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Abstract

Cardiovascular complications are a leading cause of mortality in patients with diabetes mellitus (DM). The present study was
designed to investigate the effects of trimetazidine (TMZ), an anti-angina drug, on transient outward potassium current (/o)
remodeling in ventricular myocytes and the plasma contents of free fatty acid (FFA) and glucose in DM. Sprague-Dawley
rats, 8 weeks old and weighing 200-250 g, were randomly divided into three groups of 20 animals each. The control group
was injected with vehicle (1 mM citrate buffer), the DM group was injected with 65 mg/kg streptozotocin (STZ) for induction
of type 1 DM, and the DM+TMZ group was injected with the same dose of STZ followed by a 4-week treatment with TMZ
(60 mg-kg™'-day™"). All animals were then euthanized and their hearts excised and subjected to electrophysiological measure-
ments or gene expression analyses. TMZ exposure significantly reversed the increased plasma FFA level in diabetic rats, but
failed to change the plasma glucose level. The amplitude of Iy, was significantly decreased in left ventricular myocytes from
diabetic rats relative to control animals (6.25 + 1.45 vs 20.72 + 2.93 pA/pF at +40 mV). The DM-associated /i, reduction was
attenuated by TMZ. Moreover, TMZ treatment reversed the increased expression of the channel-forming alpha subunit Kv1.4
and the decreased expression of Kv4.2 and Kv4.3 in diabetic rat hearts. These data demonstrate that TMZ can normalize,
or partially normalize, the increased plasma FFA content, the reduced /i, of ventricular myocytes, and the altered expression
Kv1.4, Kv4.2, and Kv4.3 in type 1 DM.

Key words: Transient outward K* current; Free fatty acid; Trimetazidine; Diabetic cardiomyopathy; Channel protein;
Ventricular myocytes

Introduction

Diabetes mellitus (DM) has become one of the most
common chronic diseases worldwide. It is predicted that
the global number of affected people will double between
2000 and 2030, increasing from 171 million to 366 million
(1). There are two main types of DM: type 1 DM and type
2 DM. Type 1 results from the loss of insulin production in
the beta cells of the pancreas, while type 2 results from a
lack of serum insulin or poor uptake of glucose into the cells.
Cardiovascular complications are the leading cause of death
in the diabetic population. The incidence of cardiovascular
disease is increased in individuals with DM compared to

those without DM. Hyperglycemia, dyslipidemia, and inflam-
mation have been proposed to account for the prevalence of
cardiovascular disease in diabetic subjects (2). In addition to
vascular disorders (3,4), patients with DM are predisposed
to myocardial dysfunction (5,6). Diabetic cardiomyopathy is
associated with abnormal electrical remodeling (7-9) and
myocardial structure alterations (10,11). The prolongation of
the QT interval is the most prominent electrocardiographic
change in diabetic hearts; clinically, its prevalence is as high
as about 25% in diabetic subjects (12,13). QT prolonga-
tion is an important predictor of mortality in patients with
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DM because it is associated with increased propensity to
sudden cardiac death consequent to malignant ventricular
arrhythmias.

The transient outward potassium (K*) current (/o) is a
major current in the heart, which is responsible for phase
1 repolarization of the cardiac action potential (14). Two
functionally distinct /i, phenotypes exist in the myocardium:
rapidly recovering (/o f) and slowly recovering (/o s). Mo-
lecularly, cardiac I is generated by the voltage-gated (Kv),
pore-forming (alpha) subunits, Kv4.2, Kv4.3, and Kv1.4.
While Kv1.4is responsible for /i, s channels, both Kv4.2 and
Kv4.3 contribute to /o fchannels (15). Down-regulation of i
is a consistent finding in diabetic hearts (16-18). However,
at present, the mechanism(s) by which DM influences the
density of cardiac / is not completely understood. Li et al.
(19) reported that i, remodeling in the diabetic rat heart
is controlled by endogenous oxidoreductase systems in a
redox-sensitive manner. Xu et al. (16) provided evidence
that there is a metabolic basis for decreased /i, density
in ventricular myocytes from diabetic rats. Indeed, am-
phiphilic fatty acid metabolites (e.g., palmitoylcarnitine and
palmitoyl-coenzyme A) are able to inhibit the /i, density in
rat ventricular myocytes (20).

There is a consensus that DM alters cardiac substrate
metabolism (21,22), resulting in a switch from glucose
oxidation to free fatty acid (FFA) oxidation. The preferen-
tial utilization of FFA in diabetic hearts causes not only
a reduced energy production, but also an increase of
intermediate metabolic products that are toxic to the myo-
cardium (23). Trimetazidine (TMZ) belongs to a new class
of metabolic agents known as the 3-ketoacyl coenzyme A
thiolase (3-KAT) inhibitors. TMZ has the capacity to shift
cardiac energy metabolism from FFA oxidation to glucose
oxidation by inhibiting mitochondrial long-chain 3-KAT and
thus improving cardiac efficiency (24,25). A double-blind
placebo-controlled study conducted by Rosano et al. (26)
revealed that TMZ can improve left ventricular function in
diabetic patients with coronary artery disease. However,
few studies have described the effects of TMZ on cardiac
electrical remodeling and energy metabolism in the setting
of DM. In the present study, we used a rat model of type
1 DM and examined the influence of TMZ treatment on
lio density in ventricular myocytes, the expression of Kv
channel genes, as well as the plasma FFA and glucose
levels.

Material and Methods

Experimental solutions

Tyrode solution, pH 7.4, containing 135 mM NaCl, 5.4
mM KCI, 1 mM MgCly, 0.33 mM NaH2POy4, 10 mM HEPES,
and 10 mM glucose was used and Kraft Briihe (KB) solution,
pH 7.4, containing 85 mM KOH, 30 mM KClI, 30 mM KH2P Oy,
1 mM MgCly, 50 mM glutamic acid, 20 mM taurine, 0.5 mM
EGTA, 10 MM HEPES, and 10 mM glucose was used. The
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pipette solution, pH 7.2, containing 140 mM KCI, 1 mM
MgCly, 5 mM KHoPOy4, 5 mM EGTA, and 10 mM HEPES
and the external solution, pH 7.4, containing 140 mM NaCl,
4 mM KCI, 1.5 mM CacCly, 1 mM MgCly, 0.5 mM CdCly, 5
mM HEPES, and 10 mM glucose were used.

Animals and treatments

The protocol of this study was approved by the Animal
Care and Use Committee of Chongqing Medical University
(Chongging, China), with certification No. CMU-2010-0029.
Allexperiments involving animals were carried out according
to the EC Directive 86/609/ECC for animal care. Sprague-
Dawley rats, 8 weeks old and weighing 200-250 g, were
supplied by the Experimental Animal Center of Chongqing
Medical University. They were randomly divided into three
groups of 20 animals each: control group, DM group, and
DM+TMZ group. Streptozotocin (STZ) was used to induce
experimental type 1 DM (16). Animals in both DM and
DM+TMZ groups were injected with a single dose of STZ
(65 mg/kg, ip; Sigma, USA). Control animals were injected
with the same dose of vehicle (1 mM citrate buffer, pH 4.5).
Blood glucose measurements were made 3 days after
injection and daily thereafter to monitor the diabetic state.
Rats whose plasma glucose level exceeded 16.7 mM were
considered diabetic. For a period of 4 weeks, animals in the
DM+TMZ group received TMZ (60 mg-kg-'-day™!; Servier
Co., Ltd., China) by gavage. The other two groups received
the same volume of normal saline. All animals were then eu-
thanized by infusion of pentobarbital sodium (60 mg/kg, ip).
Hearts from half the animals in each group were subjected
to electrophysiological measurements and those from the
other half were used for gene expression analysis.

Preparation of cardiac myocytes

Rat myocytes were isolated as described in Ref. 27.
Briefly, freshly excised rat hearts were mounted on a
Langendorff apparatus and perfused with Tyrode solution
containing type Il collagenase (Worthington, Freehold,
USA) and 20 uM CaCls for 10-13 min. The ventricles of the
heart were excised and minced lightly in KB solution. After
filtering through a 200-pm nylon mesh, disassociated cells
were washed gently and centrifuged at 400 g for 5 min. The
cell suspension in fresh KB solution was kept at 4°C until
electrophysiological studies were performed.

Whole-cell patch-clamp technique

The patch-clamp experiments were performed as de-
scribed previously (28), with minor modifications. Briefly,
ventricular cells were placed in a small-volume recording
chamber under an inverted microscope. Cells were treated
with the li, external solution for 15 min before recording
the current. Patch electrodes were fabricated from borosili-
cate glass. The pipettes had a resistance of 2-4 MQ after
filling with the internal solution. Creation of a voltage-clamp
pulse and data acquisition were carried out using the

www.bjournal.com.br



TMZ treatment on cardiac &, remodeling in type 1 diabetes

Pulse software (version 8.31; HEKA, Germany). Whole
cell capacitance was compensated. Series resistance in
whole-cell recordings was <20 MQ and was not corrected.
Aliquid junction potential was subtracted from the recorded
membrane potentials. Current and voltage signals were
filtered at 2.9 kHz using a four-pole low-pass Bessel filter.
Currents were sampled with the help of an analog-to-digital
converter (HEKA). /i, was evoked by 300-ms depolarizing
pulses between -40 and +70 mV. The holding potential
was -70 mV, and a 25-ms pre-pulse was applied to -30
mV to inactivate the fast sodium (Na*) current. At each
test potential, the amplitude of /i, was measured as the
difference between peak outward current and current at
the end of the test pulse. Current-voltage (/-V) data were
recorded by changing the test potential from -40 to +70 mV
at 5-mV steps. By dividing the measured current amplitude
by membrane capacitance (Cm) (pA/pF), Iy currents were
reported as current densities.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from rat myocardium was extracted using
Trizol reagent according to manufacturer instructions
(Invitrogen, USA). Reverse transcription was performed
with random primers (Invitrogen) and M-MLV reverse
transcriptase (Invitrogen). Real-time PCR amplification was
conducted on the Applied Biosystems 7500 Real-Time PCR
System (USA) using SYBR Green PCR Master Mix (Life
Technologies Corporation, USA). The PCR primers were
as follows: forward 5-GCAGTCAGTTGCCCATACC-3'and
reverse 5-TCCCTTTCCCTGACACTTC-3'forKv1.4 (152 bp
inlength; Genbank No.NM_012971); forward 5-CTCTCTG
AGCGGAGTCTTGG-3' and reverse 5-TCGTTTGTCC
GCTCGTTG-3' for Kv4.2 (97 bp in length; Genbank No.
NM_031730); forward 5-CGTCTTTGCCACTGTGATGT-3'
and reverse 5-TCGGCACCATGTCTCCATAC-3' for Kv4.3
(128 bp in length; Genbank No. NM_031739); forward

'“AGTCCACTGGCGTCTTCA-3'andreverse 5-CGGACTT
CTCATGGTTCACAC-3' for GAPDH (132 bp in length).
All assays were performed in triplicate and repeated
three times, and the threshold cycle (Ct) was calculated.
The relative mRNA expression level normalized by the
GAPDH mRNA level was then determined using the 2-AACt
method (29).

Western blot analysis

Rat heart tissues were homogenized and lysed in a
lysis buffer containing the protease inhibitor phenylmeth-
ylsulfonyl fluoride (1 mM; Sigma). Protein concentrations
were determined using the bicinchoninic acid method
(Nanjing KeyGen Biotech Co., Ltd., China). Equal amounts
of protein samples were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes. After blocking with
5% fat-free milk, membranes were incubated overnight at
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4°C with primary antibodies against Kv1.4 (1:300), Kv4.2
(1:300), Kv4.3 (1:200), and beta-actin (1:400; Boster
Biotechnology Co., Ltd., China), followed by incubation
with horseradish peroxidase-linked secondary antibodies
(1:1000; Zhongshan Jin Qiao Biotechnology Co., Ltd.,
China). Immunoreactive bands were visualized using an
enhanced chemiluminescence detection kit (Amersham
Biosciences, USA). Signal intensities were quantitated using
the Quantity One Software (Bio-Rad, USA). The relative
protein level was determined by normalization against beta-
actin. Experiments were conducted with a single replicate
and repeated three times.

Measurements of plasma glucose and FFA

At the end of the experiment, rat peripheral blood
samples were collected before removing the hearts and
plasma was immediately separated. Plasma glucose was
measured with a glucometer (Johnson & Johnson, USA)
and plasma FFAwas determined by a microplate enzymatic
assay using a commercially available kit (Jiancheng Bio-
engineering Institute, China). All assays were performed in
triplicate and repeated three times.

Statistical analysis

Data are reported as means + SD. Statistical comparison
was performed by one-way analysis of variance (ANOVA)
and the two-sided Tukey test. P < 0.05 was considered to
be statistically significant.

Results

TMZ reduced plasma FFA levels in rats with DM

After a 4-week treatment with TMZ, plasma FFA and
glucose levels were measured in each animal group. As
shown in Table 1, rats with induced DM had significantly
greater levels of plasma FFA (P < 0.05, ANOVA and Tukey
test; N =10) and glucose (P <0.05, ANOVA and Tukey test;
N = 20) than control animals. TMZ treatment reduced, but
failed to completely normalize the plasma FFA concentra-
tion in diabetic rats (P < 0.05 relative to control animals).
However, the plasma glucose level remained unchanged
after TMZ treatment (19.30 + 1.82 vs 20.05 + 2.51 mM, P
> 0.05 relative to the DM group).

TMZ attenuated the reduction of I, in diabetic rat
hearts

Electrophysiological studies revealed that the amplitude
of I, was significantly decreased in left ventricular myocytes
from diabetic rats compared to those isolated from control
animals (6.25 +1.45vs 20.72 £ 2.93 pA/pF at +40 mV, P <
0.05, ANOVA and Tukey test; N = 18 and 20, respectively;
Figure 1). The DM-induced I, reduction was attenuated
by TMZ treatment; however, there were still statistically
significant differences between the DM+TMZ and control
groups (P < 0.05).

Braz J Med Biol Res 45(3) 2012
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Table 1. Effect of trimetazidine treatment of diabetic rats on plasma concentrations of free fatty acids and glu-
cose and expression levels of Kv1.4, Kv4.2, and Kv4.3 mRNA in the left ventricular myocardium.

Control DM DM+TMZz2
Free fatty acid (uM) 259.44 + 40.68 369.15 + 49.03* 323.75 + 37.44*#
Glucose (mM) 5.50+0.5 20.05 £ 2.51* 19.30 £ 1.82*
Kv1.4 mRNA 0.90 £ 0.21 2.01 £0.44* 1.02 +0.38#
Kv4.2 mRNA 6.65+0.88 442 +£0.61* 5.89 + 0.52*#
Kv4.3 mRNA 541+0.70 3.53 + 0.50* 4.91+0.57#

Data are reported as means + SD. DM = diabetic group; DM+TMZ = diabetic + trimetazidine group. 2Animals
in the DM+TMZ group received TMZ (60 mg-kg-'-day1) by gavage for 4 weeks. *P < 0.05 compared to control
(one-way ANOVA and Tukey test); #P < 0.05 compared to the DM group (one-way ANOVA and Tukey test).
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Figure 1. Effect of trimetazidine treatment on I, current-voltage
relationships of diabetic rats. Symbols indicate means + SD,
and N indicates the number of myocytes studied. DM = diabetic
group; DM+TMZ = diabetic + trimetazidine group; /o = outward
potassium current. *P < 0.05 compared to control (one-way ANO-
VA and Tukey test).

Decreased expression of Kv4.1 and increased
expression of Kv4.2 and Kv4.3 by TMZ

We next examined the changes in the expression of Kv
channel genes in each group. Compared to control animals,
diabetic rats showed a >2-fold increase in Kv1.4 mRNA

Braz J Med Biol Res 45(3) 2012
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Figure 2. Effect of trimetazidine treatment on the protein levels
of Kv1.4, Kv4.2, and Kv4.3 in the left ventricular myocardium of
diabetic rats. A, Representative Western blots for each group.
Lane 1 = control group; lane 2 = diabetic (DM) group; lane 3
= diabetic + trimetazidine (DM+TMZ) group. B-actin was used
as loading control. B, Bar graph depicting densitometric quan-
tification (means + SD) of Western blots for each group. The
relative protein level was determined by normalization against
that of B-actin. *P < 0.05 compared to control (one-way ANOVA
and Tukey test); #P < 0.05 compared to the DM group (one-way
ANOVA and Tukey test).

levels (P < 0.05, ANOVA and Tukey test; N = 10) and a
concomitant reduction in mMRNA abundance of Kv4.2 (P <
0.05, ANOVA and Tukey test; N = 10) and Kv4.3 (P < 0.05,
ANOVA and Tukey test; N = 10; Table 1). Similar findings
were observed at the protein level (Figure 2), although
the extent of these changes varied. The DM-associated
alterations in the Kv channel gene expression were almost
completely normalized by TMZ treatment. There was no
significant difference in the expression levels of Kv1.4 and
Kv4.3 between the control and DM+TMZ groups (P > 0.05;
Table 1 and Figure 2).
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Discussion

Using a rat model of type 1 DM, we showed that DM
was associated with reduction of /i, amplitude in the left
ventricular myocardium, coupled with elevated plasma
contents of FFA. A 4-week treatment with TMZ resulted
in a partial reversal of these metabolic and ionic changes
in diabetic rats. Examination of the expression of the Kv
channel genes revealed that DM triggered a shift from fast-
recovering Kv4.2/Kv4.3 channels to the slow-recovering
Kv1.4, which may partially explain the down-regulation of
o amplitude. Interestingly, TMZ treatment increased the
amount of Kv4.2 and Kv4.3 and decreased the expression
of Kv1.4, thus contributing to the up-regulation of /io. These
results indicate a protective role for TMZ in DM-associated
pathological remodeling of ventricular /.

Cardiovascular complications, including vascular inju-
ries and myocardial dysfunction, are the primary cause of
mortality in patients with DM (2,3,5,6). There are distinct
alterations in the electrophysiological properties of the
myocardium in diabetic hearts (17). The prolongation of
the QT interval, as the most prominent electrophysiologi-
cal change (12,13), is associated with a high risk of fatal
arrhythmias and sudden death in diabetic subjects. The
underlying mechanisms of QT abnormalities in diabetic
hearts remain poorly understood. The findings in failing
hearts suggest that reduced repolarizing currents includ-
ing lyx are implicated in the pathogenesis of acquired QT
prolongation (30). Indeed, previous studies (16-18) and
our present results indicate that myocytes isolated from
diabetic hearts show a reduction in /i, currents. Changes in
the expression of Kv channel genes have been suggested
to underlie the /i, remodeling. Targeted deletion of Kv4.2
in mice results in elimination of the /o £ (31). Reductions in
Kv4.2 and Kv4.3 amounts have been linked consistently to
the diminished /i, densities observed in cardiac hypertrophy
(32). Earlier studies (33,34) have documented that ven-
tricular myocytes from diabetic hearts exhibit a decreased
level of Kv4.3 and an increased expression of Kv1.4. Our
present data confirm the DM-associated changes in the
Kv gene expression profile, i.e., an increase of the Kv1.4
content and a decrease of the contents of both Kv4.2 and
Kv4.3. These findings provide a molecular basis for the
down-regulation of /i in diabetic hearts.

There is growing evidence for the link between metabolic
changes and cardiac /i, remodeling (35-37). Verkerk et al.
(35) reported that inhibition of cell metabolism, induced by
hypoxia or by addition of 2,4-dinitrophenol, led to an almost
complete inhibition of transient outward current in cardiac
myocytes. Similarly, inhibition of metabolism, using 2-deoxy-
D-glucose to block glycolysis with or without the addition of
cyanide to block oxidative phosphorylation, abolished the
I of rat atrial myocytes (36). Rozanski et al. (37) showed
that treatment with exogenous dichloroacetate or pyruvate,
both activators of pyruvate dehydrogenase, reversed the
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reduced /i, in myocytes from infarcted hearts. It is well
accepted that DM dramatically alters cardiac substrate
metabolism, resulting in augmented FFA and decreased
glucose consumption (21,22). This alteration in metabolism
is believed to contribute to cardiac dysfunction: high FFA
uptake and metabolism not only result in accumulation of
FFAintermediates and triglycerides but also in anincreased
oxygen demand and generation of reactive oxygen species,
leading to cardiac damage (38). Normalization of energy
metabolism in diabetic hearts is capable of reversing the
impaired cardiac function (39). The abnormal accumulation
of FFA and their metabolites may have deleterious effects
on electrical remodeling in diabetic hearts. Indeed, it has
been documented that amphiphilic fatty acid metabolites
can reduce Iy, in rat ventricular myocytes (20). Long-term
fish oil supplementation was found to induce cardiac electri-
cal remodeling by changing channel protein expression in
the rabbit model (40). However, there is no direct evidence
for the causal relationship between FFA accumulation
and cardiac /i, reduction in DM. In addition to FFA eleva-
tion, the i changes in diabetic hearts may be associated
with depressed glucose metabolism, since agents such
as insulin, dichloroacetate, and L-carnitine that increase
glucose utilization can normalize l, density within a short
period of time (16).

TMZ has multiple metabolic and vascular effects that
make it attractive for treatment of cardiovascular diseases
(25). The central activity of TMZ is to block fatty acid oxi-
dation, which is likely to be mediated by inhibition of mito-
chondrial long-chain 3-KAT (24). As a consequence of the
TMZ-induced reduction of fatty acid oxidation in the heart,
glucose oxidation is stimulated, thus improving cardiac
efficiency and function (26). In support of the modulating
effects on energy metabolism, the present data revealed
that TMZ selectively decreased plasma FFA concentration
in rats with induced DM and did not change plasma glucose
levels. However, in patients with type 2 DM and ischemic
cardiomyopathy, TMZ failed to alter the basal level of FFA
(25). This discrepancy may reflect a context-dependent
modulation of FFAlevels by TMZ. Accompanying the reduc-
tion of plasma FFA, TMZ resulted in augmented /i, in ven-
tricular myocytes. The beneficial effects of TMZ on electrical
remodeling may be explained by the altered expression
profile of the Kv gene, switching from Kv4.1 to Kv4.2 and
Kv4.3. To the best of our knowledge, this is the first report
of modulation of Kv gene expression by TMZ treatment.
The protein levels of the Kv genes varied consistently with
their mRNA abundance, suggesting that the regulation of
Kv genes occurred primarily at the transcriptional level.
However, the exact regulatory mechanisms remain to be
clarified. Due to lack of a non-diabetic group treated with
TMZ, it is still uncertain whether the effect of TMZ on I
remodeling is specific for diabetic hearts. Additionally, it is
necessary to check whether TMZ had a similar effect on
lio in the setting of type 2 DM.
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Our results demonstrate that TMZ treatment reverses
the increased plasma FFA levels and the reduced /i in
left ventricular myocytes of rats with STZ-induced type 1
DM. The modulation of Kv gene expression is likely to be
implicated in the TMZ-induced I, changes. These findings
warrant further evaluation of the relationship between the
metabolic effects of TMZ and cardiac electrical remodel-
ing in DM.
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