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Abstract: Objective: To investigate the effects of mesenchymal stem cells on cardiac injury and heart dysfunction
induced by metabolic disorders as well as the underlying mechanisms including the expression of MG53-muscle
specific E3 ligase Mitsugumin 53 in diabetic cardiomyopathy (DCM) in rats. Methods and results: We used a high-fat
diet combined with low dose of streptozotocin administration to induce the diabetic cardiomyopathy model in rats,
and performed four infusions of adipose-derived mesenchymal stem cells (ADMSCs). Here, we found that the hyper-
glycemia and cardiac dysfunction weresignificantly alleviated in the ADMSCs treated group compared to DCM group,
as manifested by reduced blood glucose, improved systolic and diastolic heart function, inhibited interstitial fibrosis
and myocardial hypertrophy, and prevented cardiomyocytes injury. DCM rats showed a significantly increased ex-
pression of MG53, and decreased insulin receptor (IR), insulin receptor substrate 1 (IRS1), and serine phosphoryla-
tion of Akt (p-Akt), which exhibited opposite changes to the ADMSCs treated group. In vitro, we simulated cardiac
injury via 33 mmol/L glucose, used adipose-derived mesenchymal stem cells culture-medium to interfere with
primary cardiomyocytes induced by 33 mmol/L glucose. The ADMSCs-CM treated group exhibited decreased ex-
pression of MG53, increased IR, IRS1, and p-Akt protein levels, with the differences being significant. Conclusions:
Our results indicate that hyperglycemia is an independent risk factor for DCM, and MG53 plays a crucial role in the
cardiac injury in the diabetic rat model. Furthermore, ADMSCs can alleviate the cardiac injury and improve heart
dysfunction of DCM rats, involving their ability to downregulate the overexpression of MG53, and further elevate IR,
IRS1, and p-Akt protein levels, which could improve insulin sensitivity and cardiac metabolism.

Keywords: Diabetic cardiomyopathy, adipose-derived mesenchymal stem cells (ADMSCs), MG53 protein, cardiac
dysfunction

Introduction

Diabetes mellitus is a major global threat to
public health, with an estimated dramatic prev-
alence of 336 million cases expected among
the worldwide population in 2030 [1]. The main
features of diabetes include absolutely or rela-
tively insufficient secretion of insulin and insu-
lin resistance of target organs leading to a
series of metabolic disorders. These character-
istics cause hyperglycemia and dyslipidemia.
This pathophysiological change has been
regarded as an independent risk factor for dia-
betic cardiomyopathy (DCM) [2]. It has been
proposed that hyperglycemia and abnormal
lipid deposition change the cardiac structure,

which contribute to the myocardial hypertrophy
and fibrosis. Clinically, the early dysfunctional
alteration has included an abnormal ejection
fraction (EF) and diastolic dysfunction [4]. Heart
failure as a major complication of DCM, if not
properly treated, is the dominating cause of
morbidity and mortality for diabetic patients
[3].

However, the specific mechanisms of DCM are
still not well studied. It has been accepted that
insulin resistance is an additional risk factor in
the pathological changes of cardiovascular dis-
ease in type 2 diabetes [5]. Cao et al. reported
that tripartite motif protein 72 (TRIM 72), whi-
chis also defined as MG53, and specifically
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expresses in cardiomyocytes and skeleton
muscle [6], plays a critical role in the progress
of DCM in recent studies [7] via modulating
insulin signal proteins and capability of trigger-
ing insulin resistance. Recent studies have sug-
gested that transgenic mice with overexpres-
sion of MG53 develop a typical DCM [8]. Song
et al. proposed that the upregulation of MG53,
acting as an E3 ligase on the degradation of
insulin receptor (IR) and insulin receptor sub-
strates 1 (IRS1) can lead to the downregulation
of IRand IRS1, suppressing insulin signal trans-
duction and resulting in the cardiac myocytes
insulin resistance, glucose and lipid metabolic
disorders, and further leading to the cardiac
hypertrophy, fibrosis, and cardiac dysfunction.
The Sprague-Dawley (SD) rat with high-fat diet
(HFD) also increases the expression level of
MG53 and reduce the IR and IRS1 protein lev-
els similar to upregulation of MG53 [7]. These
findings indicate that the downregulation of
MG53 may be a crucial therapeutic target for
the DCM.

According to cell-based clinical trials, mesen-
chymal stem cells (MSCs) have shown a prom-
ising therapy for diabetic mellitus and DCM.
Recent studieshave shown that MSCs can
reduce the secretion of various injury cytokines
to improve the microenvironment of cardio-
myocytes [9]. MSCs primarily include bone-
marrow mesenchymal stem cells, adipose-
derived stem cells, and umbilical cord mesen-
chymal stem cells. With the multiple diffe-
rentiation potentials, modulating microenviron-
ment, and secretion of various factors, MSCs
can ameliorate hyperglycemia, relieving cardiac
dysfunction and ventricular remodeling induced
by HFD and streptozotocin (STZ) [10]. Further-
more, MSCs can improve insulin resistance via
increasing the expression of IR and IRS1 in the
diabetes rat model [11]. MG53 and MSCs have
the common targets on insulin signaling, result-
ing in reverse effects on DCM. To further under-
stand the therapeutic mechanism of MSCs and
the relationship between MG53 and insulin sig-
naling related proteins, we induced the DCM rat
model via HFD combined with low doses of STZ
administration. We then performed four infu-
sions of ADMSCs and detected the effect of
ADMSCs on the cardiac function and the pro-
tein level of MG53 to further understand why
the ADMSCs could effectively prevent DCM
from developing into heart dysfunction. This
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experiment finally provided the experimental
evidence for the clinical application of ADMSCs
in the prevention and treatment of DCM.

Materials and methods
Animals

All animals were from the PLA Experimental
Animal Center and all procedures were app-
roved by PLA Basic Research Institute and
experimented on in accordance with the proto-
cols of the committee. The study was carried
out in compliance with the Guide for the Care
and Use of Laboratory Animals, which was the
publication of National Institutes of Health.

Induction of diabetic cardiomyopathy rat

Male Sprague-Dawley (SD) rats weighting 160-
180 g were randomly divided into three groups:
@ normal group (Normal), @ DCM group, and
(3 ADMSCs treated group (DCM+ADMSCs). The
rats were fed with HFD (DCM group, ADMSCs
treated group) (40% fat, 41% carbohydrate, and
19% protein) or normal chow (Normal) diet for 4
weeks. Type 2 diabetes was induced by intra-
peritoneally injecting 20 mg/kg STZ to HFD-fed
rats at 4th, 6th, 10th week. One week after STZ
injection every time, fasting blood-glucose
(FBG) and postprandial blood-glucose (PBG)
were obtained. The successful establishment
of type 2 diabetes was determined by FBG (FBG
>16.7 mmol/L), oral glucose tolerance tests
(OGTTs) and intraperitoneal insulin tolerance
tests (IPITTs). Then all the rats were given a nor-
mal chow diet for 8 weeks and the echocardio-
graph was performed to confirm the DCM rat
model.

Cell culture

Isolation, cell culture, identification and admin-
istration of ADMSCs and primary cardiomyo-
cytes: ADMSCs were isolated from abdominal
fat located in groin. The adipose was digested
using 0.05% trypsin and 0.1% collagen | in a
shaker at 37°C for 45 minutes. The cells were
collected by centrifugation at 1000 r/min and
cultured in low glucose Dulbecco’s Modified
Eagle’'s Medium (L-DMEM) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, incubated at 37°C, 5% CO,,. After
48 h, the medium was replaced and the cell
was sub-cultured with 0.25% trypsin-EDTA.
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Passage 4 ADMSCs were used in all experi-
ments at a density of 5x108/mL, and the super-
natant was collected at -80°C. ADMSCs were
identified by flow cytometry as previously
described [12]. 2x10°% ADMSCs were suspend-
ed in 0.2 ml physiological saline for each rat
and infused through the tail vein. The ADMSCs
treated group was injected at the week after
the establishment of the DCM model and per-
formed the same infusion once a week in the
next 3 weeks. The normal group and DCM
group were infused with 0.2 ml physiological
saline. After a continuous four-infusion of
ADMSCs, tissues and blood were collected.

Isolation, culture and identification of primary
cardiomyocytes: 1-to 2-day-old Sprague-Dawley
rats were prepared for the isolation of primary
neonatal ventricular cardiomyocytes. An isolat-
ed heart removed from the atrial tissues and
blood vessels was perfused using phosphate-
buffered saline (PBS) for 3 times. The heart tis-
sue was minced in 0.08% collagenase |l for 5
minutes, discarding the supernatant fluid. The
remaining tissue then was treated with 0.08%
collagenase Il for 5 minutes following slow agi-
tation at 37°C. The supernatant fluid was
added into the DMEM medium containing 10%
fetal serum. Repeating the digestion procedure
2 times until the tissue disappeared within 30
minutes. The collected supernatant was filtered
using 200 mesh sieve and cells were harvested
by centrifugation at 1900 r/min for 8 minutes.
The cells were resuspended in DMEM with 15%
fetal serum and 1% penicillin/streptomycin for
90 min and incubated at 37°C, 5% CO, to allow
the attachment of non-cardiomyocytes. The
supernatant added into 0.1 mmol/L 5-Brdu
was re-plated in 6 well plates at a density of
5x10%/ml at 37°C in a humidified incubator
equilibrated with 95% air and 5% CO,,. The cells
were cultured in DMEM containing 15% fetal
bovine serum and 1% penicillin- streptomycin in
a humidified incubator with 5% CO, at 37°C.
Cardiomyocytes were identified by immunofluo-
rescence according to reference [13].

Determination of the effects of ADMSCs on
DCM rats

Blood glucose examination and determination
of insulin resistance: FBG and PBG were
obtained one week after ADMSCs injection
every time. Serum insulin, OGTTs and IPITTs
were detected after the completion of four
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ADMSCs infusions. The blood glucose level and
serum insulin was measured by ACCU-CHEK
Integra (Germany) and ELISA (Rat insulin ELISA
Kit, R&D) using blood from the tail vein. For
OGTTs and IPITTs, rats were fasted overnight
and orally given glucose (2 g/kg) or intraperito-
neally injected insulin (1 u/kg), and blood glu-
cose was measured every 30 minutes up to
120 minutes. HOMA-IR and HOMA-3 were cal-
culated based on the FBG and serum insulin
representing the insulin resistance.

Gross structure changes: Heart tissues were
obtained and blood was dried with filter paper.
Left interventricular inner diameter and heart
weight were measured to show changes of gen-
eral structure.

Histology staining: Heart tissues were perfused
with 4% paraformaldehyde and fixed in neutral
formalin. HE, Masson, oil O red staining were
performed according to the instructions. The
histological sections were observed under fluo-
rescent microscope.

Blood biochemical detection for cardiac injury
and remodeling: Blood was collected from tail
vein and centrifuged at 3000 r/min for 20 min
to extract the serum. 100 ul serum were applied
to determine the levels of AST, LDH, CK, TnT,
BNP using Cobas 8000 (made in German).

Echocardiography evaluation for heart func-
tion: Echocardiography was performed after
the forth infusion of ADMSCs. Animals were
lightly anesthetized with inhaled isoflurane (1%)
during the whole procedure in a supine posi-
tion. Transthoracic echocardiography was
equipped with a 40-MHz mechanical transduc-
tor (Vevo77, Visual Sonics). The M mode of the
parasternal long and short-axis scans at both
the papillary muscle and apex levels were used
to access the LV systolic function. LVID-S and
LVID-D, representing the LV inner end-systolic
and end-diastolic diameter, respectively. Left
ventricular posterior wall at diastole (LVWP-D)
indicate the changes of cardiac remodeling.
Left ventricular ejection fraction (EF) and frac-
tional shortening (FS) express the heart ejec-
tion and fractional shortening. Doppler mea-
surements of apical four chamber images of LV
were obtained and maximal early (E) and late
(A) transmitral velocities were tested to assess
diastolic function.
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Table 1. Myocardial cell surface and pulse
frequency (mean + SEM)

Group (n=15) Cell surface Pulse frequency

(cm?) (times/min)
Normal 18.63+0.61 89.6+4.39
HG 39.85+0.78" 57.8+7.86™

HG+ADMSCs-CM 25.46+0.80%  76.4+2.97#
“*P<0.01, vs normal group; #P<0.01, vs HG group.

Determination of the effects of ADMSCs-CM
on the cardiomyocytes injury in vitro induced
by high glucose

Neonatal SD rats were prepared for the isola-
tion of primary cardiomyocytes and cells were
divided into three groups randomly: O normal
group (Normal) (25 mM glucose 72 h); @ high
glucose group (HG) (33 Mm glucose 72 h); ®
high glucose and ADMSCs-CM (HG+ADMSCs-
CM) group (33 mM glucose+ADMSCs-CM 2
mL). The morphology and cell surface of cardio-
myocytes were observed under phase contrast
microscope. The mRNA level of ANP, BNP and
B-MHC was tested by real-time PCR to deter-
mine the degree of myocardial hypertrophy. On
the basis of three, establishing ADMSCs-CM
gradient groups (2 mL, 1 mL, 0.5 mL, 0.25 mL)
for the next research. The protein level of
MG53, IR, IRS1 and p-Akt were examined by
Western blot.

Immunofiluorescence for MG53 and cardiac
Troponin

The tissues and cells were ice-colded with 4%
paraformaldehyde for 15 min, and washed with
PBS for 15 min. The tissues and cells were
incubated with anti-cardiac Troponin (cells
1:400, tissues 1:200) and anti- TRIM72 (MG53,
1:60) at 4°C overnight, washed 2 times with
PBS, incubated with secondary antibody
(1:200) for 1 h at 37°C, washed 2 times with
PBS, incubated with DAPI (1:3000) for 5 min
and observed using phase contrast micros-
cope.

Western blot analysis for MG53, IR, IRS1 and
p-Akt

Ventricular tissue and cardiomyocyteswere
lysed with RIPA buffer. The protein concentra-
tion of each extraction was measured using the
BCA method. Equal quantities containing 100
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pg of protein from each tissue lysate were sep-
arated by 10% SDS-PAGE and transferred to
PVDF membranes. The membranes were blo-
cked with 4% skim milk for 90 min, incubated
with primary antibodies (MG53 1:500, IR 1:
5000, IRS1 1:500, p-Akt 1:7000, t-Akt 1:1000)
overnight at 4°C, washed with TBS-T buffer for
3 times (10 mM Tris-HCI, pH 7.4, 150 mM NaCl,
0.05% Tween 20), and incubated with each sec-
ondary antibody for 90 min at 37°C. The pro-
teins were visualized using enhanced chemilu-
minescence. The protein grey analyses were
performed by Image Plos.

Real-time PCR examination for ANP, BNP and
B-MHC

Total RNA was isolated with Trizol reagent
(Invitrogen) and 4 ul was reverse-transcribed
into cDNA using ReverTra Ace gPCR RT Master
Mix Kit with gDNA Remover (Torobo). The pro-
cess was operated as introduction. (PCR; Ste-
pone Plus Real-Time PCR System, Applied Bio-
systems). Relative mRNA levels were calculated
by controllingthe GAPDH level. The primers

used are listed in Supplementary Table 1.

Statistical analysis

All numerical data are presented as means +
SEM. One-Way ANOVE and Repeated Measures
were used to compare the variation among mul-
tiple groups. SNK method was adopted to com-
pare the variation between every two groups.
Spearman correlation was used to correlation
analysis. P<0.05 was considered statistically
significant. Numerical data were calculated and
analyzed using SPS 17.0 (SPSS Inc., Chicago,
I, USA).

Results
Successful establishment of DCM rat model

Success of the fat-fed, STZinduced DM rat
model was confirmed by conducting blood glu-
cose tests, OGTTs, and IPITTs, respectively.
After three injections of STZ combined with
HFD, the FBG and PBG in the DCM group
increased to fourfold that of the normal group
(Supplementary Figure 1A, 1B). For the DCM
group, OGTTs showed that during O min to 120
min, the blood glucose maintained a high level
compared to the normal group. IPITTs revealed
that at 120 min, the percentage of blood glu-
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centage of blood glucose was
lower than DCM group but still

\ higher than 50% at 120 min

STz STz sTZ
HF, D l l l Normal Chow 4 Infusions
r 1 » 1
1 1 | | | | I X
! & ° L “ 18 22 week

Figure 1. The whole procedure of establishment of DCM rat model and infu-

sions of ADMSCs.

cose was still higher than 50% (Supplementary
Figure 1C and 1D). The DCM rat model was con-
firmed by echocardiography, suggesting that
both diastolic and systolic functions were
impaired in the model group (Supplementary
Figure 2A-D). DCM group showed a significant
decrease in LVWP-D, EF, as well as FS, while a
significant increase in LVID-D and LVID-S com-
pared to the normal group. Hemodynamic of
transmitral studies suggested that there were
statistically significant decrease in the param-
eters of E between the two groups meanwhile a
significant increase in A.After the success of
the DCM, the FBG and PBG in the DCM group
with a lower weight increased to fivefold than
that of the control group (Figure 2A, 2B). The
entire procedure is represented below (Figure
1).

The effect of ADMSCs on blood glucose and
insulin resistance

To determine the effect of infused ADMSCs on
hyperglycemia, we carried out a continuous
four-injection of ADMSCs in DCM rats in total.
ADMSCs we used in our experiment were
obtained as previously described, and their
characteristics were tested by flow cytometry
(Supplementary Figure 4A) andmultiple differ-
entiation potentials into adipocytes and osteo-
blasts (Supplementary Figure 4B). After the
first infusion of ADMSCs, the blood glucose
level showed a mild decrease in ADMSCs treat-
ed group. After the second and third injection,
the fasting blood-glucose and postprandial
blood-glucose level showed a dramatic decre-
ase, and after the forth infusion, the blood glu-
cose is almost back to normal in DCM treated
group, while the DCM group showed persistent
hyperglycemia (Figure 2A and 2B). In ADMSCs
treated group, OGTTs showed that during Omin
to 120 min, the blood glucose level was lower
than DCM group, reaching a peak value at
30min, almost returning back to normal at 120
min (Figure 2C). IPITTs revealed that the per-
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(Figure 2D). Additionally, the
improvement of glucose me-
tabolism was also determined
by a decreased HOMA-IR
index value and an increased
HOMA-B index value in the
ADMSCs treated group compared to DCM group
(Figure 2E-G). These results suggested that
ADMSCs infusion ameliorated hyperglycemia
and improved insulin resistance in DCM rats.

The effect of ADMSCs on cardiomyocytes
remodeling and injury

To determine the effect of ADMSCs on the path-
ological changes and cardiac injury, we collect-
ed the heart tissue and blood after the forth
infusion of ADMSCs. At 10 weeks of HFD diet,
the body weight of every group was not signifi-
cantly different. However, the body weight of
DCM group showed a significant decrease at
22 weeks after the three times infusion of STZ
(Figure 2H). The interventricular inner diameter
and the ratio of heart weight to body weight of
DCM group were overtly enlarged combined
with significant high level of BNP (brain natri-
uretic peptide) in blood respectively, compared
with normal group, while these were significant-
ly decrease in ADMSCs treated group (Figure
3A-E). The DCM group showed significant myo-
cardial lipid accumulation and stromal fibrosis
evidenced by oil o red and Massonstaining; the
situation was improved in ADMSCs treated
group (Figure 3F-H). In addition, the analysis of
blood AST, LDH, CK, TnT, revealed higher secre-
tion in DCM group, together with lower secre-
tion in ADMSCs treated group (Figure 4A-C).
The results above showed that ADMSCs infu-
sion inhibited cardiac interstitial fibrosis, hyper-
trophy, injury, which could contribute to the
improvement of cardiomyocytes remodeling in
DCM rats.

The effect of ADMSCs on heart dysfunction

To determine the effect of infused ADMSCs on
heart function, we performed echocardiogra-
phy after the fourth infusion of ADMSCs. After
the fourth infusion of ADMSCs, significant
improvement was seen in LVWP-D, EF and FS
between the treated group and DCM group.

Int J Clin Exp Pathol 2017;10(4):4009-4022
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Figure 2. Infusion of ADMSCs ameliorate hyperglycemia in DCM rats. (A and B) The fastening blood glucose and
postprandial blood-glucose levels were determined by a glucometer. (C and D) Individual glucose tolerance was
determined by OGTTs, and individual insulin tolerance was assessed by IPITTs. (E) Serum insulin. (F) Insulin resis-
tance was evaluated by HOMA-IR index (FBG [in mmol/L]*FINS [in units/L])/22.5). (G) The function of B-cells was
estimated by HOMA-B (20*FINS [in units/L])/(FBG [in mmol/L]-3.5). (H) The body weight of rats in each group during
the whole procedure. Data in (A-H) are means + SEM, n=8 for each group, *P<0.05, **P<0.01.

Moreover, a significant decrease occurred in
LVID-D and LVID-S, and the diastolic function
also significantly was improved between these
two groups, as verified by increased E/A (Figure
5D-G). These results indicated that ADMSCs
infusion improves the heart dysfunction in DCM
rats.

The effect of ADMSCs on the expression of
MG53, IR, IRS1, p-Akt

To determine the pathways relevant to ADMSCs
ameliorating DCM injury, we examined the
expression of MG53 and insulin signaling pro-
teins. Immunofluorescence for MG53 show sig-
nificantly higher number in DCM group com-
paredtothatin normal group while the decrease
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in ADMSCs treated group (Figure 6A-C).
Western blot for the expression of MG53, IR,
IRS1 and p-Akt in every group showed that the
expression of MG53 was significantly upregu-
lated accompanied by IR, IRS1, p-Akt downreg-
ulated in DCM group and ADMSCs treated
group showed the opposite changes (Figure 6D
and 6E).

To obtain mechanistic insight in a defined in
vitro setting, we establish the DCM myocardial
injury in vitro. The identification of cardiomyo-
cytes were tested by immunofluorescence of
cardiac troponin (Supplementary Figure 3A and
3B). We use 33 mmol/L glucose stimulates the
cultured ventricular myocytes. The pulse fre-
quency of cardiomyocytes was significantly

Int J Clin Exp Pathol 2017;10(4):4009-4022
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Figure 3. Morphology changes after ADMSCs infusion relative to DCM group. (A and B) Representative heart speci-
mens and shorter axes of the heart showing left ventricular dimensions and wall thickness (1: normal group, 2: DCM
group, 3: DCM+ADMSCs group). (C and D) The left ventricular diameter and the ratio of heart weight to body weight.
(E) BNP in each group. (F) HE staining showed the tissue injury degree of heart. (G) Oil red O staining indicated
triglyceride deposition in heart. (H) Masson staining revealed the heart fibrosis. (1: normal group, 2: DCM group,
3: DCM+ADMSCs group). Scale bar in (F-H) 50 um. Data in (C-E) are mean + SEM, n=5-8 for each group, *P<0.05,
P<0.01.
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Figure 5. Infusions of ADMSCs improve the heart dysfunction. (A-C) Echocardiographic representative images of
left ventricular (A: Normal group, B: DCM group, C: DCM+ADMSCs group). (D-G) Ultrasound indexes showing cardiac
systolic and diastolic dysfunction. Data in (D-G) are means + SEM, n=5-8 for each group, “"P<0.05, "*P<0.01.

decreased (Table 1), while the myocardial cell quency was significantly increased, while the
surface and mRNA level of BNP, ANP, 3-MHC myocardial cell surface and mRNA level of
were significantly increased in HG group (Figure BNP, ANP, B-MHC were significantly decreased
7A-C). In HG+ADMSCs-CM group, the pulse fre- (Figure 7D-F).
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Figure 7. The morphology changes of cardiomyopathy induced by high glucose. (A-C) The morphology was tested un-
der phase contrast microscope for each group. (D-F) The mRNA level of BNP, ANP, and B-MHC for each group. Scale
bar in (A-C) 200 um. Data in (D-F) are mean + SEM, n=9 for each group, "P<0.05, **P<0.01.

After the successful establishment of myocar-
dial injury in vitro, we use ADMSCs-CM gradient
volume (2 ml, 1 ml, 0.5 ml, 0.25 ml) to interfer
with the cardiomyocytes stimulated by high glu-
cose. The expression of MG53 has been signifi-
cantly suppressed with the increase volume of
ADMSCs-CM, while, IR, IRS1 and p-Akt were all
completely upregulated. The expression of
MG53 was negatively correlated with IR, IRS1
and p-Akt (r=-0.94,-0.75, -0.84) (Figure 8A and
8B).

Discussion

Diabetic cardiomyopathy was first described in
1972 as a heart failure with cardiac remodeling
and dysfunction and in the absence of hyper-
tension, coronary artery disease, and valvar or
congenital heart disease [14]. Metabolic disor-
ders changed the cardiac structure and func-
tion by increasing myocardial fibrosis, oxidative
stress, inflammation and apoptotic cell death,
impairing mitochondrial respiratory capacity
and Ca?* handling, and altering cardiac insulin
signaling, which contributed to the develop-
ment of DCM [15]. MG53 was originally defined
as a protective factor of membrane repair and
cardiac ischemia-reperfusion injury [16, 17].
However recent studies showed that overex-
pression of MG53 in cardiomyocytes could be
sufficient to trigger DCM involving downregula-
tion of IR, IRS1, p-Akt and upregulation of per-

4018

oxisome proliferation-activated receptor, which
could lead to cardiac metabolic disorders rep-
resenting the cardiac hypertrophy and lipid tox-
icity [8]. The rat with HFD was more easily sub-
jected to the high level of MG53, which was
necessary to trigger hyperglycemia and insulin
resistance. These phenotypes were not found
in MG537 mice [7]. A number of recent studies
and clinical trialshave indicated that transplant-
ed bone marrow mesenchymal stem cells could
reduce glucose levels [18-20], which have been
conducted to Il clinical trials, and ameliorate rat
cardiac function with DCM [21]. The underlying
mechanism was mainly considered to be that
MSCs could regulate the cardiac inflammation
via paracrine and upregulation of insulin recep-
tor and IRS1 to improve the insulin resistance,
which show the reverse effect of MG53.
However, the relationship between MSCs and
the expression of MG53 remained indistinctly
understood. Our study was aimed at exploring
the effect of adipose-derived mesenchymal
stem cells on heart function and its underlying
mechanism.

Our study first established rat model of DCM via
HFD combined with STZ administration. Key
characteristics of DCM are hyperglycemia, insu-
lin resistance and heart dysfunction. Given the
important role of hyperglycemia and insulin
resistance on the pathogenesis of DCM, we
evaluated the possible effects of MSCs on DCM

Int J Clin Exp Pathol 2017;10(4):4009-4022
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rat glucose level. The results of blood glucose
levels, OGTTs and IPITTs indicated that glucose
metabolism and insulin sensitivity were signifi-
cantly improved after the infusion of ADMSCs.
Consistent with the previous findings [7, 8], our
study demonstrated that MSCs treatment
could reduce hyperglycemia, and improve insu-
lin sensitivity and the function of B-cells. We
observed that a single infusion of MSCs would
not efficiently reduce the blood glucose com-
pared to the four continuous infusions. These
findings demonstrated that MSCs could amelio-
rate hyperglycemia and modulate the insulin
sensitivity, especially with the use of continu-
ous infusions.
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IR protein level(/pactin)

It has been accepted that BNP is an indicator of
heart failure representing the cardiac remodel-
ing and AST, TnT, LDH and CK are the biomark-
ers of cardiac injury representing the hypergly-
cemia effect on the cardiomyopathy [23]. Our
study showed that DCM rats possessed severe
cardiomyocytes remodeling and injury as veri-
fied by increased interventricular inner diame-
ter, the ratio of heart weight to body weight,
BNP level, cardiac injury cytokines, cardiac
hypertrophy and interstitial fibrosis. In addition,
echocardiography results indicatedthat the
heart function of DCM rats was impaired signifi-
cantly. These results provided evidence that
the mainly pathological changes of DCM includ-
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ed cardiac interstitial fibrosis and hypertrophy,
which were sufficient to trigger cardiac injury,
further leading to the cardiac remodeling and
heart dysfunction.

Because the main pathological changes of
DCM include cardiac hypertrophy and stromal
fibrosis, we further examined the effect of
MSCs transplantation on cardiomyocytes phe-
notype changes and injury induced by DCM.
Our histological findings suggested that MSCs
could relieve cardiac hypertrophy and stromal
fibrosis. After the four infusions of ADMSCs, the
interventricular inner diameter, the ratio of
heart weight to body weight and echocardiogra-
phy indexes of cardiac diastolic and systolic
function were significantly improved as previ-
ously reported [24]. Meanwhile, we found a
decrease in BNP, AST, TnT, LDH and CK after
transplantation of ADMSCS, which suggested
that MSCs could improve DCM heart function
and prevent cardiac remodeling. These findings
demonstrated that MSCs could improve cardio-
myocytes remodeling and heart function via
inhibiting cardiac hypertrophy interstitial fibro-
sis, and injury in DCM rats.

Based on the crucial role of MG53 in the prog-
ress of DCM mentioned above, we examined
the expression of MG53 and insulin signal pro-
teins to explore the mechanism of MSCs work-
ing on diabetic cardiomyopathy. Insulin signal-
ing pathway is one of the major pathways
regulating cellular energy metabolism [24, 25]
and induction of insulin resistance may be a
key factor in metabolic derangement subjected
to MG53 overexpression in hearts [7]. Upon
insulin stimulation, IR and IRS1 are the pivotal
factors which, in turn, activates phosphoryla-
tion of Akt to regulate the glucose homeostasis
[26]. Our study showed that a HFD diet com-
bined with STZ administration elevated MG53
expression level and simultaneously downregu-
lated insulin receptor, IRS1 and p-Akt levels. On
the contrary, MSCs could downregulate the
high expression of MG53, and then upregulate
the above protein levels. MG53 overexpression
impaired insulin signaling in cardiomyocytes,
which could lead to DCM, while MSCs are suffi-
cient to suppress the overexpression of MG53
and further improve the insulin resistance.

To further investigate the relationship between
MSCs and MG53, we conducted experiments in
vitro. It has been reported that MSCs could
secrete various cytokines to improve the micro-
environment [27]. MSCs-CM as a kind of condi-
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tioned medium contained a variety of cell fac-
tors and has a therapeutic effect on tissue
damage even in the absence of MSCs without
considering its immunological rejection. Sun et
al. proposed that MSCs-CM could upregulate
the protein level of IR and IRS1 similar to MSCs
to improve insulin sensitivity [28]. We success-
fully induced the diabetic myocardial injury
through 33 mmol/L high glucose, which was
evidenced by increasing cell surface and high
MRNA level of ANP, BNP and B-MHC. In addi-
tion, we observed that MSCs-CM could relieve
this injury. When given ADMSCs-CM gradient
intervention, the expression of MG53 was sup-
pressed, while, IR, IRS1 and p-Akt were all com-
pletely upregulated in a dose-dependent man-
ner. The expression of MG53 was negatively
correlated with IR, IRS1 and p-Akt. These resu-
Its suggested that high glucose could simulate
cardiac injury in vitro, which was an indepen-
dent risk factor for DCM similar to hyperglyce-
mia. MSCs-CM could alleviate cardiomyocytes
injury induced by high glucose by downregulat-
ing the overexpression of MG53, thus elevating
IR, IRS1 and p-Akt protein levels. Our study use
MSCs-CM to dispose the injured cardiomyo-
cytes, which further indicated that MSCs could
ameliorate cardiac injury induced by high glu-
cose through paracrine effects, but the under-
lying mechanism was unknown.

In summary, our study demonstrated that
hyperglycemia was an additional risk factor for
DCM, and MG53 played a crucial role in the car-
diac injury in a DCM rat model. Importantly,
ADMSCs could alleviate the cardiac injury and
improve heart dysfunction of DCM rats, involv-
ing their ability to downregulate the overexpres-
sion of MG53, further elevate IR, IRS1 and
p-Akt protein levels, which could improve insu-
lin sensitivity and cardiac metabolism.
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Supplementary Table 1. Primers of proteins

for mRNA

Genes Primers (5-3")

MG53 F-CGAGCAGGACCGCACACTT
R-CCAGGAACATCCGCATCTT

ANP F-CTCCGATAGATCTGCCCTCTTGAA’
R-GGTACCGGAAGCTGTTGCAGCCTA
BNP F-TTGGGCAGAAGATAGACCGGAT

R-GGTCTTCCTAAAACAACCTCA
B-MHC F-AACCTGTCCAAGTTCCGCAAGGTG

R-GAGCTGGGTAGCACAAGAGCTACT
GAPDH F-GACATCAAGAAGGTGGTGAAGC

R-TGTCATTGAGAGCAATGCCAGC
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Supplementary Figure 1. Identification of diabetic rat model. (A and B) We monitored fastening and postprandial
blood glucose before and after every administration of STZ. (C and D) At the 11th week, IPGTTs and IPITTs were
performed. Data in (A-D) are mean + SEM, n=8 for each group; "P<0.05, ""P<0.01.
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Supplementary Figure 2. Identification of diabetic cardiomyopathy rat model. (A-D) At the 18th week after the induc-
tion of DCM rat model, we performed echocardiography. Representative echocardiographic indexes showing cardiac
dysfunction. Data in (A-D) are means + SEM, n=5-8 for each group, "P<0.05, "*P<0.01.

Supplementary Figure 3. Identification of cardiomyocytes. (A) Normal cultured cardiomyocytes. (B) Immunofluo-
rescence for cardiomyocytes. Cardiac troponin was characterized by red fluorescence. Scale bar in (A, B) 100 um.
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Supplementary Figure 4. Identification of adipose-derived mesenchymal stem cells. (A) Normal cultured ADMSCs.
(B) Immunologic phenotypes of ADMSCs. (A) ADMSCs used in our experiments were stained with CD90-APC, CD29-
APC, CD45-PE, CD31-PE, then were analyzed by flow cytometry. (Ba) Normal cultured ADMSCs. (Bb) Adipocytes dif-
ferentiation were stained by Oil red O staining. (Bc) Osteoblasts differentiation were stained by erythroskyrine. Scale
bar in (B) 200 ym. Data are representative of three independent experiments.



