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Abstract
Doxorubicin (DOX) is an anthracycline antibiotic with a chemotherapeutic effect and has well-known cardiotoxic side 
effects. This study aimed to determine potential cardioprotective mechanisms of different doses of resveratrol (RES) in a 
DOX-induced cardiotoxic rat model. In the study, 42 Sprague–Dawley male rats were randomly divided into six groups 
(n = 7). The control group (n = 7) was given only ad libitum feed and water; the DOX group (n = 7) was administered DOX 
intraperitoneally (i.p) at a dose of 15 mg/kg at the beginning of the experiment. The DOX + RES I (n = 7) and DOX + RES II 
(n = 7) groups were administered RES i.p at doses of 1 mg/kg/day and 5 mg/kg/day, respectively, after administering 15 mg/
kg DOX. The RES I (n = 7) and RES II (n = 7) groups were administered RES i.p at doses of 1 mg/kg/day and 5 mg/kg/day, 
respectively. Cardiac tissues collected upon completion of experimental procedures were used for biochemical, histopatho-
logical, and immunohistochemical evaluations. It was determined that RES administration may have an antiapoptotic effect 
by regulating apoptotic protein activities and an antioxidant effect by regulating oxidative stress parameters in DOX-induced 
cardiotoxicity. It was also observed that RES may regulate the levels of Meteorin-Like (MTRNL), which plays a role in energy 
metabolism, and the immunoreactivity of the transient receptor potential melastatin 2 (TRPM2) channel, which has a role in 
cellular ion homeostasis. RES may improve cardiac tissue damage by showing antiapoptotic and antioxidant effects against 
DOX-induced cardiotoxicity. Furthermore, MTRNL and TRPM2 ion channels may play a role in DOX-induced cardiotoxicity.

Keywords  Doxorubicin · Resveratrol · Meteorin-like · Cardiotoxicity · Transient receptor potential · Melastatin 2

Introduction

Doxorubicin or adriamycin (DOX) is a cytotoxic anthracy-
cline antibiotic. It is also an antineoplastic agent used in 
the treatment of many types of cancer (Alanazi et al. 2020). 
However, its side effect, cardiotoxicity, limits its clinical use 
(Adıyaman et al. 2022). Different mechanisms are thought to 
play a role in the development of DOX cardiotoxicity. Some 
of these mechanisms are lipid peroxidation and oxidative 
stress as a result of overproduction of free radicals, increase 

in intracellular iron, and suppression of natural antioxidants 
such as glutathione (GSH) (Alanazi et al. 2020). In addition, 
DOX treatment may cause calcium overload in cardiomyo-
cytes, resulting in inadequate contraction and disruption of 
mitochondrial calcium homeostasis. This may affect energy 
metabolism and ROS formation, increase calcium-dependent 
mitochondrial permeability, and induce apoptosis through 
cytochrome C release (Xiong et al. 2018). Myocardial apop-
tosis-induced cardiotoxicity is the main clinical side effect 
of DOX. Therefore, there is an urgent need to develop new 
strategies to suppress DOX-induced apoptosis in cardiomy-
ocytes, ameliorate cardiac dysfunction, and alleviate car-
diotoxicity. Resveratrol (RES) is a polyphenolic compound 
found especially in grape and red wine (Kaya and Dönmez 
2020). Previous studies showed that RES, which has a strong 
antioxidant effect, has antifibrotic, anti-inflammatory, and 
antiapoptotic effects on cardiomyocytes and in vivo cardio-
toxicity models (Zordoky et al. 2015; Gu et al. 2018). It was 
also reported that RES reduces DOX-induced cardiotoxicity 
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through signaling pathways associated with cell apoptosis, 
oxidative stress, and cell proliferation (Tian et al. 2020). 
However, the exact molecular mechanisms still require 
elucidation.

Meteorin-like (MTRNL), which is secreted from adipose 
and muscle tissue, is an adipomyokine that increases insu-
lin sensitivity and has neuroprotective effects (Kocaman 
et al. 2022). It plays a role in regulating inflammation and 
energy expenditure (Baht et al. 2020). MTRNL may play 
an important role in the pathogenesis of cardiovascular dis-
eases (Feijóo-Bandín et al. 2020). It was also reported that 
the expression of MTRNL in cardiac tissue increases under 
physiological conditions that decrease as a result of DOX 
exposure (Hu et al. 2020). Oxidative stress occurs with the 
production of oxygen metabolites such as hydrogen peroxide, 
which increases vascular endothelial permeability. Hydro-
gen peroxide stimulates the production of ADP-ribose, which 
opens and activates the transient receptor potential melastatin 
2 (TRPM2) channels. Activation of TRPM2 channels leads 
to the entry of calcium into cells. The increased amount of 
calcium causes structural and functional changes that may 
ultimately lead to cell death (Akkoc et al. 2021). TRPM2 
is a potential therapeutic target for diseases in which oxida-
tive stress may be involved, including diabetes, inflamma-
tion, myocardial infarction, and neurodegenerative diseases 
(Atilgan et al. 2022).

This study aimed to determine the effect of DOX-induced 
cardiotoxicity on MTRNL and TRPM2 ion channels and 
whether RES at different doses exerts a cardioprotective 
effect by regulating MTRNL and TRPM2 ion channels.

Materials and methods

Ethical approval

This study was carried out with the approval of Fırat Uni-
versity Animal Experiments Ethics Committee dated 05 Jul 
2021 and numbered 2830.

Animals and the experimental design

Animal experiments in this study were conducted in accord-
ance with the UK Animals (Scientific Procedures) Act 1986 
and related guidelines, EU Directive 2010/63/EU for ani-
mal testing. RES was purchased from Sigma-Aldrich, USA. 
DOX was purchased from Saba Farma Turkey. Lyophilized 
DOX powder is reconstituted with sterile water for injec-
tion to a final concentration of 2 mg/ml. Optimal conditions 
(12 h light/dark, 22–25 °C temperature, ad libitum water, 
and feed) were provided for the care of the experimental 
animals. Forty-two Sprague–Dawley male rats (10 weeks, 

200–250 g weight) obtained from Fırat University Experi-
mental Research Unit were randomly divided into six groups 
(n = 7).

I group (control) (n = 7): Rats in this group were given 
only ad libitum water and feed.

II group (DOX) (n = 7): At the beginning of the experi-
ment, DOX was administered once intraperitoneally (i.p) at 
a dose of 15 mg/kg (Refaie et al. 2022).

III group (DOX + RES I) (n = 7): After applying DOX i.p 
at a dose of 15 mg/kg once at the beginning of the experi-
ment, 1 mg/kg resveratrol (Khazaei et al. 2016) i.p was 
administered every day for 14 days.

IV group (DOX + RES II) (n = 7): After applying DOX 
i.p at a dose of 15 mg/kg once at the beginning of the exper-
iment, 5 mg/kg resveratrol (Khazaei et al. 2016) i.p was 
administered every day for 14 days.

V group (RES I) (n = 7): 1 mg/kg resveratrol administered 
i.p daily for 14 days.

VI group (RES II) (n = 7): 5  mg/kg resveratrol was 
administered i.p daily for 14 days.

After the completion of all applications (15th day), the 
experiment was terminated. The rats used in the experiment 
were decapitated under anesthesia (ketamine and xylazine). 
Some of the rapidly removed cardiac tissues were used for 
histopathological and immunohistochemical evaluations. 
Some of the cardiac tissues were homogenized with 10% 
phosphate buffer solution (PBS) for biochemical evaluations. 
Homogenized samples were centrifuged at 5000 rpm + 4 °C 
for 20 min. Supernatants were kept at − 80 °C until analysis 
of MTRNL, malondialdehyde (MDA), catalase (CAT), and 
glutathione (GSH).

Histopathological evaluation

After the cardiac tissues were quickly removed, they were 
placed in 10% formalin solution for histopathological evalu-
ations. The fixed cardiac tissues were subjected to routine 
histological follow-up series and embedded in paraffin 
blocks. Sections of 5-μm thickness were taken from paraf-
fin blocks. After dewaxing the sections with xylene, they 
were passed through serial dilutions of alcohol. Hematoxylin 
eosin and Masson trichrome histological staining procedures 
were applied for histopathological evaluations. Preparations 
subjected to histological staining methods were examined 
with a light microscope (DM2500 LED, Leica, Germany) 
and photographed (MC170 HD, Leica, Germany). Histo-
pathological changes observed in cardiac tissues were myo-
cardial interstitial congestion, myocarditis, myocardiomyo-
pathy, hyaline degeneration of myocardium, and myocardial 
fibrosis. Histopathological changes were graded as 0: none, 
1: mild, 2: moderate, and 3: severe. After scoring all groups, 
mean values were determined.
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Immunohistochemical examination

For detection of B cell lymphoma-2 (BcL2) (SunRed- 
201r.5304, China), cysteine-aspar tic protease 3 
(Casp3) (P42574, Bioss Inc., Beijing, China), MTRNL 
(PA731035LA01HU, Cusabio Diagnostics, Wuhan, China), 
and TRPM2 (PA2231, Boster, Pleasanton, USA) immuno-
reactivities in cardiac tissues, Avidin–biotin-peroxidase 
complex method was applied according to the procedure 
described previously (Kaya et al. 2022). Briefly, after basic 
histological procedures, 5-μm-thick sections on polylyzed 
slides were boiled for 12 min in the microwave (in citrate 
buffer solution, pH: 6.0) for antigen retrieval. Then, endog-
enous peroxidase activity was prevented by applying a 
hydrogen peroxide blocker. Protein block was applied for 
5 min to prevent floor staining. Then, the primary antibody 
applied tissues were incubated for 1 h at room temperature 
(dark and humid environment). Then, secondary antibody 
and streptavidin peroxidase were applied to the sections. 
All sections were counterstained with Mayer’s hematoxy-
lin. Finally, the sections were washed with PBS and dis-
tilled water and closed with a capping solution. The prepared 
preparations were examined under a light microscope (DM 
2500, Leica, Germany) and photographed (DFC295, Leica, 
Germany). Preparations were examined with a light micro-
scope (DM2500 LED, Leica, Germany) and photographed 
(MC170 HD, Leica, Germany). Immunohistochemical eval-
uations were calculated based on the intensity of immunore-
activity at 3 levels (0 none, 1 mild, 2 moderate, 3 intense).

TUNEL analysis

Sections of 4-µm thickness from paraffin blocks of cardiac 
tissue were taken on polylysine-coated slides. The termi-
nal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) test (TUNEL Assay Kit—HRP—DAB, ab206386, 
Abcam) was performed according to the manufacturer’s 
instructions. As a result of TUNEL staining, nuclei stained 
green with methyl green was considered normal, and cells 
with brown nuclei were considered apoptotic. Percentages 
of TUNEL-positive cells were quantified by counting 500 
cells from ten random microscopic fields and an apoptotic 
index (AI) was calculated (Gul et al. 2021).

AI: (total number of cells counted − total number of via-
ble cells) × 100 / (total number of cells counted).

Biochemical analyses

Enzyme-linked immunosorbent assay (ELISA) method was 
used to determine MTRNL, CAT, GSH, and MDA levels 
in cardiac tissue samples. MTRNL, CAT, GSH, and MDA 
capable of quantitative measurement in rat-specific tissue sam-
ples ELISA kits were obtained from the company (SunRed, 

Shanghai, China). All analyses were performed in accordance 
with the kits protocol. Test results were expressed as ng/ml, ng/
ml, mg/l, and nmol/ml, respectively. The MTRNL test range 
was 0.1–30 ng/ml, and the sensitivity was 0.092 ng/ml; the 
CAT test range 1–300 ng/ml and sensitivity 0.866 ng/ml; GSH 
test range is 7–1800 mg/l and sensitivity is 6.105 mg/L; the 
MDA test range was 0.05–10 nmol/ml and the sensitivity was 
0.042 nmol/ml.

Statistical analysis

The data obtained within the scope of the research were ana-
lyzed using the Statistical Package for Social Sciences (SPSS) 
22.0 package program. The conformity of the data to the 
normal distribution was examined using the Shapiro–Wilk 
test. One-way ANOVA and post hoc TUKEY tests were used 
for statistical analysis of normally distributed results. Data 
were presented as mean ± standard error. Kruskal–Wallis and 
Dunn’s pairwise comparisons tests were used in the analysis 
of results that did not show normal distribution. Data were 
presented as median value (minimum–maximum). A p value 
of < 0.05 was considered statistically significant. Graphs were 
drawn using GraphPad Prism 9.3.1 software. G*Power ver-
sion 3.1 (University Kiel, Germany) was used to determine 
the number of animals in the groups in the experiment. The 
sample size in each group was determined by power analysis, 
with a type 1 error (α) of 0.05 and a power of 0.90, where 
n = 7 animals should be present (Faul et al. 2009).

Results

Effects of DOX and/or RES administration 
on histopathological changes in cardiac tissue

Cardiomyocytes and myofibrils had a normal histological 
appearance in the control, RES I and RES II groups in the 
myocardium of the heart tissue (Fig. 1A, B (a, e, f)). DOX 
administration caused histopathological changes such as 
myocardial interstitial congestion, myocarditis, myocar-
diomyopathy, hyaline degeneration of myocardium, and 
myocardial fibrosis in cardiac tissue (Fig. 1A, B (b, c, d)). 
RES treatment (1 mg/kg/day) (DOX + RES I group) given to  
DOX-administered rats failed to alleviate histopathological 
changes (Fig. 1A, B (c)). However, 5 mg/kg/day RES treat-
ment (DOX + RES II group) significantly reduced DOX-
induced histopathological changes (Fig. 1A, B (d); Table 1).

Effects of DOX and/or RES administration on BcL2 
and Casp3 immunoreactivity in cardiac tissue

BcL2 immunoreactivity in cardiac tissue showed simi-
lar in the control, RES I, and RES II groups (Fig. 2a, e, 
f). Immunoreactivity of BcL2, which has antiapoptotic 



396	 Comparative Clinical Pathology (2023) 32:393–404

1 3

effect, decreased significantly with DOX administration 
(p < 0.05) (Fig. 2b, *). The DOX + RES I group showed 
similar BcL2 immunoreactivity as the DOX group. How-
ever, there was a relatively, but not statistically significant, 
increase in BcL2 immunoreactivity in the DOX + RES II 
group compared to the DOX group (Fig. 2; Table 2).

Casp3 immunoreactivity in cardiac tissue was similar in 
the control, RES I, and RES II groups. There was a signifi-
cant increase in Casp3 immunoreactivity in the DOX and 
DOX + RES I groups (p < 0.05) (Fig. 3b, c, *). The increase 
in immunoreactivity of the Casp3, which has an DOX-
induced proapoptotic effect, was significantly reduced in 

Fig. 1   Photomicrographs of the histopathological effects of DOX 
and/or RES administration in cardiac tissue: In the myocardial layer 
of the control, RES I and RES II groups cardiomyocyte and myofi-
bril structures had normal histological structure (A, B; (a, e, f)). 
DOX administration caused myocardial interstitial congestion (star), 
myocardiomyopathy (arrowhead), myocarditis (thick arrow), hyaline 
degeneration of myocardium (notched arrow), and hemorrhagic areas 

(thin arrow) in the myocardial layer (A; (b, c, d)). In addition, DOX 
administration increased myocardial fibrosis (arrow, B; (d)). Espe-
cially in the DOX + RES II group, the alleviation of DOX-induced 
histopathological changes was remarkable (A, B; (d)). A Hematoxy-
lin eosin, B Masson trichrome, scale bar: 100 µm, × 200. DOX doxo-
rubicin; RES resveratrol
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cardiac tissue with 5 mg/kg/day RES treatment (DOX + RES 
II group) (p < 0.05) (Fig. 3d, #; Table 2).

Effects of DOX and/or RES administration 
on TUNEL‑positive apoptotic cells and apoptotic 
index in cardiac tissue

Apoptotic cells detected by TUNEL staining were rare in 
the control, RES I, and RES II groups (Fig. 4a, e, f). DOX 

administration increased the number of TUNEL-positive 
apoptotic cells in cardiac tissue (p < 0.05) (Fig. 4b, *). 
Similar to the DOX group, a higher rate of apoptotic cells 
was detected in the DOX + RES I group than in the control 
group (p < 0.05) (Fig. 4c, *). On the other hand, 5 mg/kg/day 
RES treatment (DOX + RES II group) reduced the increased 
DOX-induced apoptotic cells in cardiac tissue (p < 0.05) 
(Fig. 4d, #; Table 3).

Table 1   Histopathological evaluation results of DOX and/or RES application in cardiac tissue

Values are presented as median value (minimum–maximum)
p* Kruskal Wallis
a Compared to the control group
b Compared to the DOX group (p < 0.05)

Control (n = 7)
Med (min–max)

DOX (n = 7)
Med (min–max)

DOX + RES I 
(n = 7)
Med (min–max)

DOX + RES II 
(n = 7)
Med (min–max)

RES I (n = 7)
Med (min–max)

RES II (n = 7)
Med (min–max)

P*

Myocardiomyopathy 0.00 (0.00–1.00) 2.00 (1.00–3.00)a 2.00 (1.00–3.00)a 1.00 (0.00–2.00)a 0.00 (0.00–1.00)b 0.00 (0.00–1.00)b  < 0.000
Myocardial  

interstitial  
congestion

0.00 (0.00–0.00) 3.00 (2.00–3.00)a 3.00 (2.00–1.00)a 1.00 (1.00–2.00)a 0.00 (0.00–0.00)b 0.00 (0.00–0.00)b  < 0.000

Hyaline 
degeneration of 
myocardium

0.00 (0.00–0.00) 3.00 (2.00–3.00)a 3.00 (1.00–3.00)a 2.00 (1.00–2.00)a 0.00 (0.00–1.00)b 0.00 (0.00–0.00)b  < 0.000

Myocarditis 0.00 (0.00–1.00) 2.00 (2.00–3.00)a 2.00 (2.00–3.00)a 1.00 (0.00–2.00)b 0.00 (0.00–0.00)b 0.00 (0.00–1.00)b  < 0.000
Myocardial 

Fibrosis
0.00 (0.00–0.00) 2.00 (1.00–3.00)a 2.00 (1.00–3.00)a 0.00 (0.00–2.00)b 0.00 (0.00–1.00)b 0.00 (0.00–0.00)b  < 0.000

Fig. 2   Photomicrographs of the effects of DOX and/or RES admin-
istration on BcL2 immunoreactivity in cardiac tissue and BcL2 his-
toscore graph: BcL2 immunoreactivity was similar in the control, 
RES I, and RES II groups (a, e, f). There was a significant decrease in 
BcL2 immunoreactivity in the DOX and DOX + RES I groups com-
pared to the control group (b, c, *). There was a relative increase in 

BcL2 immunoreactivity in the DOX + RES II group compared to the 
DOX group (p > 0.05) (d). BcL2 positive control (g; testicular tissue), 
BcL2 histoscore graph (h). BcL2 immunohistochemical images, scale 
bar: 100  µm, × 200. *Compared to the control group, #compared to 
the DOX group, DOX doxorubicin, BcL2 B-cell lymphoma 2, RES 
resveratrol
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Effects of DOX and/or RES administration on TRPM2 
and MTRNL immunoreactivity in cardiac tissue

TRPM2 immunoreactivity in cardiac tissue was similar in the 
control, RES I, and RES II groups. TRPM2 immunoreactivity 
significantly increased in the DOX and DOX + RES I groups 
(p < 0.05) (Fig. 5b, c, *). The increase in TRPM2 immuno-
reactivity, which was increased by DOX, was significantly 
reduced in cardiac tissue with 5 mg/kg/day RES treatment 
(DOX + RES II group) (p < 0.05) (Fig. 5d, #; Table 2).

MTRNL immunoreactivity in cardiac tissue was similar 
in the control, RES I, and RES II groups (Fig. 6a, e, f). 
MTRNL immunoreactivity significantly increased with 
DOX administration (p < 0.05) (Fig. 6b, *). There was a 

gradual but not significant decrease in the DOX + RES I 
and DOX + RES II groups (Fig. 6; Table 2).

Effects of DOX and/or RES administration on MTRNL 
levels in cardiac tissue

The level of MTRNL measured by the ELISA method in 
cardiac tissue homogenate was similar in the control, RES 
I, and RES II groups (Fig. 7; Table 3). There was a signifi-
cant increase in MTRNL levels in the DOX and DOX + RES 
I groups (p < 0.05) (Fig. 7; *). The MTRNL level, which 
increased due to DOX, decreased relatively, but not signifi-
cantly, in cardiac tissue with 5 mg/kg/day RES treatment 
(DOX + RES II group) (p < 0.05) (Fig. 7d, #; Table 3).

Table 2   Effects of DOX and/or RES administration on BcL2, Casp3, MTRNL, and TRPM2 immunoreactivities in heart tissue

Values are presented as median value (minimum–maximum)
p* Kruskal Wallis
a Compared to the control group
b Compared to the DOX group (p < 0.05)

Control 
(n = 7)
Med (min–max)

DOX 
(n = 7)
Med (min–max)

DOX + RES I (n = 7)
Med (min–max)

DOX + RES II 
(n = 7)
Med (min–max)

RES I 
(n = 7)
Med (min–max)

RES II 
(n = 7)
Med (min–max)

P*

BcL2 2.00 (1.00–3.00) 0.00 (0.00–1.00)a 1.00 (0.00–1.00)a 2.00 (1.00–3.00)b 2.00 (1.00–3.00)b 2.00 (1.00–3.00)b  = 0.001
Casp3 0.00 (0.00–1.00) 3.00 (2.00–3.00)a 2.00 (1.00–3.00)a 1.00 (0.00–2.00)b 0.00 (0.00–1.00)b 0.00 (0.00–1.00)b  < 0.000
MTRNL 0.00 (0.00–0.00) 3.00 (2.00–3.00)a 2.00 (1.00–3.00)a 1.00 (0.00–2.00)b 0.00 (0.00–0.00)b 1.00 (0.00–2.00)b  = 0.001
TRPM2 0.00 (0.00–1.00) 2.00 (1.00–3.00)a 2.00 (1.00–3.00)a 1.00 (0.00–2.00)b 0.00 (0.00–1.00)b 1.00 (0.00–1.00)b  < 0.000

Fig. 3   Photomicrographs of the effects of DOX and/or RES admin-
istration on Casp3 immunoreactivity in cardiac tissue and Casp3 
histoscore graph: Casp3 immunoreactivity was similarly low in the 
control, RES I, and RES II groups (a, e, f). There was a significant 
increase in Casp3 immunoreactivity in the DOX and DOX + RES I 
groups compared to the control group (p < 0.05) (b, c, *). There was 

a significant decrease in Casp3 immunoreactivity in the DOX + RES 
II group compared to the DOX group (p < 0.05) (d). Casp3-positive 
control (g; kidney tissue), Casp3 histoscore graph (h). Casp3 immu-
nohistochemical images, scale bar: 100  µm, × 200. *Compared to 
the control group, #compared to the DOX group, DOX doxorubicin, 
Casp3 caspase 3, RES resveratrol
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Effects of DOX and/or RES administration 
on oxidative stress parameters in cardiac tissue

Levels of MDA, GSH, and CAT levels measured by the 
ELISA method in cardiac tissue homogenate were similar in 
the control, RES I, and RES II groups (Fig. 8; Table 3). While 
MDA levels increased in the DOX and DOX + RES I groups, 
GSH and CAT levels decreased significantly (p < 0.05) (Fig. 8 
*; Table 3). DOX-induced irregular oxidative stress param-
eters were regulated in cardiac tissue with 5 mg/kg/day RES 
treatment (DOX + RES II group) (p < 0.05) (Fig. 8 #; Table 3).

Discussion

DOX is a cytotoxic chemotherapeutic drug widely used in 
cancer treatment. However, its clinical use is limited due to 
its oxidative damage–based cardiotoxicity (Adıyaman et al. 

2022). Previous studies reported that RES administration 
alleviates DOX-induced histopathological changes in cardiac 
tissue (Shoukry et al. 2017; Zhang et al. 2019). Consistent with 
these data, the current study results showed that DOX adminis-
tration caused myocardial interstitial congestion, myocarditis, 
myocardiomyopathy, hyaline degeneration of myocardium, 
and myocardial fibrosis in cardiac tissue, but RES (5 mg/kg) 
administration alleviated these histopathological changes.

It was reported that RES administration reduces the level 
of malondialdehyde (MDA), which increases with DOX 
administration (Alanazi et al. 2020). Studies conducted on 
rats reported that DOX-induced decreased GSH, superoxide 
dismutase (SOD), and CAT activities increased significantly 
with RES treatment (Ekinci Akdemir et al. 2021; Saleh 
Ahmed 2022). In this study, similar to these results, it was 
determined that the MDA level increased with DOX admin-
istration and decreased with RES treatment. The decreased 
GSH and CAT levels caused by DOX administration also 

Fig. 4   TUNEL test photomicrographs of cardiac tissues of the experi-
mental groups and apoptotic index graph: TUNEL-positive cells and 
apoptotic index were similar in the control, RES I and RES II groups 
(a, e, f). There was a significant increase in the number of apoptotic 
cells in the DOX and DOX + RES I groups compared to the control 
group (p < 0.05) (b, c, *). There was a significant decrease in the num-

ber of apoptotic cells in the DOX + RES II group compared to the 
DOX group (p < 0.05) (d). TUNEL staining, scale bar: 100 µm, × 200 
(a, b, c, d, e, f). *Compared to the control group, #compared to the 
DOX group, arrows TUNEL-positive apoptotic cells, DOX doxoru-
bicin, RES resveratrol

Table 3   Effects of DOX and/or RES administration on oxidative stress parameters, MTRNL levels, and apoptotic index in heart tissue

Values are presented as average ± standard error
a Compared to the control group
b Compared to the DOX group (p < 0.05)

Control (n = 7) DOX (n = 7) DOX + RES I (n = 7) DOX + RES II (n = 7) RES I (n = 7) RES II (n = 7)

MDA (nmol/m) 1.71 ± 0.08 2.11 ± 0.09a 1.99 ± 0.07a 1.82 ± 0.02b 1.73 ± 0.04b 1.70 ± 0.04b

CAT (ng/ml) 40.34 ± 0.47 34.61 ± 0.74a 34.47 ± 0.29a 36.77 ± 0.46a,b 39.93 ± 0.47b 40.50 ± 0.47b

GSH (mg/L) 208.88 ± 8.94 171.75 ± 4.61a 173.02 ± 7.20a 189.98 ± 5.63 207.14 ± 8.88b 211.48 ± 6.70b

MTRNL (ng/ml) 3.44 ± 0.10 4.13 ± 0.16a 4.05 ± 0.12a 3.63 ± 0.06 3.53 ± 0.09b 3.43 ± 0.14b

AI 3.17 ± 0.27 11.65 ± 0.86a 10.88 ± 0.69a 6.08 ± 0.41a,b 3.22 ± 0.36b 2.91 ± 0.33b
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increased with RES treatment (Fig. 8). It was reported that 
RES alleviates DOX-induced cardiotoxicity by regulating 
signaling pathways related to cell proliferation, oxidative 
stress, and cell apoptosis (Gu et al. 2018). However, in the 
current study, it was determined that DOX caused a decrease 
in the level of BcL2, which has an antiapoptotic effect, and 

an increase in the level of Casp3, which has a proapoptotic 
effect. However, RES treatment reduced the rate of apop-
totic cells by showing a regulatory effect on antiapoptotic/
proapoptotic protein activities. Previous studies reported that 
BcL2 decreases with DOX administration in cardiac tissue; 
however, RES treatment increases BcL2 (Gu et al. 2018; Liu 

Fig. 5   Photomicrographs of the effects of DOX and/or RES admin-
istration on TRPM2 immunoreactivity in cardiac tissue and TRPM2 
histoscore graph: TRPM2 immunoreactivity was similar in the 
control, RES I, and RES II groups (a, e, f). There was a significant 
increase in TRPM2 immunoreactivity in the DOX and DOX + RES I 
groups compared to the control group (p < 0.05) (b, c, *). There was a 
significant decrease in TRPM2 immunoreactivity in the DOX + RES 

II group compared to the DOX group (p < 0.05) (d). TRPM2-positive 
control (g; cerebral cortex), TRPM2 histoscore graph (h). TRPM2 
immunohistochemical images, scale bar: 100 µm, × 200. *Compared 
to the control group, #compared to the DOX group, DOX doxoru-
bicin, TRPM2 transient receptor potential melastatin 2, RES resvera-
trol

Fig. 6   Photomicrographs of the effects of DOX and/or RES adminis-
tration on MTRNL immunoreactivity in cardiac tissue and MTRNL 
histoscore graph: MTRNL immunoreactivity was similar in the 
control, RES I, and RES II groups (a, e, f). There was a significant 
increase in MTRNL immunoreactivity in the DOX group compared 
to the control group (p < 0.05) (b, *). There was a relative decrease 

in MTRNL immunoreactivity in the DOX + RES I and DOX + RES 
II groups compared to the DOX group (p > 0.05) (c, d). MTRNL-
positive control (g; gastrocnemius muscle tissue), MTRNL his-
toscore graph (h). MTRNL immunohistochemical images, scale bar: 
100  µm, × 200. *Compared to the control group, DOX doxorubicin, 
MTRNL meteorin-like, RES resveratrol
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et al. 2016). Furthermore, studies demonstrated that DOX 
increases Casp3 in cardiac tissue and apoptosis in cardio-
myocytes; however, Casp3 and apoptosis are suppressed by 

RES administration (Gu et al. 2018; Tian et al. 2020; Sin 
et al. 2015).

MTRNL is known to play a role in various physiological 
and pathophysiological events (Alizadeh 2021). Recently, 
MTRNL has been shown to promote muscle regeneration in 
response to local muscle injury (Baht et al. 2020). However, 
MTRNL is also abundantly expressed in the heart and plays 
a critical role in the pathogenesis of cardiovascular diseases 
(Miao et al. 2020). A recent study reported that mice lack-
ing MTRNL are prone to develop cardiac hypertrophy and 
that MTRNL may directly act to protect against hypertrophic 
processes in cardiomyocytes (Rupérez et al. 2021). It was 
reported that MTRNL administration significantly improved 
DOX-induced apoptosis, oxidative stress, survival, and car-
diac dysfunction in heart tissue. In contrast, endogenous 
MTRNL deficiency was reported to exacerbate DOX-induced 
cardiotoxicity. Targeting MTRNL was suggested as a new 
potential therapeutic strategy in the prevention of DOX-
induced cardiotoxicity (Hu et al. 2020). It was reported that 
MTRNL has a reducing effect on DOX-induced apoptosis 
in cardiomyocytes (Hu et al. 2020; Xu et al. 2020). A recent 
study showed that plasma MTRNL levels are high in patients 
with heart failure and correlated with an increased risk of 
death (Rupérez et al. 2021). In the current study, it was deter-
mined that the level of MTRNL in cardiac tissue increased 
in DOX-induced cardiotoxicity. These results suggest that 
MTRNL may play an important role in cardiac tissue repair 
in response to various injuries (Cai et al. 2022).

Disruption of calcium homeostasis is another mecha-
nism involved in DOX-induced cardiotoxicity (Alanazi et al.  
2020). The calcium ion is the second main intracellular mes-
senger signaling cation that regulates many physiological 
functions, including cell migration and apoptosis (Nazıroğlu 
2017). TRPM2 is activated by ROS in cancer cells (Öz and 

Fig. 7   Effects of DOX and/or RES administration on MTRNL levels 
in cardiac tissue: Cardiac tissue MTRNL levels were at similar levels 
in the control, RES I, and RES II groups. MTRNL levels significantly 
increased in the DOX and DOX + RES I groups compared to the 
control group (*p < 0.05). In the DOX + RES II group, MTRNL lev-
els significantly decreased compared to the DOX group (#p < 0.05). 
*Compared to the control group, #compared to the DOX group, DOX 
doxorubicin, MTRNL meteorin-like, RES resveratrol

Fig. 8   Effects of DOX and/or RES administration on oxidative stress 
parameters in cardiac tissue: MDA, GSH, and CAT levels were sim-
ilar in the control, RES I, and RES II groups. MDA increased sig-
nificantly (*p < 0.05) whereas GSH and CAT levels decreased signifi-
cantly (*p < 0.05) in the DOX and DOX + RES I groups compared to 
the control group. There was a significant increase in CAT levels in 

the DOX + RES II group compared to the DOX group (#p < 0.05). 
The MDA level relatively decreased, and the GSH level relatively 
increased in the DOX + RES II group compared to the DOX group. 
*Compared to the control group, #compared to the DOX group, DOX 
doxorubicin, MDA malondialdehyde, GSH glutathione, CAT cata-
lase, RES resveratrol
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Çelik 2016; Uslusoy et al. 2017; Kang et al. 2018). It was 
reported that mitochondrial ROS activates TRPM2, caus-
ing increased Casp3 activation and apoptosis and decreased 
cell viability. This will contribute to cancer cell death by 
increasing the calcium flow to the cell through the activa-
tion of TRPM2 channels (Öztürk et al. 2019). In this current 
study, it was determined that DOX cardiotoxicity increased 
TRPM2 immunoreactivity in cardiac tissue. However, a 
study reported that RES treatment decreased calcium flux 
and intracellular calcium overload via TRPM2, leading to 
increased cell survival (Sun et al. 2018). In the current study, 
it was observed that RES treatment suppressed TRPM2 
immunoreactivity, which increased with DOX administra-
tion. RES can improve the cardiomyocyte calcium cycle 
by upregulating SIRT1-mediated deacetylation. Thus, it 
can inhibit ROS production to protect the myocardium and 
improve DOX-induced cardiotoxicity (Gu et al. 2016).

DOX-induced cardiotoxicity is associated with increased 
oxidative stress in cardiomyocytes. Evidence showed that 
DOX treatment excessively increases the production of ROS 
in cardiac tissue, causes mitochondrial dysfunction, affects 
energy metabolism, and leads to the death of cardiomyocytes 
(Hu et al. 2019). Therefore, it was reported that antioxidative 
protection is important in the prevention of DOX-induced 
cardiotoxicity (Xiao et al. 2022; Gong et al. 2022). The 
results obtained from the current study showed that DOX 
administration may cause oxidative stress by increasing the 
MDA level and decreasing GSH and CAT levels in cardiac 
tissue. However, cardiac tissue immunoreactivity of TRPM2 
ion channels sensitive to oxidative stress was determined 
to increase in DOX-induced cardiotoxicity. In this process, 
the level of MTRNL, which plays a role in the regulation of 
energy metabolism, was found to increase. It was also deter-
mined that DOX administration triggered cardiomyocyte 
apoptosis with the decrease of BcL2, which has an antiapop-
totic effect, and the increase in the level of Casp3, which has 
a proapoptotic effect. It was observed that the rate of apop-
totic cardiomyocytes detected by the TUNEL method was 
significantly higher in the DOX group. It was noticed that 
the DOX-induced irregularities in the antioxidant/oxidant 
parameters and apoptotic protein activities were eliminated 
with the administration of 5 mg/kg RES and as a result, 
the rate of apoptotic cells significantly decreased. MTRNL 
levels and TRPM2 immunoreactivity, which increased with 
DOX administration in cardiac tissue, also decreased with 
5 mg/kg RES treatment. However, it was determined that 
1 mg/kg RES administration was not as effective as 5 mg/
kg RES in improving DOX-induced cardiotoxicity. These 
results revealed that RES treatment may have a protective 
effect on cardiac tissue depending on the dose applied. A 
recent study reported that low-dose (2–2.5 mg/kg) RES is 
beneficial in cardiac tissue only in chronic treatment con-
ditions and that higher doses of RES are needed for acute 

treatment (Arinno et al. 2021). The fact that 1 mg/kg RES 
treatment did not result in as expected in this study may be 
related to the duration of the study. This is very important for 
determining the most ideal dose of RES required to benefit 
from RES’s potential antiapoptotic, antioxidant, anti-cancer, 
and anti-diabetes effects. In a study conducted on diabetic 
rats, the antidiabetic effects of 1 mg/kg, 5 mg/kg, and 10 mg/
kg RES treatment were compared, and it was reported that 
the best results were reached with 5 mg/kg RES treatment 
(Khazaei et al. 2016). Likewise, considering the current 
study results, we think that 5 mg/kg RES may be beneficial 
against DOX-induced cardiotoxicity, taking into account the 
possible side effects of high-dose RES treatment.

Conclusion

The findings obtained in the study showed that RES admin-
istration has a curative effect against DOX-induced cardio-
toxicity in rats, but this effect may vary depending on the  
dose. Moreover, the results support the idea that RES may 
have antiapoptotic and antioxidant effects and may have 
curative effects against cardiac tissue damage by reducing 
ROS formation. In addition, the increase in MTRNL levels  
and the reducing effect of RES in DOX-induced cardiotox-
icity suggest that energy metabolism may be affected by  
the process. It was also determined that RES treatment may 
regulate cellular ion homeostasis by reducing the increased 
TRPM2 ion channel immunoreactivity in cardiac tissue 
caused by DOX administration. Based on these data, we 
think that RES may exert a cardioprotective effect with 
MTRNL and TRPM2 channel modulation against DOX-
induced cardiotoxicity, and supplementing DOX adminis-
tration with RES may be beneficial.
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