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Abstract 

Background and purpose: Cardiac mitochondria dysfunction plays a central pathophysiological role 
in the abnormal glucose metabolism in the heart during diabetic cardiomyopathy. The present study 
evaluated the effects of flavonoid glycoside naringin treatment on the interconnection between 
changes in cardiac mitochondria oxygen consumption, membrane potential and mitochondrial Ca2+ 
sensitivity during type 1 diabetes. Experimental approach: Type 1 diabetes was induced by an 
intraperitoneal injection of streptozotocin (40 mg/kg) in rats and islet morphology, glucose and 
insulin levels, changes in heart mitochondria respiration, membrane potential, spontaneous and Ca2+ 
- induced mitochondrial permeability transition (MPT) pore opening were evaluated. Key results: 
Diabetes resulted in typical signs of hyperglycaemia, which were accompanied by a rat cardiac 
mitochondria dysfunction, manifested by decreased V2 and V3 rates of oxygen consumption, while 
the initial membrane potential value remained unchanged. The rates of Ca2+-induced MPT pore 
opening and Ca2+-induced membrane potential dissipation in isolated mitochondria decreased under 
type 1 diabetes. The naringin treatment (40 mg/kg of the body weight, 4 weeks) partially recovered 
impaired cardiac mitochondria respiration, decreased spontaneous and increased Ca2+-induced MPT 
pore opening, improved pancreatic islets morphology and dystrophic changes, lowered glycated 
haemoglobin and blood plasma urea, and decreased the oxidative stress level with glucose or insulin 
concentrations remaining unchanged in diabetic animals. Conclusions: Naringin administration 
demonstrated beneficial effects during type 1 diabetes and represents a promising therapeutic (or 
nutraceutical) approach for diabetes treatment. 

©2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons 
Attribution license (http://creativecommons.org/licenses/by/4.0/). 
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Introduction 

Diabetes, one of the most common metabolic diseases in humans, is a major public health problem, which 

is provoked by defects in insulin secretion due to pancreatic β-cell destruction (type 1) or by insulin resistance 

of peripheral tissues (type 2) (or by both) [1]. Animal models of type 1 and type 2 diabetes are widely used 
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to study the mechanism(s) of the onset and progression of diabetes and its complications and to search for 

new pharmaceuticals for improving the metabolism of lipids and carbohydrates and diabetes treatment. Both 

type 1 and type 2 diabetes mellitus highly increase the risk of developing cardiovascular diseases such as 

coronary artery disease and heart failure (the term ‘diabetic cardiomyopathy’) [2]. Diabetic cardiomyopathy 

is a primary disease in diabetic patients characterized by diastolic dysfunction and abnormal cardiac structure 

in the absence of other cardiac risk factors. Pathophysiological mechanisms of cardiomyopathy during 

diabetes are connected with heart metabolic abnormalities, energy production damages, impaired calcium 

homeostasis and cardiac insulin signalling pathway, increased inflammation and oxidative stress, as well as 

reduced nitric oxide bioavailability and an accumulation of advanced glycation end products [3], activation 

of renin-angiotensin–aldosterone system, increased free fatty acid level, development of myocardial fibrosis, 

abnormalities in AMP-activated protein kinase, peroxisome proliferator-activated receptors, protein kinase 

C, microRNA, and exosome pathways [4]. Recently, it was established that lipotoxic-related events and 

increased metabolism of free fatty acids might play a central role in the initiation and progression of human 

diabetic cardiomyopathy [5].  

Mitochondria normally occupy about 20 to 30 % of the total cell volume of cardiomyocytes [6]. Mitochon-

drial dysfunction plays a central pathophysiological role in abnormal glucose metabolism (a reduction in the 

myocardium’s ability to use glucose), β‐cell dysfunction and insulin resistance [7]. The reviews of Bugger and 

Abel [2,8] concluded that the heart mitochondrial dysfunction in humans with types 1 and 2 diabetes ultimately 

led to contractile dysfunction. The mechanisms of cardiac mitochondrial impairments during type 2 diabetes 

are: lipid product accumulation and fatty acid-induced mitochondria uncoupling, mitochondrial reactive oxygen 

species (ROS) generation, mitochondrial proteomic remodelling, Ca2+-handling impairments, mitochondrial bio-

genesis alteration, decreased mitochondrial content, mitochondrial permeability transition [2], reduced cardiac 

phosphocreatine/ATP ratio and enhanced ATP utilization [9]. The important questions about whether mito-

chondrial dysfunction is a cause or a consequence of diabetes remain unanswered [10,11]. Similarly, the rates of 

the long-chain fatty acid oxidation are markedly increased in heart mitochondria of streptozotocin (STZ)-diabetic 

(type 1) rats, revealing a striking expression of mitochondrial long-chain fatty acid transport and oxidation genes, 

accompanying overexpression of acyl-CoA hydrolysing enzyme and uncoupling protein UCP-3 [12]. The genes 

involved in oxidative phosphorylation (OXPHOS) exhibit reduced expression in the skeletal muscle of diabetic 

and prediabetic humans [13]. Krako Jakovljević et al. [10] suggested that mitochondrial respiratory capacity 

decreases in the liver, muscle, blood mononuclear cells and platelets during type 2 diabetes progression and 

that, consequently, mitochondria are the target of pharmacological intervention in diabetes (OXPHOS 

modulators, AMPK activators, PPAR agonists, antioxidants, mitochondrial permeability transition (MPT) pore 

inhibitors). On the other hand, islet mitochondria dysfunction and structural changes (swelling of mitochondria, 

decreased ATP level, increased uncoupling protein 2 expression) play a significant role in pancreatic β-cell failure 

and diabetes progression [14,15].  

The flavonoid naringin, the main polyphenolic component of citrus fruits (naringenin is naringin aglycon), 

present in human diet, has been found to exert anticarcinogenic, cardioprotective, anti-inflammatory, anti-

apoptotic, anti-proliferative, and antimutagenic effects through various molecular mechanisms: by the 

reduction in oxidative stress, modulation of cell signalling responses, regulation of certain genes expression, 

direct interaction with cell and cellular components [16,17]. At the same time, the oral bioavailability of 

naringin in humans has been reported to be only 5 to 9 % [18]. It was established that naringin reduces calpain 

activity, TNF-α, and IL-6 levels and decreases NF-κB expression, thereby helping to avoid cardiomyopathy in 

type 2 diabetic mice [19]. However, the potential specific cardioprotective mechanisms of naringin during 

type 1 diabetes remain unclear.  



ADMET & DMPK 13(1) (2025) 2571 Naringin prevents heart mitochondria dysfunction in rats  

doi: https://doi.org/10.5599/admet.2571 3 

The present study was aimed at evaluating the effects of naringin treatment on the interconnection between 

changes in cardiac mitochondria oxygen consumption, membrane potential and mitochondrial Ca2+ sensitivity 

associated with a risk of cardiovascular complications during experimental type 1 diabetes. We hypothesized 

that mitigation of cardiac mitochondria dysfunction and Ca2+ sensitivity by the flavonoid naringin could have a 

beneficial effect during type 1 diabetes in the correction of mitochondria-related complications. Further insight 

into the potential of natural compounds, naringin among them, in improving the impaired heart mitochondria 

functions associated with a risk for cardiovascular complications in diabetes is an important task. 

Experimental  

Reagents 

Naringin (4’,5,7-trihydroxy-flavanone 7-rhamnoglucoside), streptozotocin (STZ), trichloroacetic acid, calcium 

chloride dehydrate, succinic acid disodium salt hexahydrate, sucrose, ethylene glycol-bis(β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid tetrasodium salt (EGTA), carbonyl cyanide p-trifluoromethoxyphenyl hydrazone 

(FCCP), safranin O, bovine serum albumin fraction V (BSA), ethylenediaminetetraacetic acid disodium salt 

(EDTA), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), cyclosporin A, adenosine 5′-diphosphate 

sodium salt (ADP), ethanol, and other chemicals were purchased from Merck / Sigma-Aldrich (St Louis, MO, 

USA, or Steinheim am Albuch, Germany). All solutions were made with water purified in the Milli-Q Direct 

system (Merck KGaA, Darmstadt, Germany). Organic solvents were of analytical grade and used without further 

purification.  

Animal experiment 

We used male albino Wistar rats with a starting weight of 210 to 230 g. The animals had free access to a 

standard balanced diet and tap water and were kept under normal conditions (a 12-hour light/darkness cycle 

at 22±2 °C and 55±5 % relative humidity). The animals were divided into three groups of 10 rats each. Two 

groups of the animals were treated with a single intraperitoneal injection of STZ (40 mg/kg body) dissolved in 

0.1 M Na-citrate buffer, pH 4.5, after 12-hour starvation. Only rats with blood glucose concentrations of over 

15.0 mmol/l (Blood Glucose Sensor Electrodes, MediSense, Abbot Laboratories, UK) after the STZ treatment 

were used in the study. Control animals received a single intraperitoneal injection of the same volume of the 

Na-citrate buffer. After two weeks of acclimatization, half of the STZ-treated rats were given naringin daily (40 

mg/kg body) in physiological saline intragastrically between 10 and 11 a.m. for 4 weeks. This dose was selected 

based on the previous studies [20]. The control and diabetic groups without the naringin treatment received an 

equivalent amount of saline daily, intragastrically. Rats were sacrificed under anaesthesia after 4 weeks of 

naringin (or saline) treatment. Blood samples were drawn by an abdominal aorta puncture. The heart and 

pancreas were excised immediately from each animal. Heparinized blood samples were centrifuged at 1000 

rpm for plasma separation. Blood plasma was placed in an ice bath and used for further measurements. 

The care, use, and all procedures performed on rats were approved by the Ethic Committee of the 

Institute of Biochemistry of Biologically Active Compounds of the National Academy of Sciences of Belarus, 

Grodno (Protocol No 29/20 of 23.05.2020) and complied with the European Convention for the Protection of 

Vertebrate Animals Used for Experimental and Other Scientific Purposes and the Guide for the Care and Use 

of Laboratory Animals [21]. 

Isolation of rat heart mitochondria  

The coupled myocardium mitochondria were isolated from the rat heart by differential centrifuga-

tion [22,23]. We used the isolation medium containing 0.25 M sucrose, 0.005 M HEPES, 0.0002 M EDTA, and 
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0.1 % BSA, pH 7.4. The isolated heart was dried on filter paper, quickly transferred into an ice-cold 0.9 % KCl 

solution and carefully washed from the blood. The muscle tissue was weighed, crushed with scissors on ice 

and homogenized using a glass homogenizer with a Teflon pestle in the isolation medium at 4 °C. The nuclear 

fraction was removed by centrifugation at 650 g (10 min, 4 °C) (a Hermle Z 32 HK centrifuge, Hermle Labor-

technik GmbH, Germany). The mitochondria were sedimented by centrifugation at 8,500 g (10 min, 4 °C) and 

washed two times with the isolation medium. The pellet of mitochondria was resuspended to an approximate 

protein concentration of 25-30 mg/ml in the isolation medium. Protein concentrations in myocardium 

mitochondria were determined by the method of Lowry et al. [24].  

Histological studies of the pancreas 

The excided pancreas was fixed in a 10 % neutral formaldehyde solution, dehydrated in a graded series of 

ethanol concentrations and embedded in paraffin. 5-μm sections were cut and stained with haematoxylin 

and eosin. Staining with aldehyde and fuchsin was used for selective detection of pancreatic β-cells. Tissue 

sections were imaged with an Olympus CX-41 light microscope using a 40x objective, and the digital images 

were captured with an Olympus C-5060 camera (Olympus, Tokyo, Japan). Analyses were performed using 

Image J morphometric analysis software (NIH, USA). The point counting method was used for measurements 

of islet size and islet cell counting [25]. The formula of Fullman was applied to calculate the mean islet 

diameter, mean area and mean islet volume [26]. 

Measurements of cardiac mitochondrial respiration and membrane potential 

Respiration parameters of isolated cardiac mitochondria were measured using an oxygen Clark-type electrode 

(Hansatech Instruments Limited, Great Britain) in the medium containing 0.25 M sucrose, 5 mM KH2PO4, 

5 mM HEPES, 10 M KCl, 2 mM MgCl2, 0.2 mM EGTA, рН 7.4, at 26 °C. The mitochondrial suspension 

(0.5 mg protein/ml) in the respiratory buffer was continuously stirred. To study FADH2-dependent respiration, the 

oxygen consumption rates were determined in the presence of 5 mM succinate as a substrate (respiratory state 2, 

V2), after ADP (200 µM) addition (ADP-stimulated state 3, V3) and after ADP consumption (state 4, V4). The 

acceptor control ratio (ACR) equal to the ratio of the respiratory rates (V3/V2) of mitochondria in state 3 and state 2, 

the respiratory control ratio (RCR) equal to the ratio of the respiratory rates (V3/V4) of mitochondria in state 3 and 

state 4, and the coefficient of phosphorylation (ADP/O ratio) equal to the ratio of the consumed ADP to the 

consumed oxygen atoms were calculated. 

The mitochondrial membrane potential (0.3 mg of protein/ml) was detected using a Perkin-Elmer LS55 

spectrofluorometer (Great Britain) as the changes in the fluorescent intensity of the dye safranin O (8 µM) at 

λex/λem = 495/586 nm [27,28] in the medium containing 0.25 М sucrose, 5 mМ HEPES, 5 mM KH2PO4,  

2 mM MgCl2, 0.05 mM EGTA, and 5 mM succinate as a substrate, рН 7.4, at 26 °С. The positively charged dye 

accumulated in mitochondria depending on the mitochondrial membrane potential, resulting in intramito-

chondrial dye fluorescence quenching. Complete depolarization of mitochondria to calibrate the dye fluore-

scence was achieved by the addition of the uncoupler FCCP (0.5 µM). For membrane potential characterizing, 

we presented parameters [I0 per mg protein] and [(IFCCP - I0) per mg protein], where I0 is initial safranin O 

fluorescence intensity in mitochondrial suspension, and IFCCP is safranin O fluorescence intensity after FCCP 

addition. The value [(IFCCP - I0) per mg protein] is proportional to the capacity of the mitochondria to accumulate 

dye (initial membrane potential). The effect of Ca2+ - ions on membrane potential was measured as the 

fluorescence change after the addition of calcium ions (concentration of free Ca2+ = 550 µM) and was presented 

as [(IFCCP – ICa) per mg protein). This value is reversible to the mitochondria sensitivity to Ca2+.  
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Mitochondrial swelling determination  

Са2+-induced swelling of respiring cardiac mitochondria was measured as we described earlier [29]. Briefly, the 

extent of the mitochondrial membrane transition (MPT) pore formation was determined from the changes in the 

optical density of mitochondrial suspension at 540 nm and 26 °С using the buffer containing 120 mM KCl, 

5 mМ HEPES, 5 mМ KH2PO4, 2 mM MgCl2, 0.05 mM EGTA, pH 7.4. Isolated mitochondria (0.5 mg of protein/ml) 

were added to the medium containing respiratory substrate (5 mM succinate). After 5 min of incubation, Ca2+ ions 

(free Ca2+ = 550 µM) were added and the rate (∆D540 / min-1) of the termination phase of swelling was measured 

using a Jasco V-650 UV-VIS spectrophotometer (Japan). At the end of the measurements, the uncoupler FCCP (0.5 

µM) was added to the mitochondria to control the completion of the process of MPT pore formation.  

Blood biochemical parameters  

Fasting glucose concentration in the tail vein blood was measured twice per week. The serum level of 

fasting insulin was measured by using a Rat INS (Insulin) ELISA commercial Kit from Wuhan Fine Biotech Co., 

Ltd (China). Total and glycosylated haemoglobin (HbA1c), containing 1-deoxy-1(N-valyl)fructose, total plasma 

protein, albumin, and urea contents in blood serum were measured using commercial kits from 

AnalizMedProm (Minsk, Belarus). Homeostasis model assessment of insulin resistance (HOMA-IR) was 

calculated using the formula: [fasting plasma glucose (mmol/l) fasting serum insulin (mU/l)] / 22.5; higher 

HOMA-IR values show lower insulin sensitivity (insulin resistance). 

The accumulated products of membrane lipid peroxidation (thiobarbituric acid-reactive substances) in 

kidney tissue and erythrocytes were monitored according to the method of Stocks and Dormandy, assuming 

that the molar absorption coefficient was ε532=0.156 µM-1 cm-1 [30]. Reduced glutathione GSH (non-protein 

thiols) in kidney tissue and erythrocytes was assayed with Ellman's reagent using the molar absorption coefficient 

ε412=13.6 mM-1 cm-1 [31]. Glutathione peroxidase activity in erythrocytes was determined by the rate of GSH 

oxidation according to the method of Martinez et al. [32]. 

Statistics 

The data of the experiments were processed statistically by the package of the applied program Statistica 

10.0 and presented as a mean ± standard error. The normality of distribution was assessed by the Shapiro-

Wilk’s test. The reliability of differences between the parameters was analysed using the non-parametric 

Mann-Whitney U test and the Kruskal-Wallis H test when the data distribution was not the normal 

distribution, and the standard Student t-test for the data showed no deviations from normality. The level of 

significance was considered at p <0.05. 

Results  

Blood plasma parameters of rats during diabetes and naringin treatment  

As a result of STZ injection in rats, we observed the typical signs of hyperglycaemia: the blood glucose and 

glycated haemoglobin levels significantly increased, and insulin content and animal body mass considerably 

decreased (Table 1).  

The HOMA-IR value increased, demonstrating elevated systemic insulin resistance. Treatment of diabetic 

animals with naringin (4 weeks) did not influence the HOMA-IR value or body mass but decreased the 

glycated haemoglobin content with statistical significance. The blood glucose content slightly decreased and 

the insulin level slightly increased under flavonoid administration, but these changes were not statistically 

significant in our experiment. The level of total haemoglobin was decreased in the STZ-treated animals as a 

sign of anaemia and did not change after naringin administration (Table 1).  
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Table 1. Fasting blood glucose, total and glycated haemoglobin, insulin, urea, total plasma protein, and albumin levels, 
and animal body mass, HOMA-IR value, and relative kidney mass in diabetic rats treated with naringin for four weeks.  

Parameter Control Diabetes Diabetes+naringin 

Content of blood glucose at the onset of the experiment, mmol / l 5.05 ± 0.58 18.97 ± 1.77а 17.32 ± 1.83а 

Content of blood glucose at the end of the experiment, mmol / l 5.35 ± 0.63 25.03 ± 2.98а 19.27 ± 2.58а 

Content of total haemoglobin, g / l 49.47 ± 3.40 37.22 ± 4.34а 42.43 ± 5.26а 

Content of glycated haemoglobin, % 4.50 ± 0.58 14.87 ± 1.92а 8.06 ± 2.17аb 

Amount of insulin, mU / l 16.06 ± 1.58 9.91 ± 1,09а 10.79 ± 1.41а 

HOMA-IR value 3.6 ± 0.50 11.12 ± 1.38а 9.34 ± 1.46а 

Content of urea, mmol / l 5.62 ± 0.54 23.45 ± 1.96а 14.04 ± 1.62аb 

Content of total plasma protein, g / l 97.7 ± 7.6 123.8 ± 9.4а 99.2 ± 8.0b 

Content of albumin, g / l 43.3 ± 5.5 36.5 ± 4.8 39.8 ± 3.8 

Relative kidney mass, g / 100 g of body weight 0.26±0.03 0.43±0.04а 0.40±0.02а 

Body mass at the onset of the experiment, g 235 ± 20 215 ± 15 220 ± 15 

Body mass at the end of the experiment, g 240 ± 15 195 ± 20a 210 ± 10a 
The results are shown as the mean ± standard error. ap < 0.05 compared to the control group; bp < 0.05 compared to the diabetes group. 

The content of blood urea and total plasma protein was significantly higher in the diabetic group as 

compared to the control as a result of nephrotic impairments and the 4-week naringin administration improved 

blood plasma urea and protein contents (Table 1). The naringin administration did not change either the 

content of blood plasma albumin or the animal body mass (Table 1). The relative kidney mass value was 

significantly higher in the diabetes group than in the control animals. The level of lipid peroxidation products 

increased and the reduced glutathione level decreased (we measured the oxidative stress markers in kidney 

tissue). Naringin administration partially prevented TBARS accumulation, but not GSH oxidation, in the kidney 

(Table 2). 

Table 2. Lipid peroxidation products and reduced glutathione levels in rat kidney and erythrocytes, erythrocyte 
glutathione peroxidase activity in diabetic rats treated with naringin for four weeks 

Parameter Control Diabetes Diabetes+naringin 

Kidney TBARS content, nmol / g kidney tissue 31.8±5.2 49.9±4.5а 42.2±4.4аb 

Kidney GSH content, nmol / g kidney tissue 12.8±1.1 8.9±1.0а 9.7±0.8а 

Erythrocyte TBARS content, nmol / ml packed cells 3.96±0.54 5.23±0.67а 4.08±0.56b 

Erythrocyte GSH concentration, mM 1.83±0.21 1.41±0.17 а 1.64±0.15 

Erythrocyte glutathione peroxidase activity, (μmol / min) / ml packed cells 597±65 433±50a 512±10 
The results are shown as the mean ± standard error. ap <0.05 compared to the control group; bp <0.05 compared to the diabetes group. 

Table 2 presents an increase in lipid peroxidation level and a decrease in glutathione level and glutathione 

peroxidase activity in rat erythrocytes during diabetes. Naringin administration partially recovered these 

parameters to the control values. 

Histology of pancreatic islets during diabetes and naringin treatment 

The histological evaluation of the haematoxylin and eosin-stained control pancreatic sections showed a 

typical histological structure of the pancreas without destructive changes and inflammation. The Langerhans 

islets were predominantly medium and large, clearly defined, surrounded by a thin layer of connective tissue 

(Fig. 1A). The analysis of the pancreas from diabetic group rats showed considerable islet impairments: 

shrinkage in the islet sizes, disrupted islet architecture and destruction of β-cells (Fig. 1B). The diabetic animals 

exhibited β-cell atrophy and degranulation with pronounced vacuolation and pycnotic nuclei (Fig. 1B). Simul-

taneously we observed significant lymphocyte infiltration. The area, the volume and the diameter of the pan-

creatic islets were markedly lowered in the STZ-treated animals in comparison with the control group (Table 3). 

Naringin administration increased β-cell granulation and lowered vacuolation in many islets as compared 

to the STZ-treated group (Figure 1C), elevated the number of pancreatic β-cells, as well as increased the area, 

diameter and volume of the islets in comparison with the untreated diabetic group (Table 3).  
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At the same time, we observed signs of dystrophy and inflammation in the pancreas of the animals of this 

group (Figure 1C). Figure 1D demonstrates the distribution of islets, depending on the size, in animals of 

different experimental groups. The number of large-size islets decreased with the increase in the number of 

small-size islets during diabetes, and treatment with naringin elevated the number of large-size islets. 

 
 Control Diabetes Diabetes+Naringin 

 
 Control Diabetes Diabetes+Naringin 

Figure 1. The histological structure of the pancreas from rats with SZT-induced diabetes: effect of naringin treatment 
(representative haematoxylin and eosin-stained sections). (A) control (normal Langerhans’s islet); (B) diabetes 

(dystrophic changes in Langerhans islet and vacuolization of secretory cells); (C) diabetes after naringin treatment 
(improvement of islet histopathology, increase in the number of secretory cells, decrease in the dystrophy degree). Each 

scale bar indicates 100 μm; (D) Percentage of the pancreatic Langerhans islets of the corresponding area in control, 
diabetic and naringin-treated diabetic rats: 1 - more than 10001 μm2, 2 - 2501 to 10000 μm2, 3 - 501 to 2500 μm2.  

ap <0.05 as compared to the control group; bp <0.05 as compared to the diabetes group 

Table 3. Histomorphometric parameters of pancreatic islets from control, SZT-treated diabetic rats, effect of naringin 
treatment 

 Control Diabetes Diabetes + naringin 

Area of islets, μm2 14060 ± 730 5990 ± 490а 8180 ± 650 аb 

Diameter of islets, μm 138 ± 12 80 ± 7 а 99 ± 9аb 

Volume of islets, μm3 (16.6±1.5)105 (4.5±0.6)105 а (6.2±0.6)105 аb 
ap <0.05 as compared to the control group; bp <0.05 as compared to the diabetes group. 

Cardiac mitochondria dysfunction during diabetes and naringin treatment 

The numerous abnormalities in the heart mitochondria functional activities during diabetes are widely 

known. In our experiment, the STZ injection to the rats considerably impaired the rates of oxygen 

consumption V2 and V3 by isolated cardiac mitochondria, energized by succinate (Figure 2A), while the 

parameters ACR, RCR and the ADP/O ratio were not changed appreciably in the animals after 4-week diabetes 

(Figure 2B). The intake of the flavonoid naringin by diabetic animals partially normalized the rate of O2 

consumption V3 by heart mitochondria but did not considerably affect the ADP/O, ACR and RCR coefficients 

in the diabetic rats (Figure 2).  
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Using the potential sensitive probe safranin O-loaded mitochondria, we evaluated the effect of diabetes 

and naringin treatment on the rat cardiac mitochondria membrane potential. Simultaneously, we analysed 

the mitochondria sensitivity to Ca2+ ions. 

  
 Control Diabetes Diabetes+Naringin 

 
Figure 2. Respiratory parameters of rat cardiac mitochondria during diabetes and naringin treatment:  

A - the oxygen consumption rates V2 and V3 (rates expressed as ng atomic oxygen/min), V2 is the respiration 
rate in the presence of the substrate, V3 is the ADP-stimulated respiration rate; B - the phosphorylation 

coefficient (ADP/O ratio), RCR equal to the ratio of the respiratory rates (V3/V4), ACR equal to the ratio of 
the respiratory rates (V3/V2); 250 mM sucrose, 5 mM KH2PO4, 5 mM HEPES, 10 mM KCl, 2 mM MgCl2,  

0.2 mM EGTA, рН 7.4, at 26 °C, 0.5 mg protein/ml, 5 mM succinate as a substrate, 200 µM ADP. 
*p<0.05 in comparison with the control group, #p<0.05 in comparison with the diabetes group 

Figure 3 shows the representative tracks of the fluorescence intensity of the safranin O under the addition 

of Ca2+ ions and the uncoupler FCCP. Diabetes considerably decreased the depolarization effect of Ca2+ ions 

(concentration of free Ca2+ = 550 μM, added Ca2+ free for a given Ca2+ total was determined using the Ca-

EGTA online calculator) on the membrane potential, measured as the fluorescence intensity of the probe-

loaded mitochondria. 

As Figures 3 and 4 showed, the initial safranin O fluorescence intensity, as well as the fluorescence intensity 

after uncoupler FCCP addition to the isolated heart mitochondria suspension, were similar in all rat groups.  

One can conclude that the initial cardiac mitochondria membrane potential values did not change during 

diabetes and naringin administration. At the same time, the membrane potential changes after the addition 

of calcium ions to the mitochondria of diabetic animals were considerably higher ((IFCCP - I0) per mg protein 

was smaller) in comparison with control rats and diabetic animals after naringin treatment (Figures 3 and 4), 

demonstrating changes in susceptibility of cardiac mitochondria to Ca2+ during diabetes and polyphenol 

treatment. The mitochondria exposure to excess Ca2+ ions resulted in MPT pore formation. Figure 5 shows 
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the rates of MPT induced by calcium ions (concentration of free Ca2+ = 550 µM) in isolated cardiac mito-

chondria of different animal groups in vitro. (The MPT was prevented by CsA pretreatment.) 

 
Figure 3. The representative tracks of safranin O (8 µM) fluorescence intensity in cardiac mitochondria suspension  
(0.3 mg of protein/ml) loaded with the probe under addition of Ca2+ ions (concentration of free Ca2+ = 550 μM) and 

the uncoupler FCCP: control group (1), diabetes group (2), diabetes + naringin group (3). The fluorescence intensity of 
the dye was measured at λex/λem = 495/586 nm in the medium containing 0.25 М sucrose, 5 mМ HEPES, 5 mM KH2PO4,  

2 mM MgCl2, 0.05 mM EGTA and 5 mM succinate as a substrate, рН 7.4, at 26 °С. 

  
 

Figure 4. The initial safranin O fluorescence intensity (I0), fluorescence intensity after uncoupler FCCP addition to the 
suspension (IFCCP - I0) and changes of the fluorescence intensity after Ca2+-ions addition (IFCCP - ICa] to the suspension of 
isolated heart mitochondria of animals of control, diabetes and diabetes+ naringin groups. The fluorescence intensity 

of the dye was measured at λex/λem = 495/586 nm in the medium containing 250 mМ sucrose, 5 mМ HEPES, 5 mM 
KH2PO4, 2 mM MgCl2, 0.05 mM EGTA and 5 mM succinate as a substrate, рН 7.4, at 26 °С. 

*p <0.05 as opposed to the control group, #p <0.05 as opposed to the diabetes group 

The susceptibility to calcium-induced swelling of the cardiac mitochondria significantly changed during 

diabetes and naringin administration. Four-week diabetes decreased the sensitivity of cardiac mitochondria 

to Ca2+ ions-induced MPT (decreased the rate of MPT pore formation) and the treatment of diabetic rats with 

naringin (40 mg/kg) increased the rate of Ca2+-induced swelling in vitro. Figure 6 demonstrates an increased 

rate of isolated diabetic cardiac mitochondria spontaneous swelling (without the addition of exogenous 

calcium) in comparison with control mitochondria. Rates of spontaneous MPT pore opening in heart mito-

chondria of naringin-treated diabetic animals and control animals were similar. 
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 Control Diabetes Diabetes+Naringin 

Figure 5. Rates of MPT pore formation (∆D540/min) induced by calcium ions (concentration of free Ca2+ = 550 µM) in 
isolated cardiac mitochondria of different animal groups in vitro. The changes in the optical density of mitochondrial 

suspension (0.5 mg of protein/ml) at 540 nm and 26 °С were registered in the medium 120 mM KCl, 5 mМ HEPES,  
5 mМ KH2PO4, 2 mM MgCl2, 0.05 mM EGTA, pH 7.4, 5 mM succinate.  

*p <0.05 in comparison with the control group, #p<0.05 in comparison with the diabetes group. 

 
 Control Diabetes Diabetes+Naringin 

Figure 6. Rates of spontaneous MPT pore opening (∆D540 / min) (in the absence calcium ions) in isolated cardiac 
mitochondria of different animal groups in vitro. The changes in the optical density of mitochondrial suspension (0.5 

mg of protein per ml) at 540 nm and 26 °С were registered in the 120 mM KCl, 5 mМ HEPES,  
5 mМ KH2PO4, 2 mM MgCl2, 0.05 mM EGTA, pH 7.4, 5 mM succinate. 

*p <0.05 in comparison with the control group, #p <0.05 in comparison with the Diabetes group. 

Discussion 

Heart failure is a multifactorial disease in both type 1 and type 2 diabetes mellitus, resulting in ischemic 

events and altered vascular permeability [33]. There are numerous hypotheses dealing with the association 

of types 1 and 2 diabetes with mitochondrial dysfunction and impaired energy metabolism. Mitochondrial 

dysfunction and complex metabolic changes in the type 2 diabetic human myocardium have been observed 

earlier in many investigations: increased oxidative stress and mitochondrial network fragmentation in right 

atrial tissue, more susceptibility to Ca2+-induced MPT pore opening and further activation of the intrinsic 

apoptosis pathway, decreased expression of mtDNA encoded genes, decreased ETC complex activities, 

increased rate of palmitate oxidation (for review see [34]). Using the permeabilized cardiac myofibers, 

Anderson et al. directly demonstrated impaired mitochondrial respiratory capacity in the atrial tissue of type 

2 diabetic patients, increased mitochondrial H2O2 production, and reduced glutathione depletion [35]. 

Another work of these authors showed the lack of differences in respiratory capacity or mitochondrial 

enzyme content in the hearts of diabetic and nondiabetic patients [36]. Simultaneously, it was suggested that 

increased myocardial cell death in diabetic patients may be mitochondrial-mediated and that mitochondrial-

specific oxidative stress/redox imbalance may play a crucial role in these processes [36]. 
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In addition, calcium handling machinery is directly compromised, as has been found in several animal models 

of both type 1 and type 2 diabetes. Hyperglycaemia correlates with decreased sarcoplasmic reticulum Ca2+ 

loading, enhanced spontaneous calcium release from the sarcoplasmic reticulum, and reduced cytoplasmic Ca2+ 

clearance [37]. Phenotypic differences can be observed between diabetic cardiomyopathy in type 1 and type 2 

diabetes mellitus and between the basis for mitochondrial dysfunction in insulin-responsive type 1 versus 

insulin-resistant type 2 diabetic hearts, possibly due to different myocardial insulin action [38-40]. It was shown 

that the ADP-stimulated mitochondrial oxygen consumption and ATP synthesis were decreased, whereas 

mitochondria demonstrated abnormal morphology without evidence of oxidative stress and any changes in 

ADP/O ratio and proton leak in type 1 diabetic Akita mouse hearts [39]. Mitochondrial ROS production was 

increased in the hearts of type 2 diabetic animals, while type 1 diabetic models showed no enhanced production 

of ROS originating from mitochondria [41]. In the opposite, recently, it was shown that STZ-induced type 1 

diabetes displayed oxidative stress, perturbations in Ca2+ handling, apoptotic cardiomyocyte death, hyper-

trophy and fibrosis [40]. Herlein et al. [41] showed that STZ-induced diabetic heart and muscle mitochondria 

were more coupled than control despite a 2- to 4-fold increase in uncoupling protein-3 content, did not gene-

rate excess superoxide and showed adaptation to in vivo oxidative stress. Fatty acid-induced mitochondrial un-

coupling is another trait of type 2 diabetic hearts that does not seem present in type 1 diabetic model hearts [39].  

Our experimental type 1 diabetes model showed an animal body mass decrease, kidney nephropathy, lipid 

peroxidation products accumulation and GSH depletion in kidney tissue and erythrocytes, glutathione 

peroxidase inhibition in erythrocytes confirmed the role of oxidative stress in diabetic complications. Our 

morphometric studies revealed a dramatic decrease in the amount of Langerhans islets in the diabetic group as 

compared to the control animals. β-cells of the diabetic animals exhibited atrophy, degranulation and necrotic 

changes. We observed marked hyperglycaemia and glycated haemoglobin accumulation during 4-week 

diabetes, decreased insulin level in the blood plasma, increased insulin resistance (the HOMA-IR value), 

anaemia and hyperproteinaemia. The administration of naringin to the diabetic animals demonstrated some 

beneficial effects, partially prevented diabetic complications in cardiac mitochondria and did not influence 

animal and kidney mass. Naringin treatment reduced the severity of degenerative changes and inflammation 

in the pancreas of the diabetic rats and increased the amount and the size of the islets and normalized some 

blood biochemical parameters: decreased the level of glycated haemoglobin and the content of urea and total 

protein in the blood (prevention of the kidney functional alteration). Earlier, it was shown in vitro that a number 

of polyphenols as reducing agents (flavonoids being among them) inhibited the glycation reaction and 

enrichment of the diet with natural anti-glycating agents may attenuate protein glycation [42]. In our 

experiment, the lowering of glucose level and increase in insulin level in the diabetes + naringin group were not 

statistically significant. Earlier, it was shown that in a manner resembling insulin naringin regulates lipoprotein 

production and insulin sensitivity in mice with diet-induced insulin resistance in vivo [43]. Similarly, a number 

of previous works showed the putative antihyperglycemic and antioxidant effects of naringenin and its  

7-O-beta-D-glucoside in streptozotocin-induced diabetic rats. Intraperitoneal treatment of rats with the 

flavonoids significantly reduced the levels of blood glucose, glycosylated haemoglobin, and total lipids, 

increased the level of serum insulin, and protected pancreatic tissue [44,45]. 

The naringin administration suppressed lipid peroxidation processes (decreased the level of TBARS, but not 

the concentration of GSH) in kidney tissue. Similarly, the alterations in TBARS and glutathione levels and gluta-

thione peroxidase activity in rat erythrocytes under diabetes and flavonoid administration confirmed the antioxi-

dative properties of naringin. Earlier, we observed an increase in the content of the end-products of lipid peroxi-

dation and oxidatively modified proteins and a decrease of the antioxidative potential of red blood cells in experi-

mental type 1 STZ-diabetic rats and showed that red cabbage anthocyanins reduced the oxidative stress [46].  
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In our experiment, the respiratory activity of heart mitochondria decreased during type 1 diabetes 

without changing the efficiency of oxygen consumption (ADP/O coefficient), and naringin partially improved 

the rate of oxygen consumption. We showed that the heart mitochondria membrane potential did not 

change markedly during diabetes and naringin treatment. However, the susceptibility of cardiac mito-

chondria to the depolarizing effect of Ca2+ decreased under diabetes. Naringin administration recovered it. 

We compared the rates of spontaneous and Ca2+-induced heart mitochondria swelling for control, diabetic 

and naringin-treated diabetic rats (Figs. 5 and 6). We demonstrated an increased rate of isolated diabetic 

cardiac mitochondria swelling (without adding exogenous calcium) and a decreased rate of Ca2+-induced MPT 

pore opening compared with control mitochondria. Similarly, calcium-induced dissipation of membrane 

potential was lower in diabetic mitochondria than in control organelles. The naringin administration brought 

these parameters back to the control value. We could suggest that calcium uptake in mitochondria under 

diabetes was disturbed and naringin recovered the altered mitochondrial sensitivity to calcium (due to 

ionophoric properties) during 1 type diabetes. Earlier, using electron microscopy, Shen et al. [47] showed 

severe damage to cardiac mitochondria in an OVE26 mouse model of type 1 diabetes: the mitochondrial area 

and the number significantly increased, indicating impaired mitochondrial function and stimulated 

mitochondrial biogenesis. These transformations were accompanied by alteration of a number of heart 

mitochondrial proteins, reduced state 3 respiratory rate, and increased oxidative stress [47]. 

In comparison, type 2 diabetic patient myocardial mitochondria showed an increased sensitivity to  

Ca2+-induced MPT pore opening, accompanied by a greater rate of mitochondrial H2O2 emission and 25 % 

reduction in mitochondrial Ca2+ (mCa2+) retention capacity compared to nondiabetic patients [36]. Similarly, 

MPT pore opening in isolated heart mitochondria from Zucker Fa/fa rats with type 2 diabetes was more 

sensitive to Ca2+ than that in mitochondria from lean rats [48].  

We suggested that type 1 experimental diabetes resulted in a disturbance in calcium homeostasis in the 

heart mitochondria of rats and the naringin administration improved it. Recently, in our experiment in vitro we 

showed that naringin (75 μM) promoted membrane potential dissipation, partially prevented Ca2+-induced 

cardiac mitochondrial morphological transformations (200 μM) and calcium-induced MPT pore formation, 

dose-dependently inhibited the respiratory activity (10 to 75 µM) in isolated rat cardiac mitochondria [29]. 

Multiple factors are involved in the etiology of diabetic heart failure. Cardiac muscle cell apoptosis is one of 

the essential processes in cardiomyopathy associated with sustained hyperglycaemia and diabetes mellitus, 

resulting in the loss of cardiac myocytes and contractile units, the reduction of organ function, and the progres-

sion of heart failure. Cardiomyocyte apoptosis is an important therapeutic target under cardiomyopathy [49,50].  

A lot of data deals with the beneficial effects of naringin in diabetes. However, the underlying mechanisms 

by which naringin regulates cardiomyocyte functional activity and prevents cellular impairments are not 

completely understood. It was demonstrated earlier that naringin attenuated high glucose-induced mito-

chondrial dysfunction in embryonic rat heart cells, increased mitochondrial membrane potential, inhibited 

the activation of caspase-3, -8 and -9 and the p38 signalling pathway and, this way, inhibited high glucose-

induced apoptosis [16]. Similarly, naringin treatment inhibited both the extrinsic and intrinsic pathways of 

apoptosis in the liver of STZ rats by preventing the expression of Fas/FasL/caspase-3 as well as an increment 

of Bax/Bcl-2 ratio [51], inhibited pro-apoptotic proteins P53, P16INK4a, Wnt/β-catenin, and related apoptosis 

pathway in nucleus pulposus cells, while the expression of anti-apoptotic proteins was increased [52]. 

Similarly, naringin significantly improved cell survival, downregulated cytochrome P450 2E1 (CYP2E1), 

mitigated the stimulation of oxidative stress, and rectified the antioxidant protein contents of the Nrf2 factor, 

demonstrating the antioxidant, anti-inflammatory and anti-apoptotic effects [53]. 
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On the other hand, one of the mechanisms of the therapeutic effect of naringin may be apoptosis 

induction. It was concluded that naringin promoted gastric carcinoma cell apoptosis via blocking the PI3K/AKT 

signalling pathway and activating cell autophagy in a dose- and time-dependent manner [54]. Similarly, ROS 

accumulation, DNA damage and activation of apoptosis-like cell death were observed in E. coli after 

treatment with naringin [55]. 

It was shown that naringin (20-60 (mg/kg)/day, 4 weeks) exerted cardioprotection in type 2 diabetic 

(db/db) mice through multiple mechanisms: reduced diastolic [Ca2+] overload, improved cardiomyocyte 

glucose uptake, restored the activities of the mitochondrial tricarboxylic acid cycle and respiratory chain 

enzymes, decreasing ROS production [19]. Naringin prevented morphological impairments in kidney mito-

chondria, decreased the activities of Krebs cycle enzymes and ATP synthase in mitochondria from the renal 

cortex in STZ-treated rats [20], and ameliorated the rat liver damage during STZ-induced diabetes, mitigated 

inflammation and blocked the iNOS/NO/nitrosylated protein pathway [51].  

Conclusions 

In conclusion, type 1 experimental diabetes in rats resulted in decreased oxygen consumption rates by 

isolated cardiac mitochondria and in an increasing rate of spontaneous swelling of isolated diabetic cardiac 

mitochondria (without the addition of exogenous calcium), while the initial membrane potential value 

remained unchanged. We revealed that the effects of calcium ions on the membrane potential dissipation 

and MPT pore opening in isolated cardiac mitochondria decreased under diabetes in comparison with 

control, probably due to reduced mitochondrial calcium uptake. The long-term (4-week) naringin treatment 

(40 mg/kg) of rats during diabetes improved such signs of diabetes as islet architecture disruption, glycated 

haemoglobin accumulation, hyperproteinaemia and oxidative stress, and partially recovered the diabetes-

induced complications: impairments in cardiac mitochondria oxygen consumption and mitochondrial 

sensitivity to calcium ions. Thus, naringin administration demonstrated beneficial effects during type 1 

diabetes and represents a promising therapeutic (or nutriceutical) approach for diabetes treatment. 

Acknowledgment: This work was partially supported by the State Program of Scientific Research 
“Convergence - 2025” (Project № 3.05.2), Republic of Belarus.  

Conflict of interest: The authors declare no conflicts of interest.  

Authors contribution: All authors contributed to the study conception and design. I. B. Zavodnik: 
conceptualization, writing-reviewing and editing. T. A. Kavalenia: investigation, data curation, software. S.N. 
Kirko: investigation, data curation. E. B. Belonovskaya: material preparation, data curation, software. I. A. 
Kuzmitskaya: material preparation, data curation, software. Ju. V. Eroshenko: investigation, data curation. E. 
A. Lapshina: data curation, methodology, software, writing-original draft preparation. V. U. Buko: validation, 
conceptualization, supervision. All authors read and approved the final version of the manuscript. 

Data availability: All the data generated or analysed during this study have been included in this article. 

Ethics approval and consent to participate: All animal study protocols were approved by the Ethics 
Committee of the Institute of Biochemistry of Biologically Active Compounds of the National Academy of 
Sciences of Belarus, Grodno (Protocol No 29/20 of 23.05.2020). 

References 

[1] P. Rosen, P.P. Nawroth, G. King, W. Möller, H.J. Tritschler, L. Packer. The role of oxidative stress in the 
onset and progression of diabetes and its complications: a summary of a Congress Series sponsored by 
UNESCO-MCBN, the American Diabetes Association and the German Diabetes Society. 
Diabetes/Metabolism Research and Reviews 17 (2001) 189-212. https://doi.org/10.1002/dmrr.196 

[2] H. Bugger, E.D. Abel. Mitochondria in the diabetic heart. Cardiovascular Research 88 (2010) 229-240. 
https://doi.org/10.1093/cvr/cvq239 

https://doi.org/10.5599/admet.2571
https://doi.org/10.1002/dmrr.196
https://doi.org/10.1093/cvr/cvq239


I. B. Zavodnik et al.  ADMET & DMPK 13(1) (2025) 2571 

14  

[3] G. Borghetti, D. von Lewinski, D.M. Eaton, H. Sourij, S.R. Houser, M. Wallner. Diabetic 
cardiomyopathy: current and future therapies. Beyond glycemic control. Frontiers in Physiology 9 
(2018) 1514. https://doi.org/10.3389/fphys.2018.01514 

[4] G. Jia, M.A. Hill, J.R. Sowers. Diabetic cardiomyopathy: an update of mechanisms contributing to this 
clinical entity. Circulation Research 122 (2018) 624-638. 
https://doi.org/10.1161/CIRCRESAHA.117.311586 

[5] R. Marfella, C. Sardu, G. Mansueto, C. Napoli, G. Paolisso. Evidence for human diabetic 
cardiomyopathy. Acta Diabetologica 58 (2021) 983-988. https://doi.org/10.1007/s00592-021-01705-
x 

[6] G. Jia, V.G. DeMarco, J.R. Sowers. Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. 
Nature Reviews. Endocrinology 12 (2016) 144-153. https://doi.org/10.1038/nrendo.2015.216 

[7] S.H. Kwak, K.S. Park, K.U. Lee, H.K. Lee. Mitochondrial metabolism and diabetes. Journal of Diabetes 
Investigation 1 (2010) 161-169. https://doi.org/10.1111/j.2040-1124.2010.00047.x 

[8] H. Bugger, E.D. Abel. Rodent models of diabetic cardiomyopathy. Disease Models & Mechanisms 2 
(2009) 454-466. https://doi.org/10.1242/dmm.001941 

[9] M. Diamant, H.J. Lamb, Y. Groeneveld, E.L. Endert, J.W.A. Smit, J.J. Bax, J.A. Romijn, A. de Roos, J.K. 
Radder. Diastolic dysfunction is associated with altered myocardial metabolism in asymptomatic 
normotensive patients with well-controlled type 2 diabetes mellitus. Journal of the American College 
of Cardiology 42 (2003) 328-335. https://doi.org/10.1016/s0735-1097(03)00625-9 

[10] N. Krako Jakovljević, K. Pavlović, A. Jotić, K. Lalić, M. Stoiljković, L. Lukić, T. Miličić, M. Macesić, J. 
Stanarčić Gajović, N.M. Lalić. Targeting Mitochondria in Diabetes. International Journal of Molecular 
Sciences 22 (2021) 6642. https://doi.org/10.3390/ijms22126642 

[11] M. Scheuermann-Freestone, P.L. Madsen, D. Manners, A.M. Blamire, R.E. Buckingham, P. Styles, G.K. 
Radda, S. Neubauer, K. Clarke. Abnormal cardiac and skeletal muscle energy metabolism in patients 
with type 2 diabetes. Circulation 107 (2003) 3040-3046. 
https://doi.org/10.1161/01.CIR.0000072789.89096.10 

[12] L.K. Gerber, B.J. Aronow, M.A. Matlib. Activation of a novel long-chain free fatty acid generation and 
export system in mitochondria of diabetic rat hearts. American Journal of Physiology-Cell Physiology 
291 (2006) 1198-1207. https://doi.org/10.1152/ajpcell.00246.2006    

[13] V.K. Mootha, C. Handschin, D. Arlow, X. Xie, J.St. Pierre, S. Sihag, W. Yang, D. Altshuler, P. Puigserver, 
N. Patterson, P.J. Willy, I.G. Schulman, R.A. Heyman, E.S. Lander, B.M. Spiegelman. Errα and Gabpa/b 
specify PGC-1α-dependent oxidative phosphorylation gene expression that is altered in diabetic 
muscle. Proceedings of the National Academy of Sciences of the United States of America 101 (2004) 
6570-6575. https://doi.org/10.1073/pnas.0401401101 

[14] P. Prasun. Role of mitochondria in pathogenesis of type 2 diabetes mellitus. Journal of Diabetes & 
Metabolic Disorders 19 (2020) 2017-2022. https://doi.org/10.1007/s40200-020-00679-x 

[15] M. Anello, R. Lupi, D. Spampinato, S. Piro, M. Masini, U. Boggi, S. Del Prato, A.M. Rabuazzo, F. Purrello, 
P. Marchetti. Functional and morphological alterations of mitochondria in pancreatic beta cells from 
type 2 diabetic patients. Diabetologia 48 (2005) 282-289. https://doi.org/10.1007/s00125-004-1627-9 

[16] H. Huang, K. Wu, Q. You, R. Huang, S. Li, K. Wu. Naringin inhibits high glucose-induced cardiomyocyte 
apoptosis by attenuating mitochondrial dysfunction and modulating the activation of the p38 
signaling pathway. International Journal of Molecular Medicine 32 (2013) 396-402. 
https://doi.org/10.3892/ijmm.2013.1403 

[17] Y. Peng, R. Qu, Sh. Xu, H. Bi, D. Guo. Regulatory mechanism and therapeutic potentials of naringin 
against inflammatory disorders. Heliyon 10 (2024) e24619. 
https://doi.org/10.1016/j.heliyon.2024.e24619 

[18] C. Felgines, O. Texier, C. Morand, C. Manach, A. Scalbert, F. Régerat, C. Rémésy. Bioavailability of the 
flavanone naringenin and its glycosides in rats. American Journal of Physiology - Gastrointestinal and 
Liver Physiology 279 (2000) G1148-G1154. https://doi.org/10.1152/ajpgi.2000.279.6.G1148 

https://doi.org/10.3389/fphys.2018.01514
https://doi.org/10.1161/CIRCRESAHA.117.311586
https://doi.org/10.1007/s00592-021-01705-x
https://doi.org/10.1007/s00592-021-01705-x
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1111/j.2040-1124.2010.00047.x
https://doi.org/10.1242/dmm.001941
https://doi.org/10.1016/s0735-1097(03)00625-9
https://doi.org/10.3390/ijms22126642
https://doi.org/10.1161/01.CIR.0000072789.89096.10
https://doi.org/10.1152/ajpcell.00246.2006
https://doi.org/10.1073/pnas.0401401101
https://doi.org/10.1007/s40200-020-00679-x
https://doi.org/10.1007/s00125-004-1627-9
https://doi.org/10.3892/ijmm.2013.1403
https://doi.org/10.1016/j.heliyon.2024.e24619
https://doi.org/10.1152/ajpgi.2000.279.6.G1148


ADMET & DMPK 13(1) (2025) 2571 Naringin prevents heart mitochondria dysfunction in rats  

doi: https://doi.org/10.5599/admet.2571 15 

[19] A. Uryash, A. Mijares, V. Flores, J.A. Adams, J.R. Lopez. Effects of naringin on cardiomyocytes from a 
rodent model of type 2 diabetes. Frontiers in Pharmacology 12 (2021) 719268. 
https://doi.org/10.3389/fphar.2021.719268 

[20] A. Pérez, J. Mukdsi, L. Valdez, I. Rukavina-Mikusić, G. Díaz de Barboza, N. Tolosa de Talamoni, M. 
Rivoira. Naringin prevents diabetic nephropathy in rats through blockage of oxidative stress and 
attenuation of the mitochondrial dysfunction. Canadian Journal of Physiology and Pharmacology 101 
(2023) 349-360. https://doi.org/10.1139/cjpp-2022-0449 

[21] National Research Council US, Guide for the Care and Use of Laboratory Animals, National Academies 
Press, Washington, 2011, p. 246. https://nap.nationalacademies.org/read/12910/chapter/3 

[22] D. Johnson, H.A. Lardy. Isolation of liver or kidney mitochondria. Methods in Enzymology 10 (1967) 
94-96. https://doi.org/10.1016/0076-6879(67)10018-9 

[23] I. Gostimskaya, A. Galkin. Preparation of highly coupled rat heart mitochondria. Journal of Visualized 
Experiments : JoVE 23 (2010) 2202. https://doi.org/10.3791/2202 

[24] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall. Protein measurement with the Folin phenol 
reagent. The Journal of Biological Chemistry 193 (1951) 265-275. https://doi.org/10.1016/s0021-
9258(19)52451-6 

[25] E.R. Weibel. Principles and methods for the morphometric study of the lung and other organ. 
Laboratory Investigation; a Journal of Technical Methods and Pathology 12 (1963) 131-155.    

[26] M.A. Williams, Quantitative Methods in Biology, V. 6. Practical methods in electron microscopy, North 
Holland, Amsterdam, Netherlands, 1977, pp. 48–62.  

[27] K.E. Akerman, M.K. Wikström. Safranine as a probe of the mitochondrial membrane potential. FEBS 
Letters 68 (1976) 191-197. https://doi.org/10.1016/0014-5793(76)80434-6 

[28] A.L. Moore, W.D. Bonner. Measurements of membrane potentials in plant mitochondria with the 
safranine method. Plant Physiology 70 (1982) 1271-1276. https://doi.org/10.1104/pp.70.5.1271 

[29] T.A. Kavalenia, E.A. Lapshina, T.V. Ilyich, Hu‑Cheng Zhao, I.B. Zavodnik. Functional activity and 
morphology of isolated rat cardiac mitochondria under calcium overload. Effect of naringin. Molecular 
and Cellular Biochemistry 479 (2024) 3329-3340. https://doi.org/10.1007/s11010-024-04935-z 

[30] J. Stocks, T.L. Dormandy. The autoxidation of human red cell lipids induced by hydrogen peroxide. 
British Journal of Haematology 20 (1971) 95-111. https://doi.org/10.1111/j.1365-
2141.1971.tb00790.x 

[31] G.J. Ellman. Tissue sulfhydryl groups. Archives of Biochemistry and Biophysics 82 (1959) 70-77. 
https://doi.org/10.1016/0003-9861(59)90090-6 

[32] J.I.R. Martinez, J.M. Launay, C. Dreux. A sensitive fluorimetric microassay for the determination of 
glutathione peroxidase activity. Application to human blood platelets. Analytical Biochemistry 98 
(1979) 154-159. https://doi.org/10.1016/0003-2697(79)90720-6 

[33] N.A. Calcutt, M.E. Cooper, T.S. Kern, A.M. Schmidt. Therapies for hyperglycaemia-induced diabetic 
complications: from animal models to clinical trials. Nature Reviews Drug Discovery 8 (2009) 417-429. 
https://doi.org/10.1038/nrd2476  

[34] M.V. Pinti, G.K. Fink, Q.A. Hathaway, A.J. Durr, A. Kunovac, J.M. Hollander. Mitochondrial dysfunction in 
type 2 diabetes mellitus: an organ-based analysis. American Journal of Physiology - Endocrinology and 
Metabolism 316 (2019) E268-E285. https://doi.org/10.1152/ajpendo.00314.2018 

[35] E.J. Anderson, A.P. Kypson, E. Rodriguez, C.A. Anderson, E.J. Lehr, P.D. Neufer. Substrate-specific 
derangements in mitochondrial metabolism and redox balance in the atrium of the type 2 diabetic 
human heart. Journal of the American College of Cardiology 54 (2009) 1891-1898. 
https://doi.org/10.1016/j.jacc.2009.07.031 

[36] E.J. Anderson, E. Rodriguez, C.A. Anderson, K. Thayne, W.R. Chitwood, A.P. Kypson. Increased 
propensity for cell death in diabetic human heart is mediated by mitochondrial-dependent pathways. 
American Journal of Physiology - Heart and Circulatory Physiology 300 (2011) H118-H124. 
https://doi.org/10.1152/ajpheart.00932.2010 

https://doi.org/10.5599/admet.2571
https://doi.org/10.3389/fphar.2021.719268
https://doi.org/10.1139/cjpp-2022-0449
https://nap.nationalacademies.org/read/12910/chapter/3
https://doi.org/10.1016/0076-6879(67)10018-9
https://doi.org/10.3791/2202
https://doi.org/10.1016/s0021-9258(19)52451-6
https://doi.org/10.1016/s0021-9258(19)52451-6
https://www.google.by/search?hl=ru&tbo=p&tbm=bks&q=bibliogroup:%22Practical+methods+in+electron+microscopy%22&source=gbs_metadata_r&cad=1
https://doi.org/10.1016/0014-5793(76)80434-6
https://doi.org/10.1104/pp.70.5.1271
https://doi.org/10.1007/s11010-024-04935-z
https://doi.org/10.1111/j.1365-2141.1971.tb00790.x
https://doi.org/10.1111/j.1365-2141.1971.tb00790.x
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1016/0003-2697(79)90720-6
https://doi.org/10.1038/nrd2476
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.1016/j.jacc.2009.07.031
https://doi.org/10.1152/ajpheart.00932.2010


I. B. Zavodnik et al.  ADMET & DMPK 13(1) (2025) 2571 

16  

[37] A. Sorrentino, G. Borghetti, Y. Zhou, A. Cannata, M. Meo, S. Signore, P. Anversa, A. Leri, P. Goichberg, 
K. Qanud, J.T. Jacobson, T.H. Hintze, M. Rota. Hyperglycemia induces defective Ca2+ homeostasis in 
cardiomyocytes. American Journal of Physiology. Heart and Circulatory Physiology 312 (2017) H150-
H161. https://doi.org/10.1152/ajpheart.00737.2016 

[38] F.R. Prandi, I. Evangelista, D. Sergi, A. Palazzuoli, F. Romeo. Mechanisms of cardiac dysfunction in 
diabetic cardiomyopathy: molecular abnormalities and phenotypical variants. Heart Failure Reviews 
28 (2023) 597-606. https://doi.org/10.1007/s10741-021-10200-y 

[39] H. Bugger, S. Boudina, X.X. Hu, J. Tuinei, V.G. Zaha, H.A. Theobald, U.J. Yun, A.P. McQueen, B. 
Wayment, S.E. Litwin, E.D. Abel. Type 1 diabetic akita mouse hearts are insulin sensitive but manifest 
structurally abnormal mitochondria that remain coupled despite increased uncoupling protein 3. 
Diabetes 57 (2008) 2924-2932. https://doi.org/10.2337/db08-0079 

[40] F. Marino, N. Salerno, M. Scalise, L. Salerno, A. Torella, C. Molinaro, A. Chiefalo, A. Filardo, C. 
Siracusa, G. Panuccio, C. Ferravante, G. Giurato, F. Rizzo, M. Torella, M. Donniacuo, A. De Angelis, G. 
Viglietto, K. Urbanek, A. Weisz, D. Torella, E. Cianflone. Streptozotocin-induced type 1 and 2 diabetes 
mellitus mouse models show different functional, cellular and molecular patterns of diabetic 
cardiomyopathy. International Journal of Molecular Sciences 24 (2023) 1132. 
https://doi.org/10.3390/ijms24021132 

[41] J.A. Herlein, B.D. Fink, Y. O'Malley, W.I. Sivitz. Superoxide and respiratory coupling in mitochondria of 
insulin-deficient diabetic rats. Endocrinology 150 (2009) 46-55. https://doi.org/10.1210/en.2008-0404 

[42] I. Sadowska-Bartosz, G. Bartosz. Prevention of protein glycation by natural compounds. Molecules 20 
(2015) 3309-3334. https://doi.org/10.3390/molecules20023309 

[43] E.E. Mulvihill, E.M. Allister, B.G. Sutherland, D.E. Telford, C.G. Sawyez, J.Y. Edwards, J.M. Markle, R.A. 
Hegele, M.W. Huff. Naringenin prevents dyslipidemia, apolipoprotein B overproduction, and 
hyperinsulinemia in LDL receptor-null mice with diet-induced insulin resistance. Diabetes 58 (2009) 
2198-2210. https://doi.org/10.2337/db09-0634 

[44] T. Annadurai, A.R. Muralidharan, T. Joseph, M.J. Hsu, P.A. Thomas, P. Geraldine. Antihyperglycemic 
and antioxidant effects of a flavanone, naringenin, in streptozotocin–nicotinamide-induced 
experimental diabetic rats. Journal of Physiology and Biochemistry 68 (2012) 307-318. 
https://doi.org/10.1007/s13105-011-0142-y 

[45] J.S. Choi, T. Yokozawa, H. Oura. Improvement of hyperglycemia and hyperlipemia in streptozotocin-
diabetic rats by a methanolic extract of Prunus davidiana stems and its main component, prunin. 
Planta Medica 57 (1991) 208-211. https://doi.org/10.1055/s-2006-960075 

[46] V. Buko, I. Zavodnik, O. Kanuka, E. Belonovskaya, E. Naruta, O. Lukivskaya, S. Kirko, G. Budryn, D. 
Żyżelewicz, J. Oracze, N. Sybirna. Antidiabetic effects and erythrocyte stabilization by red cabbage 
extract in streptozotocin-treated rats. Food & Function 9 (2018) 1850-1863. 
https://doi.org/10.1039/c7fo01823a 

[47] X. Shen, S. Zheng, V. Thongboonkerd, M. Xu, W.M.Jr. Pierce, J.B. Klein, P.N. Epstein. Cardiac 
mitochondrial damage and biogenesis in a chronic model of type 1 diabetes. American Journal of 
Physiology - Endocrinology and Metabolism 287 (2004) E896-905. 
https://doi.org/10.1152/ajpendo.00047.2004 

[48] A. Riojas-Hernández, J. Bernal-Ramírez, D. Rodríguez-Mier, F.E. Morales-Marroquín, E.M. Domínguez-
Barragán, C. Borja-Villa, I. Rivera-Álvarez, G. García-Rivas, J. Altamirano, N. García. Enhanced 
oxidative stress sensitizes the mitochondrial permeability transition pore to opening in heart from 
Zucker Fa/fa rats with type 2 diabetes. Life Sciences 141 (2015) 32-43. 
https://doi.org/10.1016/j.lfs.2015.09.018 

[49] V.P.M. van Empel, A.T.A. Bertrand, L. Hofstra, H.J. Crijns, P.A. Doevendans, L.J. De Windt. Myocyte 
apoptosis in heart failure. Cardiovascular Research 67 (2005) 21-29. 
https://doi.org/10.1016/j.cardiores.2005.04.012 

[50] L. Cai, Y.J. Kang. Cell death and diabetic cardiomyopathy. Cardiovascular Toxicology 3 (2003) 219-228. 
https://doi.org/10.1385/CT:3:3:219 

https://doi.org/10.1152/ajpheart.00737.2016
https://doi.org/10.1007/s10741-021-10200-y
https://doi.org/10.2337/db08-0079
https://doi.org/10.3390/ijms24021132
https://doi.org/10.1210/en.2008-0404
https://doi.org/10.3390/molecules20023309
https://doi.org/10.2337/db09-0634
https://doi.org/10.1007/s13105-011-0142-y
https://doi.org/10.1055/s-2006-960075
https://doi.org/10.1039/c7fo01823a
https://doi.org/10.1152/ajpendo.00047.2004
https://doi.org/10.1016/j.lfs.2015.09.018
https://doi.org/10.1016/j.cardiores.2005.04.012
https://doi.org/10.1385/CT:3:3:219


ADMET & DMPK 13(1) (2025) 2571 Naringin prevents heart mitochondria dysfunction in rats  

doi: https://doi.org/10.5599/admet.2571 17 

[51] V. Rodríguez, L. Plavnik, N.T. de Talamoni. Naringin attenuates liver damage in streptozotocin-
induced diabetic rats. Biomedicine & Pharmacotherapy 105 (2018) 95-102. 
https://doi.org/10.1016/j.biopha.2018.05.120 

[52] Z. Yuan, Z. Yang. The effect of naringin on the apoptosis of degenerative nucleus pulposus cells: a 
study on the function and mechanism. Drug Design, Development and Therapy 16 (2022) 499-508. 
https://doi.org/10.2147/DDDT.S338355 

[53] H. Wang, Y.S. Xu, M.L. Wang, C. Cheng, R. Bian, H. Yuan, Y. Wang, T. Guo, L.L. Zhu, H. Zhou. Protective 
effect of naringin against the LPS-induced apoptosis of PC12 cells: Implications for the treatment of 
neurodegenerative disorders. International Journal of Molecular Medicine 39 (2017) 819-830. 
https://doi.org/10.3892/ijmm.2017.2904 

[54] C. Xu, X. Huang, Y. Huang, X. Liu, M. Wu, J. Wang, X. Duan. Naringin induces apoptosis of gastric 
carcinoma cells via blocking the PI3K/AKT pathway and activating pro death autophagy. Molecular 
Medicine Reports 24 (2021) 772. https://doi.org/10.3892/mmr.2021.12412 

[55] G. Han, D.G. Lee. Naringin generates three types of reactive oxygen species contributing differently 
to apoptosis-like death in Escherichia coli. Life Sciences 304 (2022) 120700. 
https://doi.org/10.1016/j.lfs.2022.120700 

 
 

©2025 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and 
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/)  

https://doi.org/10.5599/admet.2571
https://doi.org/10.1016/j.biopha.2018.05.120
https://doi.org/10.2147/DDDT.S338355
https://doi.org/10.3892/ijmm.2017.2904
https://doi.org/10.3892/mmr.2021.12412
https://doi.org/10.1016/j.lfs.2022.120700
http://creativecommons.org/licenses/by/3.0/

