG53 not only acts as an E3 ligase to target insulin receptor and insulin receptor substrate 1, resulting in insulin signaling 
deterioration, but also constitutes a positive regulator of peroxisome proliferation-activated receptor alpha and its target 
genes, leading to myocardial substrate utilization shift to free fatty acids and ultimately cardiac remodeling and dysfunction. 
Indeed, the upregulation of MG53 in the heart is consistently accompanied by an elevation of peroxisome proliferation-acti-
vated receptor alpha abundance in all of the tested metabolic disease models from mouse to nonhuman primates. These find-
ings not only reveal a novel function of MG53, but also mark the MG53–peroxisome proliferation-activated receptor alpha 
signaling pathway as a potentially important therapeutic target for the treatment of diabetes mellitus and associated diabetic 
cardiomyopathy. It awaits future studies to determine whether therapies that will correct abnormal myocardial substrate use 
in diabetes mellitus will translate to lower prevalence of heart failure or improved long-term survival.
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