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Abstract

Objective: Doxorubicin (DOX) induces cardiotoxicity via oxidative 
and endoplasmic reticulum (ER) stress. This study evaluated the 
cardioprotective effects of quercetin against DOX-induced cardiac 
injury in rats, focusing on ER stress and SIRT1 signaling.

Method: Wistar Albino rats were used. Rats were allocated into 
control, DOX, low-dose quercetin (10 mg/kg) + DOX, and high-
dose quercetin (100 mg/kg) + DOX groups. Cardiac function was 
assessed by lead II electrocardiography, while myocardial injury was 
evaluated using Tc-99m pyrophosphate (PYP) scintigraphy. Cardiac 
biomarkers, inflammatory cytokines, oxidative stress parameters, ER 
stress markers, and SIRT1 expression were analyzed.

Results: DOX induced marked electrocardiogram abnormalities, 
including Q wave-T wave interval- prolongation and ST-segment 
elevation, increased myocardial 99mTc-PYP uptake, elevated 
cardiac injury biomarkers, renal and hepatic markers, enhanced 

Öz

Amaç: Doksorubisin (DOX), oksidatif ve endoplazmik retikulum 
(ER) stresi yoluyla kardiyotoksisiteye neden olur. Bu çalışma, ER 
stresi ve SIRT1 sinyaline odaklanarak, sıçanlarda DOX’in neden 
olduğu kalp hasarına karşı quercetinin kardiyoprotektif etkilerini 
değerlendirmiştir.

Yöntem: Wistar Albino sıçanlar kullanılmıştır. Sıçanlar kontrol, DOX, 
düşük doz quercetin (10 mg/kg) + DOX ve yüksek doz quercetin 
(100 mg/kg) + DOX gruplarına ayrılmıştır. Kardiyak fonksiyon II 
elektrokardiyografi ile değerlendirilirken, miyokardiyal hasar Tc-99m 
pirofosfat (PYP) sintigrafisi kullanılarak değerlendirilmiştir. Kardiyak 
biyobelirteçler, enflamatuvar sitokinler, oksidatif stres parametreleri, 
ER stres belirteçleri ve SIRT1 ekspresyonu analiz edildi.

Bulgular: DOX, Q dalgası-T dalgası aralığı uzaması ve ST segment 
yükselmesi, miyokardiyal 99mTc-PYP alımında artış, kardiyak hasar 
biyobelirteçlerinde, böbrek ve karaciğer belirteçlerinde yükselme, 
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Introduction
Cancer incidence is steadily rising worldwide (1). 
Chemotherapy has significantly improved survival 
outcomes in oncology (2). Doxorubicin (DOX) (Adriamycin), 
an anthracycline antibiotic, is widely used for treating both 
solid and hematological malignancies, including breast 
cancer, lymphomas, leukemias, and sarcomas (2,3). Despite 
its potent antitumor efficacy, the clinical utility of DOX is 
limited by its dose-dependent cardiotoxicity (4), which 
is often irreversible and may result in long-term cardiac 
morbidity (5). Preventing these side effects remains a key 
challenge in oncology.

DOX cardiotoxicity is multifactorial, with oxidative stress 
and inflammation playing central roles. In addition 
to mitochondrial oxidative injury, DOX promotes 
cardiomyocyte apoptosis and inflammatory signaling, 
thereby contributing to cardiac dysfunction (6). Notably, 
recent studies indicate that SIRT1 exerts cardioprotective 
effects through modulating cellular stress responses. 

Flavonoid antioxidants have shown promise in mitigating 
DOX-induced toxicity. Quercetin (QRC), a natural flavonol 
found in various yellow and orange fruits and vegetables 
(7,8), exhibits anti-inflammatory, antioxidant, anticancer, 
and cytoprotective properties, attributed to its five hydroxyl 
groups (8-10). Experimental models suggest that QRC exerts 
cardioprotective effects by scavenging reactive oxygen 
species (ROS), enhancing antioxidant enzyme activity, and 
attenuating endoplasmic reticulum (ER) stress. However, 
while QRC’s cardioprotective effects are promising, the 
precise mechanisms by which it confers protection, 
particularly its influence on less-studied pathways like ER 
stress in DOX-induced toxicity, remain to be determined.

We hypothesize that QRC exerts therapeutic effects against 
DOX-induced cardiotoxicity by modulating pathways 
including SIRT1, GRP78–CHOP, malondialdehyde 
(MDA)–glutathione (GSH), and tumor necrosis factor 
(TNF)-α–interleukin (IL)-6. This study aims to evaluate the 
cardioprotective potential of QRC through biochemical, 
scintigraphic, and electrocardiographic parameters. 
Furthermore, the use of clinically relevant diagnostic 
modalities—such as pyrophosphate (PYP) scintigraphy, 
serum troponin and creatine kinase (CK)- myocardial 
band (MB) levels, and electrocardiography (ECG)-derived 
conduction and arrhythmia metrics—may offer a novel 
translational approach. 

Materials and Methods
Animal

All procedures were approved by the Local Animal 
Experiments Ethics Committee of Tokat Gaziosmanpaşa 
University (approval no: 2019-HADYEK-15, date: 
09.06.2019). Male Wistar Albino rats were housed under 
standard laboratory conditions with ad libitum access to 
food and water and allowed a one-week acclimatization 
period before experimentation. This is an experimental 
animal study conducted in accordance with national and 
institutional guidelines for the care and use of laboratory 
animals.

Experimental groups and procedures

The animals were randomly allocated into four experimental 
groups, and the following procedures were applied:

Group I (Control group): Rats in the control group received 
no treatment throughout the experimental period.

Abstract Öz

oxidative stress, inflammatory responses (tumor necrosis factor-α, 
interleukin-6), upregulation of GRP78 and C/EBP homologous 
protein, and suppression of SIRT1 and glutathione (p<0.05). 
Quercetin significantly attenuated these alterations in a dose-
dependent manner, with greater protection observed at the higher 
dose.

Conclusion: Quercetin mitigates DOX-induced cardiotoxicity 
by suppressing oxidative stress, ER stress, and inflammation via 
restoration of SIRT1 signaling. The integration of electrocardiography 
and Tc-99m PYP scintigraphy provides novel multimodal evidence of 
quercetin’s cardioprotective effects.

Keywords: Cardiotoxicity, doxorubicin, ER stress, oxidative stress, 
quercetin, scintigraphy

oksidatif stres artışı, enflamatuvar yanıtlarda (tümör nekroz 
faktörü-α, interlökin-6) artış, GRP78 ve C/EBP homolog proteinin 
yukarı regülasyonu ve SIRT1 ve glutatyonun baskılanması (p<0,05) 
gibi belirgin elektrokardiyografi anormalliklerine neden olmuştur. 
Quercetin, bu değişiklikleri doz bağımlı bir şekilde önemli ölçüde 
azalttı ve daha yüksek dozda daha fazla koruma gözlendi.

Sonuç: Quercetin, SIRT1 sinyalini geri yükleyerek oksidatif stresi, 
ER stresini ve enflamasyonu baskılayarak DOX'in neden olduğu 
kardiyotoksisiteyi hafifletir. Elektrokardiyografi ve Tc-99m PYP 
sintigrafisinin entegrasyonu, quercetinin kardiyoprotektif etkilerine 
ilişkin yeni multimodal kanıtlar sağlar.

Anahtar kelimeler: Doksorubisin, ER stresi, kardiyotoksisite, 
oksidatif stres, quercetin, sintigrafi
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Group II (DOX group): DOX was administered 
intraperitoneally (i.p) on experimental days 12, 13, and 14, 
at a cumulative dose of 18 mg/kg.

Group III (Low-dose QRC + DOX group; QRC 10 mg/kg + 
DOX): QRC was administered i.p at a dose of 10 mg/kg once 
daily for 14 consecutive days. In addition, DOX was injected 
(i.p) on days 12, 13, and 14 at a cumulative dose of 18 mg/
kg.

Group IV (High-dose QRC + DOX group; QRC 100 mg/kg 
+ DOX): QRC was administered i.p. at a dose of 100 mg/kg 
once daily for 14 consecutive days. DOX was additionally 
administered (i.p) on days 12, 13, and 14 at a cumulative 
dose of 18 mg/kg.

Scintigraphic imaging

For scintigraphic evaluation, 1 millicurie (mCi) of 99mTc- 
(99mTc-PYP) radiopharmaceutical (TechneScan PYP, 
Mallinckrodt) was diluted with 5 mL of isotonic saline, 
and 0.1 mL of the prepared solution was administered 
intravenously to each rat. One hour after injection, static 
planar scintigraphic imaging was performed with a gamma 
camera (Siemens Symbia, USA).

To facilitate scintigraphic imaging, rats were anesthetized 
with ketamine (Ketalar®, 75 mg/kg; Pfizer, İstanbul, 
Turkey) and xylazine (Rompun®, 10 mg/kg; Bayer, İstanbul, 
Turkey) administered at the indicated doses. Scintigraphic 
acquisition was conducted for 15 minutes under anesthesia.

Regions of interest (ROIs) were manually defined over the 
affected myocardial area, and seven separate measurements 
were obtained for each animal. The mean ROI value was 
calculated and used for quantitative analysis.

Radiation safety considerations

The 1 Technetium-99m pyrophosphate (99mTc-PYP) mCi 
dose used in rats in the present study, therefore, represents 
a relatively low activity level. Following completion of 
scintigraphic imaging, animals were kept in lead-shielded 
containers for 24 hours to allow radioactive decay and 
reduction of residual activity. Accordingly, no radiation 
exposure to personnel or the environment was anticipated 
during or after the experimental procedures.

Electrocardiographic recording

Following scintigraphic imaging, the depth of anesthesia 
in rats was assessed by measuring pedal withdrawal 
reflexes. Subsequently, needle electrodes were inserted 
subcutaneously into the right and left forelimbs and the left 
hind limb of each rat.

ECG recordings were obtained for 1 minute using a MP-
150 multi-channel physiological data acquisition system 
(BIOPAC Systems Inc., USA) with the accompanying 
software (version 3.8). Changes in ECG patterns, including 
ST-segment elevation, QT interval duration, and heart rate, 
were analyzed (Figure 1).

Figure 1. Electrocardiographic assessment in rats.

(a) Representative ECG waveform illustrating the P, QRS, and T waves, with indication of the QT interval and ST-segment 
elevation.

(b) Electrocardiographic recordings were obtained using a single-lead configuration (Lead II) with subcutaneous needle 
electrodes placed on the right and left forelimbs and the left hind limb 

ECG: Electrocardiography, QT: Q wave-T wave interval
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Quantification of Serum Cardiac, Renal, Hepatic 
Biomarkers and Cardiac Tissues

Serum markers of cardiac, renal, and hepatic injury 
[aspartate transaminase (AST), alanine transaminase (ALT), 
blood urea nitrogen (BUN), gamma-glutamyl transferase 
(GGT), CK-MB, creatinine, and cardiac troponin T (cTnT) 
were quantified using kinetic spectrophotometric assays on 
a Beckman Coulter LX-2000 autoanalyzer (Brea, CA, USA). 

Cardiac tissues were homogenized in cold phosphate-
buffered saline (pH 7.4), centrifuged, and the supernatants 
were analyzed. Tissue levels of SIRT1, MDA, GSH, TNF-α, 
IL-6, GRP78, and CHOP were quantified using ELISA. 
Results were normalized to wet tissue weight and expressed 
in appropriate units. Rats received QRC (10 or 100 mg/kg, 
i.p.) for 14 days, with DOX administered on days 12-14 
(cumulative dose: 18 mg/kg, i.p.) (Figure 2).

Statistical Analysis

Statistical analyses were performed using SPSS software 
(version 19.0; IBM Corp., Armonk, NY, USA) and GraphPad 
Prism (version 10.0; GraphPad Software, San Diego, CA, 
USA). Data normality was assessed using the Shapiro-Wilk 
test. Variables that did not follow a normal distribution were 
analyzed using the Kruskal-Wallis test, followed by pairwise 
Mann-Whitney U tests with Bonferroni correction for 
multiple comparisons, including 99mTc-PYP uptake, MDA, 
creatinine, and ALT. Normally distributed variables were 
analyzed using One-Way Analysis of Variance (ANOVA) 
followed by Tukey’s post-hoc test. Data are presented as 
mean ± standard error of the mean (SEM) (mean ± SEM).  
A value of p<0.05 was considered statistically significant.

Results
Scintigraphic results

Kruskal-Wallis analysis revealed a significant overall 
difference among the groups in myocardial 99mTc-PYP 
uptake [χ²(3) =21.849, p<0.001]. Consistent with this 
finding, myocardial radiotracer uptake was markedly 
increased in the DOX group compared with the control 
group (p<0.0001). Although myocardial 99mTc-PYP 
uptake remained higher than control values in both QRC-
treated groups [DOX + QRC (10 mg/kg), p<0.0001; DOX + 
QRC (100 mg/kg), p=0.0106], direct comparison with the 
DOX group demonstrated a significant dose-dependent 
reduction in tracer accumulation (10 mg/kg: p=0.0329; 
100 mg/kg: p=0.0006). Comparison between the two 
QRC-treated groups revealed that administration of 100 
mg/kg QRC resulted in significantly lower myocardial 
radiotracer uptake than 10 mg/kg, indicating a dose-
dependent effect (p=0.0106). These findings demonstrate 
that QRC administration significantly attenuates DOX-
induced myocardial accumulation of 99mTc-PYP in a dose-
dependent manner, suggesting a protective effect of QRC 
against DOX-related myocardial injury (Figure 3, Table 1).

Red circles indicate ROIs placed over the cardiac area for 
quantitative analysis. DOX administration resulted in 
markedly increased myocardial radiotracer accumulation 
compared with controls, whereas QRC treatment reduced 
myocardial 99mTc-PYP uptake in a dose-dependent 
manner.

Figure 2. Experimental timeline 

ECG: Electrocardiography, PYP: Pyrophosphate
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Effects on ECG parameters

Heart rate analysis revealed a significant overall group effect 
[F(3.24) =30.32, p<0.0001], with marked heart rate alteration 
in the DOX group compared with controls (p<0.0001), while 
both QRC doses significantly improved heart rate relative 
to DOX (10 mg/kg: p=0.0175; 100 mg/kg: p<0.0001), and the 
higher dose restored values to control levels (p=0.4687).

QT interval duration and ST segment elevation differed 
significantly among groups [QT: F(3.24) =18.42, p<0.0001; ST: 
F(3.24) =58.56, p<0.0001], with DOX inducing pronounced 

QT prolongation and ST elevation compared with controls 
(both p<0.0001). While QT interval prolongation was only 
partially reduced in the DOX + QRC (10 mg/kg) group 
and did not reach statistical significance compared with 
the DOX group (p=0.1935), treatment with DOX + QRC 
(100 mg/kg) resulted in a significant shortening of the QT 
interval (p<0.0001). ST-segment elevation was significantly 
attenuated in both QRC-treated groups compared with 
the DOX group (DOX + QRC 10 mg/kg, p=0.0005; DOX + 
QRC 100 mg/kg, p<0.0001). Notably, ST segment values 
were significantly lower in the DOX + QRC (100 mg/kg) 

Figure 3. Effects of quercetin on doxorubicin-induced myocardial 99mTc-PYP uptake

Representative planar myocardial scintigraphic images obtained 1 h after intravenous injection of 99mTc-PYP are shown for 
the (a) Control, (b) DOX, (c) DOX + QRC (10 mg/kg), and (d) DOX + QRC (100 mg/kg) groups.

The lower panel shows quantitative analysis of myocardial 99mTc-PYP uptake, expressed as mean ± SEM (n=7 per group). 
Differences among groups were analyzed using the Kruskal-Wallis test followed by pairwise Mann-Whitney U tests with 
Bonferroni correction for multiple comparisons

*: p<0.05, **: p<0.01, ***: p<0.001 were considered statistically significant, PYP: Pyrophosphate, DOX: Doxorubicin, SEM: Standard error of the 
mean, QRC: Quercetin

Table 1. Scintigraphic and electrocardiographic findings in control and experimental groups

Control DOX QRC (10) + DOX QRC (100) + DOX

99mTc-PYP uptake 34914±3583 79943±5613b 64171±3365b,c 49829±3393a,d,f

Heart rate (bpm) 307±3.92 225±8.69 b 256±8.5b,c 293±4.18d

QT interval (duration, s) 0.070±0.002 0.110±0.006b 0.082±0.003c 0.075±0.003d,e

ST-segment amplitude (mV) 0.037±0.002 0.116±0.007b 0.068±0.003b,d 0.045±0.003d,e

a: p<0.05, b: p<0.001, all groups when compared to control group, c: p<0.05, d: p<0.001 QRC (10) + DOX and QRC (100) + DOX groups when compared to DOX group, 
e: p<0.01, f: p<0.001, QRC (10) + DOX group when compared to QRC (100) + DOX group.
Data are presented as mean ± SEM (n=7 per group). 99mTc-PYP uptake was analyzed using the Kruskal-Wallis test followed by pairwise Mann-Whitney U tests with 
Bonferroni correction for multiple comparisons. Electrocardiographic parameters (heart rate, QT interval, and ST-segment amplitude) were analyzed using One-
Way ANOVA followed by Tukey’s post-hoc test, DOX: Doxorubicin, SEM: Standard error of the mean, QT: Q wave-T wave interval, QRC: Quercetin
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group than in the DOX + QRC (10 mg/kg) group (p=0.0098), 
indicating a dose-dependent cardioprotective effect (Figure 
4, Table 1).

Biochemical Parameters

Serum cardiac injury markers (cTnT and CK-MB) 

Data presented in Table 2 and Figure 5 revealed significant 
group differences in serum cardiac injury markers. One-
Way ANOVA showed significant overall effects for both 
cTnT [F(3.24) =28.96, p<0.0001] and CK-MB [F(3.24) =22.75, 
p<0.0001]. Both markers were significantly elevated in 
the DOX group compared with controls (both p<0.0001), 
indicating marked myocardial injury.

Post-hoc Tukey analysis demonstrated that QRC treatment 
significantly reduced cTnT and CK-MB levels compared 
with the DOX group (cTnT: QRC 10 mg/kg, p=0.0005; QRC 
100 mg/kg, p<0.0001; CK-MB: QRC 10 mg/kg, p=0.0016; 
QRC 100 mg/kg, p<0.0001). No significant differences were 
observed between the two QRC doses for either marker 

(cTnT, p=0.0289; CK-MB, p=0.1589), and biomarker levels 
in QRC-treated groups did not differ significantly from 
controls (p>0.05) (Figure 5, Table 2).

ER stress-related parameters (GRP78 and CHOP)

Data presented in Table 2 and Figure 6 show that ER 
stress-related markers were significantly affected by DOX 
treatment. One-Way ANOVA revealed significant overall 
group differences for both GRP78 [F(3.24) =16.65, p<0.0001] 
and CHOP [F(3.24) =106.0, p<0.0001]. Both GRP78 and 
CHOP levels were significantly increased in the DOX group 
compared with the control group (p<0.0001 for both), 
indicating pronounced ER stress induction following DOX 
administration (Figure 6, Table 2). 

Administration of QRC at both doses significantly reduced 
GRP78 content and CHOP activity compared with the DOX 
group (QRC 10 mg/kg: GRP78 p=0.0244, CHOP p<0.0001; 
QRC 100 mg/kg: GRP78 p=0.0002, CHOP p<0.0001). 
When the two QRC doses were compared, no statistically 
significant difference was observed in GRP78 levels 

Figure 4. Effects of quercetin on doxorubicin-induced electrocardiographic alterations

Representative electrocardiographic (ECG) recordings obtained from rats in the (a) Control, (b) DOX, (c) DOX + QRC (10 mg/
kg), and (d) DOX + QRC (100 mg/kg) groups are shown. 

Quantitative analyses of (e) heart rate, (f) QT interval duration, and (g) ST segment amplitude are presented as mean ± SEM 
(n=7 per group). Statistical comparisons were performed using One-Way ANOVA followed by Tukey’s multiple comparisons 
test

*: p<0.05, **: p<0.01, ***: p<0.001 indicate significant differences between groups, as specified, DOX: Doxorubicin, QRC: Quercetin, QT: Q wave-T 
wave interval 
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(p=0.1923), whereas CHOP levels were significantly lower 
in the QRC (100 mg/kg) group than in the QRC (10 mg/kg) 
group (p<0.0001), indicating a dose-dependent attenuation 
of CHOP-mediated ER stress and apoptotic signaling.

Oxidative stress-related parameters (MDA and GSH)

Kruskal-Wallis analysis revealed a significant overall 
difference among the groups in MDA levels [χ2(3) =19.619, 
p<0.001]. Consistent with this finding, MDA levels were 
significantly increased in the DOX group compared with 
the control group (p<0.0001), indicating enhanced lipid 
peroxidation. QRC treatment significantly reduced MDA 
levels compared with the DOX group (QRC 10 mg/kg, 

p=0.002; QRC 100 mg/kg, p<0.0001). In parallel, reduced 
GSH levels showed a significant overall group effect by 
One-Way ANOVA [F(3.24) =28.01, p<0.0001], with a marked 
decrease observed in the DOX group relative to controls 
(p<0.0001). QRC administration significantly increased 
GSH levels in both treatment groups (QRC 10 mg/kg and 
QRC 100 mg/kg, p=0.024, p<0.0001, respectively). Notably, 
MDA levels were significantly lower in the QRC (100 mg/
kg) group than in the QRC (10 mg/kg) group (p=0.0148), 
whereas no significant difference was observed in GSH 
levels between the two QRC-treated groups (p>0.05) 
(Figure 6, Table 2).

Table 2. Biochemical parameters in heart tissue and serum

Control DOX QRC (10) + DOX QRC (100) + DOX

cTnT (pg/mL) 785±221 3731±418c 2091±126b,f 1031±88f,g

CK-MB (U/L) 462±26 868±37c 646±22b,e 531±54f 

GRP78 (ng/mg protein) 0.73±0.07 2.13±0.23c 1.49±0.13b,d 1.05±0.10f 

CHOP (pg/mg protein) 44.77±3.10 182.5±7.40c 127±6.89c,f 77.32±4.94b,f,h

TNF-a (pg/mg) 128±10 282±27c 170±17f 125±11f 

IL-6 (pg/mg) 4.96±0.58 11.10±0.99c 6.92±0.85e 5.16±0.56f 

MDA (nmol/mg) 1.60±0.15 5.17±0.43c 2.91±0.29b,e 1.92±0.18f,g

GSH (µmol/g) 47.87±2.47 18.43±1.61c 28.76±2.89c,d 37.29±2.29a,f 

SIRT1 (ng/mg) 3.40±0.15 1.45±0.06c 2.21±0.18c,d 2.76±0.23f

a: p<0.05, b: p<0.01, c: p<0.001, all groups when compared to control group, d: p<0.05, e: p<0.01, f: p<0.001, QRC (10) + DOX and QRC (100) + DOX groups when 
compared to DOX group, g: p<0.05, h: p<0.001 QRC (10) + DOX group when compared to QRC (100) + DOX group, data are presented as mean ± SEM (n=7 per group)
DOX: Doxorubicin, GSH: Glutathione, QRC: Quercetin, MDA: Malondialdehyde, CK-MB: Creatine kinase-myocardial band, TNF: Tumor necrosis factor, SEM: 
Standard error of the mean

Figure 5. Serum cardiac injury markers. (a) cTnT and (b) CK-MB levels in control, DOX, QRC (10 mg/kg) + DOX, and QRC (100 
mg/kg) + DOX groups. Data are presented as mean ± SEM (n=7). Statistical analysis was performed using One-Way ANOVA 
followed by Tukey’s post-hoc test

*: p<0.05, **: p<0.01, ***: p<0.001, ns: Not significant, DOX: Doxorubicin, QRC: Quercetin, CK-MB: Creatine kinase-myocardial band, cTnT: 
Cardiac troponin T, SEM: Standard error of the mean
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Inflammation-related cytokines (TNF-α and IL-6)

Data presented in Table 2 and Figure 7 demonstrate 
significant alterations in pro-inflammatory cytokine levels 
among the experimental groups. One-Way ANOVA revealed 
significant overall group differences for both TNF-α [F(3.24) 
=16.97, p<0.0001] and IL-6 [F(3.24) =13.55, p<0.0001]. 
TNF-α and IL-6 levels were significantly increased in 
the DOX group compared with the control group 
(both 0.0001), indicating a pronounced inflammatory 
response following DOX administration. QRC treatment 
significantly reduced TNF-α and IL-6 levels compared 
with the DOX group at both doses (TNF-α: QRC 10 mg/
kg p=0.0009, QRC 100 mg/kg p<0.0001; IL-6: QRC 10 mg/
kg p=0.0044, QRC 100 mg/kg p<0.0001). However, no 
statistically significant difference was observed between 
the two QRC-treated groups for either TNF-α (p=0.3131) 
or IL-6 (p=0.3912) (Figure 7, Table 2).

SIRT1

Data presented in Table 2 and Figure 7 demonstrate 
significant alterations in SIRT1 levels among the 
experimental groups. One-Way ANOVA revealed a 
significant overall group effect for SIRT1 [F(3.24) =23.64, 
p<0.0001]. SIRT1 levels were significantly reduced in the 
DOX group compared with the control group (p<0.0001), 
indicating suppression of SIRT1–mediated cytoprotective 
signaling following DOX administration (Figure 7, Table 2).

QRC treatment significantly restored SIRT1 levels 
compared with the DOX group at both doses (QRC 10 mg/
kg, p=0.0218; QRC 100 mg/kg, p<0.0001). However, no 
statistically significant difference was observed between 
the two QRC-treated groups (p=0.1274), suggesting that 
QRC-induced SIRT1 activation was not dose-dependent 
under the present experimental conditions.

Figure 6. Effects of quercetin on ER stress and oxidative stress markers in cardiac tissue. Levels of (a) GRP78, (b) CHOP, (c) 
malondialdehyde (MDA), and (d) reduced (GSH) in control, DOX, QRC (10 mg/kg) + DOX, and QRC (100 mg/kg) + DOX groups. 
Data are expressed as mean ± SEM (n=7 per group). 

GRP78, CHOP, and GSH were analyzed using One-Way ANOVA followed by Tukey’s post-hoc test, whereas MDA levels were 
analyzed using the Kruskal-Wallis test followed by pairwise Mann-Whitney U tests with Bonferroni correction for multiple 
comparisons

 *: p<0.05, **: p<0.01, ***: p<0.001, ns: Not significant, GSH: Glutathione, DOX: Doxorubicin, QRC: Quercetin, ER: Endoplasmic reticulum, CHOP: 
C/EBP homologous protein, SEM: Standard error of the mean
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Normally distributed variables were analyzed using One-
Way ANOVA followed by Tukey’s post-hoc test. Non-
normally distributed variables (MDA) were analyzed 
using the Kruskal-Wallis test followed by pairwise Mann-
Whitney U tests with Bonferroni correction for multiple 
comparisons.

Biochemical renal and hepatic markers

Renal Function Markers: BUN and Creatinine

BUN values showed a normal distribution. They were 
therefore analyzed using One-Way ANOVA, which revealed 
a significant overall group effect [F(3.24) =48.04, p<0.0001], 
indicating that DOX administration significantly increased 
BUN levels compared with the Control group (p<0.0001), 
while co-treatment with QRC at 10 mg/kg (QRC 10 + DOX) 
and 100 mg/kg (QRC 100 + DOX) significantly attenuated 
this increase relative to the DOX group (p<0.001 and 
p<0.001, respectively), with no significant difference 
between the two QRC doses (p=0.069). 

In contrast, serum creatinine levels did not follow a 
normal distribution and were therefore analyzed using 
the Kruskal-Wallis test, which revealed a significant overall 
difference among the groups [χ2(3) =23.485, p<0.001]. 

Pairwise comparisons demonstrated that DOX significantly 
increased creatinine levels compared with the control 
group (p<0.0001). Treatment with QRC significantly 
reduced creatinine levels relative to the DOX group in 
both treatment groups (QRC 10 + DOX, p=0.0379; QRC 
100 + DOX, p<0.0001). Moreover, creatinine levels were 
significantly lower in the QRC 100 + DOX group than in 
the QRC 10 + DOX group (p=0.0015), indicating a stronger 
protective effect at the higher dose.

Hepatic Enzymes: AST, ALT, and GGT

As shown in Table 3 and Figure 8, normality testing 
indicated that AST and GGT values were normally 
distributed, and these variables were therefore analyzed 
using One-Way ANOVA. A significant overall treatment 
effect was observed for AST [F(3.24) =27.91, p<0.0001] and 
GGT [F(3.24) =33.41, p<0.0001]. Post-hoc Tukey’s multiple 
comparisons test demonstrated that DOX administration 
markedly increased serum AST and GGT levels compared 
with the control group (both p<0.001), indicating 
pronounced hepatocellular injury (Figure 8).

Figure 7. Effects of quercetin on inflammatory and SIRT1 signaling markers in cardiac tissue. (a) TNF-α, (b) IL-6, and (c) SIRT1 
levels in control, DOX, QRC (10 mg/kg) + DOX, and QRC (100 mg/kg) + DOX groups. Data are expressed as mean ± SEM (n=7). 
One-Way ANOVA followed by Tukey’s post-hoc test

*: p<0.05, **: p<0.01, ***: p<0.001, ns: Not significant, SEM: Standard error of the mean, TNF: Tumor necrosis factor, DOX: Doxorubicin, QRC: 
Quercetin
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Table 3. Renal and hepatic biochemical markers

Control DOX QRC (10) + DOX QRC (100) + DOX 

Creatinine (mg/dL) 0.40±0.02 2.11±0.20c 1.54±0.14c,d 0.86±0.08c,f,g

BUN (mg/dL) 25.14±1.42 97.43±6.84c 64.43±4.19c,f 48.29±3.21b,f

AST (U/L) 191.9±8.54 581.6±48.71c 407.4±24.74c,e 300±29.96f

ALT (U/L) 62±2.58 287.6±24.24b 192.1±14.21b,d 139.1±5.0b,e,g

GGT (U/L) 5.28±0.42 18.71±1.16c 13.14±1.26c,e 9.85±0.82a,f

a: p<0.05, b: **p<0.01, c: *** p<0.001 vs. control; d: p<0.05, e: **p<0.01, f: ***p<0.001 vs. DOX;
g: p<0.01 QRC (10) + DOX group when compared to QRC (100) + DOX, DOX: Doxorubicin, QRC: Quercetin, BUN: Blood urea nitrogen, AST: Aspartate transaminase, 
ALT: Alanine transaminase, GGT: Gamma-glutamyl transferase

Figure 8. Effects of quercetin on doxorubicin-induced renal and hepatic injury markers.

Serum levels of (a) creatinine (mg/dL), (b) blood urea nitrogen [(BUN), mg/dL], (c) aspartate aminotransferase [(AST), U/L], 
(d) alanine aminotransferase [(ALT), U/L], and (e) gamma-glutamyl transferase [(GGT), U/L] in Control, doxorubicin (DOX), 
QRC 10 mg/kg + DOX [QRC (10) + DOX], and QRC 100 mg/kg + DOX (QRC (100) + DOX) groups. One-Way ANOVA followed 
by Tukey’s multiple comparisons test was used for normally distributed variables (BUN, AST, and GGT). ALT and creatinine 
values were analyzed using the Kruskal-Wallis test followed by Mann-Whitney U post-hoc comparisons, *: p<0.05, **: p<0.01, 
***: p<0.001 vs. control;

Brackets indicate comparisons between treatment groups; ns: Not significant.

Normally distributed variables were analyzed using One-Way ANOVA followed by Tukey’s post-hoc test. Non-normally 
distributed variables (ALT and creatinine) were analyzed using the Kruskal-Wallis test followed by pairwise Mann-Whitney U 
tests with Bonferroni correction for multiple comparisons
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Co-treatment with QRC at 10 mg/kg (QRC 10 + DOX) 
significantly attenuated the DOX-induced elevations in AST 
(p=0.0003) and GGT (p=0.0026) relative to the DOX group. 
Similarly, QRC at 100 mg/kg (QRC 100 + DOX) produced 
a more pronounced reduction in AST and GGT (both 
p<0.001) compared with DOX alone. Direct comparison 
between QRC 10 + DOX and QRC 100 + DOX revealed no 
statistically significant difference for AST (p=0.1016) or 
GGT (p=0.1090).

In contrast, serum ALT values did not follow a normal 
distribution and were therefore analyzed using the Kruskal-
Wallis test, which demonstrated a significant overall 
difference among the experimental groups [χ2(3) =24.416, 
p<0.001].

ALT levels were significantly higher in the DOX group 
compared with the control group (p=0.002). QRC treatment 
significantly reduced ALT levels relative to the DOX group 
in both treatment groups (QRC 10 + DOX, p=0.013; QRC 100 
+ DOX, p=0.002). Furthermore, ALT levels were significantly 
lower in the DOX + QRC (100 mg/kg) group than in the 
DOX + QRC (10 mg/kg) group (p=0.002), indicating a dose-
dependent hepatoprotective effect of QRC.

Discussion
In the present study, DOX administration induced marked 
ER stress and oxidative-inflammatory damage in cardiac 
tissue, as evidenced by increased GRP78, CHOP, MDA, 
TNF-α, and IL-6 levels together with reduced SIRT1 and GSH, 
which were paralleled by significant electrocardiographic 
abnormalities and increased myocardial uptake on Tc-
99m PYP scintigraphy. Notably, QRC dose-dependently 
attenuated these biochemical, electrophysiological, and 
scintigraphic alterations, with the higher dose conferring 
more pronounced cardioprotection.

In this study, Electrocardiographic analysis revealed 
significant QT interval prolongation, ST-segment elevation, 
and bradycardia in the DOX-treated rat. QT prolongation 
is a well-established marker of impaired ventricular 
repolarization and is closely associated with malignant 
arrhythmias and increased cardiovascular mortality (11,12). 
DOX has been shown to prolong cardiac action potential 
duration by disrupting delayed rectifier potassium currents 
(IKr/IKs) and calcium handling (13,14). At the same time, 
the accompanying ST-segment elevation likely reflects 
myocardial membrane injury and necrosis-related injury 
currents. The accompanying reduction in heart rate may 
be attributed to DOX-induced sinus node dysfunction and 
autonomic imbalance, which have previously been linked 

to mitochondrial damage and oxidative stress in pacemaker 
cells (15,16).

Tc-99m PYP is a radiopharmaceutical that binds to calcium 
complexes and preferentially accumulates in necrotic 
tissue. It has been routinely used in nuclear medicine for 
the imaging of myocardial and tissue necrosis (17-20). 
Consistent with this study, diffuse myocardial PYP uptake 
occurs in anthracycline-injured hearts (21). Miyagawa 
et al. (22) evaluated chronic DOX-induced myocardial 
injury in a rat model using 201Tl-thallium and 99mTc-PYP 
uptake. They reported that cardiac accumulation of 99mTc-
PYP occurred only in the presence of advanced necrotic 
myocardial damage. In the present study, PYP uptake was 
markedly reduced in QRC-treated groups compared to 
DOX alone, indicating that QRC mitigated DOX-induced 
myocardial injury and supporting its cardioprotective role.

Consistent with the ECG and scintigraphic findings, DOX 
administration resulted in marked elevations in serum cTnT 
and CK-MB levels, confirming substantial cardiomyocyte 
injury and membrane disruption. Troponin elevation is 
widely accepted as a sensitive indicator of anthracycline-
induced myocardial damage and has been correlated 
with both acute and long-term cardiac dysfunction (23). 
Consistent with previous reports, DOX administration 
resulted in significant elevations in cTnT and CK-MB levels, 
confirming myocardial injury (24,25). 

DOX-induced oxidative stress primarily arises from 
excessive ROS generation during mitochondrial metabolism 
in cardiomyocytes, which are particularly susceptible due 
to their high mitochondrial density and limited antioxidant 
capacity (26,27). Excess ROS damages lipid membranes, 
proteins, and nucleic acids, promoting cardiomyocyte 
dysfunction and death (28), while simultaneously 
triggering inflammatory signaling. In this context, DOX 
has been shown to activate NF-κB, TLR4, and the NLRP3 
inflammasome, leading to increased TNF-α and IL-6 
production (29,30), consistent with the elevated cytokine 
levels observed in the present study. Oxidative stress is 
also closely linked to ER stress, as ROS disrupts protein 
folding and activates the unfolded protein response. The 
concurrent upregulation of GRP78 and CHOP suggests a 
shift toward ER stress–mediated apoptosis, consistent with 
reports of CHOP-dependent cardiomyocyte death in DOX 
models (31).

In the current study, the observed reduction in SIRT1 
expression in DOX-treated hearts provides important 
mechanistic insight into DOX cardiotoxicity. SIRT1 is a 
NAD+-dependent deacetylase that plays a central role in 
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cellular stress adaptation, and previous studies have shown 
that DOX exposure suppresses cardiac SIRT1 expression 
and activity, thereby enhancing ROS generation and 
myocardial injury (32,33). Under physiological conditions, 
SIRT1 negatively regulates both ER stress and inflammatory 
signaling by modulating UPR activity and limiting NF-
κB-dependent cytokine transcription (34). Thus, DOX-
mediated SIRT1 suppression likely contributes to sustained 
ER stress activation and increased TNF-α and IL-6 
production. Supporting this interpretation, experimental 
models have demonstrated that SIRT1 deficiency markedly 
increases GRP78 and CHOP expression, whereas SIRT1 
overexpression attenuates ER stress responses (35). 
Moreover, cardiomyocyte-specific SIRT1 deletion has 
been shown to activate multiple UPR branches and 
promote CHOP-dependent cell death (36), findings 
further corroborated in sepsis and aging models (37,38). 
Collectively, these data indicate that SIRT1 functions as a 
key negative regulator of the ER stress–UPR–CHOP axis in 
the heart.

QRC treatment markedly reversed the pathological 
alterations induced by DOX in the present study. QRC-
treated groups exhibited significant reductions in GRP78 
and CHOP expression, restoration of SIRT1 levels, 
attenuation of lipid peroxidation, and recovery of GSH 
content. In parallel, TNF-α and IL-6 levels were substantially 
reduced. These findings indicate that QRC simultaneously 
targets oxidative, ER, and inflammatory stress. Extensive 
evidence supports QRC’s potent antioxidant capacity and 
cardioprotective efficacy across diverse cardiac injury 
models, including ischemia-reperfusion injury, myocardial 
infarction, and diabetic cardiomyopathy (39-43).

Mechanistically, QRC activates the Nrf2 signaling 
pathway, leading to enhanced expression of endogenous 
antioxidant defenses, including SOD, GSH, and HO-1 
(44-46). Concurrently, QRC suppresses stress-activated 
inflammatory pathways by inhibiting NF-κB signaling, 
thereby reducing pro-inflammatory cytokine production. 

Notably, emerging evidence indicates that QRC can 
also enhance SIRT1 activity. Through SIRT1-dependent 
mechanisms, including XBP1 deacetylation, QRC dampens 
excessive UPR activation and alleviates ER stress (47-49).

In the present study, DOX administration significantly 
increased renal and hepatic injury markers, whereas QRC 
co-treatment partially but significantly reversed these 
alterations in a dose-dependent manner. Consistent 
with our findings, numerous experimental studies have 
demonstrated that DOX induces marked renal and 
hepatic dysfunction – reflected by elevations in serum 
creatinine, BUN, and hepatic transaminases – primarily 
through mechanisms involving oxidative stress, ER stress, 
and inflammatory signaling (50,51). Previous reports 
have shown that various antioxidant agents attenuate 
DOX-induced renal and hepatic injury by suppressing 
oxidative damage, reducing ER stress responses, and 
limiting inflammatory cascades (31,52). Several previous 
experimental studies have demonstrated that QRC protects 
against DOX-induced hepatic and renal toxicity by reducing 
oxidative stress and associated tissue damage in animal 
models (53-56). In line with this evidence, the observed 
renoprotective and hepatoprotective effects of QRC in 
our study may be, at least in part, attributed to its strong 
antioxidant properties, which likely mitigate DOX-induced 
oxidative and inflammatory tissue injury (Figure 9) (53-56).

Conclusion 
These findings suggest that QRC interrupts the self-
perpetuating cycle of ROS accumulation, ER stress, and 
DOX-induced inflammation. By restoring SIRT1 signaling 
and reinforcing antioxidant defenses, QRC preserves 
cellular homeostasis and limits cardiomyocyte injury. This 
integrated mechanism provides a coherent explanation 
for the observed cardioprotective effects of QRC in DOX-
induced cardiotoxicity.
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