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Original Article 
Transplanted bone marrow mesenchymal stem cells 
protects myocardium by regulating 14-3-3 protein  
in a rat model of diabetic cardiomyopathy
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Abstract: Objective: This study examined the mechanism of bone marrow mesenchymal stem cells (BMSCs) up-reg-
ulating the expression of 14-3-3 protein, blocking the myocardial apoptosis in diabetic cardiomyopathy and thereby 
improving cardiac function. Methods and Results: (1) Rat model of diabetic cardiomyopathy was made by feeding 
rats with high fat/high sugar diet and intraperitoneal injection of small dose of streptozocin (STZ). The model was 
successfully established as confirmed by the detection of blood sugar, lipid profile, ultrasonographic and hemody-
namic examinations. (2) Bone marrow (BM) liquid was taken from the rat femur and tibia bones. The BMSCs were 
obtained by culture and were confirmed by phase-contrast microscopy and flow cytometry. The BMSCs were trans-
planted into the rats and fluorescent microscopy showed that transplantation was successful. (3) TUNNEL, Western 
blotting revealed that in rats of DCM group, myocardial apoptosis was more severe and expression of capase-3 
was significantly up-regulated while in rats receiving transplantation of BMSCs showed opposite changes, with the 
differences being statistically significant (P < 0.05). (4) Western blotting exhibited that, compared with DCM group, 
14-3-3 and p-Ask1 protein was significantly increased while Ask1 was obviously decreased. Conclusion: Our findings 
suggested that transplantation of bone marrow mesenchymal stem cells could inhibit the myocardial apoptosis in 
diabetic cardiomyopathy, possibly by up-regulating the expression of 14-3-3 protein and inhibiting the phosphoryla-
tion of Ask1.
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Introduction

In 1974, Hamby et al [1], for the first time, pro-
posed diabetic cardiomyopathy (DCM) as a 
separate disease entity. This condition is char-
acterized by disordered microcirculation of car-
diac muscles, apoptosis and necrosis of myo-
cardial cells and progressive interstitial fibrosis, 
which eventually lead to aberrant perfusion of 
heart muscles [2]. The development and pro-
gression of DCM are believed to be associated 
with hyperglycemia, insulin resistance, abnor-
mal metabolism of fatty acids, impaired auto-
nomic nerve system of heart [3]. Clinically, the 
early signs of DCM included heart failure with 
normal ejection fraction (EF), which is possibly 
followed by impaired systolic function, as mani-
fested by heart failure with reduced EF, and 
poor prognosis. In the pathogenesis of DCM, 
cardiac remodeling plays a critical role [4, 5].

Bone marrow mesenchymal stem cells (BMSCs) 
are a kind of pluripotent stem cells and can dif-
ferentiate into myocardial cells and vascular 
endothelial cells. In the process of the differen-
tiation, the stems cells secrete vascular endo-
thelial growth factor (VEGF) and factors that 
promote angiogenesis and inhibit apoptosis, 
thereby enhancing myocardial contractility, 
reducing hypertrophy of myocardial cells, inhib-
iting the synthesis of extracellualr matrix, miti-
gating matrix remodeling, promoting the forma-
tion of capillaries and proliferation of exiting 
vascular system and eventually inhibiting ven-
tricular remodeling and improving cardiac func-
tions [6].

Apoptosis is a programmed cell death, which is 
believed to be a gene-controlled autonomic 
death [7]. Hyperglycemia-induced apoptosis of 
myocardial cells is, at least, partially mediated 
by activating caspase pathway.
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It has been well established that caspase plays 
an essential role in the apoptosis. Caspase 
family includes a series of proteolytic enzymes 
[8, 9]. Caspase-3 is an important member of 
caspase family and is capapble of degrade cel-
lular protein and serves as an executor of apop-
tosis. It is currently believed that caspase is the 
common pathway of all apoptosis signals. 
Caspase-3 takes the center stage, i.e., caspas-
es-3 is activated by its upstream signals, then 
the activated caspase-3 further works on its 
substrates and triggers the caspase cascade, 
which and eventually leads to apoptosis [10, 
11].

Recently, it has been confirmed that 14-3-3 
protein possesses the anti-apoptotic effect 
[12]. In 1967, Moore and Perez, for the first 
time, found a soluble acidic heterogeneous 
dimmer protein (molecular weight: 30 KD) and 
named it 14-3-3 on the basis of its positions 
during eletrophoresis. 14-3-3 proteins are a 
kind of highly conserved proteins and are 
involved in the regulation of cellular apoptosis, 
adhesion, proliferation and signal transduction 
[13, 14]. Recent studies showed that 14-3-3 
proteins have anti-apoptotic and anti-fibrotic 
effects on muscular muscles and can protect 
cardiac functions [15-17]. Thandavarayan et al 
[18], used dominant negative 14-3-3η mutant 
(DN14-3-3η) to induced experimental diabetics 
mellitus in transgenic mice (transgenic DN 
14-3-3η mice) and found that, in transgenic 
DN14-3-3η mice, Ask1 activity was increased 
and cardiac function was evidently impaired, 
with myocardial cells suffering from apoptosis 
and cardiac muscles experiencing hypertrophy 
and fibrosis. Ask1 is an important signal-regu-
lating protein when myocardial cells go through 
apoptosis during diabetes mellitus and belongs 
to the family of mitogen-activated protein 
kinases (MAPKs), which are located upstream 
of JNK and p38 in the MAPK pathway. After 
activation, Ask1 activates JNK and p38 to 
induce apoptosis. Current studies revealed that 
14-3-3 protein is an important regulator of 
Ask1 activity. In a model of diabetics mellitus, 
14-3-3 was believed to bind to phosphorylated 
serine-967 of ASK1 [19]. Li et al found that 
binding between 14-3-3 protein and Ask1 could 
protect the c-terminal of Ask1 kinase, thereby 
inhibiting the de-phosphorylation of Ask1 and, 
as a result, restricting its activity and blocking 
myocardial apoptosis. It is generally believed 
that p-Ask1 is the non-activated form of Ask1 

and binding of 14-3-3 with Ask1 by phosphory-
lation limits the activity of Ask1 [20, 21].

It was reported that bone marrow mesenchy-
mal stem cells could inhibit the myocardial 
apoptosis during diabetes mellitus by regulat-
ing 14-3-3 and elevated 14-3-3 protein can 
retard the progression of diabetic cardiomyopa-
thy via ask1 signal regulation and ameliorate 
hyperglycemia-induced dysfunction of left ven-
tricle [22-24].

Since diabetic cardiomyopathy is intimately 
associated with myocardial fibrosis and apop-
tosis [25, 26], this study examined the effect of 
transplanted bone marrow mesenchymal stem 
cells on the apoptosis of myocardial cells in dia-
betic cardiomyopathy and explored the possi-
ble molecular mechanism.

Materials and methods

Animals

Male SD rats of 7-8 weeks old, weighing 160-
180 g were procured from the Center of 
Experimental Animals, Tongji Medical College, 
Huazhong University of Science and Technology, 
Wuhan, China (Permit No. SCXK [E] 2010-
0009). The animals were kept in the center and 
raised by following two guidelines: Guide for the 
Care and Use of Laboratory Animals formulated 
by NIH, USA and the Guideline for the 
Management of Experimental Animals intro-
duced by the Administration Bureau of Science 
and Technology of Hubei Province, China.

Experimental design

The rat model of diabetic cardiomyopathy was 
first established. Newly purchased rats were 
randomly divided into two groups: a control 
group and a model group. Rats in the model 
group were raised by following the method for 
making model of diabetic cardiomyopathy [27]. 
Rats in the controls group were routinely fed 
with conventional feed for 12 weeks.

To examine the effect of hematopoietic stem 
cells on rat model of diabetic cardiomyopathy, 
we set up three groups: MS group, DCM group 
and PBS group. In MSC group, model rats were 
injected with bone marrow mesenchymal stem 
cells at 5×105/rat via tail vein four times over a 
period of four weeks (1 time per week). In DCM 
group, model rats were given PBS via tail vein 
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four times (1 time per week). Rats in PBS group 
were raised with average chow for 12 weeks 
and then administered PBS through tail vein 
four times (1 time per week).

Establishment of diabetic cardiomyopathy 
model

SD rats of 7-8 weeks old, weighing 160-180 g 
were fed with high-fat/high sugar diet and 
streptozocin (STZ) was intraperitoneally inject-
ed in the 2nd, 4th and 6th weeks at a dosage of 
20 mg/kg. Success of model establishment 
was assessed on the basis of blood sugar, lipid 
profile and amount of urine at the 8th week. 
After feeding for another four weeks, the suc-
cess of the model making was further evaluat-
ed on the basis of ultrosonographic and hemo-
dynamic findings and EF.

Ultrasonographic evaluation of cardiac assess-
ment

LVDD, LVPW, LVFS, IVSD, which reflect the dia-
stolic function of heart, and EF, indicative of 
systolic function, were ultrasonographically 
detected. Especially, we used ketamine in com-
bination with xylazine (100 mg:40 mg/1000 g) 
to control the heart rate in the range of 180-
250 beats/minute.

Hemodynamic detection

Rats were anesthetized with 3% pentobarbital 
sodium at 30 mg/kg by intraperitoneal injec-
tion. The right common carotid artery (CCA) was 
isolated and ligated with silk thread at distal 
end (from heart) and the proximal end was 
clipped with an arterial clip. A small opening 

Figure 1. Assessment of the model of diabetes mellitus. Before model establishment (0W), there were no siginifi-
cant differences in blood sugar (FBG, HbAIc) and blood lipids (TCH, TG) between the two groups. At the end of the 
8th week, blood sugar (FBG, HbAIc) and blood lipids (TCH, TG) were all significantly higher in model group than in 
control group (P < 0.001).
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was made on the artery and a micro-cannula 
was inserted into the opening. Then the clip 
was released to introduce a lead wire into left 
ventricle via CCA. The other end of the lead wire 
was interfaced with a MPA-2000 polygraph sys-
tem to record LVSP, LVEDV, and ± LVdp/dtmax.

Cardiac index

The rat hearts were removed of the muscles of 
atria and right ventricle. The remaining left ven-
tricular muscles were dried with filter paper and 
weighed. The cardiac index was the ratio 
between the weight of left ventricular muscles 
(VW) and body weight (BW) and ratio (VW/BW) 
was used for the quantitative evaluation of car-
diac hypertrophy.

Collection and transplantation of bone marrow 
mesenchymal stem cells

SD rats were sacrificed by decapitation and 
femoral and tibia bones were aseptically taken 
for harvesting bone marrow. Ficoll-Paque den-
sity gradient was employed for isolation of 
mononuclear cells. The cells were cultured and 
passaged. The cells of the 3rd to 4th passages 
were used for transplantation. The cells were 

observed under phase-contrast microscope 
and flow cytometrically analyzed.

Flow cytometry

The rat bone marrow mesenchymal stem cells 
of the 3rd to 4th passages were examined for 
markers of cell-surface molecules, including 
CD44 and CD34.

Pathological examination of cardiac muscles

The samples were Masson-Goldner trichrome 
stained to observe the pathological changes of 
cardiac muscles after MMSC transplantation, 
cardiac fibrosis in particular. TUNEL staining 
(Roch kit, Catalog No. 11684817910) was 
employed for observing myocardiac apoptosis.

Detection of expression of 14-3-3 protein, 
Ask1 and p-Ask-1 in myocardiac tissues

The antibody against 14-3-3 recognized all sub-
types of 14-3-3 protein. Pan 14-3-3 antibody 
was bought from Santa Cruz (Batch No. sc-629; 
concentration: 1:1000). Caspase-3 antibody 
was from Abcam Co. (Batch No. 3764; concen-
tration: 1:1000) and could target the active 

Figure 2. Identification of bone marrow mesenchymal stem cells and differentiation to vessels. After rats were 
raised with high sugar/high lipid chow for another 4 weeks, ultrasonographic examination showed there were sig-
nificant differences in LVDD, LVPW, LVFS, IVSD and EF between model group and controls (A, B) suggesting that the 
cardiac muscles in the model group became hypertrophic and both diastolic and systolic functions were impaired in 
the model group. Hemodynamic tests exhibited that there were significant differences in LVSP, LVEDV and ± LVdp/
dtmax between the two groups (P < 0.05), suggesting that the cardiac functions in model group was impaired (D, E, 
F). The cardiac index was significantly higher in the model group than that in controls (P < 0.01) (C).
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segment of Caspase-3. Caspase-3 was from 
Abcam Company (Batch No. Ab4051, size of 
active segment: 17 kDa, Concentration: 
1:1000). Phospho-ASK1 antibody was pur-
chased from Cell Signalling Co. and was able to 
specifically recognize the Ser967 phosphoryla-
tion site (Batch No. 3764; concentration: 
1:1000).

Slow virus infection

The rat bone marrow mesenchymal stem cells 
of the 3rd to 4th passages were used for the test. 
Three days before the transplantation, the cells 
were infected green fluorescent protein (GFP)-
tagged slow virus (Shanghai GeneChem Co., 
Ltd., China; MOI = 100). GFP expression was 
confirmed under a fluorescent microscope 
before the transplantation.

Statistical analysis

The data were statistically analyzed by using 
the SPSS software package (Ver. 17.0). ANO- 

lipid chow for another 4 weeks, ultrasonograph-
ic examination showed there existed significa- 
nt differences in LVDD, LVPW, LVFS, IVSD (the 
measures of heart diastolic function) and EF 
(an indicator of systolic function) between mo- 
del group and controls (Figure 2A, 2B) suggest-
ing that the cardiac muscles in the model group 
became hypertrophic and both diastolic and 
systolic functions were impaired in the model 
group.

Hemodynamic tests exhibited that there were 
significant differences in LVSP, LVEDV and ± 
LVdp/dtmax between the two groups (P < 0.05), 
suggesting that the cardiac functions in model 
group was impaired (Figure 2D-F).

The cardiac index was significantly higher in the 
model group than that in controls (P < 0.01) 
(Figure 2C).

On the basis of aforementioned findings, we 
were led to conclude the model of diabetic car-

Figure 3. Identification of bone marrow mesenchymal stem cells and differentia-
tion to vessels. Cultured primary bone marrow mesenchymal stem cells attached 
to the walls and became spindle-shaped, some assuming polygonal pattern, and 
grew in clusters. Single cells were occasionally observed. At day 5, obvious colonies 
formed, and at day 10 almost all cells attached to the walls, being flat and narrow 
and assuming vortex pattern (Aa). Three days after infection with slow virus, green 
fluorescent signals were observed under fluorescent microscope (Ab). Flow cytom-
etry showed that 0.19% of the cultured cells were CD34-negative and 25.25% of 
the cells were CD44-positive. The findings confirmed that the cultured cells of 3-4 
passages were bone marrow mesenchymal stem cells (C). After transplantation of 
the stem cells, in MSC group, MSCs were found to have migrated to and settled in 
cardiac tissues, eventually differentiating into blood vessels (B: a: 200× b: 400×).

VA with Newman-Keuls 
test was employed for 
comparison among dif-
ferent groups. A P < 
0.05 was considered to 
be statistically signifi- 
cant.

Results

Evaluation of diabetes 
mellitus model

At the end of the 8th 
week, blood sugar 
(FBG, HbAIc) and blood 
lipids (TCH, TG) were all 
significantly higher in 
model group than in 
control group (P < 
0.001) (Figure 1) and 
the amount of urine 
and water-intake was 
obviously increased, 
suggesting that the 
model of diabetes mel-
litus was successfully 
established.

Evaluation of diabetic 
cardiomyopathy model

After rats were raised 
with high sugar/high 
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diomyopathy was successfully established in 
this study.

Identification of bone marrow mesenchymal 
stem cells and differentiation to vessels

Bone marrow mesenchymal stem cells were 
obtained form rat femur and tibia bones. 
Cultured primary bone marrow mesenchymal 
stem cells attached to the walls and became 
spindle-shaped, some becoming polygonal, 
and grew in clusters. Single cells were occa-
sionally observed. At day 5, obvious colonies 
formed, and at day 10 virtually all cells attached 
to the walls, being flat and narrow and assum-
ing vortex pattern (Figure 3Aa). Three days 
after infection with slow virus, green fluores-
cent signals were observed under fluorescent 
microscope (Figure 3Ab). Flow cytometry 
showed that 0.19% of the cultured cells were 
CD34-negative and 25.25% of the cells were 
CD44-positive. The findings confirmed that the 
cultured cells of 3-4 passages were bone mar-
row mesenchymal stem cells (Figure 3C).

After transplantation of the stem cells, in MSC 
group, MSCs were found to have migrated to 
and settled in cardiac tissues, eventually differ-
entiating into blood vessels (Figure 3B).

Comparison in the parameters of cardiac func-
tion between DCM and SMC groups

Four weeks after transplantation of BMSCs, 
ultrasonography showed that, compared with 
SMC group, heart muscles in DCM group 
became significantly thickened and the diastol-
ic and systolic functions were apparently 
impaired. Statistical analysis showed that there 
were significant differences in LVDD, LVPW, 
LVFS, IVSD, EF between the two groups (Figure 
4A, 4B). Hemodynamic studies revealed that 
there were statistically significant differences 
in the parameters of cardiac function between 
the two groups (P < 0.05). In DCM group, the 
cardiac function continue to worsen while the 
heart function in the DCM group was improved 
(Figure 4D-F). Analysis also exhibited that car-
diac index was significantly higher in DCM 

Figure 4. Comparison in the parameters of cardiac function between DCM and SMC groups. Four weeks after trans-
plantation of BMSCs, ultrasonography showed that, compared with SMC group, heart muscles in DCM group be-
came significantly thickened and the diastolic and systolic functions were apparently impaired. Statistical analysis 
showed that there were significant differences in LVDD, LVPW, LVFS, IVSD, EF between the two groups (A, B). Hemo-
dynamic studies revealed that there were statistically significant differences in the parameters of cardiac function 
between the two groups (*P < 0.05). In DCM group, the cardiac function continue to worsen while the heart function 
in the DCM group was improved (D-F) (**P < 0.01). Analysis also exhibited that cardiac index was significantly higher 
in DCM group than in SMC group (*P < 0.001) (C).
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group than in SMC group (Figure 4C). Moreover, 
hearts in DCM group were grossly hyper- 
trophic.

Apoptotic and fibrotic changes after transplan-
tation of bone marrow mesenchymal stem 
cells

Four weeks after transplantation, myocardial 
fibrosis (Figure 5A) and apoptosis (Figure 5B) 
were much more serious in DCM group than in 
MSC group, with the difference being statisti-
cally significant (P < 0.05). Caspase-3 expres-
sion was significantly higher in DCM group than 
in MSC group (P < 0.001) (Figure 6E). These 
results showed that transplantation of the mes-
enchymal stem cells could relieve myocardial 
apoptosis and fibrosis in diabetic myocardiopa-
thy (Figures 4-6).

Changes in the expression of 14-3-3, Ask1 and 
p-Ask1 after transplantation

After the transplantation of stem cells1, we 
detected the expression of 14-3-3, Ask1 and 
p-Ask1 in MSC, DCM and PBS groups and found 
that the expression of 14-3-3 and p-Ask1 was 
significantly higher in MSC group and PBS 
group (Figure 6A, 6B and 6F) and Ask1 showed 

opposite changes (*P < 0.05;**P < 0.001) 
(Figure 6A, 6C and 6E).

Discussion

A recent study [28] showed that transplanta-
tion of bone marrow mesenchymal stem cells 
could, to some extent, ameliorate the diabetic 
cardiomyopathy. Transplanted bone marrow 
mesenchymal stem cells have multiple differ-
entiation potential and have been induced to 
differentiate to myocardial cells, vascular endo-
thelial cells, smooth muscle cells. Newly gener-
ated vascular endothelial cells and smooth 
muscle cells can form new vessels and collat-
eral circulation, increase local blood perfusion, 
relieve myocardial apoptosis and fibrosis and 
thereby improve cardiac function. But the exact 
mechanism of the transplanted stem cells im- 
proving cardiac function remains poorly under-
stood. This study examined the effect of bone 
marrow mesenchymal stem cells on heart func-
tion and explored its possible mechanisms.

We first established rat models of diabetes 
mellitus type 2 and then models of diabetic car-
diomyopathy (Our detection revealed that the 
blood sugar and lipids were significantly higher 

Figure 5. Apoptotic and fibrotic changes after transplantation of bone marrow mesenchymal stem cells. Four weeks 
after transplantation, myocardial fibrosis (A) and apoptosis (B) were much more serious in DCM group than in MSC 
group, with the difference being statistically significant (*P < 0.05).
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in model rats than in control rats (P < 0.001) 
and the amount of urine and water intake were 
obviously increased, suggesting that the model 
of diabetes mellitus (type 2) was successfully 
made. Then, after raising for four weeks, we 
found that there existed significant differences 
in the ultrasound measures of cardiac function, 
i.e., LVDD, LVPW, LVFS, IVSD, EF and hemody-
namic indicators of heart function, such as 
LVSP, LVEDV, ± LVdp/dtmax (P < 0.001), suggest-
ing that the heart muscles of model rats 
became hypertrophic and heart function was 
impaired. Moreover, the cardiac index was sig-
nificantly higher in model rats than in control 
rats. These findings led us to conclude that the 
model of diabetic cardiomyopathy was suc-
cessfully established.

After successful establishment of the model of 
diabetic cardiomyopathy, the rats received 
transplantation of BMSCs for 4 weeks. Before 
the transplantation, the cultured cells of 3-4 
passages had been identified to be bone mar-
row mesenchymal stem cells by flow cytometry 
and phase-contrast microscopy. Histological 
examination showed that MSCs migrated and 
settled in cardiac tissues and differentiated 
into vessels, which was consistent with previ-

ously reported findings [29-32]. In rats receiv-
ing MSC transplantation, the measures of car-
diac function, i.e., LVDD, LVPW, LVFS, IVSD, EF 
were significantly improved as compared with 
diabetic cardiomyopathy rats that were not 
transplanted with MSCs. These findings sug-
gested that MSC transplantation could improve 
heart function.

Since bone marrow mesenchymal stems cells 
secrete not only vascular endothelial growth 
factor (VEGF) but also factors that inhibit apop-
tosis and fibrosis, the development of diabetic 
cardiomyopathy is closely linked with the myo-
cardial fibrosis and apoptosis and hyperglyce-
mia can directly lead to myocardial apoptosis in 
vivo.

This study, by dynamically observing the change 
in the expression of Ask1 and its regulator 
14-3-3 protein, explored the mechanism of 
bone marrow mesenchymal stems cells work-
ing on diabetic cardiomyopathy. 14-3-3 protein 
is a kind of highly conserved protein and is 
involved in the regulation of apoptosis, adhe-
sion, differentiation, proliferation and signal 
transduction of cells [13, 14]. Recent studies 
showed that 14-3-3 protein possesses anti-

Figure 6. Changes in the expression of related proteins after transplantation. After the transplantation of stem cells 
1, the expression of 14-3-3 and p-Ask1 was significantly higher in SMC group and PBS group (A, B, F) and Ask1 
showed opposite changes (A, C, E). (D) The result of capase-3 was consistent with ASK.
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apoptotic, anti-fibrotic and heart-protective 
effects [15-17]. Ask1 is an important signal 
regulator of cellular apoptosis in diabetes mel-
litus. It belongs to the family of mitogen-activat-
ed protein kinases (MAPKs), which are situated 
upstream of JNK and p38 in the MAPK path-
way. After activation, Ask1 activates JNK and 
p38 to induce apoptosis. Current studies dem-
onstrated that 14-3-3 protein is an important 
regulator of Ask1 activity. In a model of diabet-
ics mellitus, 14-3-3 was believed to bind to 
phosphorylated serine-967 of ASK1 [19]. Li et 
al found that binding between 14-3-3 protein 
and Ask1 could protect the c-terminal of Ask1 
kinase, thereby inhibiting the de-phosphoryla-
tion of Ask1 and, as a consequence, restricting 
its activity and blocking myocardial apoptosis. 
It is generally believed that p-Ask1 is the non-
activated form of Ask1 and binding of 14-3-3 
with phosphorylated Ask1 limits the activity of 
Ask1 [19, 20]. To further understand the mech-
anism by which bone marrow mesenchymal 
stem cells inhibit the myocardial apoptosis in 
diabetic myocardiopathy, we detected the 
expression of 14-3-3, Ask1andp-Ask1 in SMC, 
DCM and PBS groups by using Western blotting 
and found that expression of 14-3-3 and 
p-Ask1 was significantly higher in SMC and PBS 
group than in DCM group and Ask1 expression 
showed opposite changes.

To sum up, our study demonstrated that bone 
marrow mesenchymal stem cells could improve 
the cardiac function of rats with diabetic cardio-
myopathy, possibly by their ability to up-regu-
late the expression of 14-3-3 protein and to 
inhibit Ask1 pathway.
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