
In an experimental model, it was shown that repetitive periods of hypoxia/reoxygenation (H/R) [5 cycles

of 5 min hypoxia (12% O2 in N2) followed by 15 min normoxia, daily for three weeks] attenuated basal

and stimulated in vitro lipid peroxidation, as well as H2O2 production in liver and brain mitochondria of

rats exposed to acute severe hypoxia. Adaptation to moderate H/R enhanced in mitochondria the pro-

duction and activity of reactive oxygen species scavengers, such as glutathione, manganese superoxide

dismutase, glutathione peroxidase, and glutathione-S-transferase. It was demonstrated that the mainte-

nance of GSH-redox cycle by activation of glutathione reductase and NADP+-dependent isocitrate dehy-

drogenase is an integral part of the biochemical adaptive mechanism of oxidative tolerance to new dam-

aging factor. Brain mitochondria showed more sensitivity to oxidative stress than liver mitochondria, and

long-lasting sessions of H/R affect differentially their pro-/antioxidant homeostasis.
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tion

INTRODUCTION

The excessive reactive oxygen species (ROS) generation is one of the prime mecha-

nisms underlying cell and tissue damage under pathologic conditions, including

hypoxia. For correction of such oxidative disorders, exogenous antioxidants have tra-

ditional employment. It has recently been reported that natural and synthesized

antioxidants used in therapy and especially during long-term preventive health care

not always demonstrated beneficial effect [2, 4]. Therefore, approaches allowing to

restrict abundant ROS accumulation due to induction of own protective systems

(including antioxidative ones) are very promising. It has been found that adaptive

intermittent hypoxic trainings (IH) known as experimentally repeated short-term
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hypoxia with normoxic intervals (reoxygenation) exert curative effects owing to an

increase in the efficiency of blood oxygen transport and energy supply, stabilization

of cellular membranes, restriction apoptosis, etc. [10, 22]. However, the molecular

mechanisms underlying protective effects of intermittent hypoxia are not fully under-

stood.

During hypoxia/reoxygenation (H/R) mitochondria remain one of the main cellu-

lar sources of oxidative species and, at the same time, they are targets of their attacks

[20]. The production of ROS in mitochondria is strictly regulated by antioxidant

enzymes, including glutathione peroxidase, glutathione transferase, glutathione

reductase, and manganese superoxide dismutase. Glutathione is considered to be a

crucial factor in maintaining intracellular GSH/GSSG homeostasis, which is neces-

sary for normal cellular physiological processes, and represents one of the most sig-

nificant antioxidants in mitochondria [17]. The redox status of glutathione system is

an important factor in the oxidant signaling systems control and plays an essential

role in the adaptive responses formation [3]. The function of GSH and GSH-related

enzymes depends on the redox status of NADP(H), a reducing cofactor used for

regeneration of glutathione from glutathione disulfides [11]. It was recently demon-

strated that the control of mitochondrial redox balance and oxidative damage is one

of the primary functions of NADP+-dependent isocitrate dehydrogenase [18].

Although the mechanisms underlying hypoxia-mediated regulation of intracellular

GSH levels are elucidated [6, 11, 28], a specific role that mitochondrial GSH plays

during intermittent hypoxia remains unknown.

The purpose of this investigation was to determine the influence of repetitive mod-

erate sessions of H/R on pro-/antioxidant homeostasis in liver and brain mitochon-

dria of rats exposed to acute severe hypoxia.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased from Sigma, Fluka and Merck and were of the high-

est purity.

Animals and experimental procedure

Wistar rats weighing 220–260 g were used. They were housed in Plexiglas cages

(4 rats per cage) and kept in an air-filtered and temperature-controlled (20–22 °C)

room. Rats received a standard pellet diet and water ad libitum and were kept under

artificial light-dark cycle of 12 h. The present study was approved by the Animal

Ethics Committee at the Bogomoletz Institute of Physiology, Kyiv, Ukraine. The rats

were randomly divided into four groups (eight animals in each). Animals of group I

were kept under normoxic conditions and served as control. In group II rats were



exposed to a single acute hypoxia by breathing the hypoxic gas mixture (7% O2 in

N2) for 60 min [14]. Group III included animals subjected to sessions of intermittent

hypoxia for three weeks. We applied repeated short-term hypoxia (5 min) with nor-

moxic intervals (15 min). Rats had five such sessions daily. Hypoxic episodes were

created by breathing the hypoxic gas mixture (12% O2 in N2) under normobaric con-

dition in a special chamber where the temperature and humidity were maintained at

21–26 °C and 55–60%, respectively [14]. Rats of group IV were exposed to acute

hypoxia on the first day after cessation of intermittent hypoxia. Animals were decap-

itated immediately after the experiment. At the time of sacrifice, the rats were light-

ly anesthetized with ether.

Biochemical assays

The liver and brain mitochondria were isolated by differential centrifugation as

described by Jonson and Lardy [19] and Basford [5], respectively. The mitochondri-

al preparations were analyzed after solubilization in 0.5% deoxycholate for 60 min

at 0–4 °C.

Lipid peroxidation (LPO) in isolated mitochondria was measured from the forma-

tion of thiobarbituric acid-reactive substances (TBARS) using the method of Buege

and Aust [7]. Sensitivity to in vitro LPO was estimated by incubation of identical

mitochondria samples with 10 μM FeSO4 and 0.1 mM ascorbic acid at 37 °C for

30 min. Intramitochondrial production of H2O2 was tested in the lactoper-

oxidase/H2O2/iodide system according to Huwiler and Kohler [16].

Manganese superoxide dismutase (MnSOD) (EC 1.15.1.1) activity was measured

by the method of Misra and Fridovich [24], which is based on the inhibition of

autooxidation of adrenaline to adrenochrome by SOD contained in the examined

samples. The samples were preincubated at 0 °C for 60 min with 6 mM KCN, which

produces total inhibition of Cu, Zn-SOD activity. Activities of selenium-dependent

glutathione peroxidase (GPx) (EC 1.11.1.9), glutathione reductase (GR) (EC 1.6.4.2)

and NADP+-dependent isocitrate dehydrogenase (IDPm) (EC 1.1.1.42) were esti-

mated by the methods of Rotruck et al. [26], Carlberg and Mannervik [8], and

Putilina [25], respectively. Glutathione-S-transferase (GST) (EC 2.5.1.18) activity

was determined by assaying 1-chloro-2,4-dinitrobenzene conjugation with GSH, as

described by Warholm et al. [27]. Reduced glutathione (GSH) and oxidized glu-

tathione (GSSG) were measured by the method of Anderson [1]. Mitochondrial pro-

tein concentration was estimated by the Lowry method, using bovine serum albumin

as standard.

Statistical analysis

Data are expressed as means ± SEM for each group. The differences among experi-

mental groups were detected by one-way analysis of variance (ANOVA) followed by

Bonferroni’s multiple comparison test.
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Fig. 1. Effect of acute and intermittent hypoxia (IH) on mitochondrial LPO – basal (A) and Fe2+/ascor-

bate – induced (B). Values are mean ± SEM, n = 6. aP < 0.05 vs. control; * P < 0.05 vs. acute hypoxia

Fig. 2. Effect of acute and intermittent hypoxia (IH) on mitochondrial H2O2 production (A) and Mn-SOD

activity (B). Values are mean ± SEM, n = 8. aP < 0.05 vs. control; * P < 0.05 vs. acute hypoxia



RESULTS

Rats exposed to acute severe hypoxia demonstrated a significant increase in basal

and stimulated LPO, in brain mitochondria by 65 and 75% (P < 0.05), in liver mito-

chondria by 37 and 45% (P < 0.05) respectively, as compared to the control (Fig. 1A,

1B). Moreover, in  mitochondria of both types, we have found elevation in H2O2 pro-

duction (Fig. 2A). Liver mitochondrial preparations showed an enhancement in

activities of MnSOD, GPx and a reduction in GR and IDPm activities. In brain mito-

chondria, we observed an increase in GR and IDPm activities, while GPx and GST

activities were decreased by 12 and 25% (P < 0.05) (Table 1). Acute severe hypoxic

influence induced an increase in GSSG content and a decrease in GSH concentration

and GSH/GSSG ratio (Table 2).

Sessions of IH did not cause any significant changes in TBARS level in liver mito-

chondria; however, in these samples simultaneously we determined increase in H2O2
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Table 1

Changes in activities of mitochondrial GSH-related enzymes and NADP+ dependent isocitrate

dehydrogenase after acute and intermittent hypoxia (IH)

Groups
Experimental Liver Brain

conditions mitochondria mitochondria

Glutathione reductase (μmol NADPH/min/mg prot.)

I Control 20.27 ± 0.47 12.09 ± 0.33

II Acute hypoxia 17.03 ± 0.34a 14.09 ± 0.26a

III IH 22.08 ± 0.42a 12.88 ± 0.55

VI IH + acute hypoxia 19.71 ± 0.48* 13.09 ± 0.64

Glutathione peroxidase (μmol GSH/min/mg prot.)

I Control 3.11 ± 0.13 2.30 ± 0.22

II Acute hypoxia 3.75 ± 0.15a 2.04 ± 0.14a

III IH 3.24 ± 0.14 2.87 ± 0.11a

VI IH + acute hypoxia 3.98 ± 0.16a 2.90 ± 0.10a*

Glutathione-S-transferase (μmol/min/mg prot.)

I Control 11.05 ± 0.64 18.48 ± 0.87

II Acute hypoxia 10.63 ± 0.65 13.92 ± 0.97a

III IH 10.12 ± 0.81 17.14 ± 0.73

VI IH + acute hypoxia 9.80 ± 0.50a 10.09 ± 0.62a*

NADP+-dependent isocitrate dehydrogenase (μmol NADPH/min/mg prot.)

I Control 19.90 ± 0.61 8.42 ± 0.71

II Acute hypoxia 14.09 ± 0.67a 11.73 ± 0.78a

III IH 23.51 ± 0.78a 8.57 ± 0.40

VI IH + acute hypoxia 18.52 ± 0.39* 7.81 ± 0.65*

Values are means ± SEM, n = 8. a P < 0.05 vs. control; * P < 0.05 vs. acute hypoxia.
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production by 16% (P < 0.05). We registered an increase in MnSOD, GR, and IDPm

activities in comparison with the control (Fig. 2B; Table 1). No significant changes

were found in GPx and GST activities. In brain mitochondria after sessions of H/R,

we observed an increase in MnSOD (by 25%) and GPx (by 27%) activities compared

to normoxic rats (Fig. 2B). There were no significant differences in the control in

GR, GST and IDPm activities (Table 1). At the same time, basal TBARS concentra-

tion, as well as Fe2+/ascorbate-stimulated in vitro LPO remained higher than control

levels by 18 and 33% (P < 0.05), respectively. Both the liver and brain mitochondria

demonstrated a fall in GSH/GSSG ratio and an increase in GSSG content.

Concentrations of GSH remained close to the control level (Table 2).

Acute severe hypoxia after cessation of IH induced a decrease in TBARS contents

of basal and stimulated LPO, respectively, in brain mitochondria by 17 and 14%

(P < 0.05), in liver mitochondria by 15 and 18% (P < 0.05) as compared to group II.

In addition, H2O2 production decreased in both types of mitochondria. Simulta-

neously we recorded a drop in MnSOD activity in liver mitochondria by 29% and in

brain mitochondria by 15% (P < 0.05). In liver mitochondria obtained from rats of IV

group, we observed an increase in GR and IDPm activities and no significant

changes in GST and GPx activities in comparison with group II. In brain mitochon-

dria activities of GR and IDPm remained at the control level, activity of GPx was

higher and activity of GST was less than in stressed and control rats. The changes in

Table 2

State of glutathione pool in liver and brain mitochondria after acute and intermittent hypoxia (IH)

Groups
Experimental Liver Brain

conditions mitochondria mitochondria

Reduced glutathione (nmol/mg protein)

I Control 4.75 ± 0.17 3.66 ± 0.08

II Acute hypoxia 4.16 ± 0.21a 3.16 ± 0.03a

III IH 4.55 ± 0.43 3.55 ± 0.09

VI IH + acute hypoxia 4.41 ± 0.29 3.52 ± 0.04

Oxidized glutathione (nmol/mg protein)

I Control 0.24 ± 0.012 0.40 ± 0.013

II Acute hypoxia 0.39 ± 0.016a 0.60 ± 0.016a

III IH 0.27 ± 0.012 0.46 ± 0.017a

VI IH + acute hypoxia 0.32 ± 0.016a* 0.50 ± 0.026a*

GSH/GSSG

I Control 19.95 ± 0.65 9.15 ± 0.19

II Acute hypoxia 10.14 ± 0.95a 5.27 ± 0.17a

III IH 16.36 ± 0.77a 7.56 ± 0.19a

VI IH + acute hypoxia 13.78 ± 0.70a* 7.14 ± 0.55a*

Values are means ± SEM, n = 8. a P < 0.05 vs. control; * P < 0.05 vs. acute hypoxia.



glutathione pool in both types of mitochondria were similar: GSSG content was

diminished by 18% (P < 0.05), GSH concentration remained at the control level, and

GSH/GSSG ratio was increased compared to group II.

In rats that underwent severe hypoxia after adaptation to IH, a positive correlation

was observed in brain mitochondria between GR and IDPm activities (r = 0.86),

between IDPm activity and GSH content (r = 0.77), between the contents of TBARS

and GSH (r = 0.26). There was a negative correlation between the TBARS content

and GR activity (r = –0.27). For stressed rats after cessation of IH in liver mitochon-

dria, the TBARS content positively correlated with IDPm and GR activities (r = 0.48)

and (r = 0.83), respectively, as well as between GR and IDPm activities (r = 0.59). We

found a negative correlation in liver mitochondria between the TBARS content and

GPx activity (r = –0.41), as well as between the GSH concentration and IDPm activ-

ity (r = –0.78).

DISCUSSION

Many studies have demonstrated that H/R affects various key mitochondrial func-

tions in a deleterious way, including depression of energy production, damage of

ionic homeostasis, and generation of free radicals [28, 29]. The accumulation and

direct transfer of reducing equivalents within the mitochondrial respiratory chain to

molecular oxygen can give rise to superoxide anion, singlet molecular oxygen,

hydroxyl radical, nitric oxide, and peroxynitrite [9]. Each of these species has the

potential to oxidize macromolecules and thereby to induce mutation of mitochondr-

ial DNA, impairment of protein function, and lipid peroxidation [20].

In the present study, we showed that the repetitive long-lasting situations of short-

term hypoxia followed by short-term reoxygenation do not cause significant changes

in indices of LPO in liver mitochondria. A reduction of the cytotoxic effects of the

above oxidants in mitochondria can be achieved by the removal of potential precur-

sors of highly toxic hydroxyl radical, namely superoxide anion and hydrogen perox-

ide [15]. The high value of MnSOD in liver mitochondria demonstrated in our study

promotes reduced production of superoxide anion, thereby lowering mitochondrial

oxidative injuries [6]. Under normal physiological conditions, matrix Mn-SOD is in

balance with the activity of H2O2 removing enzymes [12]. Since the mitochondria of

most animal cells contain no catalase, GSH, GPx, and GST are crucial in the metab-

olism of aldehydes and peroxides in mitochondria [17]. We have found that the gen-

eration of H2O2 in liver mitochondria does not translate into proportional tissue dam-

age, as was confirmed by the TBARS index, perhaps, due to the integrity in GSH

content, as well as optimal antioxidative activity of GPx, GST and/or ability of H2O2

to penetrate easily through mitochondrial membranes into the cytosol [11].

It is known that different tissues have different sensitivity to hypoxia depending

on several factors, such as oxygen consumption, susceptibility to oxidants and

antioxidant levels [22]. In the present study, we demonstrated that in brain mito-
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chondria IH exerts no effect on the GSH content, and GST, GR and IDPm activities,

while causes an increase in GPx activity. However, these changes occurred against

the background of an increase in H2O2 production, as well as in the TBARS level,

which are indicative of some imbalance in pro-/antioxidant homeostasis in brain

mitochondria. The fact that there is a significant enhancement in stimulated in vitro
LPO during the H/R sessions suggests that brain mitochondria in comparison with

liver mitochondria are more vulnerable to oxidative stress. It was shown that the LPO

elevation is one of the major consequences of free radical-mediated injury of brain

and determines high risk of neuronal damage [15, 23].

Since mitochondrial GSSG cannot be exported into the cytosol for reconversion

into GSH [17], the accumulation of oxidized glutathione, which we observed after

sessions of H/R, lead to an increase in the level of NADPH whose availability is nec-

essary to restore the pool of reduced thiols via the activation of GR [11]. In the pre-

sent study, we have shown that an increase in GR and IDPm activities in liver mito-

chondria and remaining of these enzyme activities at the control level in case of brain

mitochondria promote the coordinated action GSH redox-cycle during IH. These

findings are in the accordance with some reports that mitochondrial NADP+-depen-

dent isocitrate dehydrogenase is one of a major NADPH producer in mitochondria

and thus plays a key role in cellular defense against oxidative stress-induced damage

[18]. Based on the positive correlation between the GSH content, IDPm and GR

activities and indices of oxidative stress in mitochondria of both types, we can

hypothesize that IDPm is involved in oxidative stress protection and in mitochon-

drial GSH-redox regulation during adaptation to IH.

To estimate the effectiveness of hypoxic adaptation, we used acute hypoxic influ-

ence. Rats exposed to severe hypoxia demonstrated typical signs of oxidative stress,

the alteration of glutathione metabolism, a decrease in GSH content and GSH/GSSG

ratio. Acute hypoxic stress after using of IH induced a decrease in basal and

Fe2+/ascorbate-induced LPO and in GSSG content, as well as an enhancement in

GSH/GSSG ratio in liver and brain mitochondria as compared to unadapted rats. In

both types of mitochondria, we observed a drop in the hyperactivity of MnSOD and,

as a consequence, a decrease in H2O2 production in comparison with stressed rats

without preliminary IH. The basal value of GSH was maintained in all groups and

situations (except acute hypoxia), and can be explained by residual activities of GR

and IDPm at the control level, as well as by the findings that mitochondrial GSH can

be conserved at the expense of cytosolic GSH due to a transport system located on

the inner membrane [11]. Our data are in agreement with reports that adaptation to

IH might be employed as a protective strategy to inhibit new oxidative injuries

caused by various stresses [10, 13, 21, 29]. 

This study indicates that the increased level of antioxidative defense, as well as the

maintenance of glutathione redox status in mitochondria of H/R-treated rats, is of

fundamental importance for keeping the oxidative stress at the tolerable level. It is

known that mitochondrial free radical metabolites generated during moderate hypox-

ia/reoxygenation may function as signaling molecules activating transcription factors

and specific genes that results in de novo protein synthesis including antioxidant



enzymes [3, 6]. These molecular mechanisms might be substantial for triggering of

adaptive reactions and forming of protective mechanisms against new oxidative

stress.

REFERENCES

1. Anderson, M. (1985) Determination of glutathione and glutathione disulfide in biological samples.

Methods Enzymol. 113, 548–551.

2. Arkhipenko, Yu., Sazontova, T. G. (1995) Mechanisms of the cardioprotective effect of a diet

enriched n–3 polyunsaturated fatty acids. Pathophysiology 2, 131–140.

3. Arrigo, A. P. (1999) Gene expression and the thiol redox state. Free Radic. Biol. Med. 27, 936–944.

4. Barja, G., Lopez Torres, M., Perez Campo, R., Rojas, C., Cadenas, S., Prat, J., Pamplona, R. (1994)

Dietary vitamin C decreases endogenous protein oxidative damage, malondialdehyde, and lipid per-

oxidation and maintains fatty acid unsaturation in the guinea pig liver. Free Radic. Biol. Med. 17,

105–115.

5. Basford, R. E. (1967) Preparation and properties of brain mitochondria. Methods Enzymol. 10,

96–100.

6. Bell, E., Emerling, B., Chandel, N. (2005) Mitochondrial regulation of oxygen sensing. Mito-

chondrion 5, 322–332.

7. Buege, J., Aust, S. (1978) Microsomal lipid peroxidation. Methods Enzymol. LII, 302–308.

8. Carlberg, I., Mannervik, B. (1985) Glutathione Reductase. Methods Enzymol. 113, 484–490.

9. Chandel, N., Budinger, S. (2007) The cellular basis for diverse responses to oxygen. Free Radic. Biol.

Med. 42, 165–174.

10. Clanton, T. L., Klawitter, P. (2001) Physiological and genomic consequences of intermittent hypoxia.

Invited review: Adaptive responses of skeletal muscle to intermittent hypoxia: the known and the

unknown. J. Appl. Physiol. 90, 2476–2487.

11. Dickinson, D. A., Forman, H. J. (2002) Cellular glutathione and thiols metabolism. Biochem.

Pharmacol. 4, 1019–1026.

12. Faraci, F., Didion, S. (2004) Vascular protection: superoxide dismutase isoforms in the vessel wall.

Arterioscler. Thromb. Vasc. Biol. 24, 1367–1373.

13. Gonchar, O. (2005) Muscle fiber specific antioxidative system adaptation to swim training in rats:

influence of intermittent hypoxia. J. Sport Sci. Med. 4, 160–169.

14. Gonchar, O., Rozova, K. (2007) Effects of different modes of interval hypoxic training on morpho-

logical characteristics and antioxidant status of heart and lung tissues. Bull. Exp. Biol. Med. 144,

249–252.

15. Halliwell, B., Gutteridge, J. M. C. (1999) Free Radicals in Biology and Medicine. Oxford University

Press, Oxford.

16. Huwiler, M., Kohler, H. (1984) Pseudo-catalytic degradation of hydrogen peroxide in the lactoper-

oxidase/H2O2/iodide system. Eur. J. Biochem. 141, 69–74.

17. Jezek, P., Hlavata, L. (2005) Mitochondria in homeostasis of reactive oxygen species in cell, tissues,

and organism. Int. J. Biochem. & Cell Biol. 37, 2478–2503.

18. Jo, S., Son, M., Koh, H., Lee, S., Song, I., Kim, Y., Lee, Y., Jeong, K., Kim, W., Park, J., Song, B.,

Huhe, T. (2001) Control of mitochondrial redox balance and cellular defense against oxidative dam-

age by mitochondrial NADP+-dependent isocitrate dehydrogenase. J. Biol. Chem. 276,

16168–16176.

19. Jonson, D., Lardy, H. (1967) Isolation of liver and kidney mitochondria. Methods Enzymol. 10,

94–96.

20. Li, C., Jackson, R. M. (2002) Reactive species mechanisms of cellular hypoxia-reoxygenation injury.

Am. J. Physiol. 282 (Cell Physiol.), C227–C241.

21. Lin, A., Chen, C. F., Ho, L. T. (2002) Neuroprotective effect of intermittent hypoxia on iron-induced

injury in rat brain. Exp. Neurology 178, 328–335.

Mitochondrial adaptation to hypoxia 193

Acta Biologica Hungarica 60, 2009



194 OLGA GONCHAR and IRINA MANKOVSKAYA

Acta Biologica Hungarica 60, 2009

22. Lukyanova, L. D. (2005) Novel approach to the understanding of molecular mechanisms of adapta-

tion to hypoxia. In: Hargens, A., Takeda, N., Singal, P. (eds) Adaptation Biology and Medicine.

Current Concepts, New Delhi: Narosa, pp. 1–19.

23. Maiti Panchanan, Shashi B. Singh, Alpesh K. Sharma, Muthuraju, S., Pratul, K. Banerjee,

Ilavazhagan, G. (2006) Hypobaric hypoxia induces oxidative stress in rat brain. Neurochem. Int. 49,

709–716.

24. Misra, H., Fridovich, I. (1972) The role of superoxide anion in the autoxidation of epinephrine and a

simple assay superoxide dismutase. J. Biol. Chem. 247, 3170–3175. 

25. Putilina, F. (1982) The NADP+-dependent isocitrate dehydrogenase activity determination. Methods

Biochem. 1, 174–176. 

26. Rotruck, J. T., Pope, A. L., Ganther, H. E., Swanson, A. B. (1973) Selenium: biochemical role as a

component of glutathione peroxidase. Science 179, 588–590.

27. Warholm, M., Guthenberg, C., Bahr, C., Mannervik, B. (1985) Glutathione transferases from human

liver. Methods Enzymol. 113, 499–501. 

28. Waypa, G. B., Schumacker, P. T. (2005) Hypoxic pulmonary vasoconstriction: redox events in oxy-

gen sensing. J. Appl. Physiol. 98, 404–414.

29. Zhu, W.-Z., Xie, Y., Chen, L., Yang, H.-T., Zhou, Z.-N. (2006) Intermittent high altitude hypoxia

inhibits opening of mitochondrial permeability transition pores against reperfusion injury. J. Mol.

Cell Cardiol. 40, 96–106.




