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Abstract

Trimetazidine, a piperazine derivative used as an anti-anginal agent, improves myocardial glucose utilization through
inhibition of fatty acid metabolism. The present study was designed to investigate whether trimetazidine has the protective
effects against smoking-induced left ventricular remodeling in rats. In this study, Wistar rats were randomly divided into 3
groups: smoking group (exposed to cigarette smoke), trimetazidine group (exposed to cigarette smoke and treated with
trimetazidine), and control group. The echocardiographic and morphometric data indicated that trimetazidine has
protective effects against smoking-induced left ventricular remodeling. Oxidative stress was evaluated by detecting
malondialdehyde, superoxide dismutase, and glutathione peroxidase in the supernatant of left ventricular tissue.
Cardiomyocyte apoptotic rate was determined by flow cytometry with Annexin V/PI staining. Gene expression and serum
levels of inflammatory markers, including interleukin-1p, interleukin-6, and tumor necrosis factor-o, were deteced by
quantitative real-time PCR and enzyme-linked immunosorbent assay. Our results suggested that trimetazidine could
significantly reduce smoking-induced oxidative stress, apoptosis, and inflammation. In conclusion, our study demonstrates
that trimetazidine protects against smoking-induced left ventricular remodeling via attenuating oxidative stress, apoptosis,

and inflammation.
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Introduction

Smoking, which is a serious public health concern, contributes
significantly to cardiovascular morbidity and mortality [1-4].
Cigarette smoke contains more than 4,000 chemical substances,
including polycyclic aromatic hydrocarbons and oxidative gases,
most of which exert a cardiotoxic effect. Nicotine is the addictive
component and most harmful ingredient contained within
cigarettes. In a previous study, we concluded that nicotine
promotes cardiomyocyte apoptosis by inducing oxidative stress
and disrupting apoptosis-related gene expression [3].

Ventricular remodeling, defined as changes in size, shape and
function of the heart in response to cardiac injury or increased
load, is associated with the development and progression of heart
failure. The process of ventricular remodeling is largely influenced
by haemodynamic load, neurohumoral activation and additional
factors such as endothelin, cytokines, nitric oxide production and
oxidative stress [6]. In the past few years, several studies have
demonstrated that exposure to cigarette smoke can result in
cardiac remodeling and impaired ventricular function [7-9].

Trimetazidine, a piperazine derivative used as an anti-anginal
agent, selectively inhibits long-chain 3-ketoacyl coenzyme A
thiolase (the last enzyme involved in B-oxidation) activity. Previous
studies have demonstrated that trimetazidine can improve left
ventricular function in patients with heart failure [10-12].

@ PLoS ONE | www.plosone.org

Trimetazidine may affect myocardial substrate use by inhibiting
oxidative phosphorylation and shifting energy production from
free fatty acids to glucose oxidation [13]. It may also contribute to
the preservation of intracellular levels of phosphocreatine and
ATP [14], reduce free radical-induced injury [15], inhibit cell
apoptosis [16] and improve endothelial function [17]. The present
study was designed to investigate whether trimetazidine has the
protective effects against smoking-induced left ventricular remod-
eling in rats.

Materials and Methods

Ethics statement

This study was carried out in accordance with the National
Institute of Health’s Guide for the Care and Use of Laboratory
Animals and was approved by the Animal Ethics Committee of
Soochow University (Protocol number SD2011288).

Groups and treatment

Male Wistar rats weighing 200-250g were housed two per
plastic cage with wood chips for bedding in an animal room with
an alternating 12 h light/dark cycle at 22+2°C and 55*10%
relative humidity. The rats were randomly divided into 3 groups:
smoking group (n=10), exposed to cigarette smoke at the rate of
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40 cigarettes/day for 4 months; trimetazidine group (n=10),
exposed to cigarette smoke (40 cigarettes/day) and meanwhile
treated with trimetazidine (10 mg/kg/day, Les Laboratoires
Servier) for 4 months; control group (n=10), neither exposed to
cigarette smoke nor treated with trimetazidine. Drugs were
prepared from the tablets, suspended in 0.9% NaCl and applied
by stomach tube in a volume of 2.0 ml/kg/day.

The rats were exposed to cigarette smoke in a chamber
(dimensions  95x80x65cm) connected to a smoking device
according to the method proposed by Wang, et al. [18]. The
smoke was drawn out of filtered commercial cigarettes (compo-
sition per unit: 1.1mg of nicotine; 12mg of tar; and 13mg of
carbon monoxide) with a vacuum pump and was exhausted into
the smoking chamber. During the first week, the number of
cigarettes was gradually increased from 5 to 10 cigarettes over a
30-min period, twice in the afternoon. After that, 10 cigarettes
were used in each smoking trial, repeated 4 times/day, twice in
the morning and twice in the afternoon.

Echocardiographic study

After 4 months, transthoracic echocardiography was carried out
to evaluate cardiac structure and function in these 3 groups. All
echocardiograms were performed according to the American
Society of Echocardiography guidelines [19]. Echocardiograms
were conducted by the same experienced sonographer using an
Acuson Sequoia €256 Echocardiography System (Acuson Corp.,
Mountain View, CA) and a 15.0 MHz transducer. Rats were
lightly anesthetized by intramuscular injection with a mixture of
ketamine (50mg/kg) and xylazine (Img/kg). The transducer was
placed on the left thorax, and M-mode and 2-dimensional
echocardiography images were obtained in the parasternal long-
axis views. The cardiac structures were measured in 3 to 5
consecutive cardiac cycles as follows: left ventricular end-diastolic
dimension (LVEDD) and left ventricular posterior wall thickness
(LVPWT) were measured at maximal diastolic dimension, and left
ventricular end-systolic dimension (LVESD) was taken at the
maximal anterior motion of the posterior wall. Left ventricular
systolic function was assessed by calculating fractional shortening
[FS = (LVEDD-LVESD)/LVEDD)], and ejection fraction [EF =
(LVEDD?*-LVESD?/LVEDD?]. The transmitral diastolic flow (E

Table 1. Echocardiographic study.

Control Smoking Trimetazidine

group group group
Heart rate 273%16 284+25 291£22
(bpm)
LVEDD (mm) 7.50+0.22 8.13+0.30* 7.81£0.24**
LVESD (mm) 4.160.20 4.71%£0.31* 4.43+0.25%*
LVPWT (mm) 1.25%0.11 1.36+0.16 1.32+0.18
FS 0.450.02 0.40+0.03* 0.43£0.02**
EF 0.88+0.03 0.82:+0.03* 0.85+0.02%*
E/A 1.53*0.16 1.32+0.21 1.46*0.19
Ea/Aa 1.42%+0.23 1.27£0.25 1.35%0.31

LVEDD: left ventricular end-diastolic dimension; LVESD: left ventricular end-
systolic dimension; LVPWT: left ventricular posterior wall thickness; FS: fractional
shortening; EF: ejection fraction; E: peak velocity of early ventricular filling; A:
peak velocity of transmitral flow during atrial contraction. Ea: early diastolic
mitral annular velocity; Aa: late diastolic mitral annular velocity. Data are
expressed as mean £ SD. *P<0.05, vs. control group; **P<0.05, vs. smoking
group.

doi:10.1371/journal.pone.0040424.t001
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Table 2. Morphological data.

Control Smoking Trimetazidine
group group group
BW (g9) 457*31 438+23 446+27
LVW/BW (mg/g) 2.16*+0.14 247+0.18* 2.32+0.17**
CSA (um?) 245+8 263*£11% 254 7%*
ICVF (%) 3.36+0.26 4.03+0.29*% 3.72+0.28**

BW: body weight; LVW: left ventricular weight; CSA: cross-sectional area; ICVF:
interstitial collagen volume fraction. Data are expressed as mean * SD.
*P<0.05, vs. control group; **P<0.05, vs. smoking group.
doi:10.1371/journal.pone.0040424.t002

and A waves) was obtained with the transducer at the apical 4-
chamber view. The peak velocities in the rapid ventricular filling
phase (E wave) and during atrial contraction (A wave) were
measured in 5 consecutive cardiac cycles and were averaged.
Tissue Doppler imaging recordings were obtained from the lateral
mitral valve annulus. Early diastolic (Ea) and late diastolic (Aa)
mitral annular velocities were measured in 5 consecutive cardiac
cycles and the results were averaged. The E/A and Ea/Aa ratios
were calculated and used as indices of left ventricular diastolic
function.

Morphometric analysis

All animals were weighed, euthanized by carbon dioxide
inhalation, then left ventricles (including the interventricular
septum) were dissected, separated, and weighed. Left ventricular
mass index (LVMI) was calculated as left ventricular mass divided
by the rat’s body weight. Left ventricular tissue was fixed in 10%
buffered formalin and embedded in paraffin. Five-micron-thick
sections were stained with hematoxylin-eosin (HE) and with the
collagen-specific stain picrosirius red. Myocyte cross-sectional area
(GSA) was determined for at least 100 myocytes per slide stained
with HE. The measurements were performed using a Leica
microscope (magnification lens x400) attached to a video camera
and connected to a personal computer equipped with image
analyzer software (Image-Pro Plus 3.0, Media Cybernetics, Silver
Spring, MD). CSA was measured with a digitizing pad, and the
selected cells were transversely cut with the nucleus clearly
identified in the centre of the myocyte. Interstitial collagen volume
fraction (ICVF) was determined for the entire picrosirius red-
stained cardiac section using an automated image analyzer
(Image-Pro Plus 3.0, Media Cybernetics). Cardiac tissue compo-
nents were identified according to the colour level: red for collagen
fibres, yellow for myocytes, and white for interstitial space. The
digitized profiles were sent to a computer that calculated collagen
volume fraction as the sum of all connective tissue areas divided by
the sum of all connective tissue and myocyte areas. On average, 35
microscopic fields were analyzed with a 40x lens. Perivascular
collagen was excluded from this analysis.

Assessment of oxidative stress

Rat left ventricular tissue was removed and homogenized in
50 mmol/L phosphate buffer (pH 7.4) kept in an ice bath. The
homogenates were centrifuged for 10 min at 8,500 g (4°C), and
the pellet (cellular debris) was discarded. The supernatants were
harvested and stored at —20°C until biochemical assays were
performed. Oxidative stress was evaluated by detecting mal-
ondialdehyde (MDA), superoxide dismutase (SOD) and glutathi-
one peroxidase (GSH-Px) in the supernatant according to the
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Figure 1. HE-stained pathological images of left ventricular tissue. a: Cardiomyocytes in the control group were orderly arranged, and the
nuclei were lightly stained and located in the center of muscle fibers. b: Thickening and lengthening of myocardial fibers could be observed in the
smoking group, wherein the nuclei were darkly stained, showing local tissue fibrosis and inflammatory cell infiltration. ¢: Cardiomyocyte hypertrophy,
cellular degeneration and inflammatory cell infiltration were significantly improved in the trimetazidine group by contrast with those in the smoking

group.
doi:10.1371/journal.pone.0040424.g001

instructions of detection kits from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). MDA level was measured with
the thiobarbituric acid reaction using Ohkawa’s method [20]. The
principle of this method is the spectrophotometric measurement of
the color generated by the reaction of thiobarbituric acid with
MDA. SOD activity was assayed using the nitroblue tetrazolium
method proposed by Sun, et al [21]. This method is based on the
inhibition of nitroblue tetrazolium reduction by the xanthine-
xanthine oxidase system as a superoxide generator. GSH-Px
activity was measured according to the method of Paglia and
Valentine [22]. Analysis of supernatant GSH-Px activity is based
on oxidized glutathione produced upon reduction of an organic
peroxide by GSH-Px, which is recycled to its reduced state by
glutathione reductase.

Quantitation of apoptosis by Annexin V/PI staining

Rat left ventricular tissue was surgically removed, minced into
small pieces, and then digested for 10 min at 37°C with trypsin
solution. 1x10° cells were collected and washed twice with cold
PBS. 5 ul of Annexin V (Pharmingen, San Diego, CA, USA) and
5 pl of PI (Sigma, St. Louis, MO, USA) were added to the cells,
which were resuspended in 500 pl 1x binding buffer. The cells
were gently vortexed and incubated for 15 min at room
temperature in the dark, then they were analyzed by flow
cytometry within 1 h. Annexin V labeled with a fluorophore could
identify cells in the early stage of apoptosis, and PI, a fluorescent
nucleic acid binding dye, was responsible for staining cells in the
medium and late stages of apoptosis. Analysis was based on gating
a subpopulation of cells by forward scatter versus side scatter. The
intermediate to large mononuclear cell population was the gated
region used to calculate the apoptotic rate. The apoptotic rate was
calculated as the percentage of Annexin V-positive and PI-

Table 3. Assessment of oxidative stress.

negative cells divided by the total number of cells in the gated
region.

Quantitative real-time PCR

The gene expression of inflammatory markers, including
interleukin-1f (IL-1P), interleukin-6 (IL-6), and tumor necrosis
factor-ot (TNF-o) were deteced by quantitative real-time PCR.
Total RNA was extracted from left ventricular tissue using Trizol
Reagent according to the manufacturer’s instructions(Invitrogen,
Karlsruhe, Germany). The concentration of RNA was quantified
by measuring the absorbance at 260 nm. The reverse transcription
mixture contained 1 pg of total RNA, 0.5 pg of oligo d(T) primer,
4 pl of 5xRT buffer, 0.5 mM deoxynucleotides, 50 U of RNase
inhibitor and 200 U of reverse transcriptase (Promega, Madison,
WI, USA) in a total volume of 20 pl. The reaction was carried out
at 42°C for 1 h followed by heat inactivation at 95°C for 5 min.
Real-time PCR was performed on the ABI 7300 Real Time PCR
System following the manufacturer’s instructions. The reaction
mixture consisted of 12.5ul of SYBR Premix Ex Taq containing
TaKaRa Ex Taq HS, dNTP mixture, Mg2+ and SYBR Green 1
(ABI, USA), 0.3 pM of primer, 1 pL template DNA and ddH,;O
filled up to 25 pL. The amplification reactions were carried out
according to the following cycling protocol. Initial denaturation for
5 min at 95°C was followed by 40 cycles of 94°C for 30 s, 60°C for
30 s and 72°C for 40 s. The final elongation phase was performed
for 10 min at 72°C. In this study, B-actin was used as internal
control. The primer sequences used were as follows: IL-1f,
forward primer 5'-TACCTATGTCTTGCCCGTGGAG-3" and
reverse primer 5'-ATCATCCCACGAGTCACAGAGG-3'; IL-6,
forward primer 5'-GTCAACTCCATCTGCCCTTCAG-3" and
reverse primer 5'-GGCAGTGGCTGTCAACAACAT-3'; TNF-
o, forward primer 5-ACAAGGCTGCCCCGACTAT-3" and
reverse primer 5'-CTCCTGGTATGAAGTGGCAAATC-3'; B-

Control group

Smoking group Trimetazidine group

MDA (nmol/mg protein) 0.58+0.16
SOD (U/mg protein) 178.41+16.43
GSH-Px (U/mg protein) 256.63+17.20

0.96+0.24* 0.77£0.19%*
137.13+24.04% 157.72+20.51**
209.34+21.32*% 233.72+22.75%*

smoking group.
doi:10.1371/journal.pone.0040424.t003

@ PLoS ONE | www.plosone.org

MDA: malondialdehyde; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase. Data are expressed as mean =+ SD. *P<<0.05, vs. control group; **P<0.05, vs.

July 2012 | Volume 7 | Issue 7 | e40424



qo VO
> ] F
z o1 g B
‘_S'; ‘_‘C’_1
09_: 1.5 ;
100 10" 102 10% 104 109 10" 102 108 10?
a AV b AV
Quad % Gated Quad % Gated
UL 058 UL 047
UR 074 UR 063
LL 9636 LL 8364
LR 232 LR 1526

Trimetazidine and Smoking-Induced LV Remodeling

e
Gy
zed .o p
o3
o G
109 101 102 10° 104
c AV
Quad % Gated
UL 075
UR 045
LL  90.07
LR 873

Figure 2. Cardiomyocyte apoptotic rate was determined by flow cytometry with Annexin V/PI staining. The apoptotic rate in the
smoking group (b) was significantly higher than in the control group (a), while this rate in the trimetazidine group (c) was significantly lower than in

the smoking group.
doi:10.1371/journal.pone.0040424.9002

actin, forward primer 5-TGTCACCAACTGGGACGATA-3’
and reverse primer 5'-AACACAGCCTGGATGGCTAC-3'. The
fold change of mRNA was analyzed using the 97 AAC ethod
[23].

Detection of inflammatory cytokines by ELISA

The serum levels of inflammatory markers, including IL-1f, IL-
6, and TNF-a, were detected using the commercial enzyme-linked
immunosorbent assay (ELISA) kits (Bender Medsystems Diagnos-
tics GmbH, Vienna, Austria). All experimental procedures were
performed according to the manufacturer’s instructions.

Statistical analysis

Data were presented as mean = SD and differences between
groups were analyzed using one-way ANOVA with the SPSS 15.0
(SPSS, Inc., Chicago, IL, USA). Schefté post hoc test was used if
the ANOVA was significant. A P value <0.05 was considered
statistically significant.
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Figure 3. The apoptotic rate of cardiomyocytes in the smoking
group increased significantly compared with that in the
control group, while the apoptotic rate in the trimetazidine
group declined remarkably in comparison with that in the
smoking group. *P<<0.05, vs. control group; **P<<0.05, vs. smoking
group.

doi:10.1371/journal.pone.0040424.g003
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Results

The echocardiographic data are presented in Table 1. Signif-
icant increases in LVEDD and LVESD were found in the smoking
group compared to the control group. IS and EF in the smoking
group were lower than in the control group, while these two
variables in the trimetazidine group were higher than in the
smoking group. In addition, there were no statistically significant
differences in E/A and Ea/Aa ratios among these three groups.

The morphometric data are presented in Table 2. LVMI, CSA
and ICVF in the smoking group were significantly higher than in
the control group, whereas these three variables were significantly
lower in the trimetazidine group compared to the smoking group.

The HE-stained images of left ventricular tissue are shown in
Fig. 1. Cardiomyocytes in the control group were orderly
arranged, and the nuclei were lightly stained and located in the
center of muscle fibers. Thickening and lengthening of myocardial
fibers could be observed in the smoking group, wherein the nuclei
were darkly stained, showing local tissue fibrosis and inflammatory
cell infiltration. Cardiomyocyte hypertrophy, cellular degeneration
and inflammatory cell infiltration were significantly improved in
the trimetazidine group by contrast with those in the smoking
group.

Oxidative stress was evaluated by detecting MDA, SOD and
GSH-Px in the supernatant of left ventricular tissue and the results
are presented in Table 3. Our findings showed a significant
increase in MDA level and decreases in SOD and GSH-Px
activities in the smoking group compared to the control group,
while in the trimetazidine group, a significant decrease in MDA
level and increases in SOD and GSH-Px activities were found
compared to the smoking group.

Cardiomyocyte apoptotic rate was determined by flow cytom-
etry with Annexin V/PI staining and the results are shown in
Figs. 2 and 3. The apoptotic rate in the smoking group was
significantly higher than in the control group, whereas apoptotic
rate in the trimetazidine group was significantly lower than in the
smoking group.

The gene expression of inflammatory markers were deteced by
quantitative real-time PCR and the results are shown in Fig. 4.
Our findings indicated that the mRNA expression of IL-1f, IL-6,
and TNF-o were up-regulated in the smoking group compared to
the control group, whereas the expression of these markers were

July 2012 | Volume 7 | Issue 7 | e40424
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Figure 4. The gene expression of inflammatory markers were deteced by quantitative real-time PCR. The mRNA expression of IL-1f, IL-
6, and TNF-o were up-regulated in the smoking group compared to the control group, while the expression of these markers were down-regulated in
the trimetazidine group compared to the smoking group. *P<<0.05, vs. control group; **P<<0.05, vs. smoking group.

doi:10.1371/journal.pone.0040424.9004

down-regulated in the trimetazidine group compared to the
smoking group.

The serum levels of inflammatory cytokines were detected by
ELISA and the results are presented in Table 4. The concentra-
tions of IL-1B, IL-6, and TNF-o in the smoking group were
significantly higher than in the control group, whereas the levels of
these markers in the trimetazidine group were significantly lower
than in the smoking group.

Discussion

In the present study, we demonstrated for the first time that
trimetazidine has protective effects against smoking-induced left
ventricular remodeling via attenuating oxidative stress, apoptosis,
and inflammation.

To date, there have been few studies examining the adverse
effects of smoking on left ventricular remodeling. Although
smoking affects the entire cardiovascular system, it has been
generally accepted that the most adverse effects were on the
vasculature and included endothelial dysfunction and accelerated
atherosclerosis [24]. However, the associations between smoking
and reduced left ventricular function and greater left ventricular
mass have been confirmed in more recent large population-based
epidemiological studies using magnetic resonance imaging to
evaluate myocardial structure and function [25,26]. These data
are further substantiated by our findings and those of others [7-9],
which demonstrate that cigarette smoke exposure is associated
with left ventricular remodeling.

In the present study, our results demonstrate that exposure to
cigarette smoke could induce myocardial hypertrophy and

Table 4. Serum levels of inflammatory cytokines.

Control Smoking Trimetazidine
group group group
IL-1B (pg/ml) 3.72+0.49 5.94+0.72% 4.58+0.65%*
IL-6 (pg/ml) 26.48+5.32 42.53+8.76* 34.75+7.14*%*
TNF-a (ng/ml) 0.82+0.14 1.41£0.23* 1.13£0.19%*

IL-1B: interleukin-1; IL-6: interleukin-6; TNF-o:: tumor necrosis factor-o;. Data are
expressed as mean £ SD. *P<0.05, vs. control group; **P<0.05, vs. smoking
group.

doi:10.1371/journal.pone.0040424.t004

@ PLoS ONE | www.plosone.org

ventricular enlargement which play a critical role in the
remodeling process. One of the most striking characteristics of
cardiac remodeling is a progressive decrease in ventricular
function. Initially, due to cell growth, the remodeling process
may help to maintain or restore ventricular function. Chronically,
however, biochemical, genetic, and structural alterations occur,
resulting in progressive ventricular dysfunction. In agreement with
this concept, our study indicated that cigarette smoke exposure is
associated with a significant decrease in left ventricular systolic
function.

Trimetazidine, a piperazine derivative used as an anti-anginal
agent, improves myocardial glucose utilization through inhibition
of fatty acid metabolism. A previous study has reported that
trimetazidine treatment was associated with a significant improve-
ment of left ventricular function and the remodeling process in
patients with ischaemic dilated cardiomyopathy [27]. In the
present study, we established a smoking rat model to investigate
the protective effects of trimetazidine against smoking-induced left
ventricular remodeling and explore the potential mechanisms
involved.

Oxidative stress, defined as an excess production of reactive
oxygen species (ROS), has been shown to be involved in the
pathophysiology of ventricular remodeling and associated with left
ventricular dysfunction [28-30]. Excessive ROS generation
triggers cell dysfunction, lipid peroxidation, and DNA mutagenesis
and can lead to irreversible cell damage or death [31-33]. ROS
can directly impair contractile function by modifying proteins
central to excitation-contraction coupling [34]. Moreover, ROS
activate a broad variety of hypertrophy signaling kinases and
transcription factors [35]. They also stimulate cardiac fibroblast
proliferation and activate the matrix metalloproteinases, leading to
the extracellular matrix remodeling [36,37]. In the present study,
oxidative stress was evaluated by detecting MDA, SOD and GSH-
Px in the supernatant of left ventricular tissue. Our findings
suggested that trimetazidine could significantly decrease smoking-
induced oxidative stress, which might be one of the protective
mechanisms against smoking-induced left ventricular remodeling.

Apoptosis, a highly regulated biological process, plays a critical
role in the pathogenesis of ventricular remodeling [38,39]. A
previous study has reported that cardiomyocyte apoptosis is
related to left ventricular dysfunction and remodeling in dilated
cardiomyopathy [40]. It has been revealed that myocardial
apoptosis 1is strongly associated with unfavorable left ventricular
remodeling and early symptomatic post-infarction heart failure

July 2012 | Volume 7 | Issue 7 | e40424



[41]. In the present study, cardiomyocyte apoptotic rate was
determined by flow cytometry with Annexin V/PI staining. Our
results suggested that trimetazidine could significantly reduce
smoking-induced apoptosis, which might be another protective
mechanism against smoking-induced left ventricular remodeling.

Inflammation also plays an important role in the pathogenesis of
ventricular remodeling. It has been demonstrated that inflamma-
tory cytokines, including IL-1B, IL-6, and TNF-o, increase
remarkably after myocardial infarction and are involved in the
subsequent left ventricular remodeling [42]. A previous study has
revealed that pathophysiologically relevant concentrations of
TNF-o promote progressive left ventricular dysfunction and
remodeling in rats [43]. In the present study, gene expression
and serum levels of inflammatory markers, including IL-1f, IL-6,
and TNF-o, were deteced to evaluate the extent of systemic

References

1. Lakier JB (1992) Smoking and cardiovascular disease. Am J Med 93: 8S-12S.

2. Burns DM (2003) Epidemiology of smoking-induced cardiovascular disease.
Prog Cardiovasc Dis 46: 11-29.

3. HeJ, Vupputuri S, Allen K, Prerost MR, Hughes J, et al. (1999) Passive smoking
and the risk of coronary heart disease—a meta-analysis of epidemiologic studies.
N Engl ] Med 340: 920-926.

4. Teo KK, Ounpuu S, Hawken S, Pandey MR, Valentin V, et al. (2006) Tobacco
use and risk of myocardial infarction in 52 countries in the INTERHEART
study: a case-control study. Lancet 368: 647-658.

5. Zhou X, Sheng Y, Yang R, Kong X (2010) Nicotine promotes cardiomyocyte
apoptosis via oxidative stress and altered apoptosis-related gene expression.
Cardiology 115: 243-250.

6. Cohn N, Ferrari R, Sharpe N (2000) Cardiac remodelling—concepts and clinical
implications: a consensus paper from an international forum on cardiac
remodeling. Behalf of an International Forum on Cardiac Remodeling. ] Am
Coll Cardiol 35: 569-582.

7. Castardeli E, Paiva SA, Matsubara BB, Matsubara LS, Minicucci MF, et al.
(2005) Chronic cigarette smoke exposure results in cardiac remodeling and
impaired ventricular function in rats. Arq Bras Cardiol 84: 320-324.

8. Castardeli E, Duarte DR, Minicucci MF, Azevedo PS, Matsubara BB, et al.
(2007) Tobacco smoke-induces left ventricular remodeling is not associated with
metalloproteinase-2 or -9 activation. Eur J Heart Fail 9: 1081-1085.

9. Gu L, Pandey V, Geenen DL, Chowdhury SA, Piano MR (2008) Cigarette
smoke-induced left ventricular remodelling is associated with activation of
mitogen-activated protein kinases. Eur J Heart Fail 10: 1057-1064.

10. Thrainsdottir IS, von Bibra H, Malmberg K, Rydén L (2004) Effects of
trimetazidine on left ventricular function in patients with type 2 diabetes and
heart failure. ] Cardiovasc Pharmacol 44: 101-108.

11. Fragasso G, Palloshi A, Puccetti P, Silipigni C, Rossodivita A, et al. (2006) A
randomized clinical trial of trimetazidine, a partial free fatty acid oxidation
inhibitor, in patients with heart failure. ] Am Coll Cardiol 48: 992-998.

12. Fragasso G, Perseghin G, De Cobelli F, Esposito A, Palloshi A, et al. (2006)
Effects of metabolic modulation by trimetazidine on left ventricular function and
phosphocreatine/adenosine triphosphate ratio in patients with heart failure. Eur
Heart J 27: 942-948.

13. Fantini E, Demaison L, Sentex E, Grynberg A, Athias P (1994) Some
biochemical aspects of the protective effect of trimetazidine on rat cardiomy-
ocytes during hypoxia and reoxygenation. J Mol Cell Cardiol 26: 949-958.

14. Bertomeu-Gonzalez V, Bouzas-Mosquera A, Kaski JC (2006) Role of
trimetazidine in management of ischemic cardiomyopathy. Am J Cardiol 98:
19J-24].

15. Maridonneau-Parini I, Harpey C (1985) Effects of trimetazidine on membrane
damage induced by oxygen free radicals in human red cells. Br J Clin Pharmacol
20: 148-151.

16. Khan M, Meduru S, Mostafa M, Khan S, Hideg K, et al. (2010) Trimetazidine,
administered at the onset of reperfusion, ameliorates myocardial dysfunction and
injury by activation of p38 mitogen-activated protein kinase and Akt signaling.
J Pharmacol Exp Ther 333: 421-429.

17. Park KH, Park WJ, Kim MK, Park DW, Park JH, et al. (2010) Effects of
trimetazidine on endothelial dysfunction after sheath injury of radial artery.
Am ] Cardiol 105: 1723-1727.

18. Wang XD, Liu C, Bronson RT, Smith DE, Krinsky NI, et al. (1999) Retinoid
signaling and activator protein-1 expression in ferrets given b-carotene
supplements and exposure to cigarette smoke. J Natl Cancer Inst 91: 60-66.

19. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, et al. (1989)
Recommendations for quantitation of the left ventricle by two-dimensional
echocardiography. American Society of Echocardiography Committee on
Standards, Subcommittee on Quantitation of Two-Dimensional Echocardio-
grams. ] Am Soc Echocardiogr 2: 358-367.

20. Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in animal tissues
by thiobarbituric acid reaction. Anal Biochem 95: 351-358.

@ PLoS ONE | www.plosone.org

Trimetazidine and Smoking-Induced LV Remodeling

inflammation. Our findings suggested that trimetazidine could
significantly reduce smoking-induced inflammation, which might
be an important protective mechanism against smoking-induced
left ventricular remodeling.

In conclusion, our study demonstrates that trimetazidine
protects against smoking-induced left ventricular remodeling via
attenuating oxidative stress, apoptosis, and inflammation, which
will provide valuable insights into the prevention and treatment of
left ventricular remodeling induced by smoking.

Author Contributions

Conceived and designed the experiments: XZ CL. Performed the
experiments: X7 CL WX JC. Analyzed the data: XZ WX JC. Contributed
reagents/materials/analysis tools: WX JC. Wrote the paper: XZ CL.

21. Sun Y, Oberley LW, Li Y (1988) A simple method for clinical assay of
superoxide dismutase. Clin Chem 34: 497-500.

22. Paglia DE, Valentine WN (1967) Studies on the quantitative and qualitative
characterization of erythrocyte glutathione peroxidase. J Lab Clin Med 70: 158
169.

23. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

24. Haustein KO (1999) Smoking tobacco, microcirculatory changes and the role of
nicotine. Int J Clin Pharmacol Ther 37: 76-85.

25. Heckbert SR, Post W, Pearson GD, Arnett DK, Gomes AS, et al. (2006)
Traditional cardiovascular risk factors in relation to left ventricular mass,
volume, and systolic function by cardiac magnetic resonance imaging: the
Multiethnic Study of Atherosclerosis. JACC 48: 2285-2292.

26. Rosen BD, Saad MF, Shea S, Nasir K, Edvardsen T, et al. (2006) Hypertension
and smoking are associated with reduced regional left ventricular function in
asymptomatic individuals. JACC 47: 1150-1158.

27. Di Napoli P, Taccardi AA, Barsotti A (2005) Long term cardioprotective action
of trimetazidine and potential effect on the inflammatory process in patients with
ischaemic dilated cardiomyopathy. Heart 91: 161-165.

28. Hori M, Nishida K (2009) Oxidative stress and left ventricular remodelling after
myocardial infarction. Cardiovasc Res 81: 457-464.

29. Kameda K, Matsunaga T, Abe N, Hanada H, Ishizaka H, et al. (2003)
Correlation of oxidative stress with activity of matrix metalloproteinase in
patients with coronary artery disease. Possible role for left ventricular
remodelling. Eur Heart J 24: 2180-2185.

30. Lord KC, Shenouda SK, Mcllwain E, Charalampidis D, Lucchesi PA, et al.
(2010) Oxidative stress contributes to methamphetamine-induced left ventricular
dysfunction. Cardiovasc Res 87: 111-118.

31. Murdoch CE, Zhang M, Cave AC, Shah AM (2006) NADPH oxidasedependent
redox signalling in cardiac hypertrophy, remodelling and failure. Cardiovasc Res
71: 208-215.

32. Sawyer DB, Siwik DA, Xiao L, Pimentel DR, Singh K, et al. (2002) Role of
oxidative stress in myocardial hypertrophy and failure. J Mol Cell Cardiol 34:
379-388.

33. Giordano FJ (2005) Oxygen, oxidative stress, hypoxia, and heart failure. J Clin
Invest 115: 500-508.

34. Zima AV, Blatter LA (2006) Redox regulation of cardiac calcium channels and
transporters. Cardiovasc Res 71: 310-321.

35. Sabri A, Hughie HH, Lucchesi PA (2003) Regulation of hypertrophic and
apoptotic signaling pathways by reactive oxygen species in cardiac myocytes.
Antioxid Redox Signal 5: 731-740.

36. Cheng TH, Cheng PY, Shih NL, Chen IB, Wang DL, et al. (2003) Involvement
of reactive oxygen species in angiotensin II-induced endothelin-1 gene
expression in rat cardiac fibroblasts. ] Am Coll Cardiol 42: 1845-1854.

37. Siwik DA, Pagano PJ, Colucci WS (2001) Oxidative stress regulates collagen
synthesis and matrix metalloproteinase activity in cardiac fibroblasts.
Am J Physiol Cell Physiol 280: C53-C60.

38. Chandrashekhar Y (2005) Role of apoptosis in ventricular remodeling. Curr
Heart Fail Rep 2: 18-22.

39. Abbate A, Biondi-Zoccai GG, Baldi A (2002) Pathophysiologic role of
myocardial apoptosis in post-infarction left ventricular remodeling. J Cell
Physiol 193: 145-153.

40. Ibe W, Saraste A, Lindemann S, Bruder S, Buerke M, et al. (2007)
Cardiomyocyte apoptosis is related to left ventricular dysfunction and
remodelling in dilated cardiomyopathy, but is not affected by growth hormone
treatment. Eur J Heart Fail 9: 160-167.

41. Abbate A, Biondi-Zoccai GG, Bussani R, Dobrina A, Camilot D, et al. (2003)
Increased myocardial apoptosis in patients with unfavorable left ventricular
remodeling and early symptomatic post-infarction heart failure. J Am Coll

Cardiol 41: 753-760.

July 2012 | Volume 7 | Issue 7 | e40424



Trimetazidine and Smoking-Induced LV Remodeling

42. Nian M, Lee P, Khaper N, Liu P (2004) Inflammatory cytokines and promote progressive left ventricular dysfunction and remodeling in rats.
postmyocardial infarction remodeling. Circ Res 94: 1543-1553. Circulation 97: 1382-1391.

43. Bozkurt B, Kribbs SB, Clubb FJ Jr, Michael LH, Didenko VV, et al. (1998)
Pathophysiologically relevant concentrations of tumor necrosis factor-alpha

@ PLoS ONE | www.plosone.org 7 July 2012 | Volume 7 | Issue 7 | e40424



