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Summary
 Background: Chronic alcohol intake exerts myocardial damage en route to the development of alcoholic cardio-

myopathy (ACM), although the precise pathogenesis of ACM is unknown. Carnitine is known to par-
ticipate in the regulation of metabolism in a number of heart diseases. This study was designed to 
examine the interplay between myocardial metabolism and carnitine in the development of ACM.

 Material/Methods: Experimental animals were divided into 3 groups: (i) group A: alcohol-fed. (ii) group B: alcohol/car-
nitine: (200mg/kg/d, p.o. by mixing carnitine in rat chow). (iii) group C: control. Blood levels of 
free fatty acid (FFA), total carnitine (TC) and free carnitine (FC) were monitored in rats receiv-
ing alcohol with or without carnitine. Mitochondrial adenine nucleotide translocator-1 (ANT1) 
activity, ATPase activity, high energy phosphate concentration, peroxisome proliferator-activated 
receptor-a (PPARa), carnitine-palmitoyl transferase I (CPT-I), medium-chain acyl-coenzyme A de-
hydrogenase (MCAD), ANT1 and ATPase mRNA and protein expression were also monitored in 
myocardial tissue.

 Results: Experimental animals received alcohol with or without carnitine for six6 months. Our results indi-
cated that FFA increased abruptly. TC and FC were significantly decreased in groups receiving al-
cohol at 4 months. The concentration of ATP, ADP and AMP in the myocardium decreased follow-
ing 2 months of alcohol administration. mRNA and protein expression of PPARa, CPT-I, MCAD, 
ANT1 and ATPase expressions were gradually altered in groups following alcohol feeding.

 Conclusions: These observations suggest that abnormal metabolism is present in the myocardium during the 
development of ACM. Carnitine may improve myocardial metabolism by elevating the content of 
PPARa, CPT-I and MCAD.
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Background

Chronic alcohol consumption usually leads to the onset and 
progression of a nonischemic, dilated cardiomyopathy known 
as alcoholic cardiomyopathy (ACM) [1]. ACM is mainly man-
ifested as ventricular dysfunction, which may ultimately result 
in congestive heart failure and arrhythmia. The occurrence 
of ACM is associated with a prolonged high daily intake of 
alcohol. Nonetheless, the prevalence of ACM is variable and 
fortunately does not appear in all heavy drinkers. ACM rep-
resents about 3.8% of all cardiomyopathy cases [2]. Similar to 
other forms of dilated cardiomyopathies, ACM is character-
ized by an increase in left ventricular mass, dilation of ventri-
cles, wall thinning and ventricular dysfunction. More impor-
tantly, these functional and geometric changes may develop 
in the absence of coronary artery disease and/or nutritional 
deficiencies [3]. To the best of our knowledge, little informa-
tion is available with regards to specific pharmacotherapeu-
tics in patients with ACM. Based on current guidelines from 
the Agency for Health Care Policy and Research and Heart 
Failure Consensus [4,5], patients with ACM should be treated 
if they present heart failure with systolic dysfunction (EF 40%).

To-date, the precise nature of the pathogenesis of ACM re-
mains obscure, although altered cell energy metabolism has 
been speculated to play a role [6]. Carnitine, an essential fac-
tor that transports long-chain fatty acids into mitochondrial 
matrix for b-oxidation, plays an important role in the cellular 
energy metabolism [7]. Carnitine is a quaternary ammonium 
compound biosynthesized from the amino acids lysine and 
methionine [8]. In living cells, carnitine is required for the 
transport of fatty acids from cytosol into mitochondria during 
conversion of lipids (or fats) into metabolic energy. Moreover, 
carnitine is essential to the sustainability of human life through 
tightly regulated metabolic pathways [9]. Carnitine transports 
long-chain acyl groups from fatty acids into the mitochondrial 
matrix where they are broken down through b-oxidation to ac-
etate to obtain usable energy via the citric acid cycle. Towards 
the end of the 20th century, much research was directed to-
wards investigating the effects of L-carnitine supplementa-
tion on exercise performance, the main premise being that 
increasing carnitine availability would increase fat oxidation 
during prolonged exercise, spare glycogen stores and, thus, 
delay the onset of fatigue [10]. Carnitine plays an important 
role in cellular energy metabolism. The heart muscle uses fat 
for energy by carnitine. It is also known that carnitine is impor-
tant for sustaining human life; people who suffer a heart at-
tack appear to have a reduced risk of dying if they supplement 
with carnitine, as a consequence of tightly regulated metabolic 
pathways, and alleviate heart failure [7,11]. However, wheth-
er carnitine-mediated cell energy metabolism participates in 
the development of ACM remains elusive. The objective of 
this study was to investigate whether carnitine affects abnor-
mal metabolism and structural remodeling in ACM. We ex-
amined the process of myocardial metabolism in a rat model 
of ACM and our findings provide the first evidence for a role 
of carnitine in the development of ACM.

Material and Methods

Animal models of ACM

All animal procedures have been approved by our institu-
tional animal care and use committee. In brief, adult male 

Wistar rats weighing 300±50 g were purchased from the 
laboratory animal center of the First Affiliated Hospital of 
Harbin Medical University. Ninety rats were randomly as-
signed into the following 3 groups: (i) group A: alcohol-
fed (n=30; 10% alcohol ad libitum in drinking water and 
60% alcohol, 5ml/kg daily by intragastric administration 
in the first week; 20% alcohol ad libitum in drinking wa-
ter and 60% alcohol, 10ml/kg twice per day by intragastric 
administration during the second week; and 30% alcohol 
ad libitum in drinking water and 60% alcohol, 15ml/kg by 
intragastric administration 3 times per day for 2 months). 
(ii) group B: alcohol/carnitine: (n=30; animals received 
alcohol plus carnitine 200mg/kg/d, p.o. by mixing carni-
tine in rat chow). (iii) group C: control (n=30; animals re-
ceived water intragastrically in lieu of alcohol). All animals 
were maintained under similar environments for 2, 4 and 6 
months. To ensure similarities of physical activity and nutri-
tional intake between the alcohol-treated control animals, 
all animals were weighed twice weekly. Venous blood sam-
ples were collected at the onset of the study and at inter-
vals of 1 month thereafter for nutritional status assessment. 
Random blood samples were obtained from the experimen-
tal animals at various times of the day to estimate the aver-
age level of alcohol in the blood.

Measurement of LV functional performance

Studies Before Alcohol. Before initiation of alcohol admin-
istration in all animals, baseline steady state, left ventricu-
lar dimension and left ventricular function data were ac-
quired, and blood was collected for biochemical assay from 
an LA catheter at rest.

Studies After Alcohol. The protocol as outlined above was 
repeated early morning the next day, 1 to 2 hours before 
alcohol intake, twice per week after alcohol initiation, and 
throughout the development of alcoholism over 6 months. 
LV end-diastolic dimension (LVEDD), LV end-systolic di-
mension (LVESD), ejection fraction (EF), fractional short-
ening (FS) and interventricular septal thickness in diasto-
le (IVSD) were analyzed.

Histopathological and electron microscopic examination

Rats were scarified following 6 months of alcohol intake. 
The hearts were removed, rinsed in saline and fixed in 4% 
paraformaldehyde prior to storage at 4°C. Fixed heart tis-
sues were embedded in paraffin, sliced perpendicular to 
the long axis and stained with haematoxylin-eosin. The ex-
tent of inflammatory lesions in the myocardium was visu-
alized using a light microscope (OLYMPUS BX 60). To as-
sess the alcohol-induced ultrastructural changes through 
conventional electron microscopy, hearts were fixed in situ 
with Karnovsky fixative (2% paraformaldehyde and 2.5% 
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer, pH 
7.4). Ultra thin sections (50~100 nm) were stained by ura-
nyl acetate and lead citrate before examination with elec-
tron microscopy (JEM21200EX).

Measurement of free fatty acid and carnitine 
concentrations

Levels of free fatty acid (FFA), total carnitine (TC) and free 
carnitine (FC) were determined in the blood. Serum FFA 
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concentration was determined using the modified absor-
bance spectrum method of Nixon [12]. The concentration 
of TC and FC was measured as described [13].

Investigation of mitochondrial ANT1 activity and ATPase 
activity

Myocardial mitochondria were isolated from the left ven-
tricles including septum using a previously described meth-
od [14]. Mitochondrial adenine nucleotide translocator-1 
(ANT1) activity was detected by the atractyloside (ATR)-
inhibitor stop assay [15–17]. Mitochondrial ATPase activi-
ty was assayed according to the published method of Monk 
and colleagues [18].

High energy phosphate concentration in myocardial 
tissue

For measurement of high-energy phosphates, myocardi-
al tissue was rapidly frozen in liquid nitrogen between 2 
pre-cooled aluminum blocks following 2, 4 and 6 months 
of alcohol intake. ATP was measured using the reaction 
of bioluminescence with purified firefly luciferase, which 
has the advantage of producing an almost constant light 
emission proportional to the ATP concentration. ADP and 
AMP were measured after enzymatic conversion to ATP. 
Phosphocreatine (Pcr) was measured using a bioluminescent 
technique modified according to Ellis and Gardner [16,17].

Expression of Peroxisome Proliferator-Activated 
Receptor-a (PPARa), Carnitine-Palmitoyl Transferase I 
(CPT-I), Medium-Chain Acyl-Coenzyme A Dehydrogenase 
(MCAD), Adenine Nucleotide Translocator (ANT1) and 
ATPase Protein in Myocardial Tissue

Proteins were separated on 5–8% SDS-PAGE and transferred 
to nitrocellulose membranes. The membranes were blocked 
with 5% nonfat dry milk for 2h at room temperature. The 
membranes were incubated overnight at 4°C with anti-PPA-
Ra, CPT-I, MCAD, ANT1 and ATPase antibody (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA) at a 1:1000 dilutions and 
then incubated with peroxidase-conjugated goat anti-rabbit 
IgG for 1 h. Proteins were detected by enhanced chemilumi-
nescence (ECL). Bands were visualized by autoradiography 
and quantified using commercially available software. Results 
were normalized to the optical density of a standard sample. 
Experiments were repeated in triplicate for all conditions.

PPARa, CPT-I, MCAD, ANT1 and ATPase mRNA 
Expression in Myocardial Tissue

Total RNA was extracted from the myocardial tissue us-
ing TRIZOL reagent according to the manufacturer’s pro-
tocol. The primers for PPARa, CPT-I, MCAD, ANT1 and 
ATPase (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) 
were chosen to bind to separated exons to avoid genomic 
DNA amplification. Forward and reverse primer sequence 
for each gene and its corresponding amplicon size are pro-
vided in Table 1.

Quantitative RT-PCR was carried out on a Light Cycler II in-
strument (Roche Diagnostics) and a standard Light Cycler 
amplification cycle protocol was established for each gene. 
The specificity of RT-PCR was verified by checking that 
the PCR products were of the expected size by gel elec-
trophoresis.

Statistical analysis

All values are presented as mean ±SD. Statistical analyses were 
performed using SPSS software (version 15.0). Summary 
statistics were compared by paired or unpaired Student’s t-
test where appropriate, or a Wilcoxon signed-rank test in 
case of non-normal distributions. A P value less than 0.05 
was considered to be statistically significant.

results

Rats’ left ventricular weight/body weight

Body weights (BW) of rats were measured at baseline and af-
ter 6 months of alcohol feeding.. Body weights of rats from 
group A slowly increased between baseline and 6 months, 
although the LV weight increased quickly. The left ventric-
ular weight (LVW)/BW ratios at baseline and 6 months 
were 2.44±0.13 and 2.4±0.12 mg/g in group C, 2.58±0.11 
and 2.68±0.15 mg/g in group A (p<0.01 vs. group C), and 
2.50±0.09 and 2.51±0.08 mg/ g in group B (Table 1).

LV Function with chronic alcohol consumption: Effects of 
carnitine

LV function and hemodynamic alterations measured for the 
3 groups of animals are summarized in Table 2. Compared 
with controls, 6 months after alcohol intake, LV end-diastolic 

Group Month Weight (g) LVW (mg) LVW/BW(mg/ g)

A
Baseline  320±17  824±27  2.58±0.11

6  320±19  856±25  2.68±0.15

B
Baseline  314±15  816±21  2.5±0.09

6  338±18  847±14  2.51±0.08

C
Baseline  315±17  819±17  2.44±0.13

6  321±20  837±13  2.4±0.12

Table 1. Dogs LVW/BW (mg/g).

LV – left ventricle; LVW – left ventricular weight; BW – body weight; ARB – angiotensin receptor blocker. Group A – alcohol-feeding; group B – 
alcohol/ carnitine.
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dimension and LV end-systolic dimension (alcohol-fed 
40.32±1.29 mm and 31.75±2.23 mm versus control 30.55±3.93 
mm and 21.16±3.34 mm) were significantly increased, accom-
panied by reduced LV ejection fraction and fractional short-
ening (EF 29.57±1.50% vs 62.75±5.94%, FS 19.35±3.03% vs 
30.85±2.63%). In contrast, LV function and general hemo-
dynamics were similar between the control and alcohol/car-
nitine groups. Concomitant carnitine with alcohol prevent-
ed alcohol-induced decreased LV contractility (Table 2).

H&E and electron microscopy in myocardium

Following 6 months of chronic alcohol intake, myocardi-
al morphology was examined using the H&E staining and 
electron microscopic techniques. Our data revealed that 
myocardium from group A developed overt fibrosis and 
fragmentation as observed by the H&E staining. Electron 
microscopic examination depicted focal fragmentation, 
mitochondrial flocculation and appearance of phagoly-
sosomes in myofilament, breakage of gap junctions and 
disappearance of macula densa in the macula adherens 
conjunction in tissue specimens from group A. These ob-
servations were consistent with a previously established 
model of ACM (Figure 1).

Measurement of carnitine concentration

Carnitine concentration in serum was measured following 2, 
4 and 6 months of alcohol feeding. As shown in Figure 2A, 
concentrations of free carnitine (FC) and total carnitine 
(TC) were significantly decreased in serum from group A 
during the feeding period (P<0.05 vs. groups B and C at 4 
and 6 months). TC and FC concentrations in serum were 
significantly decreased in group A and B from 4 months. 
There were substantial differences in TC/FC concentra-
tions among groups A, B and C following 6 months of al-
cohol administration. FC concentrations in groups A and 
B were 76.6% and 86.4%, respectively, of that from group 

C, while the TC concentrations were 74.8% and 81.7%, re-
spectively, when normalized to group C. Response to med-
ical prevention, mean values of TC, and FC concentration 
from group B were higher than group A.

Measurement of free fatty acid concentration

Concentration of free fatty acid (FFA) in serum of groups 
A, B and C was measured following 2, 4 and 6 months of 
alcohol intake. Figure 2B shows that the contents of FFA 
in serum of group A increased rapidly (457.8±13.1nmol/L, 
556.1±12.3nmol/L and 798.2±10.7nmol/L, respectively) 
and became 2.18-fold higher than that in group C at 6 
months of alcohol feeding (P<0.05). Response to medi-
cal prevention and the increase of concentration of FFA 
in group B was not as fast as that of group A. FFA con-
centrations from serum of groups A and B were also sig-
nificantly different following 2, 4 and 6 months of alco-
hol intake. No significant difference was found in FFA 
concentration between groups B and C after 2 months 
of alcohol feeding. Therefore, a longer period of alco-
hol intake was required to attain an effect on FFA con-
centration in serum.

High energy phosphate concentration in myocardial 
tissue

Concentrations of ATP, ADP, AMP and Pcr in myocardial 
tissue from groups A, B and C were measured at 2, 4 and 6 
months (Figure 3). The content of ATP, ADP and AMP in 
myocardial tissue decreased dramatically in groups A and 
B compared to group C at 2 months (P<0.05 vs. group C). 
There was no significant difference in content of Pcr among 
the 3 groups until 6 months after alcohol feeding (group 
A/B vs. group C, P<0.05; group A vs. group B, P<0.05). 
Metabolic disturbance of fatty acid did not elicit any sig-
nificant effect on the concentration of energy substrates at 
early stages of alcohol intake.

Alcohol (n=30) Alcohol/carnitine (n=30) Control (n=30)

Baseline A1 6 months A2 Baseline B1 6 months B2 Baseline C1 6 months C2

Hear rate, bpm  106±6  110±6  109±8  106±4  106±4  109±7

LV end-diastolic 
dimesion, mm  31.15±1.1  40.32±1.29*,**  31.0±1.9  34.96±1.76  30.1±1.86  30.55±1.93

LV end-systolic 
dimension, mm  21.36±1.21  31.75±2.23  21.63±2.17  23.18±1.12  21.20±2.36  21.16±3.34

LV end-diastolic 
volume, mL  45.1±7.4  50.6±6.4*,**  44.5±8.0  45.4±9.1  43.8±6.3  44.2±7.2

LV end-sstolic 
volume, mL  29.5±8.8  42.2±7.0*,**  28.9±7.6  30.2±11.9  28.2±6.1  28.2±6.3

Ejection fraction  64.3±1.78  29.57±1.5*,**  63.7±1.72  57.71±4.78  62.75±5.94  63±1.83

Fractional 
shortening  33.27±2.09  19.35±3.03*,**  34.12±1.98  29.72±1.65  33.46±1.57  30.85±2.63

Interventricularseptal 
thickness  5.79±0.72  7.21±1.07*,**  5.87±0.67  6.06±0.60  5.81±0.47  5.94±0.47

Table 2. LV Function and general hemodynamic variables with chronic alcohol consumption: Effects of cartine.

n – indicates number of rats; * P<0.05, A2 vs C1 and A2 vs B2. ** P<0.05, A1 vs A2.
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ATPase activity and mitochondrial ANT1 activity analysis

Mitochondrial ATPase activity from myocardial tissue is 
shown in Figure 4. Following 2 months of alcohol intake, 
the synthetic activities of ATPase rose steadily in rats from 
group A. However, the synthetic activity was reduced in 
groups A and B following 4 months of alcohol feeding, while 
the hydrolytic activity was increased. At time points of up to 
6 months of alcohol feeding, both synthetic and hydrolyt-
ic activity of ATPase declined (P<0.05). These data suggest 

Figure 1.  Myocardial H&E staining and electron 
microscopic assessment. H&E staining: 
(A) Myofilament alignment disorder 
manifested by scattered fibrosis 
and fragmentation. (200×); (B) 
Normal myocardial fiber structure 
with focal myocardial fiber swelling. 
(200×); (C) Normal myocardial fibers 
(200×). Microscopic images: (D) 
Localized myofilament fragmentation, 
mitochondrial flocculation and 
appearance of phagolysosomes in 
myofilament. Discontinuation of 
gap junction and disappearance of 
macula densa in the macula adherens 
conjunction (10000×); (E) Chromoplasm 
condensation (lighter in the cellular 
nucleus) in otherwise normal structured 
cardiomyocytes. Cellular organelles were 
abundant (10000×); (F) Ultrastructure of 
normal cardiac muscle fibers (10000×). 
Panel A, B and C are from groups D, E and 
F, respectively.

A

D

B

E

C

F

Figure 2.  Panel A1 and A2: Concentrations of free carnitine and total carnitine in serum measured in each animal group at 2, 4 and 6 months 
following initiation of alcohol feeding. Levels of carnitine were significantly reduced in sera from group A and B during the feeding period 
(2–6 months) compared with serum from group C. Values are expressed as means ±SEM, n=10 per group. Panel B: Concentration of free 
fatty acid in serum measured from each animal group at 2, 4 and 6 months following initiation of alcohol feeding. Concentration of free 
fatty acid was significantly elevated in serum from group A and B during the feeding period (2–6 months) compared with that of group C. 
Values are expressed as means ±SEM, n=10 per group.

A1 A2 B

Figure 3.  Concentrations of ATP, ADP, AMP and 
Pcr measured at 2, 4 and 6 months in 
myocardial tissue from groups A, B and 
C. Values are expressed as means ±SEM, 
n=10 per group. The content of ATP, 
ADP and AMP in myocardial tissue at 2 
months (P<0.05 or P<0.01 groups A and 
B vs. group C). The content of Pcr until 6 
months (group A/B vs. group C, P<0.01; 
group A vs. group B, P<0.05).
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that the synthesis activity of ATPase was facilitated to sup-
ply energy at early stages of alcohol challenge.

Our data further revealed that alcohol reduced ANT1 trans-
port activity, the effect of which was prevented by carni-
tine. Analysis of ANT1 transport activity (Figure 5.) shows 
that the ANT1 transport activity of groups A and B gradu-
ally decreased from the second month, and was only 38% 
and 66% compared with group C by 6 months of alcohol 
intake (P<0.05).

mRNA and protein expression of PPARa, CPT-I, MCAD, 
ANT1 and ATPase in the myocardium

Figures 6 and 7 depict mRNA and protein expression of 
PPARa, CPT-I, MCAD, ANT1 and ATPase. No significant 
difference was found in the mRNA expression of ATPase 
among all 3 groups at 2 and 4 months. The mRNA expres-
sion of ATPase from group A was significantly lower than 
group C at 6 months (ATPase mRNA/b-actin, 0.51±0.034 vs. 
0.59±0.075; P<0.05). The mRNA expression of ATPase was 
significantly greater in group B than group C at 6 months 
(ATPase mRNA/b-actin, 0.67±0.036 vs 0.59±0.075; P<0.05). 
mRNA expression of ANT1, CPT-I, MCAD and PPARa were 
gradually reduced in both group A and group B compared 
with group C from 2 months to 6 months of alcohol feed-
ing, respectively (P<0.05 group A/B vs. group C).

No significant difference was found in the protein expres-
sion of ATPase among the 3 groups following 2 and 4 months 

of alcohol intake. The protein expression of ATPase from 
group A was significantly lower than group C at 6 months 
(0.72±0.033 vs. 0.86±0.031; P<0.05). The protein expression 
of ATPase was significantly greater in group B than group 
C at 6 months (0.97±0.025 vs 0.86±0.031; P<0.05). Protein 
expression of ANT1, CPT-I, MCAD and PPARa gradually 
declined in group A and group B compared with group C 
from 2 months to 6 months of alcohol feeding, respective-
ly (P<0.05 group A/B vs. group C).

discussion

Alcohol intoxication is known to trigger myocardial dys-
function, and aberrant metabolism and function [19,20]. 
In normal metabolic process of myocardial cells, energy is 
generated from fatty acids by oxidative degradation through 
b-oxidation. Fatty acids are transported across the outer mi-
tochondrial membrane by CPT-I and then couriered across 
the inner mitochondrial membrane by carnitine [8,21]. 
Alcohol may promote carnitine escape from myocardial 
cells either directly or indirectly, leading to fatty acid met-
abolic disorder. In consequence, fatty acid accumulates in 
mitochondria to accelerate reversible myocardial damage.

In our studies, previous investigations with dogs adminis-
tered alcohol for 6 months or longer demonstrated a clear 
impairment of LV relaxation and diastolic filling and an ab-
normal response to angiotensin infusion, which is consistent 
with our findings. However, these earlier investigations failed 
to show chronic alcohol-induced depression in LV contrac-
tility, LV dilatation, or clinical congestive heart failure. We 
found that chronic alcohol ingestion produces direct inhi-
bition of LV contractility and causes progressive LV systol-
ic and diastolic functional impairment and LV structural 
remodeling. These findings are similar to the clinical syn-
drome of ACM. The chronic alcohol-induced LV dysfunc-
tion and cardiac failure were prevented by administration 
of carnitine during ingestion of alcohol.

Moreover, we evaluated concentration of carnitine and free 
fatty acid in serum. Concentrations of carnitine decreased in 
groups A and B following 4 months of alcohol intake, while 
the concentration of free fatty acid rose from 2 months of 
feeding and beyond. In addition, the serum concentrations 
of free fatty acid in groups A and B following 6 months of 
alcohol intake were 1.75- and 1.43-fold, respectively, after 2 
months of alcohol feeding. The content of ATP, ADP and 
AMP in myocardial tissue displayed a robust decrease in 

Figure 4.  Mitochondrial ATPase activity measured 
in myocardial tissue from groups A, B and 
C. Values are expressed as means ±SEM, 
n=10 per group. The synthetic activities 
of ATPase was raised at 2 months 
(P<0.05, group A vs. group C). The 
synthetic activity was reduced following 
4 months (P<0.05 or P<0.01, groupA/B 
vs. group C). The hydrolytic activity was 
increased at 4months (P<0.05 or P<0.01, 
groupA/B vs. group C). While up to 6 
months, both synthetic and hydrolytic 
activity of ATPase declined (P<0.05 or 
P<0.01, groupA/B vs. group C).

Figure 5.  Mitochondrial ANT1 transport activity measured in 
myocardial tissue from groups A, B and C. Values are 
expressed as means ±SEM, n=10 per group. ANT1 
transport activity of groups A and B gradually decreased 
from the second month and was only 38% and 66% 
compared with group C by 6 months of alcohol intake 
(P<0.05 or P<0.01).
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groups A and B compared to group C following 2 months 
of alcohol intake. There was little difference in PCr content 
among the 3 groups after up to 6 months of alcohol feeding. 
These data indicated the possible existence of a compen-
satory mechanism in the development of ACM. It is plausi-
ble to speculate that metabolic disturbance elicited by al-
cohol intake could not alter the concentration of carnitine 
and energy substrate during early stages of alcohol intake. 
However, following chronic exposure to alcohol, myocardi-
al tissue cannot compensate for the damage caused by met-
abolic disorder of fatty acids. In consequence, acyl-carnitine 
was accumulated in mitochondria in conjunction with re-
duced free carnitine level. These changes usually result in a 
slowed velocity of fatty acid b-oxidation and destroyed myo-
cardial/mitochondrial function by fatty acid ethanol ester, 
a process referred to as metabolic remodeling.

Numerous studies have demonstrated down-regulation of 
certain fatty acid oxidation regulatory genes in myocardi-
um following remodeling in response to pressure overload, 
myocardial infarction or rapid pacing [22,23]. Among these 
genes, PPARa plays an essential role in the regulation of cel-
lular differentiation, development and metabolism (carbo-
hydrate, lipid, and protein) of higher organisms [24–27]. 
CPT-I and MCAD may contribute to the progression of cardi-
ac hypertrophy and transition into heart failure, independent 

of any other notable metabolic changes [27]. However, lit-
tle evidence is available supporting the notion that PPARa 
contributes to these metabolic changes or cardiac remodel-
ing associated with ACM. In this study, for the first time, we 
confirmed down-regulated expression of CPT-I and MCAD 
occurred following alcohol intake, and was associated with 
altered expression of regulatory enzyme PPARa involved 
in fatty acid metabolism.

In our present study, we evaluated the PPARa protein levels 
following 2, 4 and 6 months of alcohol intake. Our results 
demonstrated a gradual decline in the expression of the met-
abolic gene PPARa during ACM development. The mRNA 
and protein expression of PPARa in group A were only 43% 
and 28%, respectively, of group C following 6 months of al-
cohol intake. With the carnitine treatment in group B, the 
alcohol-induced down-regulation of PPARa was partially re-
versed. Our result further indicate that the expression of 
CPT-I and MCAD is regulated by concentration of the medi-
um-chain-length fatty acid in blood. Down-regulated expres-
sion of CPT-I and MCAD has a negative feedback regulation 
on expression of PPARa. Long-chain Acyl-CoA is conjugated 
to carnitine by carnitine acyltransferase I (palmitoyltransfer-
ase), located on the outer mitochondrial membrane [28]. 
Carnitine can prevent Acyl-CoA from accumulating in mi-
tochondria to induce mitochondrial damage. In addition, 

Figure 6.  The mRNA level of ATPase, ANT1, CPT-I, MCAD and PPARα in myocardium from groups A, B and C at 2, 4 and 6 months. Values are 
expressed as means ±SEM, n=10 per group. P<0.01 vs. group C; #P<0.05 vs. group C; *P<0.05 vs. group B.
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carnitine may provide a protective effect against lipid per-
oxidation of phospholipid membranes and oxidative stress 
at myocardial and endothelial cell levels [29]. Carnitine 
reserves high-energy phosphates in myocardial tissues and 
compromised fatty acid metabolism. In consequence, car-
nitine has an indirect effect on up-regulated expression of 
PPARa. Nonetheless, further study is waranted to elucidate 
the direct effect of carnitine on PPARa, and the role of in-
flammatory cytokines in such processes.

The etiology of high energy phosphate metabolic disturbance 
in myocardial tissue is unclear. Numerous studies have sug-
gested that ANT1 and ATPase are important proteins in the 
mitochondrial inner membrane, while ATPase may serve as 
a key enzyme for link-coupling of oxidation and phosphor-
ylation, which may affect the oxidative phosphorylation sta-
tus. ANT facilitates the exchange of ADP/ATP by an antiport 
mechanism and is thus essential for the utilization of ATP pro-
duced by oxidative phosphorylation. In the present study, we 
confirmed that the synthetic activities of ATPase increased fol-
lowing 2 months of alcohol feeding, although the enzymat-
ic activity decreased following 4 months of feeding when the 
hydrolytic activity was enhanced. By the sixth month, both 
synthetic and hydrolytic activity of ATPase decreased. Down-
regulated expression of ATPase mRNA and protein was not-
ed following 4 months of alcohol feeding, demonstrating a 
nice correlation between protein expression and the steady-
state mRNA level for ATPase in the current experimental set-
ting. This result indicates that regulation of these proteins de-
pends, in part, upon changes in transcriptional rates and/or 
in stability of transcriptional products. Our results further il-
lustrate that synthetic activity of ATPase is promoted to sup-
ply myocardial energy required during early stages of ACM. 
However, synthesis of ATPase cannot compensate for extra 
energy consumption following chronic alcohol intake. Down-
regulated expression of ATPase mRNA and protein, corre-
sponding to transcription and post-transcriptional regulation, 
elicits alteration of enzymatic structure and loss of enzyme 
content [30–32]. These changes in structure and content of 
enzyme may lead to cellular energy deficiency.

ANT1 is expressed in heart and skeletal muscle, whereas rats 
express only 2 isoforms of ANT (ANT1 and ANT2). We found 
that ANT1 transport activity plays a role in the process of oxi-
dized respiration. The decrease of ANT1 transport activity re-
lates to limited ATP synthetic capacity and high energy phos-
phate kinetic abnormalities, and thus cannot transport ATP 
out of the mitochondria. Thus, these data support the no-
tion that ANT deficit is linked to the high energy phosphate 
abnormalities and the limited respiratory capacity observed 
in ACM hearts. The effect of chronic alcohol consumption 
on myocardial energy metabolism reveals that alterations in 
cardiac function are likely accompanied by changes in the 
levels of the high-energy metabolites, ATP and creatine phos-
phate. These observations further confirm that energy trans-
port obstacles may be essential to the development of ACM.

The results of our study suggest that carnitine can increas-
es the content of adenyl acid and promotes the activity of 
ATPase and ANT1 to improve cardiac energy metabolism. 
Further study is warranted to elucidate the mechanism of 
carnitine-offered cardiac protection. Alcoholic cardiomy-
opathy in humans has long been recognized. The direct 
effect of alcohol on the heart is difficult to determine be-
cause of multiple confounding factors such as the role of 
alterations in the immune system and changes in the me-
tabolism of organ systems. Several studies have shown that 
a single high dose of alcohol, mimicking binge drinking in 
humans, produced liver oxidative stress and injury [33–35]. 
The heart also suffers the same oxidative damage as the 
liver from a single high dose alcohol administration. This 
damage would reflect the direct detrimental action of al-
cohol and/or its metabolites in the heart [36]. Several sce-
narios have been postulated for the pathogenesis of alco-
holic cardiomyopathy, including direct and indirect toxicity 
from ethanol and its metabolite acetaldehyde on mitochon-
dria and sarcoplasmic reticula, disturbance in intracellu-
lar calcium homeostasis [37,38], modifications of lipopro-
tein and apolipoprotein particles, as well as accumulation 
of reactive oxygen species and fatty acid ethyl esters [7,9]. 
Others have suggested that ethanol-induced changes occur 

Figure 7.  ATPase, ANT1, CPT-I, MCAD and PPARα 
protein expression in myocardial tissue 
from group A, B and C at 2, 4 and 6 
months. Values are expressed as means 
±SEM, n=10 per group. P<0.01 vs. 
group C; #P<0.05 vs. group C; *P<0.01 
vs. group B.
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in the presence of oxidative stress and ethanol metabolism 
into more reactive molecules [39]. Although these theories 
may offer some explanations toward a better understand-
ing of alcohol-induced tissue damage, specific pathogenic 
molecular mechanisms remain unknown. Further study is 
warranted to discover the mechanisms of ACM.

conclusions

Data from the present study demonstrates that carnitine 
plays an essential role in myocardial metabolism and remod-
eling. Carnitine may improve myocardial metabolism by el-
evating the content of PPARa, CPT-I and MCAD. However, 
the effect of metabolic products of medicine on heart re-
quires further research. In addition, further study is need-
ed to evaluate the impact of metabolism in the liver, adi-
pose tissue and skeletal muscle on myocardial metabolism.
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