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Early administration of trimetazidine
attenuates diabetic cardiomyopathy in rats
by alleviating fibrosis, reducing apoptosis
and enhancing autophagy
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Abstract

Background: Trimetazidine, as an anti-ischemic and antioxidant agent, has been demonstrated to have many cardio-
protective effects. However, whether early administration of trimetazidine has an effect on diabetic cardiomyopathy
and the mechanisms underlying the effect have not yet been elucidated.

Methods: We established a type 2 DCM rat model by high-fat diet and low-dose streptozotocin. Rats were separated
into different groups: control, diabetes, and diabetes + trimetazidine (n = 6, each). Cardiac autophagy, cardiac func-
tions, and cardiomyocyte apoptosis were monitored.

Results: Rats with type 2 DCM showed severe insulin resistance, left ventricular dysfunction, increased cardiomyo-
cyte apoptosis, and reduced cardiac autophagy. Collagen volume fraction (CVF) and perivascular collagen area/
luminal area (PVCA/LA) ratio were significantly higher in the diabetic group than the control group. We found that
trimetazidine treatment ameliorated metabolic disturbance and insulin resistance, reduced cardiomyocyte apoptosis,
and restored cardiac autophagy. CVF and PVCA/LA ratio were also lower in the diabetes + trimetazidine group than
the diabetic group (CVF, 4.75 & 0.52 % vs. 11.04 £ 1.67 %, p < 0.05; PVCA/LA, 837 £ 0.51 vs. 17.97 & 2,66, p < 0.05).
Furthermore, trimetazidine inhibited phosphorylation of ERK and P38 MAPK to reduce myocardial fibrosis. Inhibited
phosphorylation of AMPK was restored and the interaction between Bcl-2 and Beclin1 was enhanced in diabe-

tes 4 trimetazidine group, resulting in the initiation of autophagy and alleviation of apoptosis.

Conclusions: Early administration of trimetazidine could ameliorate diabetic cardiomyopathy by inhibiting myocar-

dial fibrosis and cardiomyocyte apoptosis and enhancing autophagy. Therefore, trimetazidine may be a good choice
in the prevention of diabetic cardiomyopathy if applied at the early stage of diabetes.
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Background

Diabetic cardiomyopathy (DCM), which is a major car-
diac complication in diabetic patients, is one of the lead-
ing causes of increased morbidity and mortality in the
diabetic population [1]. It is widely acknowledged that
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DCM is characterized by a set of structural and func-
tional abnormalities in the heart, including left ven-
tricular dysfunction, cardiomyocyte apoptosis, and
myocardial fibrosis [2]. Recent studies have demonstrated
that autophagy is also an important contributor to the
development and the progression of DCM [3]. Despite
lots of researches on the mechanisms of DCM have been
reported, there is currently no specific clinical interven-
tions for DCM.
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Trimetazidine, which is a first-line anti-anginal agent,
selectively inhibits long-chain 3-ketoacyl coenzyme A
thiolase (the last enzyme involved in B-oxidation) activ-
ity. The mechanism of action of trimetazidine can be
attributed to its effect on energy metabolism. In addi-
tion to metabolic effects, trimetazidine has been shown
to induce autophagy in skeletal muscle myotubes [4],
inhibit pressure overload-induced cardiac fibrosis [5],
and reduce smoking-induced apoptosis [6]. Although tri-
metazidine improves ejection fraction (EF) in patients of
heart failure with or without ischaemic cardiomyopathy
[7-11], the effect of early administration of trimetazidine
on DCM and the mechanisms underlying the effect have
not yet been elucidated.

Thus, we hypothesized that early administration of
trimetazidine has an effect on DCM by inhibiting myo-
cardial fibrosis, reducing cardiomyocyte apoptosis and
enhancing autophagic capacity. Thus, we established
the type 2 DCM model and gave trimetazidine in vivo
to explore the effect of trimetazidine on DCM and the
mechanism of this action.

Methods

Experiment design

The rat model of type 2 diabetes was established as
described previously [12]. Eighteen male Sprague—Daw-
ley rats (120-140 g) were purchased from the experimen-
tal animal center of Shandong University of Traditional
Chinese Medicine (Ji'man, China). All rats were ran-
domly assigned to a control group (n = 6) or diabetic
group (n = 12). The diabetic groups were fed a high fat
diet (Beijing HFK Bio-Technology, China) and the con-
trol group received normal chow. After 4 weeks, the rats
with insulin resistance in the diabetic group were given a
single intraperitoneal injection of streptozotocin (Sigma,
St. Louis, MO; 27.5 mg/kg i.p. in 0.1 mol/L citrate buffer,
pH 4.5). One week after streptozotocin administration,
rats with plasma glucose levels >11.1 mmol/L were con-
sidered a diabetic rat model. The diabetic group (n = 12)
was redivided into two groups: a diabetes group (n = 6)
and a diabetes + trimetazidine group (n = 6). The diabe-
tes + trimetazidine group was given a dose (30 mg kg™
day™!) of trimetazidine (Servier, France) by gavage for
8 weeks. Then rats were sacrificed. The heart was excised
and weighed. All animals received humane care and all
experimental procedures were performed in accordance
with animal protocols approved by the Shandong Univer-
sity Animal Care Committee.

Glucose and insulin tolerance
An intraperitoneal glucose tolerance test (IPGTT) was
carried out to evaluate glucose after rats fasted for 12 h
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and then injected glucose (1 g/kg) intraperitoneally.
Blood glucose level was evaluated at 0, 15, 30, 60, and
120 min postinjection. An intraperitoneal insulin toler-
ance test (IPITT) was performed to assess insulin tol-
erance after rats fasted for 4 h and then administered
insulin (1 unit/kg) intraperitoneally. Blood glucose level
was measured as described above. Blood samples were
collected from the tail vein and plasma glucose was
measured with a one-touch glucometer (Life Scan, Mil-
pitas, CA). The mean area under the receiver operating
characteristic curve (AUC) was calculated for glucose.

Blood analyses

After rats fasted overnight, blood samples were obtained
from the jugular vein. Total cholesterol, triglycerides,
fasting blood glucose, HDL-c, and LDL-c were analyzed
with use of the Bayer 1650 blood chemistry analyzer
(Bayer, Tarrytown, NY). Fasting insulin was measured by
enzyme-linked immunosorbent assay. Insulin sensitivity
index (ISI) was calculated using the following formula:
ISI = In [([fasting blood glucose] x [fasting insulin])~'].

Measurement of blood pressure

Heart rate, systolic blood pressure, diastolic blood pres-
sure, and mean arterial pressure were measured with a
noninvasive tail-cuff system (Softron BP-98A; Softron,
Tokyo, Japan) as described previously [13].

Hemodynamic examination

At the end of the experiments, rats under deep anesthesia
underwent hemodynamic measurement. A catheter was
inserted from the right common carotid artery into the
left ventricle. Left ventricular (LV) end diastolic pressure
was measured.

Histology and morphometric analysis

LV tissues were fixed in 4 % neutral formaldehyde and
embedded in paraffin, and 4 um-thick sections were
produced. The sections were stained with HE, Masson-
Trichrome, and Picrosirius red. Collagen volume fraction
(CVF) and perivascular area/luminal area (PVCA/LA)
ratio were obtained by quantitative morphometry with
automated image analysis (Image-Pro Plus, Version 5.0;
Media Cybernatics, Houston, TX).

Immunohistochemical staining

Paraffin-embedded tissues were deparaffinized and sec-
tions were pretreated by microwaving them for 15 min
and were incubated with primary polyclonal anti—col-
lagen I, and anti—collagen III (Abcam, Cambridge,
MA) overnight at 4 °C and incubated with horseradish
peroxidase-labeled secondary antibody for 1 h at 37 °C.
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Negative controls were omission of the primary antibody.
Finally, the results were viewed under a confocal FV 1000
SPD laser scanning microscope (Olympus, Japan).

TUNEL assay

TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) detection of apoptotic cells in the
hearts was carried out using the ApopTag Peroxidase
In Situ Apoptosis Detection Kit (S7101, Chemicon, Bill-
erica, MA, USA). Images of the processed tissues were
captured using a confocal FV 1000 SPD laser scanning
microscope (Olympus, Japan).

Western blot analysis

Proteins were extracted from hearts, separated by SDS-
PAGE and transferred to polyvinylidene difluoride mem-
brane. The membranes were incubated with a 1:1000
dilution of antibodies for p-AMPK, t-AMPK, Beclin 1,
Caspase 3, PARP, Bcl-2, p-ERK, t-ERK, p-P38, t-P38,
p-JNK, t-JNK, p-PI3 K, t-PI3K, p-AKT, t-AKT, mTOR,
t-mTOR (Cell Signaling Technology, Danves MA,
USA), a 1:1000 dilution antibodies for ATG5 and ATG7
(Abcam, Cambridge, MA), and an antibody for Bcl-2
(Biolegend, San Diego, CA) and then 1:10,000 horserad-
ish peroxidase-conjugated secondary antibody. Immu-
noreactive bands were visualized by use of an enhanced
chemiluminescence reagent. Densitometry involved use
of photoshop.

Coimmunoprecipitation assay

Proteins were extracted from hearts and then whole
lysate was precleared with protein A/G sepharose beads
(Santa Cruz) at 4 °C for 60 min. The cleared supernatant
was incubated overnight at 4 °C with the indicated anti-
bodies, followed by incubation for 2 h at 4 °C with pro-
tein A/G sepharose beads. Finally, the beads were washed
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five times, eluted by boiling in sample buffer for SDS-
PAGE, and further immunoblot analysis was conducted
with the indicated antibodies.

Statistical analysis

Values are presented as mean + SEM. SPSS 16.0 (SPSS,
Chicago, IL) was used for statistical analysis. Differences
between experimental groups were determined by one-
way ANOVA or Student’s t test. p < 0.05 was considered
statistically significant.

Results

Generation of type 2 DCM rat model

General characteristics of diabetic rats

At the end of the experiment, our results found that
water intake, food intake, urine volume, and heart weight
were significantly higher in the diabetic group than the
control group. There was no difference in blood pressure
between the three groups (Table 1).

Total cholesterol, triglycerides, fasting blood glucose, HDL-c
and LDL-c
After 4 weeks of a high fat diet, there was little differ-
ence in total cholesterol, triglyceride, HDL-c and LDL-c
levels between the diabetic and control groups (Fig. 1a,
b, f, g). Serum fasting blood glucose and fasting insulin
were significantly higher in the diabetic group than in
the control group (fasting blood glucose, 8.93 £+ 0.69
vs. 5.61 + 0.26 mmol/L, p < 0.05; and fasting insulin,
1.99 4+ 0.97 vs. 1.05 £ 0.22 mU/L, p < 0.05, respectively)
(Fig. 1c, d). ISI decreased significantly in the diabetic
group (—2.81 + 0.07 vs. —1.72 4+ 0.21, p < 0.05) (Fig. 1e).
One week after streptozotocin injection (week 5),
fasting blood glucose, triglycerides, and fasting insulin
were significantly higher in the diabetic group than in
the control group (fasting blood glucose, 15.20 + 2.82

Table 1 Animal characteristics at the end of experiment, according to study group (n = 5-6 per group)

Characteristic Control Diabetes mellitus Diabetes mellitus
+ trimetazidine
Body weight (g) 434.17 + 8.60 47017 £ 27.874 43367 +7.893
Heart weight (mg) 1096.00 + 35.86 146333 + 37.83* 1293.86 £ 47.94**
Water intake (mL/day) 28.20 £ 3455 153.83 4+ 10.329* 147.00 & 10.440
Food intake (g/day) 14.44 40423 29.95 £ 1.090* 29.00 £ 1.163
Urine volume (mL/day) 22.60 £ 2.502 126.33 4+ 7.766* 129.00 + 10416
Systolic blood pressure (mm Hg) 12340 =+ 4.490 120.67 + 3.964 116.40 = 5.609
Diastolic blood pressure (mm Hg) 89.00 + 4.025 77.17 £+ 4.888 84.20 + 2354
Mean pressure (mm Hg) 103.80 4+ 5.229 90.33 +5.245 94.80 + 3.089
Heart rate (bpm) 45420+ 15714 491.67 + 13.601 343.20 £ 14.235**

Values are mean + SEM. bpm, beats per minute

*p < 0.05 compared with control group; and **p < 0.05 compared with diabetes group
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Fig. 1 Changes in metabolic indices in rats in the control, diabetes mellitus (DM), and diabetes mellitus 4 trimetazidine (DM + TMZ) groups
(n = 5-6 per group). Changes in levels of total cholesterol (TC) (a), triglyceride (TG) (b), fasting blood glucose (FBG) (), fasting insulin (FINS) (d),
insulin sensitive index (ISI) (e), HDL-c (f) and LDL-c (g) are shown. Values are mean =+ SEM. *p < 0.05 compared with control group; #p < 0.05 com-
pared with diabetes group and p < 0.05 compared with control group
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vs. 535 £ 0.23 mmol/L, p < 0.05; triglycerides,
7.55 + 1.54 vs. 0.48 £+ 0.18 mmol/L; and fasting insu-
lin, 3.88 &+ 0.56 vs. 1.37 £ 0.13 mU/L, p < 0.05, respec-
tively), and ISI and HDL-c were lower in the diabetic
group (ISI, —3.91 £ 0.22 vs. —1.98 £ 0.08, p < 0.05;
and HDL-c, 0.53 £ 0.11 vs. 0.97  0.01 mmol/L, respec-
tively) (Fig. 1b—f). At the end of the experiment, serum
total cholesterol, triglycerides, fasting blood glucose,
fasting insulin and LDL-c were significantly higher in
the diabetic group than in the control group (total cho-
lesterol, 5.72 £ 0.51 vs. 1.63 £ 0.13 mmol/L; triglycer-
ides, 7.55 + 0.92 vs. 0.71 + 0.11 mmol/L; fasting blood
glucose, 25.07 £ 1.21 vs. 5.75 £ 0.30 mmol/L; fasting
insulin, 7.20 + 0.51 vs. 0.76 + 0.13 mU/L, p < 0.05; and
LDL-c, 0.66 £ 0.1 vs. 0.3 & 0.03 mmol/L respectively).
ISI and HDL-c decreased significantly in the diabetic
group (ISI, —5.19 £ 0.19 vs. —1.46 £ 0.15, p < 0.05; and
HDL-c, 0.33 £ 0.03 vs. 0.96 + 0.17 mmol/L, respec-
tively). These findings showed the presence of metabolic
disturbance and insulin resistance in the diabetic group.

Glucose and insulin tolerance

After a 4-week high fat diet, IPGTT and IPITT con-
firmed the presence of insulin resistance. At week 4,
IPGTT revealed that blood glucose levels in the diabetic
group were significantly higher at 0 and 30 min than at
baseline (Fig. 2A1). The AUC across the time for glucose
level was significantly higher at week 4 than at baseline
(29.15 £ 0.84 vs. 32.93 + 2.02,respectively; p < 0.05,
Fig. 2A2). Similarly, IPITT revealed impaired insulin
sensitivity (Fig. 2A3, A4). These data showed that insu-
lin resistance appeared in the diabetic group after 4-week
high fat diet. At the end of the experiment, the levels of
blood glucose and AUC on both IPGTT and IPITT in the
diabetic group were significantly higher than in the con-
trol group (Fig. 2B1-B4).

Pathology characteristics

At the end of the experiment, the ratio of heart weight
to body weight was higher in the diabetic group than in
the control group (3.39 &+ 0.07 vs. 2.51 + 0.05, p < 0.05,
Fig. 3b). Meanwhile, the diabetic group revealed cardiac
fibrosis, with destroyed and irregular collagen network
structure in the interstitial and perivascular area. The
diabetic group also showed significantly higher CVF
(11.04 £ 1.67 % vs. 1.56 £ 0.24 %, p < 0.05, Fig. 3d) and
PVCA/LA ratio (17.97 £ 2.66 vs. 2.91 £ 0.69, p < 0.05,
Fig. 3e) compared with the control group.

Collagen I and Il

Immunohistochemistry showed that the deposition of
collagen I and III content was significantly higher in the
diabetic group than in the control group (Fig. 4).
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Apoptosis

TUNEL staining demonstrated that TUNEL-positive
cells were seldom identified in the control group, but
numerous TUNEL-positive cells were observed in the
diabetic group (Fig. 5a). Consistently, western analysis
showed a significant increase in cleavage of Caspase-3
and Parp in the diabetic group (Fig. 6b).

Autophagy

The diabetic group revealed lower light chain 3 II (LC3-
II) protein levels compared with the control (Fig. 5c),
indicating a reduction in cardiac autophagy. Meanwhile,
ATG5 and ATG7 (autophagy indicators) were signifi-
cantly lower in the diabetic group than in the control
group (Fig. 5d).

LV dysfunction assessed by catheterization

At the end of the experiment, LV end diastolic pressure
was measured by cardiac catheterization. Diabetic rats
showed higher LV pressure compared with the control
(Fig. 6a). Thus, diastolic dysfunction developed and pro-
gressed during type 2 DCM.

PI3 K/AKT, MAPK and AMPK/Beclin1-Bcl2 pathways

The levels of phosphorylated PI3 K, AKT and AMPK in
diabetic group were significantly lower than in the control
group (Figs. 7a, 8a). However, phosphorylated ERK, P38
and JNK were significantly elevated in the diabetic group.
Meanwhile, enhanced interaction between Bcl-2 and Bec-
lin1 was observed in the diabetic group (Figs. 7b, 8b).

Trimetazidine reverses type 2 DCM

Trimetazidine ameliorated metabolism

At the end of the experiment, heart rate and heart weight
were decreased in the diabetic group with trimetazidine
treatment (Table 1). Total cholesterol, triglyceride, fasting
blood glucose, and fasting insulin were significantly lower
in the trimetazidine group than in the diabetic group
(total cholesterol, 2.86 + 0.53 vs. 5.72 + 0.51 mmol/L;
triglycerides, 2.90 = 0.78 vs. 7.53 £ 0.92 mmol/L; fast-
ing blood glucose, 15.33 £ 4.27 vs. 25.07 &£ 1.21 mmol/L;
fasting insulin, 3.37 4= 0.08 vs. 7.20 & 0.51 mU/L, p < 0.05,
respectively); the ISI and HDL-c were significantly
increased in the trimetazidine group (ISI, —3.60 + 0.85
vs. —5.19 £ 0.19, p < 0.05; HDL-c, 0.85 & 0.07 vs.
0.33 £ 0.03 mmol/L, p < 0.05, respectively). These find-
ings suggest that trimetazidine ameliorated metabolic
disturbance and insulin resistance.

Trimetazidine improved glucose tolerance and insulin
sensitivity

After the trimetazidine treatment, the IPGTT and IPITT
revealed that levels of blood glucose in the trimetazidine
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group were significantly lower than those of the diabetic
group (Fig. 2B1, B3). The trimetazidine group showed
lower mean AUC on both IPGTT and IPITT than the

diabetic group (Fig. 2B2, B4).

Trimetazidine reversed myocardial remodeling and reduced
the deposition of collagen | and Ill content

After the trimetazidine treatment, the ratio of heart
weight to body weight was reduced (2.88 + 0.09
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shown by Masson-Trichrome staining (C4) (scale bar 100 um) and Picrosirius red staining [bright-field (C5) and dark-field (C6); scale bar 100 pm].

d Comparison of collagen volume fraction (CVF) in rats in the control, DM, and DM + TMZ groups. @ Comparison of perivascular collagen area/
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Trimetazidine restored autophagy and protected

against cardiac apoptosis

TUNEL staining demonstrated that TUNEL-positive
cells were significantly lower in the trimetazidine group
than in the diabetic group (Fig. 5a). A significant decrease
in cleavage of Caspase-3 and Parp were observed in the
trimetazidine group (Fig. 5b). After the trimetazidine
treatment, LC3-II, ATG5, and ATG7 were increased
(Fig. 5¢, d). These data suggest that trimetazidine restored
autophagy and protected against cardiac apoptosis.

Trimetazidine improved cardiac function

After the treatment, LV end diastolic pressure was signif-
icantly lower in the trimetazidine group than in the dia-
betic group (Fig. 6a), which confirmed the benefit effect
of trimetazidine on improving LV diastolic dysfunction.

Trimetazidine regulated PI3 K/AKT, MAPK and AMPK/
Beclin1-Bcl2 pathways

After the treatment, trimetazidine enhanced PI3 K, AKT,
JNK and AMPK activity and disrupted the complex of
Bcl-2 and Beclinl in the trimetazidine group compared
with diabetic group (Figs. 7, 8). However, trimetazidine
inhibited ERK and P38 MAPK activity in the trimetazi-
dine group compared with diabetic group (Fig. 7b).

Discussion

In our present study, we found that early administration
of trimetazidine could ameliorate diabetic cardiomyo-
pathy. We showed this cardioprotective effect of tri-
metazidine was associated with decreased myocardial
fibrosis, reduced cardiomyocyte apoptosis, and enhanced
autophagic capacity. We demonstrated that trimetazidine
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terminal deoxynucleotidyl transferase dUTP nick end labeling. *p < 0.05 compared with control group; and *p < 0.05 compared with diabetes group

alleviated myocardial fibrosis by modulating MAPK
pathway. In addition, trimetazidine restored autophagy
and protected against cardiac apoptosis mainly by acti-
vating AMPK and dissociating Beclinl and Bcl-2. Thus,
early administration of trimetazidine could be a good
choice in the prevention of diabetic cardiomyopathy if
applied at the very early stage of diabetes.

Diabetic cardiomyopathy, independent of coronary
artery disease and hypertension, is defined as left ven-
tricular dysfunction [14], and it is well established as
one of the major causes of heart failure in diabetic
patients. Since diabetic cardiomyopathy begins with a
latent period clinically, treatment is often delayed and
overlooked, resulting in poor prognosis. Thus, attention
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Fig. 6 Left ventricular diastolic function in rats in the control, diabe-
tes mellitus (DM), and diabetes mellitus 4+ trimetazidine (DM + TMZ)
groups at the end of the experiments. a shows pressure curves
during cardiac catheterization, while b indicates left ventricular end
diastolic pressure (LVEDP). Data are mean % SEM; n = 5-6 per group.
*p < 0.05 compared with control group; and *p < 0.05 compared with
diabetes group
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must be focused on the prevention of the disease. There-
fore, we treated the rats with trimetazidine at the early
stage of diabetes. We found that trimetazidine reversed
myocardial remodeling and improved LV diastolic dys-
function. Therefore, we can conclude that early admin-
istration of trimetazidine could ameliorate diabetic
cardiomyopathy.

Insulin resistance plays a causal role in physiopathology,
appearance and nosogenesis of metabolic disorder in vivo
[15]. It increases the risk of cardiovascular damage in dia-
betes patients [16] and is one of the important causes in
the development of DCM [12]. After early administra-
tion of trimetazidine for 8 weeks, insulin resistance was
ameliorated in our study. One of the mechanisms that
trimetazidine ameliorated the insulin-resistant states pos-
sibly via restoring the blunted insulin signaling pathway-
PI3 K/AKT. PI3 K/AKT, which is a key component in the
signal transduction of insulin and plays a casual role in
glucose and lipid metabolism [17], could promote GLUT4
translocation to the sarcolemma [18]. Therefore, we
explored the changes in the PI3 K/AKT pathway. In our
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Fig. 7 PI3 K/AKT and MAPK pathways in the heart of rats in the control, diabetes mellitus (DM), and diabetes mellitus + trimetazidine (DM + TMZ)
groups. a Representative western blot bands of p-PI3 K, t-PI3K, p-AKT, t-AKT, mTOR and t-mTOR. b Representative Western blot bands of p-ERR,
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Fig. 8 AMP-activated protein kinase (AMPK) phosphorylation and the interaction between the B cell lymphoma 2 (Bcl-2) and Beclin 1 proteins in
the heart of rats in the control, diabetes mellitus (DM), and diabetes mellitus + trimetazidine (DM 4 TMZ) groups. a shows a western blot analysis
of phosphorylated AMPK (p-AMPK)/total AMPK (t-AMPK), while b shows coimmunoprecipitation analysis of combination of the B-cell lymphoma
2 (Bcl-2) protein and the protein Beclin 1. Data are mean £ SEM; AMP, adenosine monophosphate. *p < 0.05 compared with control group; and
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experiments, we found that the phosphorylation of PI3 K
and AKT were decreased in type 2 diabetes rats model
and trimetazidine restored PI3 K/AKT pathway. More
recently, activation of AMPK has also been shown to trig-
ger the translocation of GLUT4 [19]. Thus, AMPK was
also explored in our study. We found AMPK was inhibited
in an insulin-resistant state and unregulated after admin-
istration of trimetazidine in our study. Therefore, tri-
metazidine ameliorated the insulin-resistant states mainly
by activating PI3 K/AKT and AMPK pathways.

A major player in the pathophysiology of DCM is
myocardial fibrosis. Myocardial fibrosis is characterized
by excessive deposition of collagen I and III [20]. In this
study, diabetic rats showed prominent collagen accu-
mulation in interstitial and perivascular areas on Mas-
son trichrome and Picrosirius red staining. Treatment
of trimetazidine reduced the aberrant interstitial and
perivascular collagen accumulation, as well as total col-
lagen content. Previous studies have shown that activated
MAPK plays an essential role in cardiac fibrosis [12, 21].
Therefore, we explored the changes in the MAPK path-
way. We found a generalized decrease in phosphorylation
of ERK and P38 MAPK, suggesting the improvements in
cardiac fibrosis were mainly attributed to the decreased
activation of ERK and P38 MAPK.

In contrast to its adaptive nature in type 1 diabetes, in
most HFD-induced type 2 diabetic models the inhibited

cardiac autophagy appears to be maladaptive, and thus
strategies to enhancing autophagy may be cardiopro-
tective [22-24]. An increase in cardiac apoptotic cell
death has also been demonstrated as a major event in
the development of DCM [25, 26]. Therefore, autophagy
and apoptosis were observed in our study. Inhibition
of cardiac autophagy along with enhanced cardiomyo-
cyte apoptosis were found in the insulin-resistant states.
Trimetazidine therapy restored cardiac autophagic
activities and protected against apoptosis. Inhibition of
AMPK enhances the interaction between Bcl-2 and Bec-
linl in type 1 diabetic mice, resulting in the alleviation of
autophagy and the initiation of apoptosis [27]. Therefore,
we explored the changes of AMPK and Bcl-2-Beclinl
complex in the insulin-resistance states. Our study found
that not only AMPK activity was significantly inhibited
but also the interaction between Bcl-2 and Beclinl was
enhanced in our type 2 diabetes rats model. However,
trimetazidine restored AMPK activity and dissociated
the interaction between Bcl-2 and Beclinl. Combined
with previous studies, trimetazidine restored autophagy
and protected against cardiac apoptosis mainly by acti-
vating AMPK and dissociating Beclinl and Bcl-2.

Conclusion
Early administration of trimetazidine could amelio-
rate diabetic cardiomyopathy by inhibiting myocardial
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fibrosis, reducing cardiomyocyte apoptosis, and enhanc-
ing autophagy. Therefore, trimetazidine may be a good
choice in the prevention of diabetic cardiomyopathy if
applied at the very early stage of diabetes.

Authors’ contributions

LZ and WYD researched data wrote the manuscript. ZHW and MXT researched
data and contributed to the discussion. FW and YL researched data. MZ and
WZ wrote, reviewed, and edited the manuscript. YZ reviewed, and edited the
manuscript. All authors read and approved the final manuscript.

Author details

! The Key Laboratory of Cardiovascular Remodeling and Function Research,
Chinese Ministry of Education and Chinese Ministry of Health, the State

and Shandong Province Joint Key Laboratory of Translational Cardiovascular
Medicine, Jinan, People’s Republic of China. > Department of Cardiology, Qilu
Hospital of Shandong University, No.107 Wenhua West Road, Jinan 250012,
People’s Republic of China. * Department of Cardiology, Shandong Provincial
Qianfoshan Hospital, Shandong University, Jinan 250012, People’s Republic
of China. * Department of Geriatric Medicine, Qilu Hospital of Shandong
University, Jinan 250012, People’s Republic of China. > Department of Emer-
gency, Qilu Hospital of Shandong University, Jinan 250012, People’s Republic
of China.

Acknowledgements

This work was supported by the research grants from the National Basic
Research Program of China (973 Program, Grant No. 2013CB530703),

the National Natural Science Foundation of China (91439201, 81100605,
81270352, 81270287,81300168, 81471036, 81470560 and 81570400), the
Natural Science Foundation of Shandong Province (ZR2014HQ037), the Spe-
cialized Research Fund for the Doctoral Program of Higher Education (SRFDP
20130131120065), and Key research and development program of Shandong
Province (2015GSF118062).

Competing interests
The authors declare that they have no competing interests.

Received: 3 September 2015 Accepted: 31 March 2016
Published online: 27 April 2016

References

1. ChavaliV, Tyagi SC, Mishra PK. Predictors and prevention of diabetic
cardiomyopathy. Diabetes Metab Syndr Obes. 2013;6:151-60.

2. Huynh K, Bernardo BC, McMullen JR, Ritchie RH. Diabetic cardiomyopa-
thy: mechanisms and new treatment strategies targeting antioxidant
signaling pathways. Pharmacol Ther. 2014;142:375-415.

3. Kobayashi S, Liang Q. Autophagy and mitophagy in diabetic cardiomyo-
pathy. Biochim Biophys Acta. 2015;1852:252-61.

4. Ferraro E, Giammarioli AM, Caldarola S, Lista P, Feraco A, Tinari A, Salva-
tore AM, Malorni W, Berghella L, Rosano G. The metabolic modulator
trimetazidine triggers autophagy and counteracts stress-induced atrophy
in skeletal muscle myotubes. FEBS J. 2013;280:5094-108.

5. LiuX, GaiY, LiuF, GaoW, Zhang Y, Xu M, Li Z. Trimetazidine inhibits
pressure overload-induced cardiac fibrosis through NADPH oxidase-ROS-
CTGF pathway. Cardiovasc Res. 2010;88:150-8.

6. Zhou X, Li C, Xu W, Chen J. Trimetazidine protects against smoking-
induced left ventricular remodeling via attenuating oxidative stress,
apoptosis, and inflammation. PLoS One. 2012;7:e40424.

7. Belardinelli R, Purcaro A. Effects of trimetazidine on the contractile
response of chronically dysfunctional myocardium to low-dose dobu-
tamine in ischaemic cardiomyopathy. Eur Heart J. 2001;22:2164-70.

8. Fragasso G, Palloshi A, Puccetti P, Silipigni C, Rossodivita A, Pala M, Calori
G, Alfieri O, Margonato A. A randomized clinical trial of trimetazidine, a
partial free fatty acid oxidation inhibitor, in patients with heart failure. J
Am Coll Cardiol. 2006;48:992-8.

9.

20.

22.

23.

24.

25.

26.

27.

Page 12 of 12

Fragasso G, Perseghin G, De Cobelli F, Esposito A, Palloshi A, Lattuada G,
Scifo P, Calori G, Del Maschio A, Margonato A. Effects of metabolic modu-
lation by trimetazidine on left ventricular function and phosphocreatine/
adenosine triphosphate ratio in patients with heart failure. Eur Heart J.
2006;27:942-8.

Fragasso G, Piatti Md PM, Monti L, Palloshi A, Setola E, Puccetti P, Calori G,
Lopaschuk GD, Margonato A. A: Short- and long-term beneficial effects
of trimetazidine in patients with diabetes and ischemic cardiomyopathy.
Am Heart J. 2003;146:E18.

. Vitale C, Wajngaten M, Sposato B, Gebara O, Rossini P, Fini M, Volterrani

M, Rosano GM. Trimetazidine improves left ventricular function and
quality of life in elderly patients with coronary artery disease. Eur Heart J.
2004;25:1814-21.

Ti'Y, Xie GL, Wang ZH, Bi XL, Ding WY, Wang J, Jiang GH, Bu PL, Zhang Y,
Zhong M, Zhang W.TRB3 gene silencing alleviates diabetic cardiomyopa-
thy in a type 2 diabetic rat model. Diabetes. 2011,60:2963-74.

Kanda T, Hayashi K, Wakino S, Homma K, Yoshioka K, Hasegawa K,
Sugano N, Tatematsu S, Takamatsu |, Mitsuhashi T, Saruta T. Role of Rho-
kinase and p27 in angiotensin ll-induced vascular injury. Hypertension.
2005;45:724-9.

Aneja A, Tang WH, Bansilal S, Garcia MJ, Farkouh ME. Diabetic cardiomyo-
pathy: insights into pathogenesis, diagnostic challenges, and therapeutic
options. Am J Med. 2008;121:748-57.

Meigs JB, Rutter MK, Sullivan LM, Fox CS, D'Agostino RB Sr, Wilson PW.
Impact of insulin resistance on risk of type 2 diabetes and cardio-
vascular disease in people with metabolic syndrome. Diabetes Care.
2007;30:1219-25.

Pilon M, Wu R, Huot-Marchand JE, deBlois D, Champlain J, Couture R.
Effect of chronic inhibition of nitric oxide on hypertension, insulin resist-
ance, and cardiovascular remodeling in glucose-fed rats. J Cardiovasc
Pharmacol. 2009;53:405-13.

Bertrand L, Horman S, Beauloye C, Vanoverschelde JL. Insulin signalling in
the heart. Cardiovasc Res. 2008;79:238-48.

Osorio-Fuentealba C, Contreras-Ferrat AE, Altamirano F, Espinosa A, Li Q,
Niu W, Lavandero S, Klip A, Jaimovich E. Electrical stimuli release ATP to
increase GLUT4 translocation and glucose uptake via PI3Kgamma-Akt-
AS160 in skeletal muscle cells. Diabetes. 2013;62:1519-26.

Fazakerley DJ, Holman GD, Marley A, James DE, Stockli J, Coster AC.
Kinetic evidence for unique regulation of GLUT4 trafficking by insulin
and AMP-activated protein kinase activators in L6 myotubes. J Biol Chem.
2010;285:1653-60.

Li CJ, Lv L, Li H, Yu DM. Cardiac fibrosis and dysfunction in experimental
diabetic cardiomyopathy are ameliorated by alpha-lipoic acid. Cardiovasc
Diabetol. 2012;11:73.

. Satomi-Kobayashi S, Ueyama T, Mueller S, Toh R, Masano T, Sakoda T,

Rikitake Y, Miyoshi J, Matsubara H, Oh H, et al. Deficiency of nectin-2 leads
to cardiac fibrosis and dysfunction under chronic pressure overload.
Hypertension. 2009;54:825-31.

Sciarretta S, Zhai P, Shao D, Maejima Y, Robbins J, Volpe M, Condorelli G,
Sadoshima J. Rheb is a critical regulator of autophagy during myocardial
ischemia: pathophysiological implications in obesity and metabolic
syndrome. Circulation. 2012;125:1134-46.

Guo R, Zhang Y, Turdi S, Ren J. Adiponectin knockout accentuates high fat
diet-induced obesity and cardiac dysfunction: role of autophagy. Biochim
Biophys Acta. 2013;1832:1136-48.

Xu X, HuaY, Nair S, Zhang Y, Ren J. Akt2 knockout preserves cardiac func-
tion in high-fat diet-induced obesity by rescuing cardiac autophagosome
maturation. J Mol Cell Biol. 2013;5:61-3.

Cai L, Liw,Wang G, Guo L, Jiang Y, Kang YJ. Hyperglycemia-induced
apoptosis in mouse myocardium: mitochondrial cytochrome C-mediated
caspase-3 activation pathway. Diabetes. 2002;51:1938-48.

Li Z, Zhang T, Dai H, Liu G, Wang H, Sun'Y, Zhang Y, Ge Z. Involvement of
endoplasmic reticulum stress in myocardial apoptosis of streptozocin-
induced diabetic rats. J Clin Biochem Nutr. 2007;41:58-67.

He C, Zhu H, Li H, Zou MH, Xie Z. Dissociation of Bcl-2-Beclin complex
by activated AMPK enhances cardiac autophagy and protects against
cardiomyocyte apoptosis in diabetes. Diabetes. 2013,;62:1270-81.



	Early administration of trimetazidine attenuates diabetic cardiomyopathy in rats by alleviating fibrosis, reducing apoptosis and enhancing autophagy
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experiment design
	Glucose and insulin tolerance
	Blood analyses
	Measurement of blood pressure
	Hemodynamic examination
	Histology and morphometric analysis
	Immunohistochemical staining
	TUNEL assay
	Western blot analysis
	Coimmunoprecipitation assay
	Statistical analysis

	Results
	Generation of type 2 DCM rat model
	General characteristics of diabetic rats
	Total cholesterol, triglycerides, fasting blood glucose, HDL-c and LDL-c
	Glucose and insulin tolerance
	Pathology characteristics
	Collagen I and III
	Apoptosis
	Autophagy
	LV dysfunction assessed by catheterization
	PI3 KAKT, MAPK and AMPKBeclin1-Bcl2 pathways

	Trimetazidine reverses type 2 DCM
	Trimetazidine ameliorated metabolism
	Trimetazidine improved glucose tolerance and insulin sensitivity
	Trimetazidine reversed myocardial remodeling and reduced the deposition of collagen I and III content
	Trimetazidine restored autophagy and protected against cardiac apoptosis
	Trimetazidine improved cardiac function
	Trimetazidine regulated PI3 KAKT, MAPK and AMPKBeclin1-Bcl2 pathways


	Discussion
	Conclusion
	Authors’ contributions
	References




