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Cardioprotective Effects of Dapagliflozin
Against Radiotherapy Induced Cardiac Damage

ABSTRACT

Background: With the increasing incidence of cancer among the adult population, radio-
therapy (RT) is frequently used as a critical componentin the treatment of various cancer
types. Due to the nature of ionizing radiation, damage usually occurs within the tissues
in anatomical neighborhood with the primary tumor localization. Dapagliflozin (DAPA),
originally developed as an oral anti-diabetic medication, has been shown to have potent
cardioprotective effects in the DAPA-HF trial. The cardioprotective effects of DAPA
against RT induced cardiac cellular damage were investigated in this study.

Methods: A total of 40 male Wistar albino rats were obtained and were subjected to a
10-day pretreatment period to accommodate laboratory settings. Afterwards, the
rats were divided into 4 groups consisting of 10 each (control =10, DAPA =10, RT =10,
RT + DAPA = 10). Meanwhile, the RT and RT + DAPA groups received a single dose of 20
Gray (Gy) x-ray to 4 x 4 cm area at 0.60 Gy/min, and DAPA and RT + DAPA groups were
gavaged daily with 10 mg/kg DAPA. In the second week of the study, rats were examined
by echocardiography and electrocardiogram. Furthermore, histopathological method
was used to evaluate the level of cardiotoxicity.

Results: The ejection fraction value decreased by 17.3% lower in the DAPA +RT group
compared with the RT group (P < .001). In addition, corrected QT interval prolonga-
tion and QRS widening were 11.5% and 17.4% higher in the RT group compared with the
DAPA +RT group, respectively (P <.001 for both values). While sarcomyolysis, inflamma-
tory cell infiltration, and necrotic changes were found to be severe in the RT group, the
DAPA +RT group had 68% less sarcomyolysis, 64% less inflammatory cell infiltration, and
55% less necrosis (P <.001 for all values).

Conclusions: The protective effects of DAPA against left ventricular remodeling and dys-
function in RT-induced cardiomyopathy model were observed in this study.
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INTRODUCTION

With increasing incidence of cancer among the adult population, radiotherapy
(RT) is frequently used as a critical component in the treatment of various cancer
types. Due to the nature of ionizing radiation, damage usually occurs within the
tissues in anatomical neighborhood with the primary tumor localization. Thus, it
is common for patients receiving RT for tumors located in the thorax to develop
concomitant cardiac damage."? The proportion of cardiac damage induced is
affected by endogenous and exogenous factors. Endogenous factors include sus-
ceptibility to irreversible cardiomyocyte injury due to systemic and cellular-level
factors, and exogenous factors mainly consist of the cumulative amount of RT
applied. Due to these variables, clinical end-results of cardiac damage vary from
being asymptomatic to fully developed heart failure (HF).> This wide spectrum
of cardiac toxicity is named radiation-induced heart disease (RIHD) and encom-
passes cardiomyopathy, pericarditis, coronary artery disease, and conduction sys-
tem disorders.

Dapagliflozin (DAPA), originally developed as an oral anti-diabetic medication
classified as a sodium-glucose cotransporter-2 (SGLT-2) inhibitor, has shown
potent cardioprotective effectsin the DAPA-HF trial.* Due to these effects, DAPA
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has been added as part of the standard treatment of HF in
all current guidelines. The molecular mechanisms of these
cardioprotective effects are mainly attributed to changes
in intracellular Ca?* handling and antioxidant effects, but no
definite mechanism has been shown to this day.>¢ Various
experimental trials based on this effect have shown DAPA
has cardioprotective effects against various cardiotoxic
factors.”? In the best of current knowledge, no research has
been published on the cardioprotective effects of SGLT-2
inhibitors against the cardiotoxic effects of RT. In addition,
no exact molecular mechanisms of the cardioprotective
effects of SGLT-2 inhibitors have been discovered yet.

In this study, the cardioprotective effects of DAPA againstRT
induced cardiac cellular damage were investigated.

METHODS

Forty male Wistar albino rats were used in the study.
Throughout the experiment, all animals were housed in the
same facility, which was temperature-controlled (22-24°C)
and maintained on a 12-hour light/dark cycle. The animals
were fed an ad libitum diet during the study. The experiment
was conducted in accordance with the Universal Declaration
of Animal Rights, and the study received Ethical Approval
from the Animal Experiments Local Ethics Committee.

Aftera10-day pretreatmentperiod, atotal of 40 male Wistar
albino rats were randomly divided into 4 groups consisting of
10 each (control =10, DAPA =10, RT =10, RT + DAPA = 10).
Moreover, all rats were assigned and selected randomly for a
studyinthe animalresearch center. Male mice were preferred
in the first stage of cardio-oncology studies because they
are less affected by hormonal changes. Meanwhile, RT and
RT + DAPA groupsreceived asingle dose of 20 Gray (Gy) x-ray
to 4 x 4 cm area at 0.60 Gy/min, and DAPA and RT + DAPA
groups, starting from 1day after RT in order to minimize drug
interactions between DAPA and anesthetics, were daily
gavaged with 10 mg/kg DAPA for 2 weeks. Radiotherapy and
DAPA doses were planned in accordance with other experi-
mental designsinthe currentliterature.Inthe second week of
the study, rats were examined by echocardiography (ECHO)
and electrocardiogram (ECG). Furthermore, histopathologi-
cal method was used to evaluate the level of cardiotoxicity

HIGHLIGHTS

¢ It was found that the radiotherapy (RT) group experi-
enced a 17.3% more decrease in ejection fraction (EF)
compared with the RT+Dapagliflozin (DAPA) group.
Even though both groups' EF were >50%, statistically
significant decrease was shown in the RT group.

e Histological evaluation of cardiac tissues showed that
the RT + DAPA group had significantly lessinflammatory
response, compared with the RT group.

e The QRS, PR, and QTc values deteriorated significantly
less in the RT + DAPA group, indicating potent cardio-
protective effects of DAPA on the cardiac conduction
system.
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(Figure 1). No animal losses were observed during the pre-
treatment and the treatment periods.

The sample size was calculated according to a crude method
for the sample size calculation of animal studies. In this
method, a value "E" is measured for ANOVA, and it should
lie between 10 and 20. For the formula E=total number of
animals-total number of groups, minimum sample size was
calculated as E=(10 x 4) - 4=36, and was considered as
adequate.™

Electrocardiogram

The electrocardiograph machine (Fukuda Denshi Co. Ltd.,
Tokyo, Japan) was employed to conduct ECGs. Electrodes
were positioned on the right wrist, sternum, right ankle, and
left ankle of the anesthetized rats. Electrocardiograms were
carried outboth atbaseline and atthe conclusion of 2 weeks.

Echocardiographic imaging

The Philips Lumify ECHO system with the standard adulttype
S4-2 model transducer (Koninklijke Philips N.V., Amsterdam,
Netherlands) was used to obtain images from all animals at
baseline (n=40). Allimages were obtained with the standard
adult ECHO preset, using the zoom-in function of the appli-
cation with a standard proportion of 8x zoom in all images.
All animals were evaluated before receiving the first dose
of RT and DAPA. Two weeks after the start of the experi-
ment, the heart functions of all animals were assessed using
2-dimensional ECHO.

Histopathological Examination

Animal heart tissues were preserved using a 10% buffered
formaldehyde solution. Prior to processing the tissues, they
underwent an overnight wash with running tap water, were
dehydrated gradually in ethanol, treated with xylene for
clearing, and finally embedded in paraffin. Thin sections
measuring 4-5 pm were then obtained from the paraffin
blocks and subjected to staining with hematoxylin and eosin.
Evaluation of the tissue samples was carried out through his-
topathological examination using alight microscope. A mod-
ified semiquantitative scoring system was applied based on
the identified findings: (0) for no findings, (+1) for a low level
of findings, (+2) for moderate findings, and (+3) for severe
findings. A modified semiquantitative scoring system was
applied according to the determined findings. Findings were
evaluated in terms of sarcomyolysis, fragmented fibrils and
necrotic changes and were classified as (0) no pathological
findings, (+1) low-level damage (or can be written as path-
ological) findings, (+2) moderate damage, and (+3) severe
damage.

Statistical Analysis

The statistical analyses were performed using SPSS 27.0
(IBM Inc., Armonk, NY, USA) software. The descriptive sta-
tistics were presented as mean = SD for numerical variables
and frequency (percentage) for categorical variables. The
Shapiro—Wilk test was used to determine the normality of
the continuous measurements. Since the distributions were
normal, comparison analyses were performed using para-
metric methods. The measurements were conducted in
4 study groups and at 2 time periods (baseline and after 2
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Figure1. Study protocol.

weeks). Therefore, the comparison between the groups and
the periods was performed using 2-way repeated measure
ANOVA (mixed type ANOVA) with TUKEY HSD post-hoc test
for significantresults, and significant pairs were indicated by
the same superscript letters. The homogeneity of variances
was assessed through the mean-based Levene test and
Box's M test. The Kruskal—Wallis test was employed to com-
pare the histopathological results between the study groups
with K—=W critical difference post-hoc test. Interobserver
agreement for ECG and ECHO measurements was deter-
mined using the intraclass correlation coefficient (ICC),
while interobserver agreement of histopathological evalu-
ation was assessed by Kendall's Tau-b test. A P < .05 value
was considered a statistically significant result with a type-1
error of 5% in all analyses.

RESULTS

The cardiac measurements and ECG results of the animals
were compared before and after treatment (Table 1). Ejection
fraction (EF) values did not differ between the study groups
before treatment but showed a significant difference after
treatment (P < .001). Ejection fraction values decreased sig-
nificantly in the RT group compared to the other groups (61.50
+8.72 vs. 79.80 £ 2.20, 7990 * 2.38, and 73.20 * 3.29, respec-
tively). While EF value decreased in both groups, the EF value
decrease was statistically lowerin the post-treatment period
in the RT + DAPA group than RT group (P < .001) Fractional
shortening (FS) before and after treatment also changed
significantly between the groups (39.70 + 5.79 vs. 47.20 +
3.52,48.00 + 4.24, and 42.40 = 5.56, respectively). Fractional
shortening values deteriorated more in the post-treatment
periodinthe RT group compared with the RT + DAPA group (P
<.001). No statistically significant changes were observed in
EF and FSvaluesin the controland DAPA groups. The interob-
server agreement for ECG and ECHO measurements was
significantly high, and ICC values were calculated between
0.938 and 0.991and 0.912 and 0.977, respectively.

The weights of the rats were assessed at 2 different time
points. In general, a notable increase in the weight loss rate
was observed over the course of the study. Basal weight was

lower in the DAPA group but was similar within the other
groups. Inter-group weight loss was highest in the RT + DAPA
group after treatment (P < .001). Statistically significant
weight loss was also observed between the control and
DAPA groups (P <.001).

Left ventricular end-systolic dimension (LVESD) and left
ventricular end-diastolic dimension (LVEDD) measurement
deterioration was statistically significantly lower in the
RT + DAPA group than the RT group (P <.001). Heart rate val-
ues were significantly higher in the post-treatment periodin
both RT and RT + DAPA groups (P <.001), with the RT + DAPA
group showinglessincreasein HR thanthe RT group (P <.001).
The PR, QRS, and QTc values were measured, and deteriora-
tion was found to be statistically higher in the RT group than
in the RT + DAPA group (P < .001) (Figure 2). No statistically
significant changesoccurredinthe controland DAPA groups'
HR, PR, QRS, and QTc values.

In histopathological evaluation, findings were classified
as no, low, moderate, and severe. The control group was
evaluated in terms of sarcomyolysis, fragmented fibrils and
necrotic changes, and no findings were found. Likewise, it
was stated as no pathological findings in the DAPA group.
Low levels of sarcomyolysis and fragmented fibrils were
observed in the RT + DAPA group. Necrotic changes were
classified as moderate. In the RT group, severe sarcomyoly-
sis, severe fragmented fibrils, and severe necrotic changes
were detected. Intracellularinflammatory infiltration evalu-
ation was found to be significantly higher in the RT group (P
<.001). The generalinfiltration value of the group was found
to be “severe.” Similarly, sarcomyolysis and necrotic changes
were significantly higher and “severe"” in the RT group (P <
.001) (Figures 3-6). While no positive results were found in
the control and DAPA groups, low and moderate results were
obtained in the RT + DAPA group (Table 1).

DISCUSSION

Radiation-induced cardiac toxicity arises from increased
oxidative stress (OS), endothelial dysfunction, damage
to mitochondria and the endoplasmic reticulum (ER), and
increased inflammation. Endothelial dysfunction disrupts

195 m—



Uzun et al. Dapagliflozin Against Radiotherapy Induced Cardiac Damage

Anatol J Cardiol 2025; 29(4): 193-200

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

Control DAPA RT RT + DAPA
Mean £SD Mean £SD Mean £SD Mean £SD P s measures  Pgroups*measure

First measured weight (g) 323.20£58.66 310.00 £55.70 325.50 £15.09 32510 £25.34
Last measured weight (g) 320.80 £5791° 281.60+4725 308.70+2818> 25700 +18.62°° .515 <.001* .024*
EF, baseline (%) 79.80+2.86 79.20 £1.87 7810 £2.60 79.00 +2.31 -
EF, week 2 (%) 79.80 £2.20° 7990 +2.38° 61.50 + 8.7290< 73.20 +3.29¢ <.001 <.001 <.001
FS, baseline (%) 47.40+3.24 47.40 £ 414 48.70 +3.92 48.80 £ 4.44
FS, week2 (%) 4720 £ 3.52° 48.00 + 4.24° 39.70 + 5.799b< 42.40 £ 5.56¢ .200 <.0071* <.0071*
End-diastolic volume, baseline (mL) 277.70 +10.98 27210 £17.37 274.50 1119 27720 £16.92
End-diastolic volume, week 2 (mL) 276.40 £+ 997°  268.20 £17.22° 310.30 + 37.53b<  282.80 1299 .033* <.001* <.0071*
End-systolic volume, baseline (mL) 57.80 £ 990 64.60 £ 8.66 56.40 £7.40 6390 £994
End-systolic volume, week 2 (mL) 56.70 + 7.65°°<  64.50 +10.02° 6810 +798° 69.40 +£10.49¢ 110 <.001* <.001*
Heartrate, baseline (BPM) 321.70£24.76  342.50 +29.69 34510 +14.69 34190 £25.24
Heartrate, week 2 (BPM) 327.80 £24.44° 34570 +32.94> 387.60+3312**  354.60+20.86 .006* <.001* <.001*
QTc, baseline (msn) 172.00 £18.38  168.00 +14.16 169.60 £12.29 17390 £16.76
QTc, week 2 (msn) 172.40 £18.7°  168.60 £14.85° 20190 *+25.63b< 17910 +16.58¢ 135 <.001* <.0071*
PR, baseline (msn) 42.70 £ 6.53 41.20+4.54 42.60 £ 4.01 4410 £ 6.26
PR, week 2 (msn) 43.00 £ 5.89° 41.20 + 4.94° 58.40 + 9.89%b«< 48.20 + 796¢ .005* <.001* <.0071*
QRS, baseline (msn) 14.30 £2.21 14.20 £ 1.81 14.60 +2.95 14.80 £2.04
QRS, week 2 (msn) 14.50 £217° 14.50 £1.90° 19.90 + 4.779b< 16.70 £ 2.31° .019* .001* .001*
Inflammatory cell infiltration 0.2+0.4 0.2+0.4 2.8+0.4* 1.0+£0.8 .0071**

(0: 0-1) (0: 0-1) (3:1-3) (0: 0-1)
Sarcomyolysis 0.0+£0.0 0.0+0.0 3.2+0.4% 1.0+ 0.8 <.0071**

(0: 0-0) (0: 0-1) (3:1-3) (0:0-1)
Necrotic changes 0.0+£0.0 0.0+0.0 3.0+ 0.0* 1.4+0.8 <.0071**

(0: 0-0) (0:0-0) (3:3-3) (0:0-2)

Data are given as mean * standard deviation (SD), median (min-max) where necessary.

BPM, beats per minute; EF, ejection fraction; FS, fractional shortening; mL, milliliters; msn, milliseconds; QTc, corrected QT interval.
*Significant at the 0.05 level according to 2-way repeated measure ANOVA.

ebcSame superscript letters denote the significant pairwise comparisons according to Tukey HSD post-hoc test.

**Significant at the 0.05 level according to Kruskal—Wallis test.
*Sign indicates the significant difference between the groups.

the myocardial blood supply, resulting in cellular ischemia.”
Radiation exposure also affects coagulation functions and
platelet activity, increasing the deposition and release of
von Willebrand factor (VWF) in the endothelial cells.” The
changes in VWF expression ultimately result in increased
platelet adhesion and thrombosis in capillaries, further
increasing cellularischemia.

Radiationinduced cellular damage following radiation expo-
sure is primarily caused by the generation of reactive oxygen
species (ROS) due to the radiolysis of water, which serves
as a significant source of normal tissue damage after ion-
izing radiation. Reactive oxygen species can directly dam-
age intracellular macromolecular structures and alter the
expression of various proteomes in the cytoplasm, leading
to the activation of pro-inflammatory factors associated
with ROS.™ The NF-xB plays a crucial role in regulating DNA
transcription and protein complexes involved in various cel-
lular stress responses, potentially acting as a key regula-
tor linking OS and inflammation. Reactive oxygen species
functions as a second messenger to activate NF-«xB, lead-
ing to the production of inflammatory cytokines. As a result,
proinflammatory cytokines and chemokines are thought
to be closely associated with the onset of OS, while the

sesmmmm 196

inflammation intensified by OS further drives disease pro-
gression." Excessive ROS production by mitochondria in
human cells has been observed immediately following irra-
diation.”™ Mitochondrial dysfunction is closely linked to the
occurrence of ER stress. After cardiac myocytes are irradi-
ated, the ERreleases calciumions fromits calcium storesinto
the cytoplasm. This process results in mitochondrial calcium
overload, leading to membrane swelling and the release of
apoptotic factors from the mitochondria, thus triggering
apoptosis. While SGLT2 inhibitors have been shown to miti-
gate oxidative stress through reductions in reactive oxygen
species (ROS) production and improvements in mitochon-
drial function, the exact molecular mechanisms underlying
these protective effects remain incompletely understood,
highlighting a critical gap in current evidence that warrants
furtherinvestigation.

In order to avoid animal losses before completion of
the protocol due to RT-induced acute cardiotoxic-
ity, the RT dose was determined based on numerous rat
model experiments on cardiac RT in the literature.’
Radiation-induced heart disease development increases
significantly after 20 Gy of RT application.™?° In current
literature, acute inflammatory changesin histopathology,
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Figure 3. RT group. Section of the myocardial layer. Dense
fragmented fibril accumulation (arrowhead), necrotic
changes in the nuclei of muscle cells (thick arrow), locally
vacuolized areas (asterisk), and intense sarcomyolysis were
observed. Additionally, vascular structures with impaired
vessel wallintegrity andintense sarcomyolysis were observed
(HE x40) (P <.001).

development of left ventricular (LV) diastolic dysfunction,
and increases in cardiac dimensions are detectable 1week
after RT application.?”?> Radiotherapy-induced chronic
fibrosis development becomes apparent after 12 weeks in
the rat models.?

In this study, the RT group that received DAPA showed less
deterioration in parameters such as QRS duration, QT dura-
tion, and basal heart rate—key predictors of arrhythmo-
genic events—compared to the group that did not receive
DAPA. In the DAPA-HF study, the group receiving DAPA
experienced a significantly lower incidence of severe ven-
tricular arrhythmias (5.9% vs. 7.4%) and a 21% relative risk
reduction compared to the placebo group.?* Another meta-
analysis alsoreported asignificantreductionin theincidence

Figure 4. RT + DAPA group. Section of the myocardial layer.
ComparedtotheRT group, lessfibrindeposition (arrowhead),
less necrotic changes (thick arrow), intact capillaries (thin
arrow), and properly aligned cardiac muscle fibers were
observed (HE x40) (P <.001).
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Figure 5. DAPA group. Section of the myocardial layer. No
fibrin deposition was observed, normal nuclear structures
were observed, and sarcomyolysis was not observed (HE
x40) (P <.001).

of atrial arrhythmias among those receiving SGLT-2 inhibitor
therapy.®

Although decreasesin EF and FS values were statistically sig-
nificantly more in the RT group compared with the RT + DAPA
group, mean EF values were above 50% in both groups.
LVEDD and LVESD values were increased in both groups,
but were found to be statistically significantly higher in the
RT group. The most common echocardiographic findings
in RIHD include regional wall motion abnormalities, mild LV
global hypokinesia, and impaired diastolic functions, and our
findings were consistent with the current literature data.?¢%
Progression of fibrosis eventually results in the development
of systolic dysfunction.?® This process takes time, which
may take up to 10-15 years in humans who receive RT, and
the degree of EF deterioration as well as its effect on the
prognosis is not well established in RIHD.?” Even though the
degree of acute inflammatory response correlates with the
development of chronic changes, this process is multifacto-
rial and developing new methods for screening the patients

- R ¥ AN §! o gh B2 el &‘%h’ }
Figure 6. Control group. Cardiac muscle fibers, nuclei
(arrow), and fiber alignment were observed in near-normal

histology (HE x40) (P <.001).
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to detect which are under increased risk of developing RIHD
continues to this day.? Due to the cardiac anti-fibrotic
effects of SGLT-2 inhibitors shown in HF patients, we believe
more researchis requiredin this field to investigate potential
therapiesin preventing the development of RIHD.

Finally, the study has shown that the histopathologic inflam-
matory response and consequent development of myocar-
dial fibrosis are greatly reduced in the group that received
DAPA with RT. However, due to the lack of sufficient experi-
mental dataspecific toRT, furtherclinicalstudiesare needed.
Validating the current findings in this context will be impor-
tantin assessing the applicability of DAPA as a cardioprotec-
tive agent against radiotherapy-induced cardiomyopathy.
Further research in this area is needed in order to evaluate
the mechanisms that contribute to the anti-oxidative and
anti-inflammatory effects of DAPA against RT.

Study Limitations

Due to the inability to examine rat models for ventricular
strain patterns and diastolic dysfunction parameters, the
development of LV diastolic dysfunction, the changesin ven-
tricular strain patterns in RT groups, and the possible car-
dioprotective effects of DAPA against RT-induced diastolic
dysfunction could not be evaluated. In addition, healthy
rats without cancer were used in the study. Further inves-
tigations are required to enhance the understanding of the
cardioprotective effects of DAPA in humans receiving RT for
malignancies.

CONCLUSIONS

In this study, the protective effects of DAPA against LV
remodeling and dysfunction in RT-induced cardiomyopathy
model were observed. Additionally, treatment with DAPA
was found to mitigate the deterioration of RT-induced
arrhythmia parameters. Weight loss occurs in both RT and
DAPA therapies; therefore, cardioprotective treatment with
DAPA in RT may result in increased weight loss, which may
deteriorate the nutritional status of already fragile can-
cer patients. Future investigations should prioritize explor-
ing the cardiac function protective characteristics of DAPA
in the context of RT-induced cardiotoxicity in large animal
models and cancer patients.
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