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ABSTRACT

Background: Doxorubicin is a widely used agent in the treatment of cancer, but the car-
diotoxicity associated with this drug limits its potential for use. The cardioprotective 
effects of dapagliflozin, an antidiabetic drug, have the potential to counteract the car-
diotoxic effect of doxorubicin therapy. In our study, we aimed to investigate the protec-
tive effect of dapagliflozin from possible doxorubicin-induced cardiotoxicity. 

Methods: A total of 40 male Wistar albino rats were divided into 4 groups consisting of 
10 each (control = 10, dapagliflozin = 10, doxorubicin = 10, doxorubicin + dapagliflozin = 10). 
Meanwhile, doxorubicin and doxorubicin + dapagliflozin groups received a total dose of 
15  mg/kg doxorubicin intraperitoneally, dapagliflozin and doxorubicin + dapagliflozin 
groups were gavaged daily with 10 mg/kg dapagliflozin. At the sixth week of the study, 
rats were examined by echocardiography and electrocardiogram. Furthermore, histo-
pathological method was used to evaluate the level of cardiotoxicity. 

Results: Ejection fraction decreased by 15% in the doxorubicin group, and this reduction 
in ejection fraction was alleviated in the doxorubicin + dapagliflozin group. In addition, 
a 65% increase in QRS duration was observed in the group given doxorubicin, while an 
increase of 7% was observed in doxorubicin + dapagliflozin group. Corrected QT duration 
increased by 12% in the doxorubicin group, compared to 2% in doxorubicin + dapagliflozin 
group. Meanwhile, sarco-myolysis, inflammatory cell infiltration, and necrotic changes 
were examined heavily in doxorubicin group, they were minimal in doxorubicin  + 
dapagliflozin group. 

Conclusion: Our study showed that dapagliflozin has the potential to reduce the effects 
of doxorubicin-induced cardiotoxicity.
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INTRODUCTION

There has been a significant decrease in cancer-related mortality in recent years. 
Despite the development of new chemotherapeutic agents for cancer treat-
ment, doxorubicin (DOX) is still one of the most widely used anticancer drugs.1-4 
Doxorubicin is associated with anthracycline-induced cardiomyopathy (AIC) in up 
to 26% of patients and can progress to severe left ventricular (LV) failure. This form 
of AIC is generally considered irreversible, as 45% of chemotherapy patients who 
develop LV failure do not improve with standard heart failure treatment.5 Free 
oxygen radicals, membrane lipid peroxidation, and mitochondrial damage are 
considered responsible for DOX-induced cardiotoxicity.6,7 The chemical structure 
of DOX causes the formation of free radicals and increases oxidative stress, which 
results in cell damage.6,8 There are clinical predictors of AIC. Despite conventional 
heart failure treatment and AIC blocking agents such as dexrazoxane, AIC is still 
highly prevalent and associated with high mortality and morbidity.9 Therefore, 
there is a need for AIC preventive treatment strategies.

Dapagliflozin (DAPA), a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is a 
class of glucose-lowering agents and is used to treat patients with type 2 dia-
betes. Besides reducing glucose reabsorption, DAPA has also shown protec-
tive effects on cardiovascular diseases. The DAPA-HF study demonstrated that 
DAPA reduced primary combined outcomes, including cardiovascular mortality 
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and heart failure, in patients with type 2 diabetes.10 The car-
dioprotective effects of DAPA have been demonstrated in 
patients with diabetic cardiomyopathy, heart failure with 
preserved ejection fraction (EF), and heart failure with low 
EF.10,11 Dapagliflozin shows anti-oxidative properties by 
reducing cytosolic and mitochondrial free oxygen radical 
production and changing Ca2+ dynamics, thus exerting pro-
tective effects against cell damage under oxidative stress 
conditions.12,13

Theoretically, DAPA has the potential to inhibit DOX-induced 
AIC. This study aimed to compare the possible cardioprotec-
tive effects of DAPA on AIC in rats.

METHODS

Animal Model
Forty male Wistar albino rats were purchased from Süleyman 
Demirel University Experimental Animals and Medical 
Research Practice and Research Center (Isparta, Turkey) and 
all of the animals were housed in the same place from start-
ing of the experiment to end of the experiment. All animals 
were kept in the temperature-controlled experiment center 
(22-24) and on 12-h light/dark cycle. All of the animals were 
fed an ad libitum diet during the experiment. All animals were 
used according to Universal Declaration of Animal Rights 
and ethic was approved by the Süleyman Demirel University 
Animal Experiments Local Ethics Committee.

This study was organized according to a previously estab-
lished model of cardiotoxicity study design. Rats were 
intraperitoneally applied DOX (2.15 mg/kg) every 3 days for 
21  days (15 mg/kg total) (n = 20). Following the first dose of 
DOX, DAPA (n = 10) and DOX + DAPA (n = 10) groups were 
administered. Dapagliflozin (10 mg/kg in normal saline) daily 
by gavage for the duration of study. This dose of DAPA was 
decided according to the previous study which successfully 
managed DAPA in rats (Figure 1).

Experimental Design
Ejection fraction, fractional shortening (FS), diastolic, and 
systolic functions were evaluated with the 2-dimensional 

HIGHLIGHTS
• In our study, a 15% decrease in ejection fraction resulting 

from doxorubicin (DOX) cardiotoxicity and a significant 
increase in ejection fraction after our treatment with 
dapagliflozin (DAPA) were observed.

• In our study, a 65% increase in QRS duration was 
observed in electrocardiogram resulting from DOX car-
diotoxicity, while this increase was observed very mini-
mally in our treatment group with DAPA.

• In the tissue histology observed in our study, such as sar-
comyolysis, inflammation cell infiltration, and necrotic 
changes as a result of cardiotoxicity of DOX, these 
changes were minimal in our DAPA treatment group.

• During our study, a significant weight loss was observed, 
especially in our DOX and DOX + DAPA groups. It is 
essential to use DAPA, especially considering that it has 
a weight loss effect besides weight loss, which is one 
of the most important side effects of chemotherapy 
treatment.

Figure 1. Study design.
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Philips Lumify echocardiography system with a 3.5-MHz 
transducer (Koninklijke Philips N.V. Amsterdam, Netherlands) 
in all animals at baseline (n = 40). All animals were evaluated 
before the first chemotherapy and DAPA dose. At 6 weeks 
following the beginning of the experiment, all animals’ heart 
functions were evaluated with 2-dimensional echocardiog-
raphy along with histopathologic evaluation like inflamma-
tory cell infiltration, sarcomyolysis, and necrotic findings.

Electrocardiogram
Electrocardiograph machine (Fukuda Denshi Co. Ltd, Tokyo, 
Japan) was used while performing electrocardiogram 
(ECG). Electrodes were located at the right wrist, ster-
num, right ankle, and left ankle of the anesthetized rats. 
Electrocardiogram was performed at baseline and at the end 
of 6 weeks.

Histopathological Examination
The heart tissues taken from animals were fixed with a 10% 
buffered formaldehyde solution. Before tissue process-
ing, the samples were washed overnight with running tap 
water, dehydrated in graded ethanol, cleared with xylene, 
and embedded in paraffin. About 4-5 μm thick sections were 
taken from the paraffin blocks and stained with hematoxylin 
and eosin. Histopathological examination and scoring were 
performed with a light microscope. According to the degree 
of the findings, a modified semiquantitative scoring was 
performed as (0): no finding, (+1): low level of finding, (+2): 
moderate finding, (+3): severe finding.14

Statistical Analysis
Statistical analyses were performed with the Statistical 
Package for Social Sciences software, version 26.0 (IBM 
Inc., Armonk, NY). Descriptive statistics were presented 
as mean ± SD. The conformity of the measurements to the 
normal distribution was tested with Kolmogorov–Smirnov 
method. Since the data were normally distributed, 1-way 
analysis of variance (ANOVA) was used for comparisons 
between groups, and paired t-test was used for comparisons 
before and after treatment. Rats were weighed over 4 peri-
ods; hence, 2-way repeated measures ANOVA was used to 
compare intragroup and repeated measurements. Tukey’s 
HSD  was chosen as the pairwise comparison test in multiple 
group analyses. Pairwise comparison results were shown 
using the same exponential letters for significant groups. 
The homogeneity of variances was checked with the mean-
based Levene test. Interobserver agreement values for ECG 
measurements were calculated using the intraclass correla-
tion coefficient (ICC). For a type I error value of 5%, P < .05 
was considered statistically significant in all analyses.

RESULTS

Cardiac measurements of animals were made by 2 observ-
ers. Interobserver agreement values were quite high (ICC > 
0.932). Ejection fraction values were not different between 
study groups before treatment but differed significantly 
after treatment (P < .001). Ejection fraction values decreased 
significantly in the DOX group compared to the other groups 
(66.00 ± 9.98% vs. 78.80 ± 2.57%, 80.90 ± 3.10%, and 74.00 ± 
4.03%, respectively). Fractional shortening before and after 

treatment did not differ significantly between the groups. 
Diastolic blood pressure (DBP) was not different before the 
treatment, but the mean value (307.70 ± 35.32 mm Hg) mea-
sured in the DOX group after the treatment was significantly 
higher than the control and DAPA groups (P = .003). Systolic 
blood pressure (SBP) (P = .019), on the other hand, was sig-
nificantly lower in the DOX group before treatment but did 
not differ significantly between the groups after treatment. 
Heart rate values differed significantly after treatment 
(P = .014). The heart rate was the lowest in the control group 
and significantly higher in the DOX group (378.90 ± 42.82 
beats/min) compared to the other groups. Corrected QT 
interval and PR waves did not differ significantly between 
the study groups. Yet, after the treatment, the QR wave 
was significantly elevated in the DOX group (23.10 ± 4.38) 
(P < .001) (Table 1).

Cardiac measurements and ECG results of animals before 
and after treatment were compared (Table 1). The weights of 
the rats were measured in 4 different periods. Overall, there 
was a significant increase in weight gain over time. However, 
weight gains were not similar between groups. In the control 
group, basal weight was significantly lower than the mea-
surements taken at other times (P < .001). The basal weight 
was also significantly lower in the DAPA-treated group than 
the mean weight in the post-treatment period (P < .001). 
However, there was no significant weight gain in the DOX and 
DOX + DAPA-treated groups. Rats’ weights decreased in the 
DOX group, whereas they first decreased and then increased 
and approached the basal level in the DOX + DAPA group. 
Nevertheless, the 2-way analysis also revealed a significant 
difference between study groups (P < .001). The overall mean 
weight was significantly higher in the control group than in 
the DOX and DOX + DAPA groups and was significantly higher 
in the DAPA group than in the DOX and DOX + DAPA groups 
(Figure 2). The EF value increased by 1% in the post-treatment 
period in rats in the DAPA study group, but decreased in other 
groups in the post-treatment period (P < .001). The EF value 
is significantly lower in DOX group then controls (P <  .001). 
Fractional shortening values were likely different in the 
post-treatment period in both DOX and DOX + DAPA groups 
(P < .001), but there is no significant difference between the 
study groups as FS. End-DBP and -SBP were not significantly 
different between the study groups, however the volumes 
significantly increased in the post-treatment period in both 
DOX and DOX + DAPA groups (P < .001). Heart rate values 
were significantly higher in the post-treatment period in both 
DOX and DOX + DAPA groups (P = .014), and the values of both 
DOX and DOX + DAPA groups were likely higher than controls 
(P = .026). All QTc and QRS signals were elevated after 6 weeks 
(P < .001). Moreover, QRS mean was significantly higher in 
DOX group than control group (P = .001) whereas QTc signals 
were not different between the groups (Figures 3 and 4).

In histochemical evaluations, intracellular inflammatory 
filtration evaluation was found to be significantly higher in 
the DOX group (P < .001) (Figure 5). The general filtration 
value of the group was found to be “severe.” Similarly, sar-
comyolysis and necrotic changes were significantly higher 
and “severe” in the DOX group (P < .001). While no positive 
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Figure 2. Echocardiographic findings of groups before and after treatment.

Figure 3. Electrocardiographic findings of groups before and after treatment.
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results were found in the control and DAPA groups, low and 
moderate results were obtained in the DOX + DAPA group 
(Figures 5 and 6, Table 2).

DISCUSSION

The pathophysiology of AIC has not yet been clearly eluci-
dated, but the prevailing hypothesis is that DOX alters the 
redox balance in more than one way. Ultimately, this process 
results in remodeling and impaired cardiac function.15 Renin 
angiotensin system-mediated apoptosis has been reported 
as one of the main mechanisms of DOX-induced cardiotox-
icity in cardiomyocytes.16,17 Accordingly, therapeutic strat-
egies to prevent or alleviate DOX-induced cardiotoxicity 
have focused on direct targeting of reactive oxygen species 
(ROS) or inhibition of key pathways in the remodeling pro-
cess. Several preclinical studies have reported that inhibi-
tion of the renin -angi otens in-al doste rone system by both 
angiotensin-converting enzyme inhibitors and angiotensin 
receptor blockers reduces oxidative stress and histologi-
cal evidence of cardiotoxicity during anthracycline ther-
apy.18,19 The fact that dexrazoxane is an iron chelator that 
binds free iron or removes iron from the DOX–iron complex, 
thus preventing oxygen free radical formation, may explain 
how dexrazoxane reduces some of the cardiotoxic effects 
of anthracyclines.20 However, dexrazoxane increases the 
risk of infection and may cause secondary malignant neo-
plasms. It can also reduce the metabolic efficiency of DOX 
and is an expensive medication.21 Therefore, many ongoing 

Figure 4. Weight changes in the study process of groups. MS, measurements.

Figure  5. Representative pathohistological images of 
groups. Representative images (hematoxylin and eosin) of 
inflammatory cell infiltration, sarcomyolysis, and necrotic 
changes for each group at 6 weeks following initiation of 
chemotherapy. Heart tissues of control and DAPA groups 
were with normal histological appearance (A, B). 
Inflammatory cell infiltration (arrow), sarcomyolysis 
(arrowhead), and necrotic changes (loss of transverse 
striations and diffuse eosinophilia) are seen in DOX group (C). 
Inflammatory cell infiltration (arrow) and sarcomyolysis 
(arrowhead) are rarely seen in DOX + DAPA group (D). DAPA, 
dapagliflozin; DOX, doxorubicin.
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studies trying to discover new agents against DOX-induced 
cardiotoxicity focus on interfering with oxidative stress, 
inflammation, and apoptosis.22

Empagliflozin, Cardiovascular Outcomes, Mortality in Type 2 
Diabetes (EMPA-REG), Canagliflozin and Cardiovascular and 
Renal Events in Type 2 Diabetes (CANVAS), and Dapagliflozin 
in Patients with Heart Failure and Reduced Ejection 
Fraction (DAPA-HF) clinical trials have shown cardioprotec-
tive effects of SGLT2 inhibitors in reducing cardiovascular 

adverse events, including heart failure hospitalizations and 
cardiovascular mortality.23 Animal models of cardiomyopa-
thy have shown that DAPA improves cardiac morphology and 
position, including cardiac hypertrophy, fibrosis, and heart 
failure, as well as both systolic and diastolic LV function.24,25

Zaibi et  al12 found that DAPA reduces hydrogen peroxide-
induced cell damage in proximal tubule cells via reducing 
cytosolic ROS and mitochondrial superoxide ROS produc-
tion. Dapagliflozin also altered the dynamics of Ca2+ influx 

Figure 6. Pathohistological findings of the groups.
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through the oxidative-sensitive Transient Receptor Potential 
Cation Channel Subfamily M Member 2 (TRPM2) Ca2+ chan-
nels.12 Evidence from the SGLT2 inhibitor study of Hazem 
et  al26 could explain DAPA’s protective effects against DOX 
cardiotoxicity detected in our study. Dapagliflozin treat-
ment increased the levels of antioxidant enzymes catalase 
and superoxide dismutase in liver tissue.26

Inflammation and secondary cardiac fibrosis are considered 
one of the main pathophysiological mechanisms of DOX-
induced cardiotoxicity.16 Studies with SGLT2 inhibitors have 
also documented the protective effects of this molecule on 
inflammation and fibrosis. Zhang et al27 showed that the use 
of DAPA in rats reduced inflammation by decreasing TGF-
β1/Smad expression in cardiac tissue. The use of DAPA also 
reduced myocardial fibrosis, myocardial collagen synthesis, 
and myocardial hypertrophy induced by Angiotensin II infu-
sion. Another study showed that DAPA inhibited myocardial 

fibrosis through inhibition of SGK1 and epithelial sodium 
channel protein found in both myocardial tissue and fibrosis-
induced cardiomyoblast cells. They also reported that DAPA 
showed an anti-inflammatory effect and improved mito-
chondrial degradation.28

In our study, the chemotherapy group that received DAPA 
exhibited less deterioration in parameters such as QRS dura-
tion, QT duration, and basal heart rate that predict arrhyth-
mogenic events compared to the group that did not receive 
DAPA. Studies in the literature also show that DAPA has pro-
tective effects against arrhythmia. In the DAPA-HF study, 
the group receiving DAPA had a significantly lower incidence 
of severe ventricular arrhythmias (5.9% vs. 7.4%) and a 21% 
relative risk reduction compared to the placebo group.29 
Another meta-analysis also reported a significant reduction 
in the incidence of atrial arrhythmias with an overall preva-
lence of approximately 1% with SGLT2 inhibitor therapy.30 

Table 1. Cardiac and ECG Measurements of Animals According to Study Groups

Controla DAPAb DOXc DAPA + DOXd Pgroups Pmeasures

First weight measurement, g 272.00 ± 36.72 299.60 ± 16.95 287.90 ± 17.51 287.10 ± 17.40 <.001*
a–c
a–d

<.001*

Second weight measurement, g 301.40 ± 42.25 301.50 ± 15.23 273.40 ± 18.31 242.10 ± 21.08

Third weight measurement, g 338.20 ± 43.37 325.00 ± 21.53 280.00 ± 21.00 265.33 ± 23.21

Fourth weight measurement, g 338.10 ± 41.49 325.00 ± 22.45 275.50 ± 24.22 275.88 ± 21.24

Ejection fraction, baseline, % 79.30 ± 2.40 79.10 ± 2.23 78.50 ± 2.46 78.00 ± 3.01 <.001*
a–c

<.001*

Ejection fraction, week 6, % 78.80 ± 2.57 80.90 ± 3.10 66.00 ± 9.98 74.00 ± 4.03

Fractional shortening baseline, % 47.20 ± 3.88 47.20 ± 4.51 49.30 ± 5.20 46.70 ± 4.49 .764 <.001*

Fractional shortening week 6, % 48.10 ± 4.40 47.40 ± 4.76 43.20 ± 4.73 44.33 ± 3.80

End-diastolic volume baseline, μL 275.70 ± 12.18 271.90 ± 15.83 269.20 ± 12.73 278.80 ± 22.92 .141 <.001*

End-diastolic volume week 6, μL 277.50 ± 11.22a 269.65 ± 15.53b 307.70 ± 35.32a.b 284.11 ± 16.91

End-systolic volume baseline, μL 57.50 ± 10.42 65.90 ± 7.63 55.00 ± 7.36a 66.30 ± 11.64a .205 <.001*

End-systolic volume week 6, μL 59.10 ± 10.25 65.20 ± 8.09 68.70 ± 11.64 68.77 ± 10.38

Heart rate baseline, bpm 331.30 ± 24.09 352.60 ± 28.96 358.10 ± 19.30 345.90 ± 28.51 .026*
a–c

.014

Heart rate week 6, bpm 331.70 ± 24.77a 354.40 ± 25.25 378.90 ± 42.82a 348.33 ± 25.42

QTc baseline, ms 171.40 ± 19.96 169.80 ± 17.11 170.90 ± 18.71 171.30 ± 17.99 .525 <.001*

QTc week 6, ms 171.80 ± 19.67 169.20 ± 14.92 192.30 ± 28.91 174.77 ± 16.72

QRS baseline, ms 14.70 ± 2.21 14.90 ± 2.23 14.80 ± 2.74 15.00 ± 2.10 .001*
a–c

<.001*

QRS week 6, ms 14.90 ± 2.23a 14.70 ± 2.11b 23.10 ± 4.38a.b.c 15.77 ± 1.92c

Data are given as mean ± SD. 
*Significant at the .05 level according to two-way repeated measure ANOVA.
a,b,c,dThe letters denote the significant pairwise study groups according to Dunnet t (2-sided) post-hoc test.
bpm, beat per minute; DAPA, dapagliflozin; DOX, doxorubicin; QTc, corrected QT interval.

Table 2. Histochemical Evaluations Across Study Groups

Measurements

Control DAPA DOX DOX + DAPA P

Mean ± SD (Median; Minimum–Maximum)

Inflammatory cell 
infiltration

0.17 ± 0.40a (0; 0-1) 0.17 ± 0.40b (0; 0-1) 2.67 ± 0.51a,b,c (3; 1-3) 0.50 ± 0.83c (0; 0-2) .001*

Sarcomyolysis 0.00 ± 0.00a (0; 0-0) 0.17 ± 0.40b (0; 0-1) 2.83 ± 0.40a,b,c (3; 1-3) 0.33 ± 0.51c (0; 0-1) <.001*

Necrotic changes 0.00 ± 0.00a (0; 0-0) 0.00 ± 0.00b (0; 0-0) 3.00 ± 0.00a,b,c (3; 3-3) 0.17 ± 0.40c (0; 0-1) <.001*
Data are given as mean ± SD, number, or median (interquartile range).
DAPA, dapagliflozin; DOX, doxorubicin.
a,b,cThe same superscript letters denote the significant pairwise comparison in each row according to Kruskal–Wallis critical difference post-hoc 
test.
*Significant at the .05 level according to two-way Repeated Measure ANOVA
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Studies at the cellular level have shown that SGLT2 inhibitors 
have a regulatory and stabilizing effect on cardiac electro-
physiological changes. One study showed that empagliflozin 
reduced the late sodium channel current in cardiomyocytes 
in mice with heart failure or sodium channel mutation, but 
not in healthy murine cardiac myocytes.31 The decrease in 
late sodium channel current contributes to less prolonga-
tion of cardiac action potential duration (APD) and may pro-
tect against arrhythmias associated with prolonged action 
potentials.31 Another study found that DAPA improved ven-
tricular repolarization by increasing mitochondrial stability.32

A research conducted by Barış et  al33 showed that empa-
gliflozin, another SGLT-2 inhibitor drug, has cardioprotec-
tive effects from AIC on rat models.33 In this research, it 
has been found that empagliflozin has protective effects 
on reduction of EF and potential arrhythmic events after 
DOX injection, thus supporting our research. In a research 
conducted by Belen et  al34 shows that DAPA has protec-
tive effects on increasing cardiac injury parameters TNF-
a, pro-BNP, troponin T and plasma FGF-21 levels after DOX 
injection.

Our study revealed the protective effects of DAPA on cardio-
toxicity. However, loss of appetite, weight loss, and cachexia 
are serious problems in cancer patients receiving chemo-
therapy with DOX. In our study, the group that received 
DOX + DAPA lost more weight than the group that received 
only DOX during chemotherapy. Even if weight loss recovers 
after chemotherapy, this may be an issue to consider in clini-
cal practice.

Study Limitations
First, since we were not able to examine the parameters 
of diastolic dysfunction in rats, we could not evaluate the 
possibility of diastolic dysfunction in our model and the 
effects of DAPA on these functions. Second, DOX was 
injected intraperitoneally in our study, causing direct liver 
damage. This is not the routine clinical use of DOX, and its 
intravenous use may yield different results than our find-
ings. Finally, since healthy rats were used in our study, it is 
unclear whether a cardioprotective effect can be achieved 
in rats with cancer.

CONCLUSION

Our study showed the protective effect of DAPA against 
LV remodeling and dysfunction in a DOX-induced cardio-
myopathy model. Dapagliflozin treatment was also shown 
to reduce the deterioration in DOX-dependent arrhyth-
mia parameters. Future research should focus on the car-
diac function protection properties of DAPA in the setting 
of DOX-induced cardiotoxicity in large animal models and 
cancer patients.
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