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Sex hormones play a leading role in the sexual dimorphism of mitochondrial dysfunction and oxida-
tive stress that are associated with Metabolic Syndrome (MetS) and considered as possible causes of cardio-
vascular disease. The aim of the work was to determine mitochondrial respiration and redox homeostasis in 
the heart mitochondria of high-fructose diet-fed (НFD) rats depending on sex. MetS was induced in Wistar 
rats by 8 weeks intake of fructose (200 g/l) with drinking water. The experiment was performed on 30 rats 
divided into five groups: control males, control females, HFD fed males, HFD fed females with intact ovaries, 
ovariectomized HFD fed females. Heart mitochondria were isolated and indicators of redox homeostasis as 
well as mitochondrial oxygen consumption rate were determined. Heart mitochondria of intact female rats 
were characterized by a lower intensity of lipid peroxidation, a higher activity of antioxidant defense system 
and state 3 respiration in comparison with control males. HFD was shown to induce more expressed oxida-
tive stress due to significant inhibition of enzymatic and non-enzymatic components of antioxidant defense 
and more pronounced dysregulation of mitochondrial respiration in the heart mitochondria of ovariectomized 
females as compared to males. This data may partially explain the greater cardiovascular risk in women with 
low estrogen sufficiency and justify the necessity of new sex-specific prevention and treatment of cardiovas-
cular risk approaches. 

K e y w o r d s: heart mitochondria, mitochondrial respiration, oxidative stress, antioxidant defense system, 
sex differences, rats.

It is known that a complex cluster of cardio-meta
bolic risk factors, named Metabolic Syndrome 
(MetS), affects about one in four individuals 

worldwide [1]. MetS is greatly associated with an in-
creased risk of cardiovascular disease (CVD), diabe-
tes mellitus, and higher all-cause and cardiovascular 
mortality. Age and sex may differentially affect some 
components of MetS, which can result in remarkable 
variances in the risk of CVD and mortality in men 
and women [2]. Clinical studies have shown that 
MetS is more strongly connected with an increased 
risk of suffering from major cardiovascular events in 
women, especially in the menopause period, than in 
men [3-6]. However, data of experimental and clini-
cal studies have not yet given substantial evidence 
regarding the positive or negative impact of sex hor-
mones on the development of CVD.

It is increasingly acknowledged that oxidative 
stress and mitochondrial dysfunction are associated 
with many metabolic diseases and considered as 
possible causes of the CVD. It has been confirmed 
that mitochondrial dysfunction was verified in many 
different organs affected by MetS, such as adipose 
tissue, skeletal muscle, the liver, the heart, blood ves-
sels, and pancreatic islet beta cells [7].

It is supposed that sex hormones, in particu-
lar estrogens, play leading role in the sexual dimor-
phism of mitochondrial function, modulating ATP 
production, reactive oxygen species (ROS) genera-
tion, antioxidant defenses, mitochondrial membrane 
potential, and calcium handling [8]. In addition, 
estrogens control mitochondrial biogenesis, mito-
chondrial quality control and mitophagy. In some 
pathological states, including estrogen deficiency 
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and MetS, the regulatory effects of hormones may be 
declined, which leads to the restriction of estrogen 
functions in the heart [8].

Although sex differences in the prevalence and 
manifestation of CVD and mortality risk have been 
fully described, the sex-related reasons for the cardi-
ac disparities in physiological and pathological states 
remain still unclear.

The aim of the work was to determine mito-
chondrial respiration and redox homeostasis in the 
cardiomyocites of high-fructose diet-fed rats, de-
pending on sex.

Materials and Methods

Chemicals. All chemicals used were of analyti-
cal reagent grade quality and purchased from Sigma 
Chemical Co. (St. Louis, MO, USA).

Experimental design. The present study was 
carried out in accordance with the European Con-
vention for the Protection of Vertebrate Animals 
Used for Experimental and Other Scientific Purposes 
(Strasbourg, 1986) and approved by the bioethics 
committee of the “V. Danilevsky Institute for Endo-
crine Pathology Problems of the National Academy 
of Medical Sciences of Ukraine” (Kharkiv, Ukraine).

The experiment was performed on 12 male and 
18 female Wistar rats (12 week-old, 160–190 g body 
weight), which were housed in plexiglas cages (3 
animals per cage) at a temperature of (22 ± 1)°C in a 
constant 12-hour light/dark cycle.

Estrogens deficiency was reproduced by bilat-
eral ovariectomy in female rats under light ether an-
aesthesia and was confirmed by the uterine weight. 
Females with intact ovaries were sham-operated. 

MetS was induced in male and female rats with 
different levels of estrogen deficiency by chronic (for 
8 weeks) intake of fructose with drinking water at a 
concentration of 200 g/l started on the 15th day after 
the surgical procedure [9]. Control intact animals 
were fed a standard diet ad libitum during 8 weeks. 
The animals had free access to water. 

Experimental rats were divided into five 
groups: control males (n = 6), control females (n = 6), 
males fed high-fructose diet (HFD) (n = 6), females 
with intact ovaries fed HFD (n = 6), ovariectomized 
(OVX) females fed HFD (n= 6).

After 8 weeks, all animals were sacrificed ac-
cording to the protocol of the ethics committee.

Physiological and metabolic variables. Body 
weight gain and visceral fat, calculated as the sum 
of epigonadal, epinephric and mesenteric fat, were 
measured.

The intraperitoneal glucose tolerance test (IP-
GTT) was performed on overnight fasted rats. Blood 
glucose concentrations were initially measured at 
the basal condition (0 min), then the animals were 
administered an intraperitoneal injection of glucose 
(3 g/kg b.w.). Subsequently, tail blood glucose levels 
were measured at 15, 30, 60, 90 and 120 min after 
the glucose load.

Insulin sensitivity was determined using the 
intraperitoneal insulin tolerance test (IPITT) (insu-
lin (Actrapid, Novo Nordisk, Agsvaerd, Denmark) 
0.5 U/kg body weight, glucose 2 g/kg in 10 min after 
insulin administration) [10].

Tail blood glucose levels were measured using 
a glucose analyzer Eksan-G (Analita Firm JSC Ltd., 
Vilnius, Republic of Lithuania). Areas under glyce-
mic curves (AUC) were calculated using the Mathlab 
computer program.

Mitochondria isolation. Mitochondria were iso-
lated by conventional procedures of differential cen-
trifugation. Freshly excised rat hearts were homoge
nized in a medium containing 250 mM sucrose, 
10 mM EDTA, 0.5% BSA, 10 mM Tris-HCl, pH 7.4. 
To remove EDTA and albumin, mitochondrial pellets 
were washed twice with buffer containing 250 mM 
sucrose, 10 mM Tris-HCl (pH 7.4) and resuspended 
in wash buffer [11].

Spectrophotometry. All spectrophotometry was 
performed using the double-beam UV-VIS spectro-
photometer Shimadzu UV-1800 (Shimadzu Corpora-
tion, Kyoto, Japan).

Mitochondrial respiration rate. Mitochondrial 
oxygen consumption rate was measured polaro-
graphically at 30°C using a Clark-type oxygen elec-
trode in the incubation medium: 150 мМ sucrose, 
75 mM KСl, 10 mM KН2РО4, 2 mM MgCl2, 10 mM 
Tris-HCl (рН 7.4) using 5 mM glutamate+malate or 
8 mM succinate as energy substrates of Complex I 
or II, respectively. ADP was added to the incubation 
medium at a concentration of 200 µM. The rate of 
mitochondrial respiration in metabolic states 3 and 
4 according to Chance B. (V4, V3 in nanoatoms of 
oxygen (natoms O) per mg of protein per minute) 
and coefficient of respiratory control (V3/V4) were 
calculated from the oxygen absorption curves [11].

Glutathione peroxidase activity. The enzymatic 
reaction was used to measure glutathione peroxidase 
(GPX) activity. 3 ml of reaction mixture (pH 7.0) 
contained: 0.1 mg of mitochondrial protein, 0.56 mM 
NADPH, 1.0 U glutathione reductase, 7.5 mM so-
dium azide, 5 mM GSH, 5 mM EDTA and 0.05 M 



35

phosphate buffer. 23 mM tert-butyl hydroperoxide 
as a substrate was added to initiate the enzymatic 
reaction. The rate of oxidized glutathione (GSSG) 
formation was determined by decreasing of the reac-
tion mixture absorbance at 340 nm [12].

Mn-superoxide dismutase activity. The Mn-
superoxide dismutase (Mn-SOD) activity in mito-
chondrial suspension was detected by the inhibition 
of nitroblue tetrazolium (NBT) reduction caused by 
the xanthine–xanthine oxidase system as the super-
oxide generator and the absorbance was finally de-
termined at 560 nm. The reaction mixture contained 
0.02 mg of mitochondrial protein, 0.05 M carbonate 
buffer (pH 10.2), 0.1 mM EDTA, 0.1 mM xanthine, 
25 μM NBT, 1 mU/ml xanthine oxidase. The results 
were expressed in arbitrary units (a.u.) of Mn-SOD 
activity per mg protein. One a.u. means the enzyme 
amount causing 50% inhibition of the NBT reduc-
tion rate [12].

Cytochrome c oxidase activity. Cytochrome c 
oxidase activity was measured in potassium phos-
phate buffer, pH 7.2, with the addition of 10 µM re-
duced cytochrome c. The oxidation of cytochrome c 
was measured as the decrease in absorbance at 
550 nm and was used to calculate enzyme activity. 
Cytochrome c oxidase activity was expressed in mi-
cromoles of cytochrome c oxidized per minute per 
mg protein [13].

Reduced glutathione level. The spectrophoto-
metric method for reduced glutathione (GSH) in-
volves the oxidation of GSH by the sulfhydryl rea-
gent 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) to 
form the yellow derivative 5′-thio-2-nitrobenzoic 
acid (TNB), measurable at 412 nm [14].

Malondialdehyde level. Malondialde-
hyde (MDA) can react with thiobarbituric acid 
to form 3,5,5-trimethyloxazol-2,4-dione at high 
temperature. According to the extinction value 
at 532 nm, the MDA content can be calculated 
(ε532 = 155 l·mol−1·cm−1). The values were expressed 
as nmol/mg protein [15].

Protein content measurement. For the measu
rements, 10 µl mitochondrial suspension and 5 ml 
Bradford solution were mixed and incubated for 
5  min. A standard curve was made of BSA (0, 
0.0625, 0.125, 0.25, 0.5 and 1 g·l−1) and absorbance 
was read at 595 nm [16].

Statistical analysis. Data are presented as mean 
± standard error of mean (SEM). The Shapiro-Wilk 
test was used to check normality of data distribution. 
For multiple comparisons of data with a normal dis-

tribution, a parametric two-way analysis of variance 
(ANOVA) was performed and the Student-Newman-
Keuls method was used to test differences in means. 
Values were considered statistically significant at 
P < 0.05.

Results

We previously showed that HFD did not change 
the fasting glycemia in experimental animals, but 
caused the development of glucose intolerance and 
insulin resistance in male and OVX female rats com-
pared to control animals of the corresponding sex. 
At the same time, neither glucose homeostasis nor 
insulin sensitivity were affected by HFD in sham-
operated female rats (Table 1) [17].

HFD led to greater body weight gain and sig-
nificantly higher levels of relative mass of total vis-
ceral fat in both males and OVX females in com-
parison to control animals. Sham-operated HFD-fed 
females have not shown the sings of obesity and 
were excluded from experiment (Table 1).

Statistical analysis showed significant effect of 
sex, as well as HFD on cellular redox homeostasis 
in isolated heart mitochondria of experimental rats.

It was established that the intensity of lipid 
peroxidation, assessed by the level of MDA in car-
diomyocytes mitochondria of control animals, was 
higher in male compared to female rats. HFD was 
accompanied by the development of the oxidative 
stress in cardiomyocytes of both sexes’ animals, 
but OVX female rats exhibited significantly higher 
MDA level in the mitochondria compared with 
males (Table 2).

We observed the significant sex differences in 
the antioxidant system of rats’ heart mitochondria. 
The mitochondria of intact female rats were charac
terized by a higher activity of complex enzymatic 
and non-enzymatic components of the defense path-
ways, which was confirmed by higher level of GSH 
and GPX activity compared to males of the control 
group (Table 2).

It was found that the HFD-induced metabolic 
disturbances led to the attenuation of the antioxidant 
defense in male rats, confirmed by a reduction of 
Mn-SOD activity by 20% and GSH level by 45% in 
isolated mitochondria of cardiomyocytes in compari-
son with control animals. However, the activity of 
GPX remained unchanged in the heart mitochondria 
of male rats fed HFD (Table 2).

Compared with HFD-fed males, OVX HFD-
fed females showed more pronounced alterations of 
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Note. Data are shown as mean ± SEM. aP < 0.05 vs control rats of the corresponding sex; bP < 0.05 vs HFD rats of the 
opposite sex; cP < 0.05 vs HFD sham-operated female rats

T a b l e  1 . Indexes of glucose homeostasis and obesity in male and female rats, n = 6

Indexes
Control HFD

males females males
females

sham-operated OVX
Basal glucose 
level, mmol/l 4.69 ± 0.28 4.30 ± 0.12 4.62 ± 0.35 4.39 ± 0.34 4.33 ± 0.12
AUC during IPGTT, 
mmol/l·min 683.1 ± 27.4 560.5 ± 31.7 1043.7 ± 82.5ab 592.6 ± 30.3b 802.3 ± 20.1abc

AUC during IPІTТ, 
mmol/l·min 379.9 ± 34.2 373.6 ± 25.4 547.1 ± 18.8ac 427.5 ± 30.5b 536.1 ± 31.3ac

Body weight gain, % 12.24 ± 2.05 13.67 ± 1.25 21.19 ± 1.64ab 14.79 ± 0.78b 28.96 ± 2.00abc

Relative mass of 
total visceral fat, % 1.68 ± 0.13b 4.07 ± 0.29b 3.95 ± 0.31ab 4.65 ± 0.34 8.27 ± 0.46abc

T a b l e  2. Indexes of cellular redox homeostasis in isolated heart mitochondria of male and female rats, n = 6

Note. Data are shown as mean ± SEM. aP < 0.05 vs сontrol rats of the corresponding sex; bP < 0.05 vs HFD rats of the 
opposite sex

Indexes
Control HFD

males females males OVX females
MDA level, nmol/mg protein 0.82 ± 0.06b 0.56 ± 0.02b 1.18 ± 0.14ab 1.51 ± 0.08ab

Mn-SOD activity, 
a.u./mg protein 48.43 ± 2.06 44.91 ± 1.17 38.65 ± 1.31ab 22.94 ± 2.10ab

GPX activity, nmol/
min/mg protein 24.31 ± 1.16b 31.53 ± 1.50b 26.67 ± 0.93b 19.64 ± 1.55ab

GSH level, nmol/mg protein 3.84 ± 0.28b 5.01 ± 0.30b 2.10 ± 0.27a 2.49 ± 0.28a

both enzymatic and non-enzymatic components of 
antioxidant protection. Statistical analysis revealed 
that Mn-SOD and GPX activities were significantly 
lower in the heart mitochondria of female rats com-
pared with males (P < 0.002) (Table 2).

Mitochondrial respiration was determined in 
the heart tissue of experimental animals using suc-
cinate or glutamate/malate as substrates in both state 
3 (stimulated by ADP) and state 4 (in the absence of 
ADP).

Our study has shown significant sex differences 
in mitochondrial function of control animals. Res-
piration rates and state 3 respiration that depend on 
the glutamate/malate oxidation pathway in isolated 
heart mitochondria were higher in control females in 
comparison with control males (Table 3).

Our results presented considerable impact of 
HFD as well as sex on the respiration indexes in 

the isolated heart mitochondria, induced by respira-
tory donors glutamate/malate. It was established that 
HFD suppressed stimulated respiration (state 3) and 
significantly decreased respiratory control in male 
heart mitochondria compared to control animals. At 
the same time, HFD-fed OVX females showed more 
substantial impairment of cardiomyocyte mitochon-
drial respiration, induced by glutamate/malate, that 
was confirmed by significant speed of unstimulated 
oxygen absorption up (state 4) and an almost two-
fold decrease in respiratory control index. Statistical 
analysis showed that V4 was significantly higher in 
the isolated heart mitochondria of OVX female rats 
as compared with control females or HFD-fed males 
(P < 0.002) (Table 3).

It should be noted that neither respiratory con-
trol nor rate of oxygen absorption in states 3 and 4 
with succinate as a donor in the heart mitochondria 
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Note. Data are shown as mean ± SEM. aP < 0.05 vs сontrol rats of the corresponding sex; bP < 0.05 vs HFD rats of the 
opposite sex

T a b l e  3. Indexes of respiration, induced by malate/glutamate in isolated heart mitochondria of male and 
female rats, n = 6

Indexes
Control HFD

males females males OVX females
V3, natoms O/min/mg protein 84.99 ± 4.61b 108.67 ± 10.16b 61.21 ± 3.12ab 122.46 ± 9.87b

V4, natoms O/min/mg protein 14.11 ± 0.99 12.21 ± 0.88 14.44 ± 1.18b 24.53 ± 1.43ab

V3/V4 6.07 ± 0.20b 8.90 ± 0.59b 4.31 ± 0.21a 4.99 ± 0.24a

T a b l e  4. Indexes of respiration, induced by succinate in isolated heart mitochondria of male and female 
rats, n = 6

Note. Data are shown as mean ± SEM. aP < 0.05 vs сontrol rats of the corresponding sex

Indexes
Control HFD

males females males OVX females
V3, natoms O/min/mg protein 177.23 ± 11.88 180.58 ± 19.18 178.34 ± 13.21 189.41 ± 11.71
V4, natoms O/min/mg protein 76.85 ± 5.44 63.15 ± 7.70 86.05 ± 5.59 96.95 ± 7.01a

V3/V4 2.35 ± 0.18 2.91 ± 0.13 2.07 ± 0.05 1.97 ± 0.03a

T a b l e  5. Activity of cytochrome c-oxidase in isolated heart mitochondria of male and female rats, n = 6

Note. Data are shown as mean ± SEM. aP < 0.05 vs сontrol rats of the corresponding sex; bP < 0.05 vs HFD rats of the 
opposite sex

Index
Control HFD

males females males OVX females
Cytochrome c-oxidase activity, 
μmol/min/mg protein

11.44 ± 0.24 11.01 ± 0.52 10.34 ± 0.59b 7.44 ± 0.64ab

of control animals were influenced by sex. However, 
metabolic disorders induced by HFD caused im-
pairment of mitochondria respiration, depended on 
succinate, only in females with estrogen deficiency. 
HFD-fed OVX rats have shown an acceleration of 
state 4 respiration of cardiomyocyte mitochondria, 
which was accompanied by a decrease in respiration 
control (Table 4).

The activity of the component of electron trans-
port chain (ETC) - cytochrome c-oxidase (complex 
IV) in the cardiomyocytes mitochondria did not dif-
fer between control male and female rats. HFD did 
not changed this index in male rats, however OVX 
females have exhibited significant decrease in activ-
ity of cytochrome c-oxidase in isolated heart mito-
chondria in comparison with control animals of the 
corresponding sex (Table 5).

Discussion

It is known that metabolic disorders induced by 
HFD may lead to oxidative stress in the mitochon-
dria in different ways, in particular, due to the acti-
vation of NADPH oxidase, inhibition of aconitase 
and citrate overload [18].

In addition, in vitro studies have confirmed 
that high concentrations of fructose can cause mi-
tochondrial dysfunction due to energy metabolism 
disturbance, suppression of mitochondrial enzymes, 
decline of mitochondrial membrane potential and 
disruption of ETC function. Consequently, oxidative 
stress and mitochondrial dysfunction may lead to an 
increase in reactive oxygen and nitrogen species and 
cause mitochondrial apoptosis [19, 20].

We revealed more pronounced lipid peroxida-
tion in isolated heart mitochondria of control males 
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in comparison with female rats. The causes of these 
variances could be explained by the regulatory role 
of sex hormones, particularly estrogens, in the pro-
cesses of mitochondrial functioning. It is known that 
females heart mitochondria, compared to males, 
have a higher oxidative capacity and produce less 
ROS [21], due to estrogen-induced post-translational 
modifications of some mitochondrial proteins, which 
take part in maintaining the redox balance [8].

We established that HFD-induced metabolic 
abnormalities led to oxidative stress in the heart mi-
tochondria in rats of both sexes, but OVX females 
showed more pronounced disturbances compared to 
males fed HFD, which could specify the key role of 
sex hormones in regulating the production of oxidant 
molecules.

It is well known that metabolic disorders, in 
particular insulin resistance, are associated with the 
development of oxidative stress in the mitochondria 
due to the increase in the generation of free radicals, 
as well as the activation of NADPH oxidase [22, 23]. 
The excess of ROS causes disruption of mitochon-
drial function, damage to the mitochondria and ac-
celeration of their division, which leads to a decrease 
in oxidative phosphorylation and subsequent genera-
tion of ROS [24]. 

Estrogen deficiency is considered an additional 
factor that predisposes women to the development 
of oxidative stress. In vivo and in vitro experimen-
tal studies indicate that estrogens can deter the dis-
turbance of redox homeostasis by preventing ROS 
hyperproduction and scavenging free radicals [25]. 

Our results confirmed the theory that the most 
remarkable difference between female and male mi-
tochondria lies in antioxidant defense. Intact female 
rats’ mitochondria were characterized by higher ac-
tivity of antioxidant defense system in comparison 
with males. Estrogen receptors and their signaling 
cascades are implicated in the regulation of many 
antioxidant enzymes expression, including Mn-
SOD, GPX, and glutathione reductase. As a result, 
estrogen deficiency makes females more vulnerable 
to disturbance of redox homeostasis due to more pro-
nounced alterations of both the enzymatic and non-
enzymatic components of the antioxidant system 
compared to males [26].

It is known that mitochondrial dysfunction in 
cardiomyocytes, which is associated with modifica-
tions in oxidative phosphorylation and respiration, is 
considered one of the leading mechanisms of CVD, 
such as cardiac hypertrophy and aging, heart failure, 
and ischemia [27, 28]. 

The present study reported marked sex differen
ces among control animals regarding mitochondrial 
function in the heart. In fact, state 3 respiration was 
significantly higher in female cardiac tissue samples 
compared with that in male ones when the respirato-
ry donor substrates glutamate and malate were used, 
whereas it was similar when succinate was used.

Our results correspond to the data of experi-
mental studies, which showed no significant sex dif-
ferences in the mitochondrial respiration in intact 
animals, with the exception in respiration stimulated 
by glutamate and malate [29, 30]. This can be con-
nected with the impact of sex and sex hormones on 
cardiac mitochondrial functionality. It is known that 
cardiomyocytes of female rats contain fewer mito-
chondria but these mitochondria are more differenti-
ated than male ones. Female mitochondria exhibit 
greater functional efficiency and more productive 
work of the respiratory chain, providing less elec-
tron accumulation by ETC complexes and conse-
quent reduction in ROS production [31]. Despite a 
lower mitochondrial content in females compared 
to males, the mitochondrial oxidative capacity was 
shown to be similar in both sexes, probably due to 
higher phosphorylative efficiency in females, allow-
ing them to retain the oxygen consumption rate at 
the same level as males [32].

Furthermore, estradiol regulates the transcrip-
tion of genes of mitochondrial complexes I and IV, 
preventing the development of mitochondrial dys-
function in female rats, which may explain the more 
efficient cellular metabolism and mitochondrial res-
piration in cardiomyocytes of women compared to 
men [33].

In our study, metabolic abnormalities induced 
by HFD significantly decreased mitochondrial con-
trol of respiration, stimulated by glutamate/malate, 
in rats of both sexes. We found that HFD affected 
mitochondria respiration differently depending on 
sex: inhibited ADP-stimulated respiration (state 3) 
in males, while significantly speeded up the unstim-
ulated oxygen absorption (state 4) in OVX females 
compared with control animals. In addition, acceler-
ation of state 4 respiration, induced by succinate, and 
a decrease in respiration control were shown only in 
the heart mitochondria of OVX rats.

It is known that an increase in the rate of res-
piration can lead to the more intensive generation 
of ROS in the mitochondria, and our results are ap-
proved with more pronounced oxidative stress in 
HFD-fed OVX females compared to HFD-males 
(Table 2).
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Data from clinical studies have shown a de-
crease in the mitochondria respiratory function, 
when using pyruvate/malate, in patients with dys-
glycemia and type 2 diabetes mellitus compared to 
ones without signs of these disturbances, which may 
indicate inhibition or damage of some mitochondrial 
pathways. Respiration in isolated mitochondria, in-
duced by pyruvate/malate, can be caused by a com-
plex interaction between the activity of the Krebs 
cycle, ETC, changes in the membrane potential, the 
functionality of ATP synthase, and the activity of 
adenine nucleotide translocase. It remains unclear 
which factor is responsible for the reduction of state 
3 respiration in patients with type 2 diabetes mel-
litus compared with control subjects. Research data 
confirmed the association between long-term hyper-
glycemia and mitochondrial dysfunction induced by 
overproduction of ROS and attenuation of antioxi-
dant protection that lead to oxidation of mitochon-
drial respiratory complexes proteins [34].

At the same time, it is known that insulin-
resistant states are accompanied by a decrease in 
the number of mitochondria and the levels of mito-
chondrial enzymes, abnormal morphology of mi-
tochondria and disruption of ATP synthesis both 
in vivo [35] and ex vivo in human muscle biopsies 
[36]. Several studies have shown a relationship be-
tween changes in mitochondrial morphology and 
mitochondrial dysfunction, in particular, a decrease 
in ATP production and impaired activation of mito-
chondrial ATP-dependent potassium channels in the 
heart [37, 38]. Thus, an increased number of mor-
phologically abnormal mitochondria in myocardial 
tissue, observed in models of insulin resistance in 
rodents, was associated with the development of car-
diac hypertrophy [39, 40].

It is known that estrogen deficiency can cause 
a disruption of the mitochondria structure and lead 
to the development of mitochondrial dysfunction 
due to the loss of the estradiol regulatory effect. The 
results of experimental studies indicate structural 
damage and an abnormal shape of mitochondria, a 
significant decrease in the content of mitochondrial 
ETC proteins, inhibition of oxidative phosphoryla-
tion, disruption of lipid and carbohydrate metabo-
lism, as well as the development of oxidative stress 
and apoptosis of the mitochondria in OVX females’ 
cardiomyocytes [33].

It can be supposed that specific sex-dependent 
changes in the respiration of isolated mitochondria 
when several energy substrates are used reflect 

differences in the expression of the complexes in-
volved in the processes of respiration and oxida-
tive phosphorylation in cardiomyocytes of HFD-fed 
experimental rats. It is known that the respiratory 
substrates malate and glutamate activate dehydroge-
nases with the following reduction of NADH, which 
donates electrons to complex I of ETC and through 
Q-cycle – to complex IV and final acceptor O2. Suc-
cinate is oxidized at the level of ETC complex II by 
succinate dehydrogenase, which is a FAD-dependent 
enzyme that directly transfers electrons to ubiqui-
none, bypassing the NADH-dependent complex I 
[41].

Thus, in HFD-fed male rats, respiration rates 
decreased when malate/glutamate as the sources 
were used and remained unchanged when succinate 
was added. We can suppose that the disruption of 
mitochondrial respiration occurs mainly at the level 
of ETC complex I.

However, the decline in respiratory rates in 
OVX females fed HFD, when using malate and glu-
tamate, as well as succinate, indicates more signifi-
cant disturbances of the respiratory function in car-
diomyocyte mitochondria, in particular at the levels 
of ETC complex I and II that can be associated with 
metabolic disorders and estrogen deficiency.

This hypothesis is also supported by the un-
changed activity of another component of ETL – 
cytochrome c-oxidase (complex IV) – in the heart 
mitochondria of HFD-fed male rats compared to 
control animals. In contrast to males, metabolic dis-
orders induced by HFD and estrogen deficiency led 
to the inactivation of this enzyme in OVX females 
that point to the key role of sex hormones and their 
levels in the regulation of metabolism in the mito-
chondria.

The results of experimental studies indicate 
that mitochondrial dysfunction is accompanied by 
a decrease in the expression of mitochondrial pro-
teins, which are encoded both by the nuclear (suc-
cinate dehydrogenase and pyruvate dehydrogenase) 
and mitochondrial genome, in particular cytochrome 
c-oxidase [40]. Addition of estradiol in vitro to the 
pituitary tumor cell line GH4C1 led to an increase in 
the expression of RNA for subunit II of cytochrome 
c-oxidase, demonstrating an important role of sex 
hormones in the regulation of mitochondrial func-
tion [33].

As a result of our study, it was established that 
metabolic disorders induced by HFD lead to inhibi-
tion of ATP-stimulated mitochondrial respiration in 
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male rats when using glutamate and malate as a sub-
strate, that is possibly due to dysregulation of ETC 
at complex I level. HFD did not change the activity 
of ETC complex IV – cytochrome c-oxidase in the 
mitochondria of cardiomyocytes of male animals 
compared to the control group.

At the same time, it was revealed that HFD 
causes more significant disturbances in the ETC of 
cardiomyocyte mitochondria of ovariectomized fe-
male rats, in particular at the complexes I, II and IV, 
that was evidenced by acceleration of unstimulated 
mitochondrial respiration, both when using malate, 
glutamate, and succinate, and also by a decrease in 
the activity of cytochrome c-oxidase.

Thus, HFD-induced MetS in our study has 
led to impairment of mitochondrial respiration in 
both rat sexes, but these disturbances were more 
pronounced in ovariectomized females, that may 
partially explain the greater cardiovascular risk in 
estrogen-deficient women.

Conclusions
1. We revealed that sex and estrogen sufficiency 

have a great impact on the development of oxidative 
stress and impairment of the mitochondrial respira-
tion, induced by high-fructose diet in rats.

2. A high-fructose diet in females with estro-
gen deficiency caused a more intensive production 
of reactive oxygen species and a more significant in-
hibition of both enzymatic and non-enzymatic com-
ponents of antioxidant defense compared to males.

3. It was established that metabolic disorders 
induced by high-fructose diet lead to dysregulation 
of mitochondrial respiration at the level of complex I 
electron transport chain in male rats.

4. High-fructose diet-fed females with estrogen 
deficiency have exhibited more pronounced impair-
ment of electron transport chain, in particular at the 
levels of complex I, II and IV, compared to males 
that may partially explain the greater cardiovascular 
risk in women with low estrogen sufficiency.

5. The obtained data justify the need to develop 
new sex-specific prevention and treatment cardiovas-
cular risk approaches aimed at maintaining the car-
diomyocyte mitochondria functional state and pro-/
antioxidative balance at the initial stages of dysgly-
cemia.
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Статеві гормони відіграють провідну 
роль у статевому диморфізмі мітохондріальної 
дисфункції та окисного стресу, які асоціюються 
з метаболічним синдромом і розглядають-
ся як можливі причини серцево-судинних 
захворювань. Метою роботи було визначен-
ня мітохондріального дихання та окисно-
відновного гомеостазу у мітохондріях серця 
щурів, яких утримували на високофруктозній 
дієті (ВФД), в залежності від статі. Mетаболічний 
синдром індукували у щурів Wistar надходжен-
ням фруктози (200 г/л) з питною водою протя-
гом 8 тижнів. Експеримент проводили на 30 щу-
рах, розділених на п’ять груп: контрольні самці, 
контрольні самиці, самці на ВФД, самиці на 
ВФД із інтактними яєчниками, оваріектомовані 
самиці на ВФД. В ізольованих мітохондріях сер-
ця визначали показники окисно-відновного го-
меостазу, а також швидкість споживання кисню. 
Встановлено, що мітохондрії серця контрольних 
самиць мали нижчу інтенсивність перекисного 
окислення ліпідів, вищу активність системи ан-
тиоксидантного захисту та швидкість дихання у 
стані 3 порівняно з інтактними самцями. Пока-
зано, що ВФД індукує більш виразний окислю-
вальний стрес за рахунок значного пригнічення 
ензимних та неензимних компонентів антиокси-
дантного захисту та більшу дисрегуляцію ди-
хання в мітохондріях серця самиць із дефіцитом 
естрогенів порівняно з самцями. Отримані дані 
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можуть частково пояснити підвищений серцево-
судинний ризик у жінок із дефіцитом естрогенів 
та обґрунтовують необхідність розробки нових 
напрямів профілактики та лікування серцево-
судинних захворювань з урахуванням статі.

К л ю ч о в і  с л о в а: мітохондрії серця, 
мітохондріальне дихання, оксидативний стрес, 
система антиоксидантного захисту, статеві 
відмінності, щури.
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