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Purpose. L-carnitine (LC) is considered to have good therapeutic potential for myocardial infarction (MI), but its mechanism has
not been clarified. The aim of the study is to elucidate the cardioprotective effects of LC in mice following MI and related
mechanisms. Methods. ICR mice were treated with LC for 2 weeks after induction of MI with ligation of left anterior
descending artery. Electrocardiographic (ECG) recording and echocardiography were used to evaluate cardiac function. H&E
staining, TTC staining, and Masson staining were performed for morphological analysis and cardiac fibrosis. ELISA and
immunofluorescence were utilized to detect biomarkers and inflammatory mediators. The key proteins in the Bax/Bcl-2
signaling pathway were also examined by Western blot. Results. Both echocardiography and histological measurement showed
an improvement in cardiac function and morphology. Biomarkers such as LDH, NT-proBNP, cTnT, and AST, as well as the
inflammatory cytokines IL-1β, IL-6, and TNF-α, were decreased in plasma of mice receiving LC treatment after myocardial
injury. In addition, the expression of α-SMA as well as the key proteins in the Bax/Bcl-2 signaling pathway in cardiac
myocardium were much lower in mice with LC treatment compared to those without after MI. Conclusions. Our data suggest
that LC can effectively ameliorate left ventricular (LV) remodeling after MI, and its beneficial effects on myocardial function
and remodeling may be attributable at least in part to anti-inflammatory and inhibition of the Bax/Bcl-2 apoptotic signaling
pathway.

1. Introduction

Myocardial infarction (MI) is a disease manifested by cessa-
tion of coronary artery blood flow and ischemic necrosis of
the myocardium. Left ventricular (LV) remodeling is a dis-
order followed by the rupture of coronary plaque, the forma-
tion of thrombus to block blood vessels, and finally acute
myocardial ischemic injury [1, 2]. MI is clinically character-
ized by significant alteration in ventricular architecture con-
cerning with a series of genome, molecular, cellular, and
interstitial changes [3, 4]. In post-acute MI animal models,

the process of LV remodeling begins rapidly—usually within
the first few hours after an infarct—and continues to progress
in a long run. Several studies have demonstrated the point
that infarct size is an important determinant of adverse
remodeling as larger infarct size is parallel with greater LV
remodeling [5–7]. Though mortality reduces significantly
due to timely intervention and other effective therapies, prog-
nosis remains poor in patients with large infarction and
severe LV dysfunction. Adverse LV remodeling is associated
with deterioration of cardiac function and unfavorable out-
come such as chronic heart failure, which is one of the most
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common causes of cardiovascular morbidity and mortality
worldwide [8]. To get the situation improved, multifactorial
interventions are required to arrest the process of myocardial
remodeling.

Cardiac remodeling after MI is a major cause of occur-
rence and development of congestive heart failure; the sever-
ity of remodeling is closely related to the prognosis of heart
failure [9]. Although ACEI and β-receptor blockers can mit-
igate the process of remodeling but they cannot completely
abrogate the occurrence [10]. Extensive studies have focused
on the novel therapeutic options to alleviate the myocardial
remodeling and to restore the cardiac function. Metabolic
dysfunction and inflammation are regarded as critical
factors driving many cardiovascular diseases [11–13]. The
correction of the abnormal metabolism via modulation of
inflammation seems to be a promising approach against
the disease progression. For example, increasing free fatty
acid and glucose oxidation with L-carnitine (LC) is shown
to improve heart health [3, 14, 15]. LC is a naturally occur-
ring amino acid derivative in human body, which plays an
important role in myocardial energy metabolism [16, 17].
It is beneficial not only for the improvement in fatty acid
metabolism in cardiomyocytes for energy supply but also
for the repair of injured cardiomyocytes. A previous study
demonstrated that carnitine administration after acute MI
exerts a beneficial effect on LV remodeling, with a significant
reduction in the increase in LV volumes in the first year after
acute MI [18]. However, the effectiveness and underlying
mechanism is still unclear. Hence, we carried out this project
to further explore the mechanism and to find potential target
for the treatment of post-MI. To this end, the MI model was
established with the ligation of left anterior descending
branch in mice and effect of LC on inflammation, patholog-
ical changes, and possible pathways after myocardial infarc-
tion were also investigated to discern the potential targets for
the treatment of LV remodeling.

2. Materials and Methods

2.1. Materials. LC (purity > 98:0%) was obtained from Sigma
Technology (Danvers, USA). Biomarkers such as LDH, NT-
proBNP, cTnT, and AST, as well as the inflammatory cyto-
kines including IL-1β, IL-6 and TNF-α, were measured by
enzyme-linked immunosorbent assay (ELISA) kits provided
by Elabscience Biotechnology Co., Ltd. (Wuhan, China).
H&E staining and Masson staining were purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). TTC
staining was purchased from Sigma Technology (Danvers,
USA). Antibodies against Bax (1 : 1000, #2772), Bcl-2
(1 : 1000, #3498), α-SMA (1 : 1000, #56856), GAPDH,
(1 : 1000, #5174), and cTnT (1 : 1000, #5593) were purchased
from Cell Signaling Technology (Shanghai, China).

2.2. Animals. A total of 36 male 10-week-old ICR mice
weighed 24-26 g were obtained from Beijing Vital River Lab-
oratory Animal Technology. The mice were housed in cages
at 22 ± 2°C under a 12 h light/dark cycle with a standard diet
and water ad libitum. All animal experiments utilized proto-
cols that were performed according to the Guidelines for the

ethical review of laboratory animal welfare People’s Republic
of China National Standard GB/T 35892-2018 [19] and were
approved by the Ethics Committee of Henan University
(HUSOM-2019-077).

Mice were randomized into three groups including the
LC treatment group after MI (LC), MI group (model), and
sham group (sham). 12 mice were assigned to each group.
All mice underwent the same permanent coronary artery
ligation surgery process, except that the suture placed under
the left anterior descending coronary artery was not tied in
the sham group. After surgical process, mice receiving daily
intraperitoneal with LC (0.5 g/kg) for 2 weeks were assigned
to the LC group; mice in the model and sham groups were
administered with an equal volume of saline. Two weeks
later, all surviving mice underwent echocardiography. The
blood samples were subsequently collected to isolate the
sera, and the hearts were harvested for Western blot and his-
tological analysis.

2.3. Surgical Process. The room temperature was maintained
at 25°C. Mice were anesthetized with ether and then fixed in
the supine position. The skin of left chest was dissected by a
lateral 1.5 cm cut along the left side of the sternum after
careful shaving and disinfection. Then, we remove subcuta-
neous tissues and refract the left pectoralis major muscles.
Microretractors were then used to separate the 3rd and 4th
ribs enough to get adequate exposure of the operating
region, while the ribs were kept intact. The heart was gently
squeezed out by pressing the thorax lightly. A 5-0 polypro-
pylene suture was used to suture and ligate at a site about
3mm from its origin. In the sham group, we performed
exactly identical process except that suture pass through
the artery did not ligate. After the procedure, the heart was
immediately pushed back into the thorax as soon as possible
and the chest was closed using suture [20].

2.4. Electrocardiographic Recording. Mice were involved in
the recording of electrocardiographic (ECG) using the Data
Sciences International radiotelemetry data acquisition sys-
tem (Dataquest A.R.T. version 2.2, Data Sciences Interna-
tional, St Paul, MN, USA). To record the ECG, mice were
anesthetized with ether and subsequently transmitter was
carefully placed subcutaneously. The two leads of the trans-
mitter were placed as negative lead positioned at the right
shoulder while the positive one positioned about 2 cm to
the left of the xyphoid process. ECG recording was per-
formed before the surgery as baseline condition, immedi-
ately after the surgery and 14 days later after the surgery,
respectively.

2.5. Echocardiography Evaluation. The mice were subjected
to noninvasive transthoracic echocardiography 14 days after
the surgery. Echocardiography (echocardiography IE33
ultrasound, S12-4 probe, Philips) was used to assess the
extent of LV remodeling and dysfunction. LV dimensions
were recorded by a double-blind manner using M-mode
images including LV internal dimension at end-diastole
(LVIDd), LV internal dimension at end-systole (LVIDs), left
ventricular ejection fraction (LVEF), left ventricular fraction
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Figure 1: Continued.
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shortening (LVFS). Likewise, double-blinded reviewers used
Doppler ultrasound to measure the aortic valve peak veloc-
ity, heart rate (HR), and stroke volume (SV) and calculate
the cardiac output by multiplying the SV and HR [21].

2.6. Histological Analysis.Mice were sacrificed, and the heart
was quickly removed and acquired from chest cavity. The
whole-body weight, heart mass, and left ventricle mass were
measured separately. Along the short axis of the heart, we
gently sliced the heart into 1.0mm thick sections. The sec-
tions were then incubated with 1% TTC in phosphate solu-
tion (pH7.4) for 15min at room temperature and then
digitally photographed. Next, to assess the remodeling his-
tologically, we performed the fixation, dehydration, and
embedding using 4% paraformaldehyde, ethanol, and then
paraffin, respectively. LV sections (5mm) were stained with
H&E staining and Masson trichrome.

2.7. Enzyme-Linked Immunosorbent Assay. Blood samples
were collected via cardiac puncture and centrifuged at 4°C,
and the serum obtained was stored at -80°C until further
use. The hearts were harvested and washed with normal
saline. Heart tissues were homogenized on ice followed by
centrifugation, and the supernatant was collected and stored
at -80°C before further use. Plasma TNF-α, IL-1β, IL-6, AST,
NT-proBNP, LDH, and cTnT were tested by ELISA follow-

ing the manufacturer’s instructions. Absorbance values were
determined by a microplate reader, and sample concentra-
tion was calculated using the standard curves.

2.8. Immunofluorescence Double Staining. Paraffin sections
(8μm) were dewaxed with xylene and then rehydrated in
gradient alcohol. Sections were sealed with 3% H2O2 and
0.3% Triton-X 100 in PBS for 1 h, and antigen repair was
performed with citric acid buffered and blocked with 5%
BSA. Then, anti-α-SMA and anti-cTnT primary antibodies
were incubated overnight at 4°C. The sections were washed
with PBS and incubated with a second antibody (anti-mouse
or anti-Rabbit) for 2 h. Sections were sealed. Images were
then taken using a fluorescence microscope (Nikon, Tokyo,
Japan).

2.9. Western Blot Analysis. Protein concentrations were
measured using a protein assay kit according to the man-
ufacturer’s instructions. The proteins in samples were sep-
arated by SDS-polyacrylamide gel electrophoresis (PAGE),
followed by the transfer into the PVDF membrane. The
membrane was incubated with primary antibodies over-
night at 4°C and washed and incubated with secondary
antibodies for 2 h at room temperature. The immunoblot-
ting images were captured using KODAK image Station

80 ⁎⁎⁎

60

40

20

0
Sham Model LC

LV
FS

 (%
)

(f)

Sham Model LC

(g)

800
⁎⁎⁎

600

400

200

0
Sham Model LC

AV
 p

ea
k 

V
 (m

m
/s

)

#

(h)

0.06 ⁎

0.04

0.02

0.00
Sham Model LC

SV
 (m

L/
be

at
)

(i)

40
#

30

20

10

0
Sham Model LC

Ca
rd

ia
c O

ut
pu

t (
m

L/
m

in
)

(j)

800
⁎⁎ ###

600

400

200

0
Sham Model LC

H
ea

rt
 B

ea
t

(k)

Figure 1: LC alleviated cardiac function of post-MI mice. (a) Representative ECG images of preoperation, postoperation, and 14 days after
operation. (b) Representative M-mode tracing obtained at two weeks after surgery. (c) Left ventricular internal diameter at end-diastole
(LVIDd). (d) Left ventricular end systolic internal diameter (LVIDs). (e) Left ventricular ejection fraction (LVEF). (f) Left ventricular
fraction shortening (LVFS). Data were expressed as means ± SEM. n = 5; ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001, compared to the sham
group. #p < 0:05, compared to the model group. (g) Ventricular tissue Doppler. (h) AV peak V (aortic valve peak velocity). (i) SV (stroke
volume). (j) Cardiac output. (k) Heart rate. Values were expressed as means ± SEM. n = 5; ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001,
compared to the sham group. #p < 0:05, ###p < 0:001, compared to the model group.
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4000R (Carestream Health Inc.). Images were taken and
analyzed with ImageJ 2.0.

2.10. Statistical Analysis. All data were presented as mean
± standard error of themean ðSEMÞ. Comparison among 3
groups was assessed by one-way ANOVA, followed by Dun-
nett’s post hoc test. p < 0:05 was considered statistically
significant.

3. Results

3.1. LC Alleviated Cardiac Function of Post-MI Mice. The
ECG of mice was recorded preoperation, postoperation,
and 14 days after operation (ECG was documented via lead
I and lead II at day 14 postoperation). It showed that S-T
segment was raised after ligation of left anterior descending
branch, indicating a successful establishment of MI model-
ing. After 14 days, compared with the model group, the elec-
trical axis in the LC group was left biased and the S-T
segment was partially abolished, suggesting a protective role
of LC at chronic stage of MI (Figure 1(a)). To further assess
the role of LC in restoring cardiac function, representative
echocardiography images from 3 groups were shown in
Figure 1(b), and the MI model group had an enlargement

of the left ventricles as indicated by an increase in LVIDd,
LVIDs compared to those of the sham group. The adminis-
tration of LC tend to rescue increased LVIDd due to MI
(Figure 1(c)) and reversed the increase in LVIDs (p < 0:01,
Figure 1(d)). In contrast, a significant reduction in LVEF
(p < 0:05) and LVFS (p < 0:001) were also shown in
Figures 1(e) and 1(f). There was a tendency towards the
improvement of LVEF and LVFS, although both of them
did not reach any statistical significance. Doppler ultrasound
was also utilized to evaluate the function of left ventricle. In
the model group, aortic valve peak velocity and the heart
beats were decreased compared to the sham group, which
were reversed by LC treatment (Figures 1(h) and 1(k)). A
similar pattern was found in stroke volume (Figure 1(i)).
Cardiac output also decreased in the model group, and an
enhancement was observed after LC treatment (Figure 1(j)).
All these findings indicate that LC alleviates the LV remodel-
ing and dysfunction.

3.2. LC Reduced the Infarct Size of Post-MI Mice. We further
evaluated the effect of LC treatment on cardiac infarct size of
mice. The infarct sizes at day 14 post-MI in the model group
was obvious when compared to the sham group and LC group
exerted a remarkable reduction of infarct size (Figure 2(a)). In
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Figure 2: LC reduced the post-MI infarct size. (a) Representative images of TTC staining of cardiac sections from mice. TTC-negative
staining area represented for infarct myocardium, while TTC-positive staining area referred to the myocardium that were not affected.
(b) Heart weight. (c) The ratio of heart weight to whole body weight. (d) Left ventricular weight. (e) Ratio of left ventricular weight to
heart weight. Data were expressed as means ± SEM. n = 5; ∗∗p < 0:01, ∗∗∗p < 0:001, compared to the sham group.
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addition, the heart weight, the ratio of heart weight to whole-
body weight, left ventricular weight, and ratio of left ventricu-
lar weight to heart weight all increased significantly in model
group, although they were not rescued after LC treatment
(Figures 2(b)–2(e)). Our findings suggest that LC could some-
how inhibit the left ventricle hypertrophy and help to restore
the remolding process.

3.3. LC Ameliorated Post-MI Cardiac Hypertrophy and
Fibrosis via the Suppression of the Proinflammatory
Cytokines. To evaluate the impact of LC on post-MI cardiac
hypertrophy, Masson trichrome staining was performed to
assess hypertrophic changes. Masson staining showed that
the arrangement of myocardial fibers in the infarcted myo-
cardium was disordered, and there were a lot of blue colla-
gen deposition in the area around the infarct in the model
group, which was significantly reduced in the group with
LC administration. The left ventricular myocardial longitu-
dinal slices stained with HE showed that the hypertrophy
cardiomyopathy was arranged in disorder with interstitial
fibrosis. The LC group exhibited an improved condition
compared to the model group, suggesting LC is capable of
reversing cardiac remodeling (Figures 3(a) and 3(b)). Next,
the expression of inflammatory markers such as IL-6,

TNF-α, and IL-1β were under investigation for the potential
anti-inflammatory effects of LC therapy. As shown in
Figure 3(c), a much higher level of IL-1β was displayed in
heart tissues of the model group compared to that of the sham
group, which was blunted by the LC treatment. A similar pat-
tern was displayed in IL-6 levels. LC treatment could reduce
the increase of TNF-α caused by MI injuries. The results indi-
cate that LC can inhibit the secretion of inflammation.

3.4. LC Inhibited Bax/Bcl-2 Signal Pathway and Suppressed
the Biomarkers of Myocardial Injuries. To further investigate
the beneficial effect of LC on cardiac function, biomarkers of
myocardial injury such as NT-proBNP, cTnT, LDH, and
AST in serum were detected. It was found that the activities
of NT-proBNP, LDH, cTnT, and AST were increased in the
serum in model mice compared with the sham group. Treat-
ment with LC reduced the levels of NT-proBNP, cTnT, LDH,
and AST compared with the model group (Figure 4(a)). West-
ern blot results showed an elevated level of α-SMA expression
in the model group, which was reversed by treatment with LC
(p < 0:05, Figure 4(b)). An upregulation of Bax expression,
downregulation of Bcl-2, and increase of the ratio of Bax
to Bcl-2 were displayed in the model group when compared
to the sham group (p < 0:01, Figure 4(b)). Although LC
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Figure 3: LC suppressed the levels of proinflammatory cytokines and ameliorated cardiac hypertrophy and fibrosis of post-MI mice. (a)
Representative image of H&E staining, scale bar = 500μm in original images and scale bar = 50μm in enlarged plots. (b) Masson’s
trichrome-stained heart paraffin sections: collagen was stained in blue and cytoplasm was stained in red, scale bar = 1000μm in original
images and scale bar = 100 μm in enlarged plots. (c) Levels of proinflammatory cytokines were measured after LC treatment. Data were
expressed asmeans ± SEM. n = 5; ∗∗p < 0:01, ∗∗∗p < 0:001, compared to the sham group. #p < 0:05, ##p < 0:01, compared to the model group.
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administration was not able to restore the ratio of Bax to Bcl-2,
it did enhance the expression of Bcl-2 compared to that of the
model group. Myocardial tissue from the model group had
decreased cTnT levels compared to the sham group. There
was a tendency towards the elevation of cTnT after LC treat-
ment as revealed by immunofluorescent staining (Figure 4(c)).
These results suggest that LC can alleviate myocardial injury.

4. Discussion

LC is a naturally occurring bioactive amino acid derivative,
which helps to reduce the accumulation of harmful metabo-
lites produced in coronary thrombosis and embolism
[22–24]. Studies have found that LC can be used to treat var-
ious heart problems, such as myocardial infarction, cardio-
pulmonary arrest, reperfusion injury, and coronary artery
infarction. In fact, previous clinical studies have suggested
that LC supplementation can reduce the mortality of myo-
cardial infarction, but the specific mechanism of action is still
unclear, and the effect of LC on the apoptosis pathway is still
under investigation [4, 25]. In this experiment, the myocar-
dial infarction model was established by ligating the left ante-

rior ligation of mice, and LC was interfered to explore its
effect on the level of serum myocardial enzymes in mice with
myocardial infarction and further explore the effect and
mechanism of LC on myocardial cell apoptosis.

In this study, LC improved post-MI cardiac function as
revealed by the ECG finding that the S-T segment of the axis
was shifted down in mice receiving LC treatment. LC was
also able to improve LV systolic and diastolic function,
enhance myocardial output, and reverse LV remodeling via
the reduction of myocardial infarct size and suppression of
myocardial hypertrophy, The inflammatory levels of TNF-
α, IL-1β, and IL-6 were significantly increased in post-MI
mice, which were blunted by LC treatment as well. More-
over, LC treatment can significantly reduce the level of
AST, NT-proBNP, cTnT, and LDH in serum and α-SMA
expression in infarct area.

Most MI are accompanied by ventricular remodeling.
Myocardial wall thinning in the infarct area gradually dilates
the heart chamber, and in the long-term, there may be ven-
tricular aneurysm formation and myocardial rupture. In
addition, due to the large amount of scarring in the infarcted
area, the diastolic and systolic dysfunction is caused, which
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Figure 4: L-carnitine inhibited the Bax/Bcl-2 signal pathway and improved myocardial infarction. (a) Levels of biomarkers for MI were
measured after LC treatment. Data were expressed as means ± SEM. n = 8; ∗∗p < 0:01, ∗∗∗p < 0:001, compared to the sham group.
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(red) were performed, scale bar = 1000μm in original images and scale bar = 100μm in enlarged plots.

7Cardiovascular Therapeutics



leads to the redistribution of pressure in all directions in the
cardiac cavity. Therefore, the remodeling also involved the
noninfarcted area, resulting in myocardial hypertrophy in
the noninfarcted area, resulting in global enlargement
[26–29]. Myocardial fibrosis is an important pathological
feature of MI. Myocardial fibrosis can reduce cardiac com-
pliance, affect cardiac systolic and diastolic function, and
lead to sudden cardiac death. Reducing myocardial fibrosis
can effectively improve cardiac dysfunction and reduce LV
remodeling [2, 30]. Of note, myocardial fibrosis in post-MI
mice was significantly inhibited and the cardiac function
was improved after LC administration.

Inflammation is a very important biological process in
the process of many cardiovascular diseases including MI
[31–33]. Previous studies have found that a large number
of neutrophil infiltration, inflammatory cytokine chemotac-
tic aggregation, and myocardial injury-related proteases
appear in the infarcted area and surrounding areas after
MI. During the progression of MI, prolonged inflammatory
response is further involved in myocardial cell damage in the
peri-infarct area, leading to excessive fibrosis and aggravat-
ing the progression of ventricular remodeling [17]. There-
fore, inhibiting the production of inflammatory factors can
slow down the remodeling after MI and reduce the occur-
rence of heart failure.

Cytosolic enzymes such as AST, NT-proBNP, cTnT,
LDH, and α-SMA have been used as sensitive markers to
assess the severity of MI [34]. cTnT is unique to the myocar-
dium and mainly exists in myofibrillar thin filaments. High
levels of cTnT are closely related to myocardial hypoxia,
ischemia, necrosis, and cardiac function decline, and the
detection of cTnT has the advantages of high sensitivity
and specificity, both in the early intervention and prognosis
of acute MI have important value [35]. NT-proBNP is a
cardiogenic neurohormone synthesized by ventricular myo-
cytes. When the patient’s LV pressure load increases and
ventricular wall tension increases, the secretion of NT-
proBNP will also increase accordingly. The increased level
of NT-proBNP indicates that the cardiac insufficiency of
patients increased. AST is the main functional enzyme of
myocardium, and its activity changes are also closely related
to myocardial injury [36, 37]. α-SMA is a marker of cardiac
fibrosis, and the overexpression of α-SMA can promote the
growth of atherosclerotic plaques through vascular growth
regulation and other pathways [38]. It is further verified that
LC can protect the integrity of cardiomyocytes and reduce
cardiac burden and myocardial fibrosis, thereby effectively
inhibiting the progression of MI.

Apoptosis is a kind of programmed cell suicide, which is
dependent on caspase activation and requires energy con-
sumption. It can be regulated by specific genes and can be
activated by a series of physiological and pathological factors
[39]. The apoptosis of myocardial cells is involved in various
cardiovascular diseases including ischemic and nonischemic
heart disease, MI, and heart failure. Predisposing factors of
myocardial cell apoptosis including angiotensin II, oxygen
free radicals, cytokines, and growth factor [40, 41]. Ventric-
ular remodeling is the molecular basis of heart failure. The
Bcl-2 family is the first gene family that is found to be

involved in the regulation of apoptosis. It includes a number
of structurally similar molecules, such as the proapoptotic
gene Bax and antiapoptotic gene Bcl-1 and Bcl-2 [42]. Bcl-
2 and Bax are regulators of the apoptotic pathway. The
changes of Bcl-2 and Bax expressions are an important path-
way of myocardial cell apoptosis. And induced apoptosis is
considered to be an important pathogenic mechanism of
myocardial injury. LC improves MI possibly by inhibiting
the Bax/Bcl-2 pathway to reduce apoptosis and cell mem-
brane damage [43].

5. Conclusion

LC has a strong protective effect on MI, which is manifested
in the reduction of myocardial damage and inflammatory
factors, as well as the improvement of LV function. In addi-
tion, these effects are partly attributed to the inhibition of
Bax/Bcl-2 mediated apoptosis signaling pathway, which has
laid a foundation for the study of the mechanism and treat-
ment of MI.
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