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This study investigated the potential cardioprotective effects of hesperidin (HES) against cardiac damage induced  
by streptozotocin (STZ)-mediated diabetes in rats. Diabetes was induced by a single intraperitoneal injection of  
STZ (45 mg/kg) and HES (100 mg/kg/day) were administered intragastrically to treatment groups for 14 days. Cardiac 
tissue samples were analyzed using the ELISA method for Total Antioxidant Status (TAS) Total Oxidant Status (TOS) 
malondialdehyde (MDA) and glutathione (GSH) levels, while inflammatory (TNF-α) and apoptotic (Caspase-3) markers 
were assessed immunohistochemically. STZ administration resulted in significantly increased TNF-α expression, TOS and 
MDA levels, and reduced TAS and GSH levels, accompanied by severe myocardial degeneration, necrosis, and vascular 
congestion. HES treatment markedly improved antioxidant status, decreased oxidative and inflammatory markers, and 
reduced apoptosis. Histopathological evaluations demonstrated substantial preservation of cardiac morphology in the 
STZ+HES group. Overall, these findings suggest that HES has a protective effect against diabetes-induced cardiac injury, 
likely through the modulation of oxidative stress, inflammation, and apoptosis. 
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Diabetes mellitus (DM) is a chronic metabolic 
disorder that has become one of the most significant 
global health challenges due to its rapidly increasing 
prevalence and its broad spectrum of systemic 
complications. Beyond its classical metabolic 
manifestations, diabetes exerts profound deleterious 
effects on the cardiovascular system, where sustained 
hyperglycemia, mitochondrial dysfunction, and 
enhanced generation of reactive oxygen species 
collectively contribute to myocardial structural and 
functional alterations1-3. High blood sugar levels in 
DM increase the production of reactive oxygen 
species (ROS). ROS causes oxidative damage to 
lipids, proteins and DNA in cells. Cardiac tissue is 
particularly sensitive to oxidative stress due to its high 
metabolic activity4. Abukhalil et al. reported that 
there was a significant increase in malondialdehyde 
(MDA) protein carbonyl, nuclear factor kappa B (NF-
κB) p65, tumour necrosis factor-alpha (TNF-α) 
interleukin 1-beta (IL-1β) inducible nitric oxide 
synthase (iNOS) IL-6, Bax, caspase-3 (Casp/3) and 8-

Oxo-7'8-dihydro-2'-deoxyguanosine (8-Oxo-dG) 
parameters and a decrease in superoxide dismutase 
(SOD) catalase (CAT) glutathione (GSH) and  
Bcl-2 levels in heart tissue samples of rats in  
which they created an experimental diabetes model5. 
Liang et al. observed a significant decrease in 
antioxidant parameters GSH, SOD and CAT levels, 
and an increase in cardiac fibrosis and 
proinflammatory cytokine levels in streptozotocin-
induced diabetic rats compared to the control group6. 
Since oxidative stress plays a crucial role in all 
damage mechanisms, approaches that reduce 
oxidative stress have gained importance among the 
treatment methods considered for DM. 

Hesperidin (HES) is a compound belonging to the 
flavonoid group and is especially prevalent in citrus 
fruits (such as orange, lemon, and grapefruit)7. HES 
can potentially prevent and treat various diseases 
associated with oxidative stress, due to its potent 
antioxidant properties. HES protects cellular health by 
neutralizing free radicals, metal chelating, anti-
inflammatory effects, and activating enzymatic 
antioxidant systems8-10. Kakadiya et al. reported that 
HES was effective in reducing cardiovascular 
complications and controlling blood glucose levels 
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and cardiac complications in diabetes
myocardial infarction11. Agrawal et al
in streptozotocin-isoproterenol-induced myocardial 
toxicity in rats, HES reduced oxidative stress and 
apoptosis and improved cardiac function 
PPAR-γ pathway12. 

This study investigated the protective effect of 
HES on cardiac injury in a streptozotocin
diabetes model. For this purpose, the levels of TAS, 
TOS, MDA, and GSH, as well as the 
immunohistochemical expressions of TNF
Caspase-3, were investigated in the heart tissue of the 
STZ-induced DM model. The effects of HES on 
tissue injury were determined by histopathological 
examination and other measured parameters.

 
Materials and Methods 
Materials 

The following materials were used for the 
experiments: hesperidin (Sigma-Aldrich, MO, USA); 
streptozotocin (Santa Cruz Biotec., USA); TNF
(Santa Cruz Biotechnology, sc-52746, 1/200); 
(Biorbyt Explore Bioreagents, orb500787, 1:100
TAS, TOS, MDA and GSH ELISA kits ((Reed 
Biotech, Wuhan, China). 

 
Animals and experimental design 

Wistar Albino rats, weighing between 200 and 
250 grams, were maintained under specific pathogen
free conditions with a controlled 12
cycle and provided with food and water ad libitum. The 
experimental protocol prioritised the minimisation of 
animal distress and aimed to reduce the total number of 
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streptozotocin (Santa Cruz Biotec., USA); TNF-α 
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(Biorbyt Explore Bioreagents, orb500787, 1:100); and 
TAS, TOS, MDA and GSH ELISA kits ((Reed 

Wistar Albino rats, weighing between 200 and  
250 grams, were maintained under specific pathogen-
free conditions with a controlled 12-hour light/dark 

cle and provided with food and water ad libitum. The 
experimental protocol prioritised the minimisation of 
animal distress and aimed to reduce the total number of 

subjects utilised. A cohort of twenty
randomly assigned to one of four experim
(control, STZ, HES, and STZ+HES
comprising seven animals. For the induction of 
diabetes in the STZ groups, a single intraperitoneal 
(i.p.) injection of streptozotocin (STZ) at a dosage of 
45 mg/kg was administered13. Seventy
STZ administration, blood samples were obtained 
from the caudal veins of all rats, and glucose 
concentrations were determined using a glucometer. 
Rats exhibiting a fasting blood glucose level of 
250 mg/dL or higher were classified as diabetic, and 
this day was designated as the commencement of the 
14-day experimental period. Throughout this 14
duration, the HES group received a daily intragastric 
(i.g.) administration of hydroxyethyl starch (HES) at a 
dosage of 100 mg/kg, dissolved in a saline solution
The experimental period concluded on the fourteenth 
day. Subsequently, all rats were subjected to deep 
sedation via intraperitoneal injection of a ketamine (50 
mg/kg) and xylazine (20 mg/kg) combination within 
the facilities of the same research center. Following 
euthanasia, cardiac tissue samples were harvested. A 
subset of these samples was immediately 
cryopreserved at -80°C for subsequent biochemical 
analyses. The remaining portions of the heart 
tissue were immersed in a 10% formaldehyde 
solution for downstream histopa
immunohistochemical evaluations.

 

Biochemical analysis 
TAS, TOS, MDA, and GSH levels in heart tissue 

homogenates were determined using
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subjects utilised. A cohort of twenty-eight rats was 
randomly assigned to one of four experimental groups 
(control, STZ, HES, and STZ+HES) with each group 
comprising seven animals. For the induction of 
diabetes in the STZ groups, a single intraperitoneal 
(i.p.) injection of streptozotocin (STZ) at a dosage of 

. Seventy-two hours post-
STZ administration, blood samples were obtained  
from the caudal veins of all rats, and glucose 
concentrations were determined using a glucometer. 
Rats exhibiting a fasting blood glucose level of  
250 mg/dL or higher were classified as diabetic, and 
this day was designated as the commencement of the 

ay experimental period. Throughout this 14-day 
duration, the HES group received a daily intragastric 
(i.g.) administration of hydroxyethyl starch (HES) at a 
dosage of 100 mg/kg, dissolved in a saline solution14. 

period concluded on the fourteenth 
day. Subsequently, all rats were subjected to deep 
sedation via intraperitoneal injection of a ketamine (50 
mg/kg) and xylazine (20 mg/kg) combination within 
the facilities of the same research center. Following 

a, cardiac tissue samples were harvested. A 
subset of these samples was immediately 

80°C for subsequent biochemical 
analyses. The remaining portions of the heart  
tissue were immersed in a 10% formaldehyde  
solution for downstream histopathological and 
immunohistochemical evaluations. 

TAS, TOS, MDA, and GSH levels in heart tissue 
homogenates were determined using an ELISA device 

 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, JANUARY 2026 
 
 

88

(BioTEK ELx80) at 450 nm with commercial  
ELISA kits (Reed Biotech, Wuhan, China). The 
Bradford method was measured for protein amounts 
in the heart tissue homogenates15. Protein 
concentrations were quantitatively determined from 
the generated standard curve equation using the 
acquired absorbance values. 

 
Histological analysis 

Following formalin fixation, the tissues of the 
hearts were embedded in paraffin blocks and 
dissected into 4 μm-thick sections. Then, sections 
were stained using H&E for examination of 
histopathological changes by using a light microscope 
(Olympus_Bx53, Tokyo, Japan). 

 
Immunohistochemical analysis for TNF-α and Casp/3expressions 

Immunohistochemical analysis for the assessment 
of TNF-α and Casp/3 expression was conducted 
utilising the avidin-biotin complex (ABC)  
method, employing a commercially available 
streptavidin/biotin immunoperoxidase kit (Histostain-
Plus Bulk Kit; Zymed, South San Francisco, CA, 
USA). Briefly, prepared tissue sections were mounted 
on adhesive slides and sequentially dehydrated 
through a series of xylene and graded ethanol 
solutions. Following rehydration in phosphate-
buffered saline (PBS) endogenous peroxidase activity 
was quenched by incubation in a 3% hydrogen 
peroxide (H₂O₂) solution for 20 min. Antigen retrieval 
was then performed by immersing the sections in a 
citrate buffer solution and subjecting them to two  
20 min heat treatments. Subsequently, the  
samples were allowed to cool to ambient temperature. 
Following a further wash with PBS, non-specific 
binding was blocked by incubating the samples with a 
protein blocking solution for 20 min. Subsequently, 
the sections were incubated overnight at 4°C with 
primary polyclonal antibodies specific for Casp/3 and 
TNF-α. After rinsing with PBS, the sections were 
incubated with a biotinylated secondary antibody for 
20 min at room temperature. This was followed by 
another PBS washing step and incubation with 
streptavidin-peroxidase for an additional 20 min. 
After a final wash with PBS, the chromogenic 
substrate diaminobenzidine was applied for 1-2 min to 
visualize the immunoreactivity. All tissue sections 
were then counterstained with Mayer's hematoxylin 
for 1-2 min and rinsed under tap water. Dehydration 
was achieved by sequential passage through a graded 
series of ethanol and xylene solutions, and the slides 

were finally mounted with Entellan. To confirm the 
specificity of the staining, negative control sections 
were processed identically but with PBS substituted 
for the primary antibodies. Microscopic examination 
and photomicrography were performed using a light 
microscope. Immunohistochemical staining intensity 
within the tissue was subjectively assessed and 
categorized as negative (−) mild (+) moderate (++) or 
intense (+++)16.  

 
Statistical analysis  

To ascertain the magnitude of the experimental 
intervention's effect on differentiating parameter and 
biomarker values, the effect size was quantified using 
Eta-squared (η²). An a priori statistical power analysis 
was conducted, setting the effect size at 0.8 (based on 
η²) alpha level (α) at 0.05, and desired power at 0.90. 
This analysis determined a minimum total sample size 
of 28 subjects, distributed across the four 
experimental groups. The normality of the data 
distribution for each parameter was assessed using the 
Shapiro-Wilk test, while the homogeneity of 
population variances across the groups was evaluated 
with Levene's test. The results of these tests indicated 
that all parameters within the groups conformed to the 
assumption of normality. Descriptive statistics for the 
parameters are presented as means and standard 
deviations. To compare the parameter measurements 
between the control and experimental groups, a 
bootstrap one-way ANOVA linear contrast analysis 
was employed. This bootstrap ANOVA, utilizing a 
simple sampling method, was performed based on 
1000 resampled datasets. Following the ANOVA, 
post-hoc analyses were conducted using either 
Tukey's Honestly Significant Difference (HSD) test 
(in cases of homogeneous variances) or the Games-
Howell test (when variances were unequal) to identify 
specific group differences that reached statistical 
significance. Histopathological findings were 
analysed by transforming theminto semi-quantitative 
data. Where the assumptions of parametric tests 
concerning the inter-group differences in 
histopathology results were satisfied, a one-way 
ANOVA was performed. Conversely, the Kruskal-
Wallis test was employed when these assumptions 
were not met. Subsequently, post-hoc multiple 
comparisons were conducted using either the 
Bonferroni-corrected Mann-Whitney U test or the 
Games-Howell test, as appropriate. Histograms were 
generated to visually represent the distribution of 
parameters within the experimental groups and to 
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illustrate the outcomes of the post-hoc analyses. 
Statistical analyses of the collected data were 
performed using the SPSS software package (version 
26.0, SPSS Inc., Chicago). Significance levels were 
determined using asymptotic two-sided tests, with a 
p-value of less than 0.05 considered statistically 
significant. 

 
Results 
Effects of HES on TAS, TOS, GSH and MDA levels  

The levels of TAS, TOS, GSH and MDA in the 
heart tissues of STZ-induced diabetic ratsare 
shown in (Fig. 1). When compared to the control  
and HES groups, the TAS and GSH levels of the  
STZ groups (STZ and STZ+HES) were the lowest, 
while the TOS and MDA levels were the highest  
(P< 0.05). In the STZ+HES group, in which HES 
treatment was applied to diabetic rats, the levels of 
TAS and GSH were higher compared to the STZ 

group, while the levels of TOS and MDA were lower 
(P< 0.05). 

 

Histopathological results 
Normal histologic structure of the heart was 

observed in the control (a) and HES (b) groups. In the 
STZ group (c) the most prominent morphologic 
changes in myocytes were severe degeneration and 
necrosis (*). Vascular congestion was also observed. 
In addition, it was noted that the heart tissues of the 
rats in the STZ+HES group (d) had almost normal 
histologic structures (Fig. 2). 

 

Immunohistochemical results 

TNF-α Figure 3, and Casp/3 Figure 4, Expressions: 
These two marker antigens applied to the heart tissues 
of all the rats produced negative reactions in the 
control and HES groups, a high positive expression in 
the STZ group, a low positive expression in the 
STZ+HES group (Table 1). 

 
 
Fig. 1 — Effect of HES on TAS (a) TOS (b) MDA (c) and GSH (d) levels in STZ-induced cardiac damage. (Data are shown as 
mean ± SD). (*p< 0.01 compared with control and HES groups, #p<0.05; compared with STZ group, Significance levels were obtained 
according to the Post Hoc HSD test) 
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Discussion 
HES has been reported to have anti-inflammatory, 

antioxidant, and anticancer activities, and can regulate 
cholesterol levels and blood pressure, playing a 
therapeutic role in diseases such as diabetes and 
obesity17-19. In this study, the effect of HES on heart 
tissue damage in the STZ-induced diabetes model was 
examined histopathologically, and the TAS, TOS, 
MDA, and GSH levels, as well as the expression 
levels of Cas/3 and TNF-α, were also determined. 

Diabetes, which is thought to be of hereditary 
origin and whose incidence is increasing due to many 
reasons such as nutritional deficiencies and inactivity, 
and which has a chronic course, is thought to be one 
of the most basic health problems encountered 

globally in the future1,2,20. Factors such as diabetes, 
high blood sugar, insulin resistance, hypertension, 
cholesterol disorders, oxidative stress, inflammation 
and obesity pose serious threats to cardiovascular 
health21. Heart tissue is extremely sensitive to 
oxidative stress due to its high content of 
mitochondria. In the heart, oxidative stress due to 
transient or persistent increases in steady-state 
reactive oxygen species levels leads to impaired 
signalling pathways and oxidative modification of 
cellular components, which can then lead to cell 
dysfunction or even cell death through necrosis or 
apoptosis3,22. Yıldırım et al. investigated the effects of 
ethanol extract of the rhubarb (Rheum ribes L.) plant 
on oxidative stress parameters in heart tissue in 
experimentally diabetic rats, and they reported that 
MDA levels increased, while SOD, catalase and GSH 
levels decreased in the diabetic group23. Naghdi et al. 
investigated the effects of type 1 diabetic rats on 
oxidative stress and apoptosis in the heart tissue and 
showed that increased TOS, OSI and MDA levels and 
decreased CAT, SOD and GSH-Px activities were in 
the diabetic group compared to the control group24.In 
the present study, the decreased TAS and GSH levels 
and increased TOS and MDA levels were observed in 

 
 

Fig. 2 — Light microscopic images of heart tissue stained with 
hematoxylin and eosin (H&E). Control group (a) and HES group;
(b) The histological structure of the heart appears normal. STZ 
group; (c) Coagulation necrosis and degeneration in the myocytes 
(*) and vascular congestion. STZ+HES group; and (d) Almost 
normal histologic structure was observed (Bar: 50 µm) 
 

 

Fig. 3 — Effect of HES on immune expression of TNF-α in heart 
tissue of rats: TNF-α expression was detected by 
immunohistochemical staining. (a) Control; (b) HES; (c) STZ, and 
(d) STZ+HES (Bar: 50 µm) 
 

 

Fig. 4 — Effect of HES on immune expression of Casp/3 in heart 
tissue of rats: Casp/3 expression was detected by 
immunohistochemical staining. (a) Control; (b) HES; (c) STZ, and 
(d) STZ+HES (Bar: 50 µm) 
 

Table 1 —The intensity of the TNF-α and Casp/3 
immunoreactivity in the rat heart tissues 

 Groups 

 Control HES STZ STZ+HES 
TNF-α - - +++ ++ 
Casp/3 - - +++ + 
Negative (-) mild (+) moderate (++) and intense (+++) 
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the heart tissues of rats induced with STZ diabetes. 
On the other hand, in the STZ+HES group, it was 
shown that received HES treatment, TAS and GSH 
levels increased, and TOS and MDA levels decreased 
compared to the STZ group (Fig. 1). 

Wardani et al., in STZ-induced diabetic rats, 
histological examination showed that STZ 
administration caused necrosis in cardiac cells25. 
Another study reported an increasing histopathological 
scoring and inflammatory cell infiltration as indicators 
of histopathological anomalies in rats due to diabetes26. 
Laddha et al. reported in their experimental model of 
diabetic cardiomyopathy in rats that various lesions, 
such as focal minimal to multifocal moderate 
lymphocytic infiltration and focal minimal to 
multifocal mild degeneration and angiogenesis,  
were observed in the heart tissue of diabetic animals27. 
Raish et al. reported that histological examination of 
heart tissues from STZ-induced diabetic rats revealed 
deformed nuclei, interstitial oedema, and focal 
cytoplasmic vacuolization in addition to irregular 
cardiac myofibril spreading when compared with the 
control group28. In this study, where the effect of HES 
on heart tissue damage was investigated in the STZ-
induced diabetes model, normal histological 
appearance was observed in the heart tissues of the 
control and HES groups, while the most obvious 
morphological changes in myocytes in the STZ group 
were severe degeneration and necrosis. Vascular 
congestion was also observed in the STZ group. In 
addition, it was noted that the heart tissues of rats in the 
STZ+HES group had almost normal histological 
structures (Fig. 2). 

TNF-α, as a potent pro-inflammatory cytokine, is 
considered an important mediator in diabetic 
cardiomyopathy. Increased glucose levels and other 
metabolic abnormalities may trigger TNF-α 
production in cardiac tissue29,30. TNF-α, in turn, may 
have direct toxic effects on cardiomyocytes, impair 
contractile function and induce apoptosis. The 
increased TNF-α expression in our study suggestedthat 
inflammatory processes were activated in diabetic 
cardiac tissue and contributed to tissue damage31,32. In 
their studies on the heart and pancreas during the early 
development of diabetic cardiomyopathy and 
pancreatic damage, Abdulwahab et al. noted an 
increase in proinflammatory cytokines (TNF-α, IL-6 
and IL-1β) and Bax, Casp/3 and P53 expressions in 
diabetic rats33. Zhong et al., in their study on rodents 
with streptozotocin-induced type 1 diabetes, showed 
that the mRNA levels of inflammatory markers such 

as TNF-α, IL-1β and IL-6 were reported to be 
significantly higher in heart tissues of the DM group 
compared to the control group. They also showed that 
the TNF-α level in heart tissues increased due to 
diabetes using immunohistochemical methods34. 
Apoptosis is an important mechanism of 
cardiomyocyte loss in diabetic cardiomyopathy35. 
Casp/3 is a central effect or protein in the apoptosis 
pathway, and its activation leads to cell death. In our 
study,an increase in the number of Casp/3 positive 
cells in the heart tissue of diabetic rats indicates 
increased cardiomyocyte apoptosis. It is known that 
excessive increases in OS and inflammation levels 
can trigger apoptosis by activating the caspase 
cascade36,37. Shafey et al., in a model of diabetes-
induced cardiomyopathy in rats, determined that 
TNF-α and Casp/3 levels were significantly increased 
in the heart tissues of diabetic rats compared to the 
control group38. In their study on experimental type 2 
diabetes-induced cardiac damage. Huo et al. 
immunofluorescence results showed higher Casp/3 
and caspase-9 expression in the heart tissue of 
diabetic mice compared with the control group39. In 
parallel with the literature, our study results exhibited 
that there was an increase in Cas/3 and TNF-α levels 
in the heart tissue of diabetic rats compared to the 
control and HES groups (Figs. 3 & 4). 

 

Conclusion 
The findings of this study provided essential 

information about the molecular mechanisms 
underlying the damage caused by diabetes in cardiac 
tissue. In particular, this study highlighted the critical 
roles of increased oxidative stress, inflammatory 
processes, and apoptosis in diabetic-induced cardiac 
damage. The study's findings revealed that HES may 
have a protective effect against the STZ-induced 
diabetic cardiac damage by reducing oxidative stress, 
pro-inflammatory cytokine, and apoptosis marker 
levels. HES may be a potential target for the 
development of new treatment strategies in the STZ-
induced diabetes model. 
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