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Abstract
This study has been initiated to investigate whether sunitinib (SUN) alters the expression of key genes engaged in mito-
chondrial transport and oxidation of long chain fatty acids (LCFA), and if so, whether these alterations should be viewed as 
a mechanism of SUN-induced cardiotoxicity, and to explore the molecular mechanisms whereby carnitine supplementation 
could attenuate SUN-induced cardiotoxicity. Adult male Wister albino rats were assigned to one of the four treatment groups: 
Rats in group 1 received no treatment but free access to tap water for 28 days. Rats in group 2 received l-carnitine (200 mg/
kg/day) in drinking water for 28 days. Rats in group 3 received SUN (25 mg/kg/day) in drinking water for 28 days. Rats in 
group 4 received the same doses of l-carnitine and SUN in drinking water for 28 days. Treatment with SUN significantly 
increased heart weight, cardiac index, and cardiotoxicity enzymatic indices, as well as severe histopathological changes. 
Moreover, SUN significantly decreased level of adenosine monophosphate-activated protein kinase (AMPKα2), total car-
nitine, adenosine triphosphate (ATP) and carnitine palmitoyltransferase I (CPT I) expression and significantly increased 
acetyl-CoA carboxylase-2 (ACC2) expression and malonyl-CoA level in cardiac tissues. Interestingly, carnitine supplementa-
tion resulted in a complete reversal of all the biochemical, gene expression and histopathological changes-induced by SUN 
to the control values. In conclusion, data from this study suggest that SUN inhibits AMPK downstream signaling with the 
consequent inhibition of mitochondrial transport of LCFA and energy production in cardiac tissues. Carnitine supplementa-
tion attenuates SUN-induced cardiotoxicity.
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Introduction

Sunitinib (SUN) is an oral multitargeted tyrosine kinase 
inhibitor which has been approved in the treatment of gas-
trointestinal stromal tumors and metastatic renal cell carci-
noma [1]. Although SUN has proved efficacy and increased 
the survival of patients with cancer, its optimal clinical 
usefulness is usually limited secondary to the development 
of cardiotoxicity [2–5]. Cardiac events arising from SUN 
include congestive heart failure, reduction in left ventricular 
ejection fraction, hypertension, myocardial infarction, and 
thromboembolism [6, 7]. Histopathological examination of 
endomyocardial biopsies from SUN-treated patients who 
developed heart failure revealed cardiomyocyte hypertrophy 
and mitochondrial abnormalities including swelling, mem-
brane whorls, and effaced cristae [4, 6]. Several in vitro and 
in vivo experimental studies reported that SUN induces its 
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cardiotoxicity by several mechanisms [8–13]. Earlier in vitro 
and in vivo studies have demonstrated that SUN induces its 
cardiotoxicity by inhibition of adenosine monophosphate-
activated protein kinase (AMPK) [14–16]. Using cardiomy-
ocytes and SUN-induced cardiomyopathic mouse models, 
Kerkela et al. confirmed that SUN decreased expression and 
activity of AMPK which significantly decreased phospho-
rylation of its substrate, acetyl-CoA carboxylase (ACC) in 
cardiac tissues [17]. Cardiac AMPK complexes consist pre-
dominantly of alpha 2, beta 2, and gamma 2 subunits [18] 
and act as an important regulator of LCFA oxidation and 
glucose uptake in the heart [19]. In cardiac tissues, activa-
tion of AMPK leads to phosphorylation and inhibition of 
ACC2, with the consequent increase in the transport LCFA 
from cytoplasmic compartment into mitochondria, where 
β-oxidation enzymes are located for energy production [20]. 
Conversely, inhibition of AMPK inhibits phosphorylation 
and activates ACC2 leading to inhibition of mitochondrial 
transport and oxidation of LCFA [21].

l-carnitine is an obligatory cofactor for mitochondrial 
transport and oxidation of LCFA which supply the heart 
with approximately 60–90% of ATP [22, 23]. In the heart, 
l-carnitine plays several vital metabolic functions via 
increasing intramitochondrial CoA-SH/Acetyl-CoA ratio 
[24], regulation of apoptosis and inflammation, protec-
tion from oxidative stress and modulation of cellular stress 
response and gene expression [25–28]. Earlier studies in our 
laboratory have demonstrated that carnitine supplementa-
tion attenuates cardiotoxicity induced by doxorubicin [29], 
cyclophosphamide and ifosfamide [30] via modulating the 
expression of key genes involved in mitochondrial trans-
port and oxidation of LCFA. Although several studies have 
documented that SUN induces its cardiotoxicity by inhibit-
ing AMPK and altering energy status in mitochondria, the 
effects of SUN on AMPK downstream signal and the role of 
substrate utilization are not studied to date. Accordingly, the 
current study has been initiated to investigate whether SUN 
alters the expression of key genes engaged in mitochon-
drial transport and oxidation of LCFA, and if so, whether 
these alterations should be viewed as a mechanism during 
development of SUN-induced cardiotoxicity. Other impor-
tant goal of this study is to further explore the molecular 
mechanisms whereby carnitine supplementation could alter 
SUN-induced cardiotoxicity.

Materials and Methods

Materials

Sunitinib has been purchased from LC Laboratories 
(Woburn, MA, USA). It has been supplied in non-commer-
cial glass brownish bottle containing 10-gm yellow powder 

and was freshly dissolved in drinking water prior to admin-
istration. l-carnitine has been graciously given by Dr. Zaven 
Orfalian, Sigma-Tau Pharmaceuticals, Pomezia, Italy. It has 
been supplied as white powder in non-commercial plastic 
bottles contains 100 g and it was freshly dissolved in drink-
ing water prior to administration. Primers and probes were 
designed using Primer Express 3.0 (Applied biosystem, life 
technology, USA) and purchased from Metabion Interna-
tional AG (Germany). Diagnostic kits for measurement of 
CK-MB and LDH were obtained from Greiner Diagnostic 
(GmbH, Germany). Carnitine assay kits were obtained from 
Biosentec (Hall Gilbert Durand, France). ACC2 assay kit 
was purchased from MyBiosource, Cat No. MBS7239707. 
AMPK α2 ELISA kit was purchased from (LifeSpan Bio-
Sciences, Inc, Cat No. LS-F21864). Carnitine palmitoyl-
transferase (CPTI) assay kit was purchased from (MyBio-
source, Cat No. MBS2602676). Malonyl-CoA decarboxylase 
(MCD) assay kit was purchased from (MyBiosource, Cat 
No. MBS2601663). All other chemicals used were of the 
highest analytical grade.

Animals

Adult male Wistar albino rats, weighing 180–200 g, were 
obtained from the Animal Care Center, College of Phar-
macy, King Saud University, Riyadh, Kingdom of Saudi 
Arabia and were housed in metabolic cages under con-
trolled environmental conditions (25 °C and a 12-h light/
dark cycle). Animals had free access to pulverized standard 
rat pellet food and tap water. The protocol of this study has 
been approved by Research Ethics Committee of College 
of Pharmacy (E.A.C.C-11/2016), King Saud University, 
Riyadh, Kingdom of Saudi Arabia.

Experimental Design

A total of 40 adult male Wistar albino rats were used and 
divided at random into 4 groups of 10 animals each. Rats of 
group 1 (control group) received no treatment but free access 
to tap water for 28 days. Rats of group 2 (SUN-treated group) 
received SUN (25 mg/kg /day) in drinking water for 28 days. 
Rats in group 3 (carnitine-supplemented group) received 
l-carnitine (200 mg/kg/day) in drinking water for 28 days. 
Rats in group 4 (SUN plus l-carnitine group) received l-car-
nitine (200 mg/kg/day) and SUN (25 mg/kg/day) in drinking 
water for 28 days. To ensure correct dosage of the treatment 
protocol, the concentrations of SUN and l-carnitine in drink-
ing water were adjusted according to daily water intake. In 
the current study, selected doses and route of administration 
of both SUN and l-carnitine were adopted from previous 
studies in rodents [9, 13, 29–31]. The dose of l-carnitine 
(200 mg/kg/day) selected in our study is clinically relevant 
for human use since the average daily dose of l-carnitine in 
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cancer patients and in the treatment of cancer chemotherapy-
induced organs toxicity is up to 4 g/day with no toxicity 
[32, 33]. The human equivalent dose (HED) for l-carnitine 
(200 mg/kg/day) equals 2.27 g is relevant for human use 
and has been calculated according to Nair and Jacob [34] as 
the following: HED (mg/kg) = Animal dose (mg/kg) × (Ani-
mal Km ÷ Human Km). HED (mg/kg) = Rat (200 mg/kg) × 
(6/37), HED (mg/kg) = 200 × 0.162 = 32.43 mg/kg, HED for 
70 kg patient = 32.43 × 70 = 2.27 g. Therefore, 200 mg/kg 
of l-carnitine in rat selected in our study is equivalent to 
2.27 g human of 70 kg. Twenty-four hours after the end of 
the treatment protocol, animals were sacrificed by decapita-
tion after exposure to ether in a desiccator kept in a well-
functioning hood and blood samples were obtained. Serum 
was separated for determination of cardiotoxicity enzymatic 
indices (LDH and CK-MB), AMPKα2 and total carnitine. 
Immediately after withdrawal of blood samples, hearts were 
then quickly isolated and removed intact, washed with ice-
cold 0.9% saline solution and weighed. Cardiac index (CI) 
was calculated as the heart weight to the body weight ratio 
(g/100 g) in each animal. Then, isolated hearts were divided 
into two parts. The first part from each heart was used for 
determination of total carnitine, AMPKα2, ATP, malony-
CoA, CPT I, MCD and ACC2 levels, whereas the second 
part was used for mRNA expression of ACC2, CPT I, MCD 
and histopathological studies.

Methods

Quantification of mRNA Expression by Real-Time 
Polymerase Chain Reaction

Total RNA was extracted from heart tissues using Trizol 
method as previously described [35]. In brief, RNA was 
extracted by homogenization of cardiac tissues in TRIzol 
reagent (GibcoBRL) at maximum speed for 90–120 s. The 
homogenate was incubated for 5 min at room tempera-
ture. A 1:5 volume of chloroform was added, and the tube 
was vortexed and subjected to centrifugation at 12,000×g 
for 15 min. The aqueous phase was isolated, and the total 
RNA was precipitated by cold absolute ethanol. After 

centrifugation and washing, the total RNA was finally eluted 
in 20 µl of diethyl pyrocarbonate-treated water. The quantity 
was characterized using a UV spectrophotometer (NanoDrop 
8000, Thermo Scientific, USA). The isolated RNA has a 
260/280 ratio of 1.9–2.1. First-strand cDNA was synthe-
sized from 1 µg of total RNA by reverse transcription with a 
SuperScript™ first-strand synthesis system kit (Invitrogen, 
CA, USA), according to the manufacturer’s instructions. 
Real-time reaction was performed using the KAPA PROBE 
FAST qPCR kit master mix (KAPA Biosystems, USA) and 
the 2−ΔΔCt method. GAPDH gene was used as the endog-
enous control. PCR assay was optimized by varying the PCR 
conditions such as the concentration of cDNA, primers and 
probes, amplification cycle number and annealing tempera-
ture. Briefly, a standard 25 µl reaction mixture contained 
in final concentration of 1 × KAPA PROBE FAST qPCR 
master mix buffer, 0.4 µM of each forward and reverse prim-
ers, 0.2 µM Probe for H-FABP, CPT IB, ACC2, MCD and 
GAPDH (Table 1), 100 ng of cDNA and RNase, DNase free 
water. The reaction was done in an ABI 96-Well optical reac-
tion plate placed on ice before cDNA template was added. 
The standard thermal cycling conditions of initial 50 °C for 
2 min and 95 °C for 10 min followed by 40 cycles at 95 °C 
for 15 s and 60 °C for 1 min were used. All reactions were 
performed using an ABI 7500 System (Applied Biosystem, 
USA). Experiments were performed in triplets for all data 
points. Each qPCR reaction included no-template controls.

Determination of Malonyl-CoA and Adenosine 
Triphosphate Levels in Rat Cardiac Tissue Using HPLC

Malonyl-CoA and adenosine triphosphate levels were deter-
mined in heart tissues using HPLC system (Jasco Corpora-
tion, Ishikawa-Cho, Hachioji, Tokyo, Japan) According to 
Lysiak et al. [36] and Botker et al. [37], respectively. In brief, 
heart tissue was homogenized in ice-cold 6% perchloric acid, 
centrifuged at 1000 rpm for 15 min at 0.5 °C, and the super-
natant fluid was injected into HPLC after neutralization to 
pH 6–7. Chromatographic separation was performed using 
ODS-Hypersil, 150 × 4.6 mm I.D., 5 µm column (Supelco 
SA, Gland, Switzerland). For malonyl-CoA detection, the 

Table 1  Primers and probe sequence of the GAPDH, CPT IB, ACC 2 and MCD genes

Gene name Forward primer Reverse primer Probe

GAPDH 5′-TGG CCT CCA AGG AGT AAG AAAC-
′3

5′-GGC CTC TCT CTT GCT CTC AGT ATC 
-′3

FAM-CTG GAC CAC CCA GCC CAG CAA-
TAMRA

CPTIB 5′-CAA ACA TCA CTG CCC AAG CTT-′3 5′-GGC CGC ACA GAA TCC AAG T-′3 FAM-TGT GCC AGC CAC AAT TCA CCGG-
TAMRA

ACC2 5′-CTT TTC TAG GTC CCC GAG TGA-′3 5′-CTT CCG CTC CAG GGT AGA GTT-′3 FAM-AGG CTC TCC TCC ACC ATT GTA 
GCC CA-TAMRA

MCD 5′-CAG AGG ACC GGC TAC GCT AT-′3 5′-CAG CTT ACT GAT GTG GTG GAA 
GAG -′3

FAM-CCC TCG TGC CGC GAT ACC GT-
TAMRA
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UV detector was operated at 254 nm and set at 0.005. The 
gradient elution was performed using two mobile phases 
including, 220 mM potassium phosphate containing 0.05% 
dithioglycol (A) and 98% methanol, 2% chloroform (B). The 
flow rate was 0.6 ml/min and the gradient was as follows: at 
zero time, 94% A and 6% B; at 8 min, 92% A and 8% B; at 
14 min, 87% A and 13% B; at 25 min, 80% A and 20% B; 
at 40 min, 55% A and 45% B; at 45 min, 55% A and 45% 
B; and at 60 min, 94% A and 6% B. For ATP detection, the 
Isocratic elution was performed at a flow rate of 1.2 ml/min, 
using 75 mM ammonium dihydrogen phosphate as mobile 
phase. The ATP peaks were eluted at 3.2 min and the UV 
detector was operated at 254 nm.

Determination of Total Carnitine in Serum and Cardiac 
Tissues

Total carnitine concentration was determined in serum and 
cardiac tissues according to the method reported by Pri-
eto et al. [38]. In brief, carnitine reacts with acetyl-CoA 
forming acetylcarnitine in a reaction mediated by carnitine 
acetyltransferase enzyme. The liberated CoA-SH reacts with 
5,5-dithiobis-(2-nitrobenzoic acid) and forming thiopheno-
late ion, whose generation is proportional to the amount of 
carnitine and can be measured spectrophotometrically at 
412 nm.

Determination of AMPKα2, ACC2, CPTI, and MCD Levels 
in Cardiac Tissues

The levels of AMPKα2, ACC2, CPTI, and MCD were 
quantitatively determined in cardiac tissue homogenate 
using ELISA kits. Samples from cardiac tissue homoge-
nates were prepared by subjecting tissue homogenates to 
three freeze (− 20 °C)/thaw (room temperature) cycles to 
further break the cell membranes. After that, the homoge-
nates were centrifugated for 15 min at 5000 rpm and the 
levels of AMPKα2, ACC2, CPTI, and MCD were measured 
in the supernatant immediately according to manufacturer’s 
instructions.

Assessment of Serum Creatine Kinase (CK-MB) and Lactate 
Dehydrogenase (LDH) Activity

Serum activities of LDH and CK-MB were determined 
according to the methods of Buhl and Jackson [39] and Wu 
and Bowers [40], respectively.

Histopathological Examination of Cardiac Tissues

Heart specimens from each group were removed to be 
examined histopathologically. They were fixed in 10% neu-
tral buffered formalin for 24 h until the tissue became hard 

enough to be sectioned. Tissues were then embedded in par-
affin wax, sectioned at 3 µm and stained with hematoxylin 
for 10 min then counterstained in eosin for 1 min followed 
by rapid rinsing in distilled water. To detect the presence of 
myocardial fibrosis, heart sections were stained with Masson 
Trichrome (MT) connective tissue staining. Finally, sections 
were dehydrated and examined using a light microscope and 
photographed.

Statistical Analysis

Differences between obtained values (mean ± SEM, n = 10) 
were carried out by one-way analysis of variance (ANOVA) 
followed by the Tukey–Kramer multiple comparison test. 
p ≤ 0.05 was taken as a criterion for a statistically significant 
difference.

Results

To ensure correct dosage of the treatment protocol, the con-
centrations of SUN and l-carnitine in drinking water were 
adjusted according to water intake. In this regard, rats were 
individually housed in separate cages for calculating the 
daily water consumption. As shown in Fig. 1, no significant 
change in daily water consumption in control and carnitine-
treated rats was observed. However, in SUN-treated rats, the 
daily water consumption was significantly decreased by 28% 
and 52% in day 14 and day 28, respectively, as compared to 
day 1 of the treatment protocol. Interestingly, administration 
of l-carnitine concomitant with SUN resulted in a complete 
reversal of the SUN-induced decrease in water consumption 
to the control values.
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Fig. 1  Effects of Sunitinib, l-carnitine, and their combination on 
water consumption of rats. Data are presented as mean ± S.E.M. 
(n = 10). Asterisk and ash symbols indicate significant change from 
day 1 and day 14, respectively, at p < 0.05 using ANOVA followed by 
Tukey–Kramer as a post ANOVA test
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Figure 2 shows the effect of SUN, l-carnitine and their 
combination on body weight (A), heart weight (B) and car-
diac index (C) in rats. Daily administration of SUN (25 mg 
/kg) for 28 successive days resulted in a significant 31% 
decrease in body weight (A) and a significant 23% and 75% 
increase heart weight (B) and cardiac index (C), respectively, 
as compared to the control group. On the other hand, carni-
tine supplementation (200 mg/kg/day) for 28 successive days 
showed non-significant changes. Interestingly, daily admin-
istration of l-carnitine concomitant with SUN resulted in a 
complete reversal of SUN-induced decrease in body weight 

and increase in heart weight and cardiac index to the control 
values.

Figure 3 shows the histopathological changes in car-
diac tissues induced by SUN in normal and carnitine-sup-
plemented rats. Section of myocardium from control rats 
showed bundles of normal muscle fibers and no significant 
pathological changes (Fig. 3a). On the other hand, section 
of myocardium treated daily with SUN (25 mg/kg) for 28 
successive days (Fig. 3b) showed severe histopathological 
changes which are consistent with cardiotoxicity manifested 
as scattered chronic inflammatory cells with focal fragmen-
tation of myocardial fibers and loss of nuclei (arrowhead). 
Section of myocardium treated with l-carnitine alone 
(200 mg/kg/day) for 28 successive days showed almost 
completely normal myocardial fibers (Fig. 3c). Interestingly, 
heart specimens from rats treated with SUN plus l-carnitine 
showed normal myocardial fibers with residual degenerate 
fibers in the upper parts of the picture (Fig. 3d) indicating 
good protection in comparison to SUN alone (Fig. 3b).

To detect the presence of SUN-induced myocardial fibro-
sis, heart specimens were stained with Masson Trichrome 
(MT) connective tissue stain (Fig. 4). Heart specimens 
from control rats stained with MT showed normal myo-
cardial fibers with very scanty blue-colored collagen fibers 
(Fig. 4a). Section of myocardium treated with SUN alone 
for 28 successive days showed marked fibrosis (blue-colored 
fibers) with extension to interstitial tissue between myofib-
ers (Fig. 4b1) and interstitial fibrosis characterized by the 
presence of many “blue colored” connective tissue fibers, 
arrowhead, (Fig. 4b2). On the other hand, section of arrow-
head (Fig. 4c) treated with l-carnitine alone for 28 succes-
sive days showed normal myocardial fibers with only thin 
blue-colored collagen fibers. Interestingly, heart specimens 
from rats treated with SUN plus l-carnitine showed marked 
reduction in the amount of connective tissue fibers indicative 
of effective protection against myocardial fibrosis (Fig. 4d).

To further confirm that SUN treatment protocol used in 
this study is associated with cardiotoxicity, the effects of 
SUN on serum cardiotoxicity enzymatic indices, CK-MB 
and LDH, were studied in normal and carnitine-supple-
mented rats (Fig. 5). On the other hand, daily administra-
tion of SUN (25 mg/kg) for 28 successive days resulted in a 
significant 89% and 95% increase in serum CK-MB (A) and 
LDH (B), respectively, as compared to the control group. On 
the contrast, carnitine supplementation (200 mg/kg/day) for 
28 successive days showed non-significant changes. Inter-
estingly, daily administration of l-carnitine concomitant 
with SUN resulted in a complete reversal of SUN-induced 
increase in serum CK-MB and LDH to the control values.

Figure 6 shows the effect of SUN, l-carnitine, and their 
combination on the level of AMPK-α2 in serum (A) and rat 
heart tissues (B). Treatment with SUN (25 mg/kg/day) for 
28 successive days resulted in a significant 70% and 43% 
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Fig. 2  Effects of Sunitinib, l-carnitine and their combination on a 
body weight, b heart weight and c cardiac index of rats. Data are pre-
sented as mean ± S.E.M. (n = 10). Asterisk and ash symbols indicate 
significant change from control and SUN, respectively, at p < 0.05 
using ANOVA followed by Tukey–Kramer as a post ANOVA test
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decrease in AMPK-α2 level in serum and cardiac tissues, 
respectively, as compared to the control group. In contrast, 
daily administration of l-carnitine (200 mg/kg/day) for 
28 successive days resulted in a significant 84% and 82% 
increase in AMPK-α2 level in serum and cardiac tissues, 
respectively, as compared to the control group. Administra-
tion of l-carnitine concomitant with SUN for 28 succes-
sive days resulted in a complete reversal of SUN-induced 
decrease in AMPK-α2 level in serum and rat heart tissues 
to the control values.

Acetyl-CoA carboxylase 2 (ACC2) is an enzyme 
expressed in the heart tissues and responsible for the carbox-
ylation of acetyl-CoA to malonyl-CoA. Figure 7 shows the 
effects of SUN, l-carnitine, and their combination on ACC2 
mRNA expression (A) and protein level (B) in rat heart tis-
sues. Treatment with SUN (25 mg/kg/day) for 28 succes-
sive days resulted in a significant 187% and 79% increase 
in mRNA expression and protein level of ACC2 in rat heart 
tissues, respectively, as compared to the control group. 

On the other hand treatment with l-carnitine (200 mg/kg/
day) for 28 successive days significantly decreased ACC2 
mRNA expression and protein level in heart tissues by 75% 
and 60%, respectively, as compared to the control group. 
Intriguingly, daily administration of l-carnitine concomitant 
with SUN resulted in a complete reversal of SUN-induced 
increase in ACC2 mRNA expression and protein level in rat 
heart tissues to the control values.

Malonyl-CoA decarboxylase (MCD) is an enzyme 
expressed in the heart and catalyzes the decarboxylation of 
malony-CoA to acetyl-CoA. The effects of SUN, l-carnitine 
and their combination on MCD mRNA expression and pro-
tein level in rat heart tissues are shown in Fig. 8. Treatment 
with SUN (25 mg/kg/day) for 28 successive days resulted 
in non-significant change in MCD mRNA expression (A) 
and protein level (B) in rat heart tissues as compared to the 
control group. On the other hand, treatment with l-carni-
tine (200 mg/kg/day) for 28 successive days showed non-
significant change in ACC2 protein level, but significantly 

Fig. 3  Effects of Sunitinib, l-carnitine and their combination on his-
topathological changes in cardiac tissues stained with H & E stain. a 
Heart from control rat showing normal muscle fibers (× 400). b Heart 
of rat treated with SUN alone showing scattered chronic inflamma-
tory cells with focal fragmentation of myocardial fibers and loss of 

nuclei, arrowhead (× 400). c Heart of rat treated with l-carnitine 
alone showing almost completely normal myocardial fibers (× 400). 
d Heart of rats treated with SUN plus l-carnitine showing marked 
reduction in the amount of connective tissue fibers indicative of effec-
tive protection against myocardial fibrosis (× 400)
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increased mRNA expression by 101% in rat heart tissues as 
compared to the control.

To investigate the effect of SUN on mitochondrial trans-
port of LCFA, mRNA expression and protein level of 
CPT I were measured in rat heart tissues (Fig. 9). Daily 
administration of SUN (25 mg/kg) for 28 days resulted in a 
significant 50% and 48% decrease in CPTI mRNA expres-
sion (A) and protein level (B) in rat heart tissues, respec-
tively, as compared to the control group. On contrast, 

carnitine supplementation for 28 successive days signifi-
cantly increased mRNA expression and protein level in 
heart tissues by 28% and 50%, respectively, as compared 
to the control group. Interestingly, daily administration of 
l-carnitine concomitant with SUN completely reversed 
SUN-induced decrease in CPTI protein level but not mRNA 
expression to the control values.

To study the effects of SUN, l-carnitine, and their com-
bination on the activity of CPT I in cardiac tissues, the level 

Fig. 4  Effects of Sunitinib, L-carnitine and their combination on his-
topathological changes in cardiac tissues stained with Masson Tri-
chrome (MT) connective tissue stain. a Heart from control rat show-
ing normal myocardial fibers (× 400). b Heart of rat treated with SUN 
alone showing marked fibrosis (blue colored fibers) with extension to 
interstitial tissue between myofibers (B1, × 600) and interstitial fibro-

sis characterized by the presence of many “blue colored” connective 
tissue fibers, arrowhead, (B2, × 600). c Heart of rat treated with l-car-
nitine alone showing normal myocardial fibers with only thin blue-
colored collagen fibers, arrowhead, (× 400). d Heart of rat treated 
with SUN plus l-carnitine showing marked reduction in the amount 
of connective tissue fibers (× 400)
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of malonyl-CoA, the well-known physiological and potent 
inhibitor of CPT I enzyme, was measured using HPLC 
(Fig. 10). Daily administration of SUN (25 mg/kg) for 28 
days resulted in a significant 55% increase in malonyl-CoA 
level in rat heart tissues, as compared to the control group. 
On the other hand, daily administration of l-carnitine alone 
for 28 successive days significantly decreased the level of 
malonyl-CoA in heart tissues by 30% as compared to the 
control group. Interestingly, daily administration of l-car-
nitine concomitant with SUN completely reversed SUN-
induced increase in cardiac malonyl-CoA level to the control 
values.

Figure 11 shows the effects of SUN, l-carnitine and 
their combination on total carnitine levels in serum (A) 
and rat heart tissues (B). Administration of SUN (25 mg 
/kg/day) for 28 successive days resulted in a significant 

27% and 40% decrease in total carnitine level in serum and 
cardiac tissues, respectively, as compared to the control 
group. On the other hand, Daily administration of l-car-
nitine (200 mg/kg/day) for 28 days resulted in a significant 
25% increase in total carnitine level in cardiac tissues and 
non-significant change in serum carnitine level, as com-
pared to control group. Remarkably, daily administration 
of l-carnitine concomitant with SUN resulted in a com-
plete reversal of SUN-induced decrease in total carnitine 
level in serum and rat hear tissues to the control values.

Figure 12 shows the effect of SUN, l-carnitine, and 
their combination on the level of ATP in rat cardiac tis-
sues. Daily administration of SUN (25 mg/kg) for 28 suc-
cessive days resulted in a significant 43% decrease in ATP 
content in rat heart tissues as compared to control group. 
On the other hand, treatment with l-carnitine (200 mg/kg/
day) for 28 successive days resulted in a significant 30% 
increase in ATP level as compared to control group. Inter-
estingly, daily administration of l-carnitine concomitant 
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with SUN completely reversed SUN-induced decrease in 
ATP level in rat heart tissues to the control values.

Discussion

In the current study, SUN treatment protocol used to develop 
cardiotoxicity is confirmed by increasing heart weight, car-
diac index and cardiotoxicity enzymatic indices, LDH and 
CK-MB, as well as severe histopathological changes which 
are manifested as scattered chronic inflammatory cells with 
focal fragmentation of myocardial fibers and loss of nuclei. 
Our results are consistent with previous experimental stud-
ies which have reported that SUN therapy was associated 
with cardiac hypertrophy, myocardial fibrosis, and increased 
cardiac enzyme [9, 10, 13]. Recently, Blanca et al. reported 
that SUN-induced myocardial fibrosis and inflammation was 

as a consequence of oxidative stress and is involved in SUN-
induced cardiotoxicity [13]. SUN-induced oxidative stress 
and lipid peroxidation of cardiac membranes might signify 
the myocardial cell damage with the consequent leakage of 
these markers from damaged cardiac myocytes. Interest-
ingly, daily administration of l-carnitine (200 mg/kg) for 28 
days completely reversed SUN-induced increase in cardiac 
enzymes, cardiac index and myocardial fibrotic process to 
the normal values. It is worth mentioning that histological 
damage-induced by SUN in cardiac tissues and the protec-
tion achieved by carnitine supplementation are similar to 
those observed by Blanca et al. [13] although exposure time 
to both SUN and carnitine is different.

Under similar experimental condition, Blanca et al. con-
firmed that daily administration of l-carnitine (400 mg/kg) 
in drinking water offered complete protection against SUN-
induced cardiotoxicity via down-regulating the myocardial 
expression of inflammatory and fibrotic markers, oxidative 
stress markers and NF-kB [13]. In this regard, carnitine 
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treatment resulted in a down-regulation of nitrotyrosine, 
NOX2, IL-1b, IL-6, TGF-b1, collagen type I and tissue 
inhibitor of metalloproteinase-1, together with an upregu-
lation of IL-10 and matrix metalloproteinase-9 [13]. Also, 
antioxidant, antiinflammatory and anti-fibrotic effects of 
l-carnitine have been previously reported in earlier studies 
[13, 31, 41].

Adenosine Monophosphate-Activated Protein Kinase 
is an important regulator of LCFA oxidation and glucose 
uptake in the heart [19]. Data presented in the current study 
showed that SUN decreased AMPK-α2 levels in serum 
and cardiac tissues. The role of AMPK and its inhibition 
in SUN-induced cardiotoxicity has been reported in several 
in vivo and in vitro models of SUN-induced cardiotoxic-
ity [14–16]. Acetyl-CoA carboxylase (ACC) is the AMPK 
substrate that generates malonyl-CoA from the carboxyla-
tion of cytosolic acetyl-CoA. It is well documented that 
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phosphorylation of ACC2 by AMPK is associated with 
inactivation of ACC2 with the consequent increase of mito-
chondrial transport and oxidation of LCFA [21]. Our results 
showed that SUN significantly increased ACC2 mRNA 
expression and protein level. This effect could be second-
ary event following SUN-induced inhibition of AMPK with 
the consequent decrease in the phosphorylation of its sub-
strate, ACC2. If this hypothesis is correct, phosphorylation 
of ACC2 (P-ACC2) should decrease following treatment 
with SUN. In fact, earlier study reported that SUN signifi-
cantly decreased P-ACC2 protein expression secondary to 
the inhibition of AMPK in mice treated with SUN and in 
cardiac myocytes in culture [17]. Furthermore, SUN signifi-
cantly reduced activity of AMPK following treatment with 
the AMPK activator, AICAR, as evidenced by decreased 
P-ACC2 protein expression and the degree of inhibition was 
parallel to that seen with the AMPK inhibitor, compound C 
[17]. It is worth mentioning that results of ACC2 and AMPK 
presented in our study warrants monitoring the activity and 
the expression of phosphorylated proteins codified by these 
genes. Our results showed that SUN decreased AMPK with 
the consequent inhibition of ACC2 phosphorylation and this 
could increase in ACC2 activity resulting in enhanced pro-
duction of malonyl-CoA in cardiac tissues from acetyl-CoA. 
Consistent with this hypothesis, data presented in the cur-
rent study demonstrated that SUN increased malonyl-CoA 
level in cardiac tissues. Since our results showed that SUN 
induced no effect on MCD mRNA expression and protein 
level, therefore increased carboxylation of acetyl-CoA by 
ACC2 but not degradation of malonyl-CoA by MCD is the 
only explanation for the observed increase in malonyl-CoA 
production in cardiac tissues. It is well known that malonyl-
CoA is the key regulator of LCFA oxidation in the heart 

because it is the physiological and potent inhibitor of CPT 
I which transports LCFA from cytoplasm into mitochon-
dria [42–45]. Our results showed that SUN significantly 
decreased mRNA and protein expression of CPT I. Since 
CPT I is the major player in mitochondrial transport and 
oxidation of LCFA, its inhibition by SUN could inhibit the 
translocation of LCFA from cytoplasmic compartment into 
mitochondrial compartment where β-oxidation enzymes are 
located. Several experimental studies have confirmed that 
the inhibition of CPT I plays an important role in cancer 
chemotherapy-dependent [46–48] and independent [49–51] 
cardiomyopathies.

Data presented in the current study have demonstrated 
that SUN significantly decreased total carnitine in cardiac 
tissues. It seems that our results are unique since there is no 
available experimental or clinical data regarding the role 
of endogenous carnitine during the development of SUN-
induced cardiotoxicity. Decreased myocardial carnitine con-
tent and its contribution in cancer chemotherapy-induced 
cardiotoxicity have been well documented [30]. Under our 
experimental condition, carnitine supplementation increased 
myocardial carnitine content and completely restored SUN-
induced decrease in carnitine in both serum and heart tissues 
to its normal values. Moreover, carnitine supplementation 
for 28 successive days significantly increased mRNA and 
protein expression of CPT I which are consistent with earlier 
studies [46]. This observed increase in CPT I expression by 
carnitine supplementation in this study could be secondary 
event following l-carnitine-induced decrease in malonyl-
CoA production, the well-known potent inhibitor of CPT 
I. Accordingly, it could be suggested that carnitine supple-
mentation for 28 days will enhance mitochondrial transport 
of LCFA through CPT I with the consequent enhancement 
of β-oxidation and ATP production and this could be the 
underlying protective mechanism of l-carnitine against 
SUN-induced cardiotoxicity. Consistent with this hypoth-
esis is that carnitine supplementation for 28 days increased 
AMPK in serum and cardiac tissues. Using in vitro renal 
tubular cells and in vivo mice models of carboplatin-induced 
renal injury, Sue et al. reported that l-carnitine prevented 
carboplatin-mediated apoptosis through activation of AMPK 
[52]. Using rat L6 muscle cells, Zhang et al., investigated 
how TNF-α preferentially impaired insulin downstream 
signaling and what the role acetyl-l-carnitine played to alle-
viate this insulin resistance state [53]. The authors found that 
acetyl-l-carnitine inhibited TNF-α-induced insulin resist-
ance via activating AMPK signaling, thus increasing rates 
of skeletal muscle fatty-acid oxidation, leading to reduced 
malonyl-CoA and increased long chain fatty acyl-CoA 
flux into the mitochondria [53]. In the current study, the 
observed increase in mRNA expression of MCD and nor-
mal level of MCD protein in the presence of carnitine could 
be due to post-transcriptional modifications. Conversely, 
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carnitine supplementation decreased expression of ACC2 
mRNA and protein level. Accordingly, one can anticipate 
that the observed decrease in malonyl-CoA level in cardiac 
tissues by carnitine supplementation could be secondary to 
decreasing its synthesis from its ultimate precursor, acetyl-
CoA, by ACC2 rather than its degradation by MCD. Results 
from this study demonstrated that carnitine supplementa-
tion completely reversed SUN-induced decrease of CPT I 
and increase of ACC2 to the normal values. In conclusions, 
data obtained from the current study suggest that (1) SUN 
inhibits AMPK downstream signaling via the inhibition 
of the expression CPT I with the consequent inhibition of 
mitochondrial transport and oxidation of LCFA in cardiac 
tissues. (2) SUN therapy decreased myocardial carnitine 
content with the consequent carnitine deficiency. (3) The 
observed decrease in carnitine and CPT I expression in car-
diac tissues by SUN was parallel to the increase in cardiac 
index, cardiac enzymes and myocardial fibrosis which may 
point to the possible contribution of carnitine deficiency 
and the inhibition of CPT I as possible mechanisms in 
SUN-induced cardiotoxicity. (4) Carnitine supplementation 
attenuates SUN-induced cardiotoxicity via increasing myo-
cardial carnitine content and modulating key genes engaged 
in LCFA oxidation.

Acknowledgements The authors thank the Deanship of Scientific 
Research at KSU for funding this work through the research group 
Project No. RGP-VPP-142.

Compliance with Ethical Standards 

Conflict of interest The authors declare that there is no conflict of in-
terest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Motzer, R. J., Hutson, T. E., Tomczak, P., Michaelson, M. D., 
Bukowski, R. M., Rixe, O., et al. (2007). Sunitinib versus inter-
feron alfa in metastatic renal-cell carcinoma. New England Jour-
nal of Medicine, 356, 115–124.

 2. Wells, Q. S., & Lenihan, D. J. (2010). Reversibility of left ven-
tricular dysfunction resulting from chemotherapy: Can this be 
expected? Progress in Cardiovascular Diseases, 53, 140–148.

 3. Villarraga, HR, Herrmann, J, & Nkomo, VT (2014) Cardio-oncol-
ogy: Role of echocardiography. Progress in Cardiovascular Dis-
eases, 57, 10–18 .

 4. Chu, T. F., Rupnick, M. A., Kerkela, R., Dallabrida, S. M., Zura-
kowski, D., Nguyen, L., et al. (2007) Cardiotoxicity associated with 
tyrosine kinase inhibitor sunitinib. The Lancet, 370, 2011–2019.

 5. Formiga, M. N. D. C., & Fanelli, M. F. (2015). Aortic dissection 
durin antiangiogenic therapy with sunitinib. A case report. Sao 
Paulo Medical Journal, 133, 275–277.

 6. Chen, M. H., Kerkelä, R., & Force, T. (2008). Mechanisms of car-
diac dysfunction associated with tyrosine kinase inhibitor cancer 
therapeutics. Circulation, 118, 84–95.

 7. Telli, M., Witteles, R., Fisher, G., & Srinivas, S. (2008). Car-
diotoxicity associated with the cancer therapeutic agent sunitinib 
malate. Annals of Oncology, 19, 1613–1618.

 8. Zhao, Y., Xue, T., Yang, X., Zhu, H., Ding, X., Lou, L., Lu, W., 
Yang, B., & He, Q. (2010). Autophagy plays an important role 
in sunitinib-mediated cell death in H9c2 cardiac muscle cells. 
Toxicology and Applied Pharmacology, 248, 20–27.

 9. Maayah, Z. H., Ansari, M. A., El-gendy, M. A., Al-arifi, M. N., 
& Korashy,H. M (2014) Development of cardiac hypertrophy by 
sunitinib in vivo and in vitro rat cardiomyocytes is influenced 
by the aryl hydrocarbon receptor signaling pathway. Archives of 
Toxicology, 88, 725–738.

 10. Korashy, H. M., Al-suwayeh, H. A., Maayah, Z. H., Ansari, M. A., 
Ahmad, S. F., & Bakheet, S. A. (2015). Mitogen-activated protein 
kinases pathways mediate the sunitinib-induced hypertrophy in rat 
cardiomyocyte H9c2 cells. Cardiovascular Toxicology, 15, 41–51.

 11. Mooney, L., Skinner, M., Coker, S., & Currie, S. (2015). Effects 
of acute and chronic sunitinib treatment on cardiac function and 
calcium/calmodulin dependent protein kinase II. British Journal 
of Pharmacology, 172, 4342–4354.

 12. Bordun, K.-A., Premecz, S., Mandal, S., Goyal, V., Glavinovic, T., 
Cheung, M., Cheung, D., White, C. W., Chaudhary, R., & Freed, 
D. H. (2015). The utility of cardiac biomarkers and echocardiogra-
phy for the early detection of bevacizumab-and sunitinib-mediated 
cardiotoxicity. American Journal of Physiology-Heart and Circu-
latory Physiology, 309, H692–H701.

 13. Blanca, A. J., Ruiz-armenta, M. V., zambrano, S., Miguel-car-
rasco, J. L., Arias, J. L., Arevalo, M., Mate, A., Aramburu, O., & 
Vázquez, C. M. (2016). Inflammatory and fibrotic processes are 
involved in the cardiotoxic effect of sunitinib: Protective role of 
l-carnitine. Toxicology Letters, 241, 9–18.

 14. Force, T., Krause, D. S., & Van Etten, R. A. (2007) Molecular 
mechanisms of cardiotoxicity of tyrosine kinase inhibition. Nature 
Reviews Cancer, 7, 332–344.

 15. Hasinoff,B. B.,Patel,D., & O’hara, K. A. (2008) Mechanisms of 
myocyte cytotoxicity induced by the multiple receptor tyrosine 
kinase inhibitor sunitinib. Molecular Pharmacology, 74, 1722–1728.

 16. Hasinoff, B. B., & Patel, D. (2010). The lack of target specificity 
of small molecule anticancer kinase inhibitors is correlated with 
their ability to damage myocytes in vitro. Toxicology and Applied 
Pharmacology, 249, 132–139.

 17. Kerkela, R., Woulfe, K. C., Durand, J. B., Vagnozzi, R., Kramer, 
D., Chu, T. F., et al. (2009). Sunitinib-induced cardiotoxicity is 
mediated by off-target inhibition of AMP-activated protein kinase. 
Clinical and Translational Science, 2, 15–25.

 18. Li, J., Coven, D. L., Miller, E. J., Hu, X., Young, M. E., Carling, 
D., et al. (2006). Activation of AMPK α-and γ-isoform complexes 
in the intact ischemic rat heart. American Journal of Physiology-
Heart and Circulatory Physiology, 291, H1927–H1934.

 19. Heidrich, F., Schotola, H., Popov, A. F., Sohns, C., Schuenemann, 
J., Friedrich, M., et al. (2010). AMPK-activated protein kinase and 
its role in energy metabolism of the heart. Current Cardiology 
Reviews, 6, 337–342.

 20. Yatscoff, M. A., Jaswal, J. S., Grant, M. R., Greenwood, R., Lukat, 
T., Beker, D. L., et al. (2008). D. Myocardial hypertrophy and the 
maturation of fatty acid oxidation in the newborn human heart. 
Pediatric Research, 64, 643–647.

 21. Dyck, J. R., & Lopaschuk, G. D. (2006). AMPK alterations in 
cardiac physiology and pathology: Enemy or ally? The Journal 
of Physiology, 574, 95–112.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


356 Cardiovascular Toxicology (2019) 19:344–356

1 3

 22. Stanley, W. C., Recchia, F. A., & Lopaschuk, G. D. (2005). Myo-
cardial substrate metabolism in the normal and failing heart. 
Physiology Review, 85, 1093–1129.

 23. Bremer, J. (1983). Carnitine–metabolism and functions. Physiol-
ogy Review, 63(4), 1420–1480.

 24. Bremer, J. (1990). The role of carnitine in intracellular metabo-
lism. Journal of Clinical Chemistry and Clinical Biochemistry, 
28, 297–301.

 25. Chapela, S. P., Kriguer, N., Fernandez, E. H., & Stella, C. A. 
(2009). Involvement of L-carnitine in cellular metabolism:beyond 
Acyl-CoA transport. Mini Reviews in Medicinal Chemistry, 9, 
1518–1526.

 26. Jones, L. L., McDonald, D. A., & Borum, P. R. (2010). Acylcar-
nitines: Role in brain. Progress in Lipid Research, 49, 61–75.

 27. Famularo, G., De, S. C., Trinchieri, V., & Mosca, L. (2004). Car-
nitines and its congeners: A metabolic pathway to the regulation 
of immune response and inflammation. Annals of the New York 
Academy of Sciences, 1033, 132–138.

 28. Calabrese, V., Stella, A. M. G., Calvani, M., & Butterfield, D. 
A. (2006). Acetylcarnitine and cellular stress response: Roles in 
nutritional redox homeostasis and regulation of longevity genes. 
The Journal of Nutritional Biochemistry, 17, 73–88.

 29. Sayed-Ahmed, M. M., Al-Shabanah, O. A., Hafez, M. M., Aleisa, 
A. M., & Al-Rejaie, S. S. (2010). Inhibition of gene expression 
of heart fatty acid binding protein and organic cation/carnitine 
transporter in doxorubicin cardiomyopathic rat model. European 
Journal of Pharmacology, 640(1–3), 143–149.

 30. Sayed-ahmed, M. M., Aldelemy, M., Al-shabanah, O., Hafez, M., 
Al-hosaini, K., Al-harbi, N., et al. (2014) Inhibition of gene expres-
sion of carnitine palmitoyltransferase I and heart fatty acid binding 
protein in cyclophosphamide and ifosfamide-induced acute cardio-
toxic rat models. Cardiovascular Toxicology, 14, 232–242.

 31. Zambrano, S., Blanca, A. J., Ruiz-armenta, M. V., Miguel-
carrasco, J. L., Arevalo, M., Vázquez, M. J., et al. (2013). M. 
L-carnitine protects against arterial hypertension-related cardiac 
fibrosis through modulation of PPAR-γ expression. Biochemical 
Pharmacology, 85, 937–944.

 32. Kraft, M., Kraft, K., Gärtner, S., Mayerle, J., Simon, P., Weber, 
E., et al. (2012). L-Carnitine supplementation in advanced pancre-
atic cancer (CARPAN)—a randomized multicenter trial. Nutrition 
Journal, 23, 11–52.

 33. Graziano, F., Bisonni, R., Catalano, V., Silva, R., Rovidati, S., 
Mencarini, E., et al. (2002). Potential role of levocarnitine sup-
plementation for the treatment of chemotherapy-induced fatigue 
in non-anaemic cancer patients. British Journal of Cancer, 86(12), 
1854–1857.

 34. Nair, A. B., & Jacob, S. (2016). A simple practice guide for dose 
conversion between animals and human. Journal of Basic and 
Clinical Pharmacy, 7(2), 27–31.

 35. Chomczynski, P. (1993). A reagent for the single-step simultane-
ous isolation of RNA, DNA and proteins from cell and tissue 
samples. BioTechniques, 15, 532–536.

 36. Lysiak, W., Lilly, K., DiLisa, F., Toth, P. P., & Bieber, L. L. 
(1988). Quantitation of the effect of L-carnitine on the levels 
of acid-soluble short-chain acyl-CoA and CoASH in rat heart 
and liver mitochondria. Journal of Biological Chemistry, 263, 
1151–1156.

 37. Botker, H. E., Kimose, H. H., Helligso, P., & Nielsen, T. T. (1994). 
Analytical evaluation of high energy phosphate determination by 
high performance liquid chromatography in myocardial tissue. 
Journal of Molecular and Cellular Cardiology, 26, 41–48.

 38. Prieto, J. A., Andrade, F., Aldmiz-Echevarra, L., & Sanjurjo, P. 
(2006). Determination of free and total carnitine in plasma by an 
enzymatic reaction and spectrophotometric quantitation spectro-
photometric determination of carnitine. Clinical Biochemistry, 39, 
1022–1027.

 39. Buhl, S. N., & Jackson, K. Y. (1978). Optimal conditions and 
comparison of lactate dehydrogenase catalysis of the lactate-to-
pyruvate and pyruvate-to-lactatereactions in human serum at 25, 
30, and 37 degrees C. Clinical Chemistry, 24, 828–831.

 40. Wu, A. H., & Bowers, G. N. Jr. (1982). Evaluation and compari-
son of immunoinhibition and immunoprecipitation methods for 
differentiating MB and BB from macro forms of creatine kinase 
isoenzymes in patients and healthy individuals. Clinical Chemis-
try, 28, 2017–2021.

 41. Miguel-carrasco, J. L., Mate, A., Monserrat, M. T., Arias, J. L., 
Aramburu, O., Vázquez, C. M. (2008) The role of inflammatory 
markers in the cardioprotective effect of l-carnitine in L-NAME-
induced hypertension. American Journal of Hypertension, 21, 
1231–1237.

 42. Paulson, D. J., Ward, K. M., & Shug, A. L. (1984). Malonyl CoA 
inhibition of carnitine palmityltransferase in rat heart mitochon-
dria. FEBS Letters, 176, 381–384.

 43. Kashfi, K., Mynatt, R. L., & Cook, G. A. (1994). Hepatic carni-
tine palmitoyltransferase-I has two independent inhibitory binding 
sites for regulation of fatty acid oxidation. Biochimica et Bio-
physica Acta, 1212, 245–252.

 44. Winder, W. W. (1998). Intramuscular mechanisms regulating fatty 
acid oxidation during exercise. Advances in Experimental Medi-
cine and Biology, 441, 239–248.

 45. Folmes, C. D., & Lopaschuk, G. D. (2007). Role of malonyl-CoA 
in heart disease and the hypothalamic control of obesity. Cardio-
vascular Research, 73, 278–287.

 46. Yoon, H. R., Hong, Y. M., Boriack, R. L., & Bennett, M. J. (2003). 
Effect of l-carnitine supplementation on cardiac carnitine palmi-
toyltransferase activities and plasma carnitine concentrations in 
adriamycin-treated rats. Pediatric Research, 53, 788–792.

 47. Brady, L. J., & Brady, P. S. (1987). Hepatic and cardiac carnitine 
palmitoyltransferase activity. Effects of adriamycin and galactosa-
mine. Biochemical Pharmacology, 36, 3419–3423.

 48. Abdel-aleem, S., El-merzabani, M. M., Sayed-ahmed, M., Taylor, 
D. A., & Lowe, J. E. (1997). Acute and chronic effects of adriamy-
cin on fatty acid oxidation in isolated cardiac myocytes. Journal 
of Molecular and Cellular Cardiology, 29, 789–797.

 49. He, l, kim, T., Long, Q., Liu, J., Wang, P., Zhou, Y., Ding, Y., 
Prasain, J., Wood, P. A., & Yang, Q. (2012). Carnitine palmi-
toyltransferase-1b (CPT1b) deficiency aggravates pressure-over-
load-induced cardiac hypertrophy due to lipotoxicity. Circulation, 
126(14), 1705–1716.

 50. Wolkowicz, P. E., Urthaler, F., Forrest, C., Shen, H., Durand, J., 
Wei, C. C., et al. (1999). 2-Tetradecylglycidic acid, an inhibitor of 
carnitine palmitoyltransferase-1, induces myocardial hypertrophy 
via the AT1 receptor. Journal of Molecular and Cellular Cardiol-
ogy, 31, 1405–1412.

 51. Cabrero, A., Merlos, M., Laguna, J. C., & Carrera, M. V. (2003). 
Down-regulation of acyl-CoA oxidase gene expression and 
increased NF-kappaB activity in etomoxir-induced cardiac hyper-
trophy. The Journal of Lipid Research, 44, 388–398.

 52. Sue, Y.-M., Chou, H.-C., Chang, C.-C., Yang, N.-J., Chou, Y., 
& Juan, S.-H. (2014). L-carnitine protects against carboplatin-
mediated renal injury: AMPK-and PPARα-dependent inactivation 
of NFAT3. PloS ONE, 9, e104079.

 53. Zhang, Z., Zhao, M., Wang, J., Ding, Y., Dai, X., & Li, Y. (2010). 
Effect of acetyl-L-carnitine on the insulin resistance of L6 cells 
induced by tumor necrosis factor-alpha. Wei Sheng Yan Jiu, 39(2), 
152–154.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Carnitine Supplementation Attenuates Sunitinib-Induced Inhibition of AMP-Activated Protein Kinase Downstream Signals in Cardiac Tissues
	Abstract
	Introduction
	Materials and Methods
	Materials
	Animals
	Experimental Design
	Methods
	Quantification of mRNA Expression by Real-Time Polymerase Chain Reaction
	Determination of Malonyl-CoA and Adenosine Triphosphate Levels in Rat Cardiac Tissue Using HPLC
	Determination of Total Carnitine in Serum and Cardiac Tissues
	Determination of AMPKα2, ACC2, CPTI, and MCD Levels in Cardiac Tissues
	Assessment of Serum Creatine Kinase (CK-MB) and Lactate Dehydrogenase (LDH) Activity
	Histopathological Examination of Cardiac Tissues
	Statistical Analysis


	Results
	Discussion
	Acknowledgements 
	References


