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The rising prevalence of diabetes mellitus and metabolic syndrome, driven by diets high in fat and fructose, has significantly 
increased the risk of cardiovascular complications, including ischemia-reperfusion (IR) injury. Understanding the mechanisms 
linking dietary stressors to mitochondrial dysfunction in diabetes is crucial to addressing this health burden. Mitochondrial 
dysfunction, particularly in the subsarcolemmal fraction, is a hallmark feature of diabetic cardiomyopathy and IR injury. This 
study assessed the impact of a high-fat and fructose diet on IR injury in diabetic rat hearts. Forty-eight Wistar rats were assigned 
to four groups: normal, diabetes mellitus (DM), DM with a cholesterol diet (CD), and DM with a fructose diet (FD). Isolated 
hearts subjected to IR injury via Langendorff perfusion demonstrated cardiac hypertrophy, increased oxidative stress, and 
mitochondrial dysfunction in CD and FD groups compared to normal rats. FD rats exhibited significantly higher serum glucose, 
insulin resistance, brain natriuretic peptide expression, and subsarcolemmal mitochondrial damage, resulting in worse cardiac 
recovery and greater myocardial injury post-IR than CD rats. The findings underscore the detrimental effect of a fructose-rich 
diet on cardiac and mitochondrial health in diabetic conditions. This study highlights the need for dietary interventions targeting 
mitochondrial function to reduce cardiovascular risk in diabetic populations. 
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Type 2 diabetes mellitus (T2DM) represents a critical 
global health concern due to its increasing prevalence 
and wide-ranging complications1. Patients with 
diabetes have two times greater risk to get the heart 
failure2. Among its ramifications diabetic 
cardiomyopathy (DCM), a cardiac condition 
characterized by specific morphological, functional, 
and metabolic alterations arising as a major 
complication of T2DM3. Sustained hyperglycemia 
and dyslipidemia contribute to oxidative stress, 
impaired calcium homeostasis, disrupted 
mitochondrial function, inflammation, and fibrosis, 
collectively driving DCM progression4.  

Many documents in the literature recognize the 
effects of diet on the risk of cardiovascular diseases 
(CVD) and related lifestyle diseases5-8. In fact, dietary 
interventions can attenuate9 or aggravate10 the 
myocardial pathological alterations, thus need to 
customize the dietary inclusion according to the 
requirement of individuals with or without cardiac 
complications. Diets rich in fructose, a hallmark of 

modern fast-food culture, increase the risk of obesity, 
metabolic syndrome, T2DM, and cardiovascular 
diseases (CVDs)11. Excess fructose induces lipogenic 
effects12, mitochondrial oxidative damage, impaired 
DNA repair, and cardiac hypertrophy13. Similarly, 
hypercholesterolemia-triggered by high cholesterol diets 
worsens oxidative stress and cardiac dysfunction14,15.  

Patients with CVD often undergo revascularization 
procedures such as percutaneous transluminal coronary 
angioplasty (PTCA) and coronary artery bypass graft 
(CABG), which exacerbate mitochondrial dysfunction 
through calcium overload and oxidative stress, 
triggering mitochondrial permeability transition pore 
(mPTP) opening and subsequent IR injury16. 
Mitochondria play a pivotal role in cellular function by 
regulating bioenergetics, nutrient metabolism, 
intracellular signaling, immune regulation, and 
maintaining stem cell funcionality17. Decline in 
mitochondrial function is a hallmark of diabetic 
complications, marked by reduced energy production 
and redox imbalance. In response to stress or damage, 
mitochondria activate adaptive mechanisms to restore 
structural integrity and functionality. Mild or transient 
mitochondrial stress induces mitohormesis, a protective 
phenomenon that enhances resilience to future 
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stressors, offering therapeutic potential for diseases 
involving mitochondrial dysfunction18. Evidence 
suggests that interventions promoting mitohormesis, 
such as dietary modification or exercise, may 
ameliorate metabolic disorders19.  

Diabetes significantly increases the risk of 
ischemia-reperfusion (IR) injury, yet the role of 
subsarcolemmal mitochondria (SSM) in this process 
remains under-explored. Understanding how SSM 
dysfunction contributes to IR injury in diabetic hearts 
is essential for developing targeted therapies. High-
fructose and high-cholesterol diets induce metabolic 
stress and mitochondrial dysfunction, and 
investigating their effects on SSM in the context of IR 
injury can provide valuable insights into dietary 
contributions to diabetic cardiac complications. While 
general mitochondrial dysfunction in diabetic hearts is 
well-documented, the specific role of SSM—critical 
for ATP supply to ion channels and membrane 
integrity—requires further clarification. Moreover, 
understanding how SSM impairment exacerbates 
oxidative stress, calcium overload, and metabolic 
inflexibility during IR injury could identify potential 
intervention points for cardioprotection. By exploring 
how diet-induced mitochondrial dysfunction worsens 
IR injury in diabetes, this study may help the 
development of mitochondrial-targeted therapies, 
dietary modifications, or pharmacological interventions 
to reduce cardiac damage. While diabetes and obesity 
amplify IR injury vulnerability, the influence of 
specific diets on diabetic hearts during IR injury 
remains inadequately explored. This study evaluates 
and compares the effects of high-cholesterol and 
fructose-enriched diets on the hearts of diabetic rats 
subjected to IR injury, addressing a critical gap in 
understanding diet-mediated cardiac vulnerabilities. 
 
Materials and Methods 
 

Animals 
Male Wistar rats (8 weeks old) used in this study 

were housed in the animal facility in polycarbonate 
cages exposed to a daily 12 h light/dark cycle with free 
access to chow and drinking water. All procedures 
during the investigations followed the guidelines 
approved by the Committee for Control and 
Supervision of Experiments on Animals (CPCSEA 
Approval No.279/SASTRA/IAEC/RPP), India. 
 
Experimental groups 

48 young animals (6 week old) with average body 
weight 200g were used. Rats were divided into  

four experimental groups (n=12 per each group) 
namely Normal (N), Diabetes mellitus (DM), 
Fructose diet fed (FD) and Cholesterol diet fed (CD). 
The FD and CD groups were treated with fructose 
(60%/kg b.wt. administered via oral route) and 
cholesterol in coconut oil (2%/kg b.wt. administered 
via oral route) for 8 weeks where the other 2 groups 
were maintained in normal diet. At the end of  
8th week, a single dose of streptozotocin (65 mg/kg, ip) 
was injected to the fructose and cholesterol-fed 
animals along with 12 animals from the DM group 
and maintained for another 4 weeks, resulting in type 
2 diabetes, confirmed via insulin tolerance test and 
glucose tolerance tests. Rats were checked for blood 
glucose level, 72 h after STZ injection using AP Plus 
glucometer and were monitored for any changes in 
body weight, food and water intake at regular 
intervals. In addition, we evaluated insulin resistance 
by calculating HOMO-IR. Lipid profile and total 
cholesterol were estimated in the plasma using  
kit method (Agappe, India) according to the 
manufacturer's instructions. Hypertrophy in the rat 
hearts were assessed by measuring heart weight/body 
weight ratio, and mRNA expression of BNP  
(Forward primer-3' GACTCCGGCTTCTGACTCTG 5', 
Reverse primer- 3' ACTGTGGCAAGTTTGTGCTG 5'). 
 
Morphology analysis – H&E staining 

After the experiment, the heart from each group 
was fixed in 4% paraformaldehyde followed by 
embedding. Paraffin-embedded myocardium was 
sliced and stained with Haematoxylin-Eosin (H&E) 
and examined under an Olympus BX51 microscope to 
observe the changes in the myofibril architecture. 
 

Isolated perfused rat heart preparation 
At the end of the treatments, the animals were 

anesthetized by intraperitoneal injection of sodium 
pentobarbital (80 mg/kg b.wt.) 30 min after heparin 
administration (1000 IU/kg b.wt.) to prevent 
coagulation. The heart was excised, mounted on a 
Langendorff apparatus (AD instruments, Australia) 
and perfused retrogradely through the aorta with KH 
buffer (pH - 7.4; temperature: 37�) consisting of 
NaCl (118.5 mM), KCl (5.8 mM), NaHCO3 (25 mM), 
KH2PO4 (1.2 mM), MgSO4 (1.2 mM), glucose  
(11 mM) and CaCl2 (2.5 mM), bubbled with 5% CO2 
and 95% O2, at a constant flow rate of 8 mL/min as 
described elsewhere20. Each heart was allowed to 
stabilize for 20 min before any experiment protocol 
commenced. The following hemodynamic parameters 
were recorded and analysed using LabChart Pro 
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software. (PowerLab; AD Instruments, Australia)  
-Left ventricular end-diastolic pressure (LVEDP) in 
mmHg, left ventricular systolic pressure (LVSP) in 
mmHg, left ventricular developed pressure (LVDP = 
LVSP-LVEDP) in mmHg, heart rate (HR) in beats per 
minute (bpm), rate pressure product (RPP = HR * 
LVSP) in mmHg * bpm. Each experimental group 
was further divided into 2 subgroups of six animals- 
Normal perfusion and ischemia-reperfusion group. In 
the normal perfusion group, after stabilization with 
KH buffer, hearts were perfused for 90 min. In the 
ischemia-reperfusion group, hearts were subjected to 
global ischemia for 30 min after 20 min of 
stabilization and then reperfused for 60 min. Once the 
perfusion protocol was over, hearts were stored 
immediately at -80� for further biochemical analysis. 
 
Estimation of cardiac injury markers 

Lactate dehydrogenase (LDH) and creatine  
kinase (CK) enzymatic activity were measured 
spectrophotometrically in cardiac tissue using previously 
described methods to assess the tissue injury21. Protein 
content was estimated spectrophotometrically at 595 nm 
using Bio-Rad reagent. 
 
Isolation of mitochondrial subpopulation 

The differential centrifugation technique was used 
to isolate rat heart mitochondrial subpopulations, 
namely interfibrillar mitochondria (IFM) and 
subsarcolemmal mitochondria (SSM), essentially 
according to the method described elsewhere22. IFM 
and SSM were purified using a 60% percoll gradient 
and western blot analysis of HSP 60, the marker 
protein (data not included) against β-actin was used to 
determine the purity. 
 
Mitochondrial electron transport chain complex activities 

The activities of electron transport chain (ETC) 
enzymes in interfibrillar mitochondria (IFM) and 
subsarcolemmal mitochondria (SSM) were quantified 
spectrophotometrically using specific donor-acceptor 
oxidoreductase activities in 0.1 M phosphate buffer. 
Complex-I activity was assessed using rotenone-
sensitive NADH-oxidoreductase. Complex-II activity 
was measured via succinate decylubiquinone DCPIP 
reductase. Complex-III activity was evaluated using 
ubiquinol cytochrome-c reductase, while complex-IV 
activity (cytochrome c oxidase) was determined 
following a previously described protocol22. 
 
Oxidative stress assessment 

The antioxidant levels in isolated mitochondria 
such as reduced glutathione (GSH) and superoxide 

dismutase (SOD) were estimated by the previously 
reported methods with slight modifications21. Catalase 
activity was determined by measuring the decrease in 
absorbance at 240 nm due to the decomposition of 
H2O2 in a UV recording spectrophotometer21. The 
lipid peroxidation product MDA level was evaluated 
by measuring thiobarbituric acid-reactive substances 
level as previously reported21. 
 
Statistical analysis 

Values are presented as mean ± SD. Animal groups 
were compared using analysis of variance (ANOVA) 
followed by Tukeys post-hoc analysis. Analysis was 
performed using GraphPad Prism (version 5.01, La 
Jolla, CA, USA) software. P< 0.05 was considered 
statistically significant. 
 
Results 
 

Basal changes in the rat fed with fructose and cholesterol rich diet 
Rats fed with fructose and cholesterol diets exhibited 

significantly increased body weight at the end of  
12-week study, when compared with the normal group. 
However, no significant change in the body weight 
between FD and CD group animals were observed  
(Fig. 1A). Unlike kidney, liver and heart showed 
increased organ/body weight ratio compared with 
normal. Both FD and CD fed rats exhibited significant 
increases in liver weight compared to normal. Heart 
weight to body weight ratio increased in both FD and 
CD rat but only FD rat showed significant increase, 
indicating a presence of hypertrophy (Fig. 1B). This 
was confirmed by the increased cardiomyocyte cross 
sectional area in the FD group (Fig. 1F) and elevated 
mRNA expression of BNP which was prominent in 
fructose fed animals (Table 1). Diabetic control group 
did not show any sign of hypertrophy and had low  
body weight. The collagen content of the myocardium 
was insignificantly changed in FD and CD from normal 
(Fig. 1C). Similar to DM group glucotoxicity was  
high in both FD and CD groups, measured via blood 
glucose level, plasma insulin level, HbA1C and 
HOMO-IR index (Table 1) when compared with the 
normal and diabetic control group. Similarly increased 
cholesterol was evaluated by measuring total 
cholesterol, triglycerides, HDL and LDL cholesterol in 
the blood and found to be high in FD and CD groups 
compared to normal control (Table 1). 
 
Effect of fructose and cholesterol rich diet on the 
hemodynamics of heart subjected to ischemia-reperfusion 

Cardiac physiological recovery was measured via 
hemodynamic parameters in diabetic animals fed with 
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a fructose/cholesterol diet (Table 2). No significant 
difference in hemodynamic indices were observed 
between the groups upon normal perfusion. When 
challenged to IR, FD and CD rat hearts exhibited 
declined LVDP (FD-66% and CD- 61%) and RPP 
(FD-74% and CD- 71%) when compared with normal 
control rat hearts. From DM rat heart subjects IR, CD 
rat showed 11%, and 28% decline in LVDP and RPP 
respectively whereas the FD rat showed 23%, and 
35% decline. Comparatively FD rat hearts exhibited 
higher physiological deterioration than CD fed rat 
hearts (Table 2). 

Effect of fructose and cholesterol rich diet on the cardiac 
injury of heart subjected to ischemia-reperfusion 

Cardiac injury associated with ischemia-
reperfusion injury was assessed by TTC heart sections 
and measured corresponding level of cardiac markers 
(Fig. 2). Representative images of stained TTC  
(Fig. 2A-H) showed significantly increased infarct 
size in the IR group from normal, cholesterol and 
fructose fed rats. In fact, the infarct size was more 
prominent in fructose fed rats as compared to other 
experimental groups (Fig. 2I). The TTC results were 
supported by the elevated levels of cardiac marker 

 
 
Fig. 1 — Body weight (A), Organ weight /body weight ratio (B), Collagen content (C), H&E stained image of N(D), DM (E), FD (F) and 
CD (G) myocardium *P<0.05 vs Normal 
 

Table 1 — Biochemical and molecular parameters 

Parameters  Normal Control DM Control Fructose diet Cholesterol diet 
mRNA level of BNP  1.00±0.02 0.04±0.002* 2.44±0.03* 2.10±0.01* 
Blood glucose (mmol/L)  4.50±0.6 13.00±3* 16.00±4* 14.00±6* 
Plasma Insulin (µIU/mL)  15.27±0.6 8.79±0.44* 11.35±0.41 12.57±0.27 
HbA1C (mg/gHb)  0.30±0.01 0.50±0.01 0.61±0.01 0.58 ±0.02*# 
HOMO-IR index  3.11 ±0.03 7.89 ± 0.03* 8.24 ± 0.03* 7.99 ± 0.06* 
Total Cholesterol (mg/dL)  111±13 137±9 168.7±11* 189.14±14* 
Triglycerides  80±11 114±10 145±17* 161±11* 
HDL  50±7 38±4 62±6 78±4* 
LDL  46±2 48.6±5 50.2±6 53.8±6 
[ Data are represented as mean ± SD. BNP was normalized to β-actin gene (expressed as arbitrary units). BNP: Brain natriuretic peptide.
*P<0.05 vs Normal] 
 

Table 2 — Hemodynamic assessment 

  N IR DM DM-IR FD-C FD-IR CD CD-IR 
LVDP (mmHg)  98 ± 4 42 ± 3* 87± 2 43 ± 4* 90± 6 33± 4* 93± 2 38± 3* 
LVEDP (mmHg)  6 ± 2 45 ± 3* 11± 1 40 ± 2* 8± 3 51± 1* 7± 2 48± 2* 
RPP (mmHg*beats/min*10)  35 ± 2 12 ± 2* 24± 2 14 ± 2* 33± 1 9± 3* 32± 2 10± 1* 
[Data were represented as mean ± SD; n = 6/group. *P<0.05 vs Normal. LVDP: Left ventricular developed pressure; LVEDP: Left
ventricular end-diastolic pressure; RPP: Rate pressure product (Heart Rate*LVSP)] 
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enzymes in the coronary perfusate of both FD & CD 
groups (Fig. 2J & 2K). 
 
Effect of fructose and cholesterol rich diet on the oxidative 
stress of heart subjected to ischemia-reperfusion 

The oxidative stress and mitochondrial dysfunction 
are the key mediators for IR pathology. Fig. 3 provides 
the lipid peroxidation and corresponding antioxidant 
enzyme activities in rat heart underwent different 
experiment protocols. As shown in Fig. 3, rat hearts 
challenged to IR from different experimental groups 
exhibited significantly increased TBARS level (Fig. 
3A), decreased GSH (Fig. 3B) and decreased catalase 
and SOD activity (Fig. 3C & 3D). Fructose treated rat 
heart experienced prominent oxidative stress as 
compared with cholesterol fed and standard diet fed 
normal rat heart. Incidentally, lipid peroxidation level 
was distinct between the mitochondrial sub 
populations, where the IFM fraction of mitochondria 
showed higher levels of lipid peroxide products. 

Effect of fructose and cholesterol rich diet on the mitochondrial 
function of heart subjected to ischemia-reperfusion 

Mitochondrial electron transport chain enzyme 
activities were measured to find the functional efficiency 
of mitochondrial subpopulations. The baseline activities 
of proximal ETC enzymes in both IFM and SSM 
showed decreased activity in fructose fed rats, compared 
with normal and cholesterol fed rats (Fig. 4A & 4B). 
However, the distal ETC enzymes declined significantly 
in IFM and SSM in both CD and FD rat groups without 
significant difference between the subpopulations  
(Fig. 4C, 4D). Upon IR treatment, both proximal and 
distal ETC enzymes were significantly (P<0.05) 
declined in all experimental groups. In fact, IR induced 
decline was small cholesterol and fructose fed rats as 
compared with standard feed fed rats. 
 
Discussion 

Dietary habits have long been implicated in the 
etiology  of  cardiovascular  diseases,  with excessive  

 
 

Fig. 2 — Photograph of TTC stained rat hearts subjected to normal perfusion (A-D) and IR (E-H) from N, DM, FD, and CD; Infarct size
(% total area) (I), LDH (J) and CK (K) levels in coronary perfusate of normal and IR subjected groups. *P<0.05 vs Normal  
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Fig. 4 — Electron transport enzyme activities in cardiac 
mitochondria subpopulation. NQR (Complex-I) enzymatic 
activity (A), SQR (complex-II) enzymatic activity (B) QCR 
(complex-III) enzymatic activity (C), and COX (complex-IV) 
enzymatic activity (D) of mitochondrial subpopulations from N, 
DM, FD, and CD rat heart subjected to normal an IR perfusion. 
Data were represented as mean ± SD of 6 individual experiments. 
*P<0.05 vs Normal 
 

 
 

Fig. 3 — Oxidative stress analysis in cardiac mitochondria
subpopulation. Image represents the levels of lipid peroxidation
(A), reduced glutathione – GSH (B), Catalase (C), and Superoxide
dismutase (D) in cardiac mitochondria subpopulation. Data were
represented as mean ± SD of 6 individual experiments. *P<0.05
vs Normal 
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intake of cholesterol, fructose, and other high-calorie 
components being significant contributors to 
premature heart disease10. Recent research highlights 
the role of diet in developing cardiac diseases and 
modulating the heart's resilience to stress, including 
surgical interventions such as ischemia-reperfusion 
(IR) injury management8. This unmet clinical 
challenge underlines the need for a deeper 
understanding of how specific diets affect cardiac 
tolerance and recovery during IR challenges. 

The present study investigated the differential 
effects of cholesterol- and fructose-rich diets on 
diabetic rat hearts exposed to IR injury. The findings 
reveal that diabetic hearts from fructose-fed rats  
were more vulnerable to IR injury compared to  
those from cholesterol-fed rats. This increased 
vulnerability in fructose-fed rats was accompanied by 
severe mitochondrial dysfunction, particularly in 
subsarcolemmal mitochondria (SSM), increased 
oxidative stress (Fig. 3), and greater myocardial 
damage, as evidenced by elevated infarct size (Fig. 2) 
and impaired hemodynamics (Table. 2)  

SSM is found close to the cell membrane and is 
positioned to support membrane-specific energy 
requirements like ion transport and signaling, where 
as IFM are situated near the contractile machinery of 
the heart muscle to supply energy for contraction and 
relaxation23. Diet plays a crucial role in influencing 
the function of subsarcolemmal mitochondria (SSM) 
and interfibrillar mitochondria (IFM), particularly in 
the context of their spatial orientation and specialized 
functions. Diet significantly influences the spatially 
driven functions of subsarcolemmal mitochondria 
(SSM) and interfibrillar mitochondria (IFM) in the 
heart. High-fat diets promote lipid accumulation 
around SSM, impairing their oxidative function and 
ATP generation for membrane-specific energy 
demands, while antioxidant-rich diets reduce 
oxidative stress near the sarcolemma, maintaining ion 
channel function and calcium signaling24,25. In 
contrast, ketogenic or low-carb diets can negatively 
impact IFM by limiting glucose availability, leading 
to impaired ATP generation from glucose essential for 
contractile function26. Conversely, high-quality 
protein diets enhance IFM efficiency by supplying 
amino acids necessary for the repair and maintenance 
of contractile machinery27. 

The role of mitochondrial dysfunction in diabetic 
cardiomyopathy (DCM) is well-established, with 
studies reporting that mitochondrial damage contributes 

significantly to cardiac remodeling and reduced cardiac 
resilience21,28. Mitochondrial dysfunction is known to 
exacerbate oxidative stress, inflammation, and calcium 
dysregulation, key mediators of IR injury. Our findings 
corroborate prior evidence, demonstrating that 
subsarcolemmal mitochondria are particularly 
susceptible to dietary insults, resulting in compromised 
ATP production and increased oxidative damage29. This 
aligns with studies showing that fructose-rich diets 
induce mitochondrial DNA damage and alter 
mitochondrial DNA repair enzymes, exacerbating tissue 
vulnerability to IR stress13. 

Interestingly, the differential effects of cholesterol 
and fructose diets on mitochondrial function were 
evident in our study. Cholesterol-rich diets primarily 
affect mitochondrial function by altering membrane 
composition, increasing cholesterol content, and 
reducing membrane fluidity, which impairs oxidative 
phosphorylation and ATP production30. While, 
fructose-rich diets promote mitochondrial dysfunction 
through excessive reactive oxygen species (ROS) 
generation, mitochondrial DNA damage, and 
impaired biogenesis, leading to reduced oxidative 
capacity31. Comparative studies reveal that fructose 
exacerbates mitochondrial damage via lipid 
peroxidation and oxidative stress, whereas cholesterol 
primarily disrupts membrane potential and protein 
function. Mechanistically, cholesterol diets impair 
mitochondrial dynamics by disrupting membrane 
integrity, while fructose depletes cardiolipin and 
promotes inflammation, collectively causing energy 
deficits32,33. While cholesterol-rich diets have been 
associated with altered mitochondrial membrane 
composition and cholesterol content, leading to a 
paradoxical improvement in mitochondrial efficiency 
in certain contexts34, fructose-rich diets disrupt 
cardiolipin composition, impairing mitochondrial 
bioenergetics and dynamics35. These compositional 
changes may account for the greater decline in 
electron transport chain (ETC) enzyme activity 
observed in SSM from fructose-fed rats compared to 
those fed cholesterol-rich diets. 

Previous studies have shown that dietary 
interventions, such as caloric restriction, can improve 
cardiac outcomes in IR injury by enhancing 
mitochondrial resilience and reducing oxidative 
stress36. Conversely, excessive fructose intake has 
been linked to lipotoxicity and the formation of 
cytosolic lipid inclusions in cardiac tissue, as noted in 
diabetic patient atrial samples34. This lipotoxicity, 



INDIAN J EXP BIOL, APRIL 2025 
 
 

298 

coupled with the observed hypertrophic changes in 
fructose-fed rats in our study, further underscores the 
detrimental effects of a fructose-rich diet on cardiac 
recovery following IR injury. 

The observed differences in infarct size and 
myocardial function between cholesterol-fed and 
fructose-fed rats also highlight the critical influence of 
dietary components on signaling pathways that 
govern cardio-protection. While hypercholesterolemia 
has been reported to diminish the protective effects of 
remote ischemic conditioning against IR injury37, 
some studies suggest that controlled high-fat diets 
may enhance oxidative phosphorylation and improve 
contractile performance in experimental models of 
heart failure28. This dichotomy underscores the 
complex interplay between diet, mitochondrial 
function, and cardiac resilience, warranting further 
investigation into the specific mechanisms underlying 
these effects. 

Our study adds to the growing body of evidence 
that highlights the distinct roles of mitochondrial 
subpopulations in cardiac pathophysiology. 
Interfibrillar mitochondria (IFM), which supply ATP 
for muscle contraction, and subsarcolemmal 
mitochondria, responsible for maintaining cellular 
homeostasis, exhibit differential responses to 
pathological conditions such as diabetes and IR 
injury29. The pronounced dysfunction in SSM 
observed in fructose-fed rats suggests an inefficient 
compensatory adaptation to meet the heightened 
energy demands during IR stress, contributing to 
accelerated cardiac myopathy. 

Dietary alterations, including high-fat and  
high-fructose diets, impair subsarcolemmal 
mitochondrial function in diabetic hearts, increasing 
ischemia-reperfusion (IR) injury risk. Excess fatty 
acid load and β-oxidation from a high-fat diet cause 
oxidative stress, insulin resistance, and mitochondrial 
proteome changes38. Hyperglycemia worsens 
dysfunction via advanced glycation end-products 
(AGEs), mitochondrial ROS, electron transport chain 
disruption, and calcium dysregulation39. Impaired 
AMPK, mTOR, PGC-1α, and SIRT1 signaling further 
reduce metabolic flexibility40. Ischemia depletes ATP, 
overloads calcium, and primes the mitochondrial 
permeability transition pore (mPTP), while 
reperfusion triggers oxidative bursts, mPTP opening, 
cytochrome c release, and inflammation, accelerating 
cell death. Diabetic hearts, with impaired ischemic 
preconditioning and recovery, suffer greater IR damage. 

Structural changes, including altered membrane 
composition and cristae, worsen dysfunction. 
Therapeutic strategies include dietary interventions 
(caloric restriction, Mediterranean/ketogenic diets, 
nutrient supplementation) and pharmacological 
approaches (mitochondrial antioxidants, mPTP 
inhibitors, metabolic modulators). Combined lifestyle 
strategies like exercise, stress reduction, and metabolic 
control may restore mitochondrial function and improve 
cardiac resilience. 
 
Conclusion 

In conclusion, our findings demonstrate that 
fructose-rich diets exacerbate cardiac vulnerability to 
IR injury through mechanisms involving severe 
mitochondrial dysfunction, increased oxidative stress, 
and impaired bioenergetics. These results highlight 
the need for dietary interventions and targeted 
therapeutic strategies to mitigate the adverse effects of 
high-fructose diets, particularly in diabetic patients at 
risk of ischemic heart disease. Future studies should 
explore the molecular underpinnings of these dietary 
effects, including the role of mitochondrial 
biogenesis, dynamics, and signaling pathways, to 
develop effective cardio-protective approaches. 
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