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Abstract: The molecular mechanisms underlying doxorubicin-induced cardiotoxicity are still
being investigated, but are known to involve oxidative stress, mitochondrial dysfunction, and the
dysregulation of autophagy. The objective of the current study was to examine the protective role
of metformin and its effect on autophagy in doxorubicin-induced cardiotoxicity. Sprague–Dawley
rats were divided into four groups at random. The doxorubicin-treated group received doxorubicin
(3 mg/kg every second day) intraperitoneally. The metformin-treated group received 250 mg/kg/day
metformin via gavage. The doxorubicin + metformin-treated group received both at the
above-mentioned doses. The control group received vehicle only. Following the two-week treatment,
the hearts were isolated, and cardiac functions were registered. Serum levels of lactate dehydrogenase
(LDH), creatine kinase iso-enzyme MB (CK-MB) enzyme, Troponin T, and cardiac malondialdehyde
(MDA) were also measured. Heart tissue samples were histopathologically examined by using
Masson’s trichrome staining and Western blot analysis was conducted for evaluating the expression
level of AMP-activated protein kinase (AMPK) and autophagy-associated proteins beclin-1, LC3B-II,
and p62, respectively. The results revealed that treatment with metformin conferred increased cardiac
protection against the development of cardiotoxicity manifested by a significant decrease in serum
Troponin T and cardiac MDA levels, and remarkable improvement in heart function in connection
with histopathological features. Furthermore, by focusing on the contribution of autophagic
proteins, it was found that metformin normalised autophagy, which may help cardiomyocytes
survive doxorubicin-induced toxicity. These results promote the use of metformin, which would be
a preferable drug for patients receiving doxorubicin.
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1. Introduction

Doxorubicin (DOX) is a highly effective and widely-used non-selective class I anthracycline
antibiotic which is frequently incorporated in the treatment of acute leukemia, malignant lymphoma,
and several solid tumors [1,2]. However, the efficacy of DOX is hindered due to the cumulative
and irreversible cardiotoxicity, which is considered as the most prominent side effect, consequently
leading to the development of left ventricular dysfunction, dilated cardiomyopathy, and heart
failure years after the treatment has been stopped [3–5]. The molecular mechanisms underlying
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DOX-induced cardiotoxicity are multifactorial and are still unclear, but mitochondrial dysfunction,
oxidative stress, apoptosis, and dysregulation of autophagy are involved [6,7]. Furthermore, the heart is
very susceptible to DOX-induced lipid peroxidation and toxicity because of its high energy requirement
and mitochondrial density [8].

Autophagy is a highly conserved process which is aimed to maintain cell and tissue homeostasis,
and involves the elimination of damaged and long-lived organelles under both physiological and
pathological conditions [9], including energy and oxygen status, nutrient starvation, and modification
in metabolism [10]. Three types of autophagy can be described including microautophagy,
chaperone-mediated autophagy, and macroautophagy. The autophagy term hereafter refers to
macroautophagy in this study. The role of autophagy in cardiac tissue is apparently dual from the view
of survival or death; it depends on the type and the duration of the stress [11]. Several studies
have found that DOX treatment affects autophagy, however, it is still not clearly elucidated
how DOX alters this process. Previous studies on this matter have shown many controversial
results [7,12]. Recently reported studies have demonstrated that DOX induces autophagy; however,
it causes dysregulation in the autophagic flux and the autophagic process cannot be completed [13].
These findings are also supported by Hill and co-workers, showing that the administration of DOX
inhibits the lysosomal acidification, thus causing disruption in the autophagy flux [13]. In addition,
Tokarska et al. reported that DOX can cause dysregulation in most processes of myocardial energy
metabolism, such as the AMP-activated protein kinase (AMPK) signaling pathway [14]. AMPK is
a major sensor of cell energetic homeostasis. Low cellular energy levels and increased reactive oxygen
species (ROS) result in the phosphorylation and activation of AMPK, which is able to induce autophagic
processes [15–17].

Metformin (MET) is an orally used first-line anti-diabetic drug for the treatment of type 2 diabetes.
Several studies reported that application of MET decreases mortality and cardiovascular end-points of
type 2 diabetes and has protective effects in cardiac function [18,19].

Recently, several studies have found that MET activates AMPK, and through the AMPK signaling
pathway it induces cardiac autophagy and improves cardiac functions. Indeed, Kobashigawa and
colleagues demonstrated that cardioprotective effect of MET against DOX-induced toxicity is mediated
via upregulation of AMPK and its downstream target molecules [20]. However, high doses of MET
treatment induce the same alteration in the AMPK pathway, but its protective effect is lost. The authors
suggested that this could be due to the downregulation of platelet-derived growth factor receptor.
Furthermore, silencing of adiponectin receptors supressed AMPK activation and cell viability in MET-
and DOX-treated cells [21].

Nowadays, several extensive studies have investigated the role of autophagy in DOX-induced
cardiotoxicity, but we are one of the first research groups to investigate the effect of MET in the
autophagic process in DOX-treated animals under in vivo followed by ex vivo conditions.

Various studies have revealed that boosting or restoring autophagy could help the cardiomyocytes
to survive during DOX therapy. In the present study, we co-administered DOX and MET in order
to investigate the role of MET in the autophagic process and its cardioprotective properties in
DOX-induced cardiotoxicity. Thus, our investigation may offer further understanding of the role
of cardiac autophagy in DOX-treated animal subjects. In addition, our hypothesis was that MET could
activate AMPK, restore autophagy, and improve cardiac function, which may consequently mean
that DOX co-administered with MET help the cardiomyocytes to survive. This could be a promising
new strategy for patients suffering from cancer and receiving the DOX regimen. Moreover, it remains
a challenge to find an effective agent which might be combined with DOX that is able to reduce its
cardiotoxicity, whilst maintaining its efficacy and safety in tumor therapies.
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2. Results

2.1. DOX and MET Effects on Cardiac Function in Isolated Hearts

Figure 1 shows the cardiac function in hearts isolated from the animals 24 h after the last dose of
MET and/or DOX. Graph A demonstrates the aortic flow (AF), which was significantly lower (p < 0.05)
in the DOX group compared to the control group. This value was significantly higher in DOX+MET
group. Graph B expresses the coronary flow (CF), which showed no significant differences between
the control and the treated groups. Graph C displays no significant difference in aortic pressure (AOP)
among the four studied groups. We observed lower heart rate (HR) (not significant) in DOX-treated
group compared to the drug-free control group, while in the DOX+MET group, the values were almost
at the same level as the control group (Figure 1D). Furthermore, as per Figure 1E,F, a significant
decrease (p < 0.05) in cardiac output (CO) and stroke volume (SV) in DOX group compared to the
control group was detected. In the DOX+MET treated group, the CO was at a significantly higher
(p < 0.05) level, while SV was slightly increased (not significant).
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Figure 1. Effect of doxorubicin (DOX) and metformin (MET) on cardiac function (n = 17–19) of isolated
“working hearts” from rats after the 2-week treatment. Cardiac functions including aortic flow (A),
coronary flow (B), aortic pressure (C), heart rate (D), cardiac output (E), and stroke volume (F) were
recorded after 10 min in “working mode”. Results are provided as average magnitude of each cardiac
value within a group of animals ± standard error of mean (SEM). The significance of differences among
groups were evaluated with one-way analysis of variance (ANOVA) followed by the Tukey comparison
test. p values of 0.05 or less were considered significant in each graph; * Significant difference the
control group vs. DOX group; ** Significant difference DOX group vs. DOX+MET group; # Significant
difference DOX group vs. MET group.

2.2. DOX and MET Effects on Serum Biomarkers

Figure 2 depicts that administration of 6 × 3 mg/kg of DOX alone resulted in a slight increase
in serum enzyme activities, such as lactate dehydrogenase (LDH) (Figure 2A) and creatine kinase
iso-enzyme MB (CK-MB) isotype (Figure 2B) compared to the control group, meanwhile in the
DOX+MET group, these enzymes remained at a lower level compared to the DOX-treated group.
In addition, we have found a significantly higher (p < 0.05) Troponin T level in DOX group compared
to the control (Figure 2C), while 250 mg/kg MET treatment resulted in a significantly lower level of
Troponin T compared to the DOX group, indicating that MET is able to reduce the detrimental effect
of DOX.
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2.3. DOX and MET Effects on Lipidperoxidation

One of the major contributors to DOX toxicity is oxidative stress. The results of the present study
showed that injection of 6 × 3 mg/kg DOX was associated with a considerably elevated level of
malondialdehyde (MDA) compared to the control group (Figure 3). While in the DOX+MET treated
group, the MDA level was significantly lower (p < 0.05) than in the DOX group.Molecules 2018, 23, x FOR PEER REVIEW    4 of 11 

 

Figure 2. Effect of doxorubicin and metformin on  serum biomarkers  (n = 10–12) after  the 2‐week 

treatment. lactate dehydrogenase (LDH) (A), creatine kinase iso‐enzyme MB (CK‐MB) isotype (B) and 

Troponin T (C) levels were obtained from blood samples taken from the left jugular vein. Results are 

provided as average magnitude of each value within a group of animals ± SEM. The significance of 

differences among groups was evaluated with one‐way analysis of variance (ANOVA) followed by 

the Tukey  comparison  test.  p  values  of  0.05  or  less were  considered  significant  in  each  graph;  * 

Significant difference  the  control  group  vs. DOX  group;  **  Significant difference DOX  group  vs. 

DOX+MET group; # Significant difference DOX group vs. MET group. 

 

Figure 3. Effect of doxorubicin and metformin on the degree of lipid peroxidation (n = 10–12) after the 2‐

week treatment. Malondialdehyde level was measured from cardiac tissues by using a lipid peroxidation 

assay. Results are provided as average magnitude of each value within a group of animals ± SEM. The 

significance of differences among groups were evaluated with one‐way analysis of variance (ANOVA) 

followed by the Tukey comparison test. p values of 0.05 or less were considered significant in each graph; 

** Significant difference DOX group vs. DOX+MET group; MDA: malondialdehyde. 

2.4. DOX and MET Effects on Histopathological Features 

DOX‐induced cardiotoxicity was further assessed using trichrome staining. Representative cross 

sections of each group and the graph displaying myofibrillar thickness are shown (Figure 4). Cardiac 

tissues were stained with aniline blue for detection of fibrillar collagen and hence fibrosis. Two weeks 

of treatment with DOX and/or MET did not show any visible differences in the amount of collagen 

deposit in the treated groups. However, it is important to highlight that the myocytes in DOX‐treated 

groups were significantly thinner (p < 0.05) than in the control group. Furthermore, the diameter of 

myocytes in the DOX+MET group was almost the same as the control group. 

2.5. DOX and MET Effects on AMPK and Autophagic Markers 

Left ventricular tissue levels of AMPK were elevated in all three groups in comparison with the 

control  value  (Figure  5A),  but  these  changes were  not  at  a  significant  level.  Beclin‐1  showed  a 

significantly increased (p < 0.05) expression level in the MET group compared to the control group, 

while the DOX and DOX+MET groups did not show any changes  in comparison with the control 

group (Figure 5B). LC3‐II was significantly decreased (p < 0.05) in DOX group compared to the control 

group, while  in  the DOX+MET group  its  expression was  increased  compared  to  the DOX group 

Figure 2. Effect of doxorubicin and metformin on serum biomarkers (n = 10–12) after the 2-week
treatment. lactate dehydrogenase (LDH) (A), creatine kinase iso-enzyme MB (CK-MB) isotype (B) and
Troponin T (C) levels were obtained from blood samples taken from the left jugular vein. Results are
provided as average magnitude of each value within a group of animals ± SEM. The significance of
differences among groups was evaluated with one-way analysis of variance (ANOVA) followed by the
Tukey comparison test. p values of 0.05 or less were considered significant in each graph; * Significant
difference the control group vs. DOX group; ** Significant difference DOX group vs. DOX+MET group;
# Significant difference DOX group vs. MET group.
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Figure 3. Effect of doxorubicin and metformin on the degree of lipid peroxidation (n = 10–12) after
the 2-week treatment. Malondialdehyde level was measured from cardiac tissues by using a lipid
peroxidation assay. Results are provided as average magnitude of each value within a group of animals
± SEM. The significance of differences among groups were evaluated with one-way analysis of variance
(ANOVA) followed by the Tukey comparison test. p values of 0.05 or less were considered significant
in each graph; ** Significant difference DOX group vs. DOX+MET group; MDA: malondialdehyde.

2.4. DOX and MET Effects on Histopathological Features

DOX-induced cardiotoxicity was further assessed using trichrome staining. Representative
cross sections of each group and the graph displaying myofibrillar thickness are shown (Figure 4).
Cardiac tissues were stained with aniline blue for detection of fibrillar collagen and hence fibrosis.
Two weeks of treatment with DOX and/or MET did not show any visible differences in the amount
of collagen deposit in the treated groups. However, it is important to highlight that the myocytes
in DOX-treated groups were significantly thinner (p < 0.05) than in the control group. Furthermore,
the diameter of myocytes in the DOX+MET group was almost the same as the control group.
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Figure 4. Effect of doxorubicin and metformin on myocardial tissue (n = 3 different slides/group
and 2 different fields in each slide and 10 myocytes/field) after the 2-week treatment. Representative
photomicrographs of rat heart cross sections of control (A,a), DOX (B,b), MET (C,c), DOX+MET (D,d)
magnification 4× and 40×. The thickness of myofibrillum is seen in the graph below the corresponding
picture. The sections were studied under an Olympus CX-31 microscope and photomicrographs were
taken using Olympus DP74 camera (Olympus Corporation, Tokyo, Japan) at 4× (scale bar 1000 µm)
and 40× (scale bar 40 µm) magnification. Results are provided as average magnitude of each value
within a group of animals ± SEM. The significance of differences among groups was evaluated with
Mann–Whitney test. p values of 0.05 or less were considered significant in each graph; * Significant
difference the control group vs. DOX group; ** Significant difference DOX group vs. DOX+MET group;
# Significant difference DOX group vs. MET group.

2.5. DOX and MET Effects on AMPK and Autophagic Markers

Left ventricular tissue levels of AMPK were elevated in all three groups in comparison with
the control value (Figure 5A), but these changes were not at a significant level. Beclin-1 showed
a significantly increased (p < 0.05) expression level in the MET group compared to the control group,
while the DOX and DOX+MET groups did not show any changes in comparison with the control
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group (Figure 5B). LC3-II was significantly decreased (p < 0.05) in DOX group compared to the
control group, while in the DOX+MET group its expression was increased compared to the DOX
group (Figure 5C). For p62, a protein that recognizes toxic cellular waste, which is consequently
scavenged by a sequestration process, we observed the exact opposite change. A significantly increased
(p < 0.05) p62 level was detected in the DOX group compared to the control group, meanwhile,
for DOX co-administered with MET (DOX+MET), the expression of p62 was considerably lower
(Figure 5D), indicating that DOX treatment impaired autophagic protein clearance and it is restored
via MET treatment.Molecules 2018, 23, x FOR PEER REVIEW    6 of 11 
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Figure 5. The effect of doxorubicin and metformin on the expression level (n = 7–8) of pAMPK/AMPK
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in left ventricular tissues was evaluated using Western blot analysis. Results are provided as average
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3. Discussion

The major limitation of DOX treatment is the acute or chronic cardiac toxicity, which may result
in heart failure [22]. Acute toxicity could be reversible with adequate treatment; however, the life
expectancy of patients possessing DOX-induced heart failure is currently unclear. The underlying
mechanism appears to be multifactorial; however, enhanced oxidative stress is one of the major
contributors [23]. Indeed, cells fail to cope with an enhanced amount of reactive oxygen and
nitrogen species and enhanced oxidative stress leads to DNA and protein damage and mitochondrial
dysfunction [24]. In line with the literature, our results also show elevated oxidative stress evidenced
by an enhanced level of MDA in DOX-treated animals. Increased oxidative stress was accompanied by
impaired left ventricular functions including AF, CO, and SV in DOX-treated animals compared to the
control group. MET-only treatment did not significantly alter heart function or MDA levels. However,
our results revealed that MET co-treatment decreased oxidative stress and improved myocardial
function. In the present study, cardiac damage induced by DOX and serum levels of LDH, CK-MB,
and Troponin T were measured. Elevations in LDH and CK-MB levels represent their leakage from the
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damaged membranes of cardiomyocytes into circulation and were previously shown to be indicators
of cardiotoxicity [25,26]. The administration of 6 × 3 mg/kg DOX alone resulted in a slight elevation in
serum enzyme levels in LDH and CK-MB, and serum Troponin T levels, which refer to the development
of cardiotoxicity of DOX. Troponin T molecules consisting of amino acid sequences that are found
only in cardiac tissue, making it highly specific for detecting cardiac damage. Meanwhile, in the
DOX+MET group, the levels of LDH and CK-MB remained at a lower level, and a significantly
lower level of Troponin T was also detected. Our results revealed that the daily administration of
MET significantly attenuated the rise of LDH, CK-MB, and Troponin T enzyme levels during the
DOX treatment, while the administration of MET alone did not show any significant changes in
serum enzyme levels. Confirming the cardioprotective effect of MET in DOX-induced cardiac toxicity,
histopathological analysis revealed that DOX treatment altered the size of myocytes, which was
restored in the presence of MET treatment. Earlier, Ashour and co-workers reported myofibrillar loss
and derangement with abnormal mitochondria in DOX-treated myocardium, which was partially
normalized when MET was administered to animals [27]. Furthermore, MET treatment decreased
the level of the apoptotic caspase 3 and enhanced the level of antiapoptotic Bcl-2 proteins, suggesting
that MET possesses antiapoptotic properties in this model [28]. Interestingly, sitagliptin, another
antihyperglicaemic agent, showed more potent cardioprotective effects.

Considering autophagy as a mechanism to restore energy status and to clear damaged
macromolecules [29], the expression of LC3B-II was studied, which is considered as a major marker of
macroautophagy. Upon DOX treatment, a significantly reduced level of LC3B-II protein expression
was found, suggesting that suppression of autophagy contributes to the detrimental effect of DOX.
Co-treatment with MET significantly enhanced the level of LC3B-II in comparison with DOX treatment,
suggesting that MET treatment normalized the autophagic process. Results with p62 protein strongly
support this hypothesis. One function of p62 is directing ubiquitinated protein to the autophagosome
for degradation. An enhanced level of p62 indicates impaired autophagic flux [30], and an enhanced
level of p62 in DOX-treated group suggests that autophagy is malfunctioning.

The alterations of these proteins were not significant between the control and DOX+MET treated
groups. Based on these two observations, we may assume that MET treatment normalized the
autophagic degradation. However, based on these results, we cannot conclude that MET itself
normalized the autophagic processes that leads to cardioprotection, or the cardioprotection induced
by MET leads to normalization of autophagic processes. Our results support the suggestion that
induction of autophagy before and during DOX treatment serves as a protective mechanisms against
cardiovascular complications [10].

In order to study the underlying mechanisms of autophagy induction, the phosphorylation level
of AMPK was studied in different groups. AMPK is an energy sensor of the cells, and MET induces
a mild inhibition of respiratory-chain complex I in the mitochondria, thereby influencing the AMP/ATP
ratio, leading to AMPK activation [31]. As expected, an enhanced level of p-AMPK in MET group was
detected, since AMPK is one of the target molecules of MET medication. The literature is more complex
regarding the effect of DOX treatment on the mechanism of AMPK activation/deactivation. The same
level of p-AMPK, like in samples originated from DOX-treated group, was observed, however, it was
not accompanied by enhanced autophagy. It is speculated that the enhanced phosphorylation of AMPK
is not a sufficient trigger to induce functioning autophagy if DOX is present, or even if autophagy is
being initiated, the whole process is not terminated. Moreover, an elevated level of p-AMPK in animals
treated with DOX and MET at the same time was measured, which was accompanied by a decreased
level of p62, indicating that autophagy is completed and damaged macromolecules are cleared.

Taken together, the results presented herein confirmed the cardioprotective ability of MET
in DOX-induced cardiac complications. The obtained results suggest that DOX treatment
impairs the autophagic processes, and damaged macromolecules cannot be degraded in the
cells, and co-administration of MET with DOX normalized the autophagic activity and confers
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cardioprotection. However, to draw a definitive cause–effect relationship between autophagy and
MET treatment, the autophagic flux needs to be directly examined.

4. Materials and Methods

4.1. Animals

The experiments were accomplished using adult female rats (Charles River Laboratories),
with a body weight range of 250–300 g. All animals were housed and treated according to the
“Principles of Laboratory Animal Care” formulated by the National Society for Medical Research
and the “Guide for the Care and Use of Laboratory Animals” prepared by the National Academy
of Sciences and published by the National Institutes of Health (NIH Publication no. 86-23, revised
in 1996). Maintenance and treatment of animals used in this study was additionally approved by
the Institutional Animal Care and Use Committee of the University of Debrecen, Debrecen, Hungary
(project ID: 3/2012/DE MAB, 03/2012–03/2017). The animals were housed in wire-bottomed cages
throughout the study and were maintained on 12:12-h light-dark cycle; and provided with laboratory
rodent chew pellets and water ad libitum.

4.2. Experimental Design and Treatment Protocol

Sprague–Dawley rats were randomly divided into four groups as follows I., control
group—animals received water per os, and saline intraperitoneally for a time period of 2 weeks;
II., MET group—animals received MET at a dose of 250 mg/kg every day orally via gavage [32],
and were injected with saline intraperitoneally; III., DOX group—animals received DOX at the dose of
3 mg/kg every second day intraperitoneally [27] (the cumulative dose was 18 mg/kg), and received
water orally; IV., DOX+MET group—animals received DOX intraperitoneally every second day and
MET each day orally at the above-mentioned dose. MET was dissolved in saline, and animals were
sacrificed 24 h after the last dose of MET and DOX. A schematic representation of the treatment
protocols and methods can be found in Supplementary Materials.

4.3. Isolated Working Heart Preparation and Cardiac Function Assessment

Following the 2-week treatment with vehicle, MET, and DOX respectively rats were anesthetized
with i.p. injection of pentobarbital (60 mg/kg), and heparin (1000 IU/kg) was intraperitoneally
administered as an anticoagulant. Blood samples were collected from the left jugular vein. Then,
thoracotomy was carried out under terminal anesthesia, followed by excision of the heart. The aorta
was cannulated and perfused in Langendorff “non-working” mode. Oxygenated Krebs–Henseleit
bicarbonate buffer (118.5 NaCl, 4.7 KCl, 2.5 CaCl2 × 2H2O, 25 NaHCO3, 1.2 KH2PO4, 1.2 MgSO4,
and 10.0 glucose (in mM) was the perfusion medium. In the meantime, the pulmonary vein was
also cannulated, and the system was switched to the ”working” mode, as previously described by
Neely et al. [33], modified by Yamamoto et al. [34] and Tosaki and Hellegouarch [35]. After 10 min
of aerobic perfusion, the basic cardiac function was registered. Thus, aortic pressure (AOP) and
heart rate (HR) were registered using a computer acquisition system (ADInstruments, PowerLab,
Castle Hill, Australia). Coronary flow (CF) was obtained by timed collection of the coronary flow,
and aortic flow (AF) was measured by a calibrated flow-meter. Cardiac output (CO) was calculated as
the sum of AF and CF, and stroke volume (SV) was generated as the quotient of CO/HR.

4.4. Assessment of Serum Biomarkers

Blood samples were obtained from the left jugular vein, and the serum was separated for
measurement of LDH, CK-MB and Troponin T (TrT). For the in vitro quantitative determination
of the serum biomarkers electrochemiluminescence immunoassay “ECLIA” was used and measured
by Roche/Hitachi cobas immunoassay analyzers.
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4.5. Histopathological Examination

For histopathological examination, cardiac tissues were collected from all studied groups and
dissected and fixed in 4% formaldehyde solution. The heart samples were embedded in paraffin,
and five micron-thick sections were sliced. Standard histological methods (xylol) were used in order
to remove paraffin, and the samples were passed through a gradual alcohol series and hydrated.
Trichrome staining was used to demonstrate the general histological structure; it is a three-color staining
process, which differentially stains the nucleus, muscle tissue, and collagen. It was performed by
using Trichrome Stain Kit (Abcam, Cambridge, UK). The sections were studied under Olympus CX-31
microscope and photomicrographs were taken using Olympus DP74 camera (Olympus Corporation,
Tokyo, Japan) at 4× and 40× magnification. The remaining portion of the heart was stored at −80 ◦C
for lipid peroxidation assay and Western blot analysis.

4.6. Lipidperoxidation Assay

The level of MDA, in the heart tissue, was detected by using a lipid peroxidation
(malondialdehyde; MDA) assay kit (Sigma-Aldrich, St. Louis, MO, USA). Lipid peroxidation was
determined by the reaction of MDA with thiobarbituric acid (TBA) to form a colorimetric product,
proportional to the MDA present. The intensity of the color was measured spectrophotometrically at
532 nm.

4.7. Western Blot Analysis

The expression level of AMPK, p-AMPK, Beclin-1, LC3-II, and p62 proteins in left ventricular
tissue was evaluated using Western blot analysis. Approximately 300 mg of heart tissues were
homogenized by using a polytron homogenizer in isolating buffer (25 mM Tris-HCL, 25 mM NaCl,
1 mM orthovanadate, 10 mM NaF, 10 mM pyrophosphate, 10 mM okadaic acid, 0.5 mM EDTA,
1 mM PMSF, and 1× protease inhibitor cocktail) and centrifuged at 2000 rpm at 4 ◦C for 10 min.
The supernatant was transferred to a new tube and centrifuged at 10,000 rpm at 4 ◦C for 20 min,
and then the supernatant was used as cytosolic fraction. Protein concentration was measured by
a BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). A total of 75 µg of protein in each
sample was loaded and separated using electrophoresis on a polyacrylamide gel (TGX Stain-FreeTM

FastCastTM Acrylamide Kit, 12%, Bio-Rad, Hercules, CA, USA) and transferred onto a PVDF membrane.
Nonspecific binding sites were blocked with 7% skimmed milk in Tris-buffered saline solution with
0.5% Tween 20 for 1 hour at room temperature. Membranes were incubated overnight at 4 ◦C
with primary antibodies directed against AMPK, p-AMPK, Beclin-1, LC3-II, p62 (Cell Signaling
Technology, MA, USA). After washing the membranes, they were incubated with corresponding
horseradish-peroxidase-conjugated secondary antibodies for 1.5 h at room temperature and signal
intensities for each protein band was detected using Clarity Western ECL Substrate (Bio-Rad, California,
USA). The optical density of bands was measured using the ChemiDoc Touch Imaging System (Bio-Rad,
California USA). The level of the protein of interest was normalized against the total amount of protein
in each lane with the Bio-Rad Image Lab 5.2.1 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

4.8. Statistical Analysis

The data was analyzed by IBM SPSS Statistics 22.0 statistical software (IBM Corporation, New York,
NY, USA) The data are expressed as mean ± standard error of the mean (mean ± 1 SE). The significance of
differences among groups was evaluated with one-way analysis of variance (ANOVA) followed by the
Tukey comparison test. For the histopathological examination Mann–Whitney test was used to evaluate
the data. p values of 0.05 or less were considered to be significant.
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5. Limitation of the Study

One limitation of this study was that the cardiac function and serum biomarkers were measured
and examined only 24 h after the administration of the last dose of DOX. Therefore, we were unable
to determine the long-term effects of the co-administration of these two drugs. Another limitation of
the study is that DOX was intraperitoneally administered, whereas the protocols for patients involve
intravenous administration.

Supplementary Materials: Supplementary Materials can be found online.

Author Contributions: R.Z., A.T., I.L. designed research; R.Z., At.C., An.C., A.G. conducted research; R.Z. and
D.P. analyzed the data, R.Z., A.T., and I.L. wrote the paper. R.Z. and A.T. had primary responsibility for final
content. All authors read and approved the final manuscript.

Acknowledgments: Sources of support: This study was supported by grants from OTKA-PD-111794 (I. L.),
K-124719 (A.T.). This research was also supported by the European Union and the State of Hungary, co-financed
by the European Social Fund in the framework of TÁMOP 4.2.4. A/2-11-1-2012-0001 (A.Cz., A.Gy., A.T., I.L.)
‘National Excellence Program’; GINOP-2.3.2-15-2016-00043 and EFOP-3.6.1-16-2016-00022 (R.Z., A.Gy.). Supported
by the ÚNKP-17-4-III-DE-219 New National Excellence Program of the Ministry of Human Capacities, Hungary.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lipshultz, S.E.; Miller, T.L.; Lipsitz, S.R.; Neuberg, D.S.; Dahlberg, S.E.; Colan, S.D.; Silverman, L.B.;
Henkel, J.M.; Franco, V.I.; Cushman, L.L.; et al. Continuous versus bolus infusion of doxorubicin in
children with ALL: Long-term cardiac outcomes. Pediatrics 2012, 130, 1003–1011. [CrossRef] [PubMed]

2. Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L. Anthracyclines: Molecular advances and
pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol. Rev. 2004, 56, 185–229.
[CrossRef] [PubMed]

3. Lipshultz, S.E.; Scully, R.E.; Lipsitz, S.R.; Sallan, S.E.; Silverman, L.B.; Miller, T.L.; Barry, E.V.; Asselin, B.L.;
Athale, U.; Clavell, L.A.; et al. Assessment of dexrazoxane as a cardioprotectant in doxorubicin-treated
children with high-risk acute lymphoblastic leukaemia: Long-term follow-up of a prospective, randomised,
multicentre trial. Lancet Oncol. 2010, 11, 950–961. [CrossRef]

4. Lipshultz, S.E.; Miller, T.L.; Scully, R.E.; Lipsitz, S.R.; Rifai, N.; Silverman, L.B.; Colan, S.D.; Neuberg, D.S.;
Dahlberg, S.E.; Henkel, J.M.; et al. Changes in cardiac biomarkers during doxorubicin treatment of pediatric
patients with high-risk acute lymphoblastic leukemia: Associations with long-term echocardiographic
outcomes. J. Clin. Oncol. 2012, 30, 1042–1049. [CrossRef] [PubMed]

5. Colombo, A.; Cipolla, C.; Beggiato, M.; Cardinale, D. Cardiac toxicity of anticancer agents. Curr. Cardiol. Rep.
2013, 15, 362. [CrossRef] [PubMed]

6. Childs, A.C.; Phaneuf, S.L.; Dirks, A.J.; Phillips, T.; Leeuwenburgh, C. Doxorubicin treatment in vivo causes
cytochrome C release and cardiomyocyte apoptosis, as well as increased mitochondrial efficiency, superoxide
dismutase activity, and Bcl-2:Bax ratio. Cancer Res. 2002, 62, 4592–4598. [PubMed]

7. Kawaguchi, T.; Takemura, G.; Kanamori, H.; Takeyama, T.; Watanabe, T.; Morishita, K.; Ogino, A.;
Tsujimoto, A.; Goto, K.; Maruyama, R.; et al. Prior starvation mitigates acute doxorubicin cardiotoxicity
through restoration of autophagy in affected cardiomyocytes. Cardiovasc. Res. 2012, 96, 456–465. [CrossRef]
[PubMed]

8. Simbre, V.C.; Duffy, S.A.; Dadlani, G.H.; Miller, T.L.; Lipshultz, S.E. Cardiotoxicity of cancer chemotherapy:
Implications for children. Paediatr. Drugs 2005, 7, 187–202. [CrossRef] [PubMed]

9. Lekli, I.; Haines, D.D.; Balla, G.; Tosaki, A. Autophagy: An adaptive physiological countermeasure to cellular
senescence and ischaemia/reperfusion-associated cardiac arrhythmias. J. Cell. Mol. Med. 2017, 21, 1058–1072.
[CrossRef] [PubMed]

10. Koleini, N.; Kardami, E. Autophagy and mitophagy in the context of doxorubicin-induced cardiotoxicity.
Oncotarget 2017, 8, 46663–46680. [CrossRef] [PubMed]

11. Meyer, G.; Czompa, A.; Reboul, C.; Csepanyi, E.; Czegledi, A.; Bak, I.; Balla, G.; Balla, J.; Tosaki, A.; Lekli, I.
The cellular autophagy markers Beclin-1 and LC3B-II are increased during reperfusion in fibrillated mouse
hearts. Curr. Pharm. Des. 2013, 19, 6912–6918. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/peds.2012-0727
http://www.ncbi.nlm.nih.gov/pubmed/23166343
http://dx.doi.org/10.1124/pr.56.2.6
http://www.ncbi.nlm.nih.gov/pubmed/15169927
http://dx.doi.org/10.1016/S1470-2045(10)70204-7
http://dx.doi.org/10.1200/JCO.2010.30.3404
http://www.ncbi.nlm.nih.gov/pubmed/22370326
http://dx.doi.org/10.1007/s11886-013-0362-6
http://www.ncbi.nlm.nih.gov/pubmed/23512625
http://www.ncbi.nlm.nih.gov/pubmed/12183413
http://dx.doi.org/10.1093/cvr/cvs282
http://www.ncbi.nlm.nih.gov/pubmed/22952253
http://dx.doi.org/10.2165/00148581-200507030-00005
http://www.ncbi.nlm.nih.gov/pubmed/15977964
http://dx.doi.org/10.1111/jcmm.13053
http://www.ncbi.nlm.nih.gov/pubmed/27997746
http://dx.doi.org/10.18632/oncotarget.16944
http://www.ncbi.nlm.nih.gov/pubmed/28445146
http://dx.doi.org/10.2174/138161281939131127122510
http://www.ncbi.nlm.nih.gov/pubmed/23590156


Molecules 2018, 23, 1184 11 of 12

12. Lu, L.; Wu, W.; Yan, J.; Li, X.; Yu, H.; Yu, X. Adriamycin-induced autophagic cardiomyocyte death plays
a pathogenic role in a rat model of heart failure. Int. J. Cardiol. 2009, 134, 82–90. [CrossRef] [PubMed]

13. Li, D.L.; Wang, Z.V.; Ding, G.; Tan, W.; Luo, X.; Criollo, A.; Xie, M.; Jiang, N.; May, H.; Kyrychenko, V.; et al.
Doxorubicin blocks cardiomyocyte autophagic flux by inhibiting lysosome acidification. Circulation 2016,
133, 1668–1687. [CrossRef] [PubMed]

14. Tokarska-Schlattner, M.; Wallimann, T.; Schlattner, U. Alterations in myocardial energy metabolism induced
by the anti-cancer drug doxorubicin. C. R. Biol. 2006, 329, 657–668. [CrossRef] [PubMed]

15. Russell, R.C.; Yuan, H.X.; Guan, K.L. Autophagy regulation by nutrient signaling. Cell Res. 2014, 24, 42–57.
[CrossRef] [PubMed]

16. Qi, D.; Young, L.H. AMPK: Energy sensor and survival mechanism in the ischemic heart. Trends Endocrinol. Metab.
2015, 26, 422–429. [CrossRef] [PubMed]

17. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

18. UK Prospective Diabetes Study (UKPDS) Group. Effect of intensive blood-glucose control with metformin
on complications in overweight patients with type 2 diabetes (UKPDS 34). Lancet 1998, 352, 854–865.

19. Abbasi, F.; Chu, J.W.; McLaughlin, T.; Lamendola, C.; Leary, E.T.; Reaven, G.M. Effect of metformin treatment
on multiple cardiovascular disease risk factors in patients with type 2 diabetes mellitus. Metabolism 2004, 53,
159–164. [CrossRef] [PubMed]

20. Kobashigawa, L.C.; Xu, Y.C.; Padbury, J.F.; Tseng, Y.T.; Yano, N. Metformin protects cardiomyocyte from
doxorubicin induced cytotoxicity through an AMP-activated protein kinase dependent signaling pathway:
An in vitro study. PLoS ONE 2014, 9, e104888. [CrossRef] [PubMed]

21. Asensio-Lopez, M.C.; Lax, A.; Pascual-Figal, D.A.; Valdes, M.; Sanchez-Mas, J. Metformin protects against
doxorubicin-induced cardiotoxicity: Involvement of the adiponectin cardiac system. Free Radic. Biol. Med.
2011, 51, 1861–1871. [CrossRef] [PubMed]

22. Lipshultz, S.E.; Adams, M.J. Cardiotoxicity after childhood cancer: Beginning with the end in mind. J. Clin. Oncol.
2010, 28, 1276–1281. [CrossRef] [PubMed]

23. Chatterjee, K.; Zhang, J.; Honbo, N.; Karliner, J.S. Doxorubicin cardiomyopathy. Cardiology 2010, 115, 155–162.
[CrossRef] [PubMed]

24. Cappetta, D.; De Angelis, A.; Sapio, L.; Prezioso, L.; Illiano, M.; Quaini, F.; Rossi, F.; Berrino, L.; Naviglio, S.;
Urbanek, K. Oxidative Stress and Cellular Response to Doxorubicin: A Common Factor in the Complex
Milieu of Anthracycline Cardiotoxicity. Oxid. Med. Cell. Longev. 2017, 2017, 1521020. [CrossRef] [PubMed]

25. Yen, H.C.; Oberley, T.D.; Vichitbandha, S.; Ho, Y.S.; St Clair, D.K. The protective role of manganese superoxide
dismutase against adriamycin-induced acute cardiac toxicity in transgenic mice. J. Clin. Investig. 1996, 98,
1253–1260. [CrossRef] [PubMed]

26. Hadi, N.; Yousif, N.G.; Al-amran, F.G.; Huntei, N.K.; Mohammad, B.I.; Ali, S.J. Vitamin E and telmisartan
attenuates doxorubicin induced cardiac injury in rat through down regulation of inflammatory response.
BMC Cardiovasc. Disord. 2012, 12, 63. [CrossRef] [PubMed]

27. Ashour, A.E.; Sayed-Ahmed, M.M.; Abd-Allah, A.R.; Korashy, H.M.; Maayah, Z.H.; Alkhalidi, H.;
Mubarak, M.; Alhaider, A. Metformin rescues the myocardium from doxorubicin-induced energy starvation
and mitochondrial damage in rats. Oxid. Med. Cell. Longev. 2012, 2012, 434195. [CrossRef] [PubMed]

28. Sheta, A.; Elsakkar, M.; Hamza, M.; Solaiman, A. Effect of metformin and sitagliptin on doxorubicin-induced
cardiotoxicity in adult male albino rats. Hum. Exp. Toxicol. 2016, 35, 1227–1239. [CrossRef] [PubMed]

29. Singh, R.; Cuervo, A.M. Autophagy in the cellular energetic balance. Cell Metab. 2011, 13, 495–504. [CrossRef]
[PubMed]

30. Liu, W.J.; Ye, L.; Huang, W.F.; Guo, L.J.; Xu, Z.G.; Wu, H.L.; Yang, C.; Liu, H.F. p62 links the autophagy
pathway and the ubiqutin-proteasome system upon ubiquitinated protein degradation. Cell. Mol. Biol. Lett.
2016, 21, 29. [CrossRef] [PubMed]

31. Viollet, B.; Guigas, B.; Sanz Garcia, N.; Leclerc, J.; Foretz, M.; Andreelli, F. Cellular and molecular mechanisms
of metformin: An overview. Clin. Sci. 2012, 122, 253–270. [CrossRef] [PubMed]

32. Argun, M.; Uzum, K.; Sonmez, M.F.; Ozyurt, A.; Derya, K.; Cilenk, K.T.; Unalmis, S.; Pamukcu, O.; Baykan, A.;
Narin, F.; et al. Cardioprotective effect of metformin against doxorubicin cardiotoxicity in rats. Anatol. J. Cardiol.
2016, 16, 234–241. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijcard.2008.01.043
http://www.ncbi.nlm.nih.gov/pubmed/18619688
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.017443
http://www.ncbi.nlm.nih.gov/pubmed/26984939
http://dx.doi.org/10.1016/j.crvi.2005.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16945832
http://dx.doi.org/10.1038/cr.2013.166
http://www.ncbi.nlm.nih.gov/pubmed/24343578
http://dx.doi.org/10.1016/j.tem.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26160707
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.1016/j.metabol.2003.07.020
http://www.ncbi.nlm.nih.gov/pubmed/14767866
http://dx.doi.org/10.1371/journal.pone.0104888
http://www.ncbi.nlm.nih.gov/pubmed/25127116
http://dx.doi.org/10.1016/j.freeradbiomed.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/21907790
http://dx.doi.org/10.1200/JCO.2009.26.5751
http://www.ncbi.nlm.nih.gov/pubmed/20142585
http://dx.doi.org/10.1159/000265166
http://www.ncbi.nlm.nih.gov/pubmed/20016174
http://dx.doi.org/10.1155/2017/1521020
http://www.ncbi.nlm.nih.gov/pubmed/29181122
http://dx.doi.org/10.1172/JCI118909
http://www.ncbi.nlm.nih.gov/pubmed/8787689
http://dx.doi.org/10.1186/1471-2261-12-63
http://www.ncbi.nlm.nih.gov/pubmed/22867422
http://dx.doi.org/10.1155/2012/434195
http://www.ncbi.nlm.nih.gov/pubmed/22666520
http://dx.doi.org/10.1177/0960327115627685
http://www.ncbi.nlm.nih.gov/pubmed/26818447
http://dx.doi.org/10.1016/j.cmet.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21531332
http://dx.doi.org/10.1186/s11658-016-0031-z
http://www.ncbi.nlm.nih.gov/pubmed/28536631
http://dx.doi.org/10.1042/CS20110386
http://www.ncbi.nlm.nih.gov/pubmed/22117616
http://dx.doi.org/10.5152/akd.2015.6185
http://www.ncbi.nlm.nih.gov/pubmed/26642465


Molecules 2018, 23, 1184 12 of 12

33. Neely, J.R.; Liebermeister, H.; Battersby, E.J.; Morgan, H.E. Effect of pressure development on oxygen
consumption by isolated rat heart. Am. J. Physiol. 1967, 212, 804–814. [CrossRef] [PubMed]

34. Yamamoto, F.; Manning, A.S.; Crome, R.; Braimbridge, M.V.; Hearse, D.J. Calcium antagonists and myocardial
protection: A comparative study of the functional, metabolic and electrical consequences of verapamil and
nifedipine as additives to the St. Thomas’ cardioplegic solution. Thorac. Cardiovasc. Surg. 1985, 33, 354–359.
[CrossRef] [PubMed]

35. Tosaki, A.; Hellegouarch, A. Adenosine triphosphate-sensitive potassium channel blocking agent ameliorates,
but the opening agent aggravates, ischemia/reperfusion-induced injury. Heart function studies in
nonfibrillating isolated hearts. J. Am. Coll. Cardiol. 1994, 23, 487–496. [CrossRef]

Sample Availability: Not available.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajplegacy.1967.212.4.804
http://www.ncbi.nlm.nih.gov/pubmed/6024443
http://dx.doi.org/10.1055/s-2007-1014167
http://www.ncbi.nlm.nih.gov/pubmed/2417372
http://dx.doi.org/10.1016/0735-1097(94)90438-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	DOX and MET Effects on Cardiac Function in Isolated Hearts 
	DOX and MET Effects on Serum Biomarkers 
	DOX and MET Effects on Lipidperoxidation 
	DOX and MET Effects on Histopathological Features 
	DOX and MET Effects on AMPK and Autophagic Markers 

	Discussion 
	Materials and Methods 
	Animals 
	Experimental Design and Treatment Protocol 
	Isolated Working Heart Preparation and Cardiac Function Assessment 
	Assessment of Serum Biomarkers 
	Histopathological Examination 
	Lipidperoxidation Assay 
	Western Blot Analysis 
	Statistical Analysis 

	Limitation of the Study 
	References

