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Abstract. Intermittent hypoxia training (IHT) may reduce the oxidative stress-induced damage caused 
by extreme influences such as ischemia, exhaustive physical exercise, acute hypoxia, and stress. The aim 
of the present study is to investigate the effects of IHT on hepatic mitochondrial oxygen consumption, 
lipid peroxidation, and selected biochemical parameters used as diagnostic tools in a skeletal unloading 
model in rats. Our data showed that the IHT method significantly improved liver tolerance of unloading 
by reorganizing mitochondrial energy metabolism due to NADH-dependent oxidation. Aminotransferase 
activity was decreased compared to levels in untreated rats. Succinate dehydrogenase activity and lipid 
peroxidation remained unchanged when compared between groups. Moreover, skeletal unloading in the 
growing rats induced an activation of the rate of mitochondrial respiration in state 3 at succinate oxidation 
and decreased oxygen consumption at α-ketoglutarate oxidation. Adaptation of rats to IHT in our experi-
ment significantly improved the rate of oxidative phosphorylation and the efficiency of phosphorylation in 
liver mitochondria at α-ketoglutarate oxidation. IHT seems to be a hepatoprotective method, and its use 
in maintaining a healthy liver and preventing unloading-induced liver damage deserves consideration and 
further examination.
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Introduction

Mitochondrial dysfunction appears to be a possible 
mode of the molecular mechanism for oxidative 
stress [1,2]. Oxidative damage and the associated 
mitochondrial dysfunction may result in energy 
depletion, accumulation of cytotoxic mediators, 
and cell death [3]. The depletion of ATP levels and 
the changes in the activities of mitochondrial respi-
ratory complexes indicative of lipid peroxidation 
and the reduction of oxidative phosphorylation ef-
ficiency have been implicated in stress-induced oxi-
dative tissue damage [4,5]. Mitochondrial uncou-
pling has recently been identified as playing a 
determinant role in the pathogenesis of liver injury 

due to the resulting defects in lipid homeostasis, 
bioenergetics impairment, and overproduction of 
reactive oxygen species (ROS) [2,6,7]. 

Most of the studies support a protective role of in-
termittent hypoxia training (IHT) [8-13]. 
Adaptation to hypoxia by an IHT is associated with 
the expression of enzyme isoforms that can effi-
ciently function in a mitochondrial environment 
with high concentrations of reduced equivalents, as 
generated during hypoxia. This prevents inactiva-
tion of the mitochondrial enzyme complexes and 
may constitute one of the adaptation mechanisms 
triggered by IHT [8]. IHT enhances energy sup-
port production by increasing the rate of mito-
chondria formation, activating electron flux 
through mitochondrial respiratory complex I, and 
increasing the efficiency of oxidative phosphoryla-
tion [9-13]. Our previous study confirmed that 
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IHT caused reorganization of mitochondrial ener-
gy metabolism and improved the protection against 
acute hypoxia favoring NAD-dependent oxidation 
[9-11]. After 14 days of normobaric IHT (11% 
O2, 15-min sessions with 15-min rest intervals, 5 
times daily), in comparison to controls, an acute 
hypoxic challenge in the presence of succinate re-
sulted in an increase of the Chance respiratory coef-
ficient, the ADP/O ratio and the phosphorylation 
rate, an increase in the activation of both aspartate 
and alanine aminotranferases, and in less lipid per-
oxidation. These findings indicate a more efficient 
use of oxygen under hypoxic conditions after IHT 
preconditioning [9,10]. In this study, we suggested 
an alternative approach to induce the self-protec-
tive system of an organism by applying a regime of 
adaptive training that combines periods of hypoxia 
and normoxia. IHT may reduce the oxidative 
stress-induced damage caused by extreme influenc-
es such as ischemia, exhaustive physical exercise, 
acute hypoxia, stress etc. [9]. We have assumed that 
the IHT method may induce the activation of vari-
ous metabolic processes and may be an important 
trigger for specific adaptation, which improves the 
organism’s resistance to simulated weightlessness 
modeled by skeletal unloading.

Weightlessness simulation is known to induce a 
number of physiological alterations [14]. Wronski 
and Morey-Holton’s (1987) findings indicated that 
tail suspension may be a more appropriate model 
for evaluating the effects of simulated weightless-
ness on skeletal homeostasis [15]. Skeletal unload-
ing in the growing rat induced a temporary inhibi-
tion of bone formation and thereby a deficit in 
bone calcium compared with age-matched, nor-
mally-loaded animals [16,17]. Dehority et al. 
(1999) demonstrated the utility of the adult rat 
hind limb elevation model as a means of simulating 
the loss of gravitational loading on the skeleton 
[18]. Chowdhury and Soulsby (2008) used a hind-
limb suspended rat model of exposure to micro-
gravity to monitor total tissue oxidative stress as a 
function of lipid peroxidation in liver, brain, heart, 
kidney, lung, pancreas, and small intestine homog-
enates in control loaded animals, in animals un-
loaded for two weeks, and in animals reloaded fol-
lowing two weeks of unloading. Results imply that 

oxidative stress increases with the unloading of an 
animal, and it decreases toward control levels after 
two weeks of reloading following unloading [19].

The present study was thus designed to evaluate the 
effect of IHT on oxygen consumption data in the 
liver mitochondria of rats exposed to simulated 
weightlessness via the hind limb elevation model. It 
was further aimed to characterize the potential 
changes in the lipid peroxidation (thiobarbituric 
acid reactive substances content as important bio-
markers of oxidative stress) and the alterations in 
selected biochemical parameters used as diagnostic 
tools in medicine (alanine and aspartate amino-
transferases, and succinate dehydrogenase activi-
ties) in the liver tissue of rats exposed by a skeletal 
unloading model.

Materials and Methods

Animals. All procedures followed the criteria, tech-
nical standards, and rights applied to animal re-
search as set forth in the statements of the European 
Union regarding the handling of experimental ani-
mals. This investigation conforms to legal and local 
ethical committee guidelines for animal research. 
Experiments were conducted on adult male Wistar 
rats (weight range 0.22-0.25 kg) provided with 
standard rat feed with water ad libitum. Animals 
were housed (4 per cage) in a room with 12:12-h 
light-dark cycle at 22oC. 

Intermittent hypoxia training protocol. The IHT 
group included rats exposed to sessions of intermit-
tent, normobaric hypoxia. We alternated repeated 
15-min inhalations of a gaseous mixture containing 
10% O2 in N2 with 15-min intervals of normoxia 
(21% O2 in N2) in a special Plexiglas chamber 
where the temperature and humidity were main-
tained at 22-23ºC and 55-60%, respectively. 
Chamber O2 content was monitored with O2 ana-
lyzer. Animals had 5 similar sessions daily for 28 
days.

Skeletal unloading procedure. The procedure of 
tail-suspension described by Wronski and Morey-
Holton (1987) was adopted in the present study 
[15]. Animals were suspended using metal rings 
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with stainless steel implanted in the tail. Ring was 
implanted into tail of one-month rats. 1.5 months 
after implantation and the fibrous tissue formation 
around implanted ring, rats were subjected to the 
model with a head-down tilt for a two-week period. 
Total mechanical unloading of the hind limbs oc-
curred. Animals were subjected in a 35° head-down 
tilt position, and the forelimbs maintained contact 
with the floor, allowing a 360° range of movement 
and access to food and water freely. The suspension 
height was adjusted to prevent the animal’s hind 
limb from touching any supportive surface. The 
suspension height and animal behavior were moni-
tored daily. Control animals were allowed to move 
unconstrained around the cages.

Experimental groups. The effect of IHT on oxygen 
consumption data in the liver mitochondria of rats 
exposed to simulated weightlessness through the 
hind limb elevation model was evaluated in three 
groups of animals: 1) the control group; 2) the 
group that experienced weightlessness simulation 
by mechanical skeletal unloading of the hind limbs 
during a two-week period; 3) the group that was 
treated with IHT daily for 28 days and then ex-
posed to weightlessness simulation for a two-week 
period. Each experimental group consisted of 6 
rats. Animals were lightly anesthetized with ether 
and then decapitated immediately after the 
experiment.

Isolation of liver mitochondria. The liver was re-
moved immediately from each rat after decapita-
tion. One liver was used for each mitochondrial 
preparation. Mitochondria were isolated by differ-
ential centrifugation according to the method de-
scribed by Kondrashova and Doliba (1989) [20]. 
Briefly, the liver was excised, weighed, and washed 
in ice-cold buffer. The minced tissue was rinsed 
clear of blood with cold isolation buffer and ho-
mogenized in a glass Potter-Elvehjem homogeniz-
ing vessel with a motor-driven Teflon pestle on ice. 
The isolation buffer contained 120 mM KCl, 2 
mM K2CO3, 10 mM HEPES, and 1 mM EGTA. 
Potassium hydroxide was used to adjust the pH of 
the medium to 7.20. The suspension was then cen-
trifuged for 5 min at 600 g at 0°C. The mitochon-
drial fraction was obtained by centrifugation of 

supernatant for 12 min at 8,000 g at 0°C. Finally, 
mitochondria were re-suspended in the isolation 
buffer at a concentration of 4 to 6 mg of protein per 
mL, and were kept in the tube on ice until polaro-
graphic measurements were performed. The pro-
tein concentration in each sample was determined 
according to Bradford’s method (1976) using bo-
vine serum albumin as a standard [21]. There were 
6 mitochondrial preparations in each experimental 
group.

Measurement of oxygen consumption. 
Mitochondrial respiratory function was measured 
in the multichannel chamber, using a Clark-type 
electrode, by the polarographic method of Chance 
and Williams (1956) [22]. Mitochondria were add-
ed to the respiration chamber containing a total 
volume of 1.0 mL of incubation media. The medi-
um contained 120 mM KCl, 2 mM K2CO3, 2 mM 
KH2PO4, 10 mM HEPES. Potassium hydroxide 
(1.0 N) was used to adjust the pH of the medium 
to 7.20 at 26oC. Succinate (0.35 mM final concen-
tration) and α-ketoglutarate (1 mM final concen-
tration) were used as oxidative substrates. Glutamate 
(3 mM final concentration) and malate (2.5 mM 
final concentration), as well as glutamate (3 mM 
final concentration) and pyruvate (3 mM final con-
centration) mixtures were used as donors of 
α-ketoglutarate through aminotransferases reac-
tion. An inhibitor of succinate dehydrogenase, ma-
lonic acid (2 mM final concentration), was used to 
assess the presence of FADH-dependent substrates 
in the mitochondrial oxidation. ADP (phosphate 
acceptor) was administered at a concentration of 
0.2 mM. 

Mitochondrial oxygen consumption parameters 
measured were the following: State 2 (oxygen con-
sumption before the addition of ADP), State 3 
(oxygen consumption stimulated by ADP), State 4 
(oxygen consumption after cessation of ADP phos-
phorylation), respiratory control ratio (RCR) de-
scribed by Chance (ratio of state 3 to state 4), the 
ADP/O ratio (ratio between the nanomoles of ADP 
phosphorylated and the nanomoles of oxygen con-
sumed during state 3), and the rate of phosphoryla-
tion (Vph). The respiratory control ratio and 
ADP/O ratio were calculated by the method of 
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Chance and Williams (1956). Oxygen consump-
tion was determined in the presence (state 3) or in 
the absence (state 4) of phosphate acceptor and re-
corded as nanogram oxygen atoms per minute per 
milligram of mitochondrial protein. The respirato-
ry control ratio by Chance was calculated as the ra-
tio of state 3 to state 4 respiration rates. The ADP-
to-oxygen-ratio (ADP/O) was calculated as the 
ratio of nanomoles of added ADP per nanogram 
atoms of oxygen utilized during state 3 [22].

Biochemical assay. TBARS assay for lipid peroxi-
dation. The malondialdehyde (MDA) content, a 
measure of lipid peroxidation, was assayed in the 
form of thiobarbituric acid reacting substances 
(TBARS) by the method of Kamyshnikov (2004) 
[23]. Briefly, to 1.0 mL of 20% trichloracetic acid 
(TCA) reagent were added 2.1 mL of liver homog-
enate 10% (w/v), and 0.8% aqueous solution of 
2-thiobarbituric acid. The mixture was heated at 
100°C for 10 min. After cooling with ice-cold wa-
ter, the mixture was centrifuged at 3,000 g for 10 
min. The supernatant was removed and its absor-
bance was measured at 540 nm. TBARS were quan-
tified using an extinction coefficient of 1.56∙105 

M-1 cm-1 and expressed as µmol of MDA per mg 
protein. 

Alanine aminotransferase (ALT, E.C. 2.6.1.2), 
aspartate aminotransferase (AST, E.C. 2.6.1.1) 
activities assay. ALT and AST, the ketoacids pro-
duced by the enzyme action, react with 2,4-dinitro-
phenylhydrazine, producing a hydrazone complex 
measured calorimetrically at 530 nm by the method 
of Reitman and Frankel (1957) [24]. ALT and AST 
activities were expressed as μmol pyruvate per h per 
mg of protein.

Succinate dehydrogenase (SDH, E.C. 1.3.5.1) ac-
tivity assay. SDH activity was analyzed spectro-
photometrically by the method of Eschenko and 
Volski (1982) [25]. The enzyme assay mixture con-
sisted of 1 mL 0.1M phosphate buffer (pH 7.8), 
0.1 mL of 0.1M succinic acid (pH 7.8), 25 mM 
EDTA (pH 7.8), and 150 mM sodium aside. 0.5 
mL of 10% liver homogenate was then added to the 
mixture. The reaction was initialized by adding 0.1 
mL of 25 mM K3[Fe(CN)6] and incubating for 15 

min at 30oC. The reaction was terminated by the 
rapid addition of 2.0 mL of 20% TCA reagent. 
TCA was added to blank assay before tissue ho-
mogenate. All samples were centrifuged at 3,000 g 
for 10 min. The absorbance of the obtained super-
natant was measured at 420 nm and was compared 
with that of the blank. One unit of SDH activity is 
defined as the amount of enzyme required for de-
composition of 1 nmol succinic acid per min per 
mg of protein.

Statistical analysis. Results are expressed as mean 
± S.E.M. All variables were tested for normal distri-
bution using the Kolmogorov-Smirnov test 
(P>0.05). The significance of differences in the 
TBARS level, enzyme activities, and oxygen con-
sumption data (significance level at p<0.05) was 
examined using the Mann-Whitney U test accord-
ing to Zar (1999) [26]. In addition, the relation-
ships between TBARS level, enzyme activities, and 
oxygen consumption data of all individuals were 
evaluated using Spearman’s correlation analysis. All 
statistical calculations were performed on separate 
data from each individual with STATISTICA 8.0 
software (StatSoft, Poland). 

Results

Table 1 shows the mitochondrial oxygen consump-
tion data in rat liver using FADH- (succinic acid) 
and NADH-dependent substrates (α-ketoglutarate) 
in the skeletal unloading model and under IHT in-
fluence. In order to determine the effect of IHT on 
mitochondrial oxygen consumption data, the skel-
etal unloading model was tested. 

Skeletal unloading induced a considerable increase 
of 31.9% (p=0.045) in the V3 value at succinate 
oxidation compared to the control group. More sig-
nificant changes in the mitochondrial oxygen con-
sumption data have been detected for 
α-ketoglutarate oxidation. Skeletal unloading de-
creased the RCR by 45.1% (p=0.037) and the effi-
ciency of phosphorylation by 113% (p=0.037) 
(Table 1). In IHT treated rats exposed to the skel-
etal unloading model, the oxidation of NADH-
dependent substrate α-ketoglutarate suffered no 
changes in the rate of respiration in state 3, except 
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for significant increases in ADP/O (by 32%, 
p=0.010) and Vph (by 73.7%, p=0.001) compared 
to the skeletal unloading group. IHT treatment 
also significantly increased the rate of mitochon-
drial respiration in state 3 (by 35.6%, p=0.016) for 
α-ketoglutarate oxidation via transaminase reaction 
(glutamate and malate oxidation). Skeletal unload-
ing of IHT-treated rats modified the mitochondrial 
oxygen consumption data by increasing mitochon-
drial respiration in state 3 by 57.5% (p=0.006) and 
increasing the rate of phosphorylation by 87.5% 
(p=0.025) at α-ketoglutarate oxidation through 
transaminase reaction (glutamate and pyruvate oxi-
dation) (Table 1).

Statistically significant differences in ALT and AST 
activity were observed between rats from control 

and skeletal unloading groups. ALT and AST activ-
ity was decreased by 42.9% (p=0.004) and by 
51.3% (p=0.004), respectively, in the skeletal un-
loading groups compared to the control group. 
SDH activity and lipid peroxidation remained un-
changed when compared between groups (figures 
1, 2 and 3). 

Several correlations between checked parameters 
were found (Table 2). Liver SDH activity from the 
untreated group was inversely correlated with the 
ADP/O ratio when α-ketoglutarate was used as a 
substrate (R=-0.829, p=0.042). AST activity from 
the skeletal unloading group correlated positively 
with V3 (R=0.829, p=0.042) and RCR (R=0.886, 
p=0.019) at α-ketoglutarate oxidation. The rela-
tionship between AST activity and the 

Table 1. Effect of the skeletal unloading model on liver mitochondrial oxygen consumption data in IHT treated rats under 
various substrates oxidation (mean±S.E.M., n=6).

Group of animals			  V3,		     RCR,		  ADP/O,		 Vph, µmol
	 	 	 	 	 ng O•min-1•mg-1 	    V3/V4	 µmol ADP•ng-1	 ADP•min-1•	 	
					     protein				    O		  mg-1 protein
	
							       0.35 mM succinate
Control				    54.27±4.87	 3.40±0.44	 1.76±0.15	 94.62±9.69
Skeletal unloading model		  71.58±6.48*	 4.20±0.51	 2.07±0.14	 148.88±17.81
IHT and skeletal unloading	 61.53±6.52	 4.20±0.43 	 1.83±0.05	 112.87±13.14

							       1 mM α-ketoglutarate
Control				    36.47±3.43	 4.79±0.83	 2.30±0.18	 83.34±9.81
Skeletal unloading model		  42.42±6.24	 2.63±0.50*	 1.81±0.05*	 77.0±11.66
IHT and skeletal unloading	 55.52±4.10 	 2.59±0.46 	 2.39±0.20**	 133.74±17.98*	

							       1 mM α-ketoglutarate+2.5 mM malonate
Control				    31.64±2.89	 2.96±0.42	 1.60±0.19	 50.68±7.32
Skeletal unloading model		  41.98±4.77	 3.37±0.43	 1.76±0.10	 73.39±8.26
IHT and skeletal unloading	 36.93±3.38 	 2.45±0.41	 2.10±0.11	 77.97±9.05
					   
							       3 mM glutamate+2.5 mM malat
Control				    68.25±4.35	 3.23±0.19	 1.69±0.10	 116.63±12.18
Skeletal unloading model		  80.31±5.01	 3.35±0.33	 1.79±0.08	 144.03±11.36
IHT and skeletal unloading	 108.94±6.91**	 4.30±0.44	 1.92±0.21	 211.98±32.44

							       3 mM glutamate+3 mM pyruvate
Control				    59.55±6.37	 3.64±0.52	 1.81±0.22	 114.54±24.74
Skeletal unloading model		  93.78±8.23*	 3.33±0.39	 2.29±0.08	 214.76±19.98*
IHT and skeletal unloading	 108.61±9.87 	 3.82±0.38	 1.94±0.16	 208.83±24.05	

* p<0.05, Skeletal unloading group was compared to the untreated group (as Control). 
** p<0.05, IHT and skeletal unloading was compared to the skeletal unloading group.
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ADP/O ratio at glutamate and pyruvate 
transamination pathway (R=0.943, 
p=0.005) was positive in the liver of rats 
treated with IHT and exposed to an un-
loading model.

Discussion

This study confirmed that IHT improves 
liver tolerance to simulated weightless-
ness modeled by skeletal unloading. We 
have demonstrated for the first time that 
the exposure of rats to IHT induced 
protection against skeletal unloading. 
We examined one of the physiologic 
mechanisms responsible for such im-
provement and provided conclusive evi-
dence that IHT attenuated the derange-
ments in mitochondrial respiration 
associated with unloading. Skeletal un-
loading caused impairment of the RCR 
and ADP/O ratio that used 
α-ketoglutarate as a substrate, and in-
creased oxygen consumption (state 3) at 
succinate oxidation. In our study, oxida-
tion of α-ketoglutarate, an NADH-
dependent substrate, was inhibited. 
RCR, which provides an index of mito-
chondrial coupling [22, 27, 28], was de-
creased after the unloading exposure. 
The skeletal unloading caused the de-
cline of mitochondrial consumption 
when NADH-dependent substrate 
(α-ketoglutarate) was used. Those 
changes were completely absent when 
an NADH-dependent substrate was 
used due to glutamate and pyruvate 
transamination pathway. Our findings 
are in accordance with previous reports, 
demonstrating that stress-induced 
adrenaline prevalence leads to the in-
crease of succinate-dependent ATP syn-
thesis, which is due to the well-known 
activation of succinate oxidation [29]. 
The results of Fedotcheva et al. (2006) 
suggest that nonenzymatic decarboxyl-
ation of α-ketoglutarate and transami-
nation switch the tricarboxylic acid cycle 
to the formation and oxidation of suc-
cinate, bypassing NADH-dependent 
oxidation, and thereby supporting 

Figure 1. Effect of IHT treatment on alanine- and aspartate 
aminotransferases activity (μmol pyruvate ⋅h-1∙mg-1 protein) in 
the liver tissue of rats exposed to skeletal unloading model. 

Each bar represents the mean ± S.E.M. 
* p<0.05, Skeletal unloading group was compared to the un-
treated group (as Control). 

Figure 2. Effect of IHT treatment on succinate dehydrogenase 
activity (nmol succinate ⋅min-1⋅mg-1 protein) in the liver tissue of 
rats exposed to skeletal unloading model. 

Each bar represents the mean ± S.E.M. 

Figure 3. Effect of IHT treatment on TBARS level (μmol 
MDA ⋅mg-1 protein) in the liver tissue of rats exposed to skeletal 
unloading model. 

Each bar represents the mean ± S.E.M. 
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respiration [30]. Transamination supplies 
α-ketoglutarate and reduces the sensitivity of 
NADH-dependent oxidation to reactive oxygen 
species. The transamination pathway can operate 
under oxidative stress and is remarkably resistant to 
oxidants [30].

In our study IHT caused reorganization of mito-
chondrial energy metabolism, favoring NADH-
dependent oxidation and improving protection 
against skeletal unloading. IHT treatment could 
slightly improve the energy support processes in 
liver mitochondria, by increasing efficiency and by 
increasing the phosphorylation rate at oxidation of 
NADH-generated substrates. Both the rate of 
ADP-stimulated oxygen consumption (state 3) and 
the rate of phosphorylation (Vph) in the livers of 
the IHT and unloading groups were decreased by 
33.5% (p=0.010) and by 41.7% (p=0.016) respec-
tively, using α-ketoglutarate as a substrate and mal-
onate as an SDH inhibitor, compared to 
α-ketoglutarate oxidation. Because a malonate-sen-
sitive component in α-ketoglutarate oxidation in-
duces the decrease of phosphorylation efficiency 
compared to α-ketoglutarate oxidation, these data 
presume the regulatory role of succinate in 

oxidation of NADH-generated substrates. On the 
other hand, IHT elicited an activation effect on re-
spiratory capacity and phosphorylation rate at oxi-
dation of glutamate and pyruvate (formation of 
α-ketoglutarate through transamination).

The influence of sympathetic and parasympathetic 
systems on secretory cell respiration has been shown 
to be mediated by adreno- and cholinoreceptors of 
plasma membranes and is related to selective oxida-
tion of two different substrates of the Krebs cycle: 
succinate and α-ketoglutarate [31]. Shostakovskaia 
et al. (1986) demonstrated that intraperitoneal ace-
tylcholine injection induced activation of 
α-ketoglutarate oxidation in the rat liver mitochon-
dria [32]. This mediator activates M-cholinoreceptors 
causing distinct stimulation of phosphorylation 
respiration rate and increasing the calcium capacity 
of mitochondria with α-ketoglutarate oxidation. 
Atropine, an acetylcholine inhibitor, completely re-
moved this effect [32]. Administration of noradren-
aline induced activation of SDH in the rat liver and 
is mediated by cAMP [33]. Doliba et al. (1993) 
[34] and Hordii et al. (1994) [31] hypothesized 
that the enzyme–substrate–nucleotide interaction 
plays a critical role in the mechanisms of stress 

Table 2. Correlative analysis of mitochondrial respiration data, enzymes activity and lipid peroxidation in the liver of 
untreated rats, rats exposed to skeletal unloading, and IHT treated rats.

Relation					    Correlative coefficient, R		  Significant difference level, p
									         Control group

ADP/O (α-ketoglutarate oxidation)–SDH		  -0.829					     0.042
V3/V4 (α-ketoglutarate+malonate)–SDH		  -0.943					     0.005
V3/V4 (α-ketoglutarate oxidation)–TBARS		  -0.829					     0.042
								                Skeletal unloading group
ADP/O (glutamate+malate)–ALT			   -0.829					     0.042
V3 (α-ketoglutarate oxidation)–AST			  0.829					     0.042
V3/V4 (α-ketoglutarate oxidation)–AST		  0.886					     0.019
ADP/O (glutamate+malate)–SDH			   0.943					     0.005
SDH–AST					     -0.829					     0.042
								        IHT and Skeletal unloading group
ADP/O (glutamate+pyruvate)–AST			   0.943					     0.005
ADP/O (succinate oxidation)–SDH			   -0.886					     0.019
ALT–SDH					     -0.886					     0.019
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adaptation [31,34]. According to this hypothesis, 
mitochondrial α-ketoglutarate and succinate oxi-
dation is included in the composition of two recip-
rocal hormonal–substrate–nucleotide systems: 
acetylcholine–α-ketoglutarate–cGMP–GTP and 
catecholamines–succinate–cAMP–ATP.

Reciprocity of these systems is necessary for regula-
tion of cell oxygen demand and effective oxygen 
utilization for ATP-synthesis and synthesis of other 
macroergical compounds, depending on the func-
tional state of a cell [31]. Moreover, nonenzymatic 
oxidation of α-ketoglutarate can support an abbre-
viated tricarboxylic acid cycle, provided that the 
supply of α-ketoglutarate is renewed through trans-
amination [35]. It is possible that IHT causes 
α-ketoglutarate oxidation and improves protection 
against skeletal unloading due to activation of para-
sympathetic systems by activation of 
cholinoreceptors. 

Our findings are in accordance with the previous 
reports demonstrating an activation of respiration 
by IHT [36]. For example, Kurhaliuk et al. (2002) 
showed that IHT caused oxidation of NADH-
dependent substrates and an improvement of pro-
tection against acute hypoxia and inhibition of lipid 
peroxidation in liver mitochondria [10]. 
Furthermore, they found that intermittent hypoxia 
improved energy producing metabolic processes by 
activating electron flux through mitochondrial re-
spiratory complex I, and increasing the efficiency of 
oxidative phosphorylation [8-10]. These effects are 
mediated partly by NO-dependent reactions 
[37,38]. The results of Fedotcheva et al. (2006) also 
suggest a mechanism for succinate-dependent regu-
lation of hypoxia-inducible factors (HIF) via the 
nonenzymatic oxidation of α-ketoglutarate to suc-
cinate under oxidative stress. ROS, induced under 
normoxic and hypoxic conditions, could disrupt 
tricarboxylic acid cycle reactions and promote the 
nonenzymatic conversion of α-ketoglutarate to 
succinate [30,35]. Both metabolites, α-ketoglutarate 
and succinate, participate in the regulation of tran-
scription activity of HIF-1α [30].

Previous studies have shown that IHT also exerts 
direct effects, decreasing the pronouncement of tis-
sue hypoxia and intracellular acidosis under acute 
hypoxic conditions, improving O2 transport in tis-
sues, increasing oxidative metabolism, enzyme syn-
thesis and ion-transport systems in cell membranes, 
and rearranging the composition of phospholipids 
in cell membranes [38,39]. Adaptation to stress re-
sults in enhanced expression of stress proteins and 
antioxidant systems that can then provide protec-
tion against generalized stress and disease [40,41]. 
Meerson et al. (1996) suggest that positive IHT ef-
fects are based on the cross-protection values of ad-
aptations to one stress providing resistance to an-
other stress. It was shown that the influence of 
dosed periodic hypoxic training can be beneficial to 
the processes of mitochondrial energy support un-
der stressed conditions and limit the enhancement 
of stress hormone concentrations on the central 
and peripheral level [42]. Our previous studies 
demonstrated that IHT, through the release of ni-
tric oxide, could modulate the activity of the mito-
chondrial respiratory chain by activating electron 
flux through respiratory complex I and increasing 
oxidative phosphorylation efficiency [9,10]. 

Lukyanova et al. (2007) demonstrated that the ba-
sic molecular response to intermittent normobaric 
hypoxia on the formation of adaptive signs in the 
cerebral cortex of rats with different resistance to 
hypoxia involves the mitochondrial enzyme com-
plexes [43]. There is evidence that less resistant ani-
mals were characterized by more effective function-
ing of rotenone-sensitive NADH-cytochrome c 
reductase and succinate-cytochrome c reductase 
under conditions of increased reduction status of 
the cell. Reciprocal relations between mitochon-
drial enzyme complexes in the substrate region of 
the respiratory chain play a role in the signal regula-
tory mechanism, which mediates tissue-specific and 
general resistance of rats under conditions of inter-
mittent normobaric hypoxia [44]. Lukianova 
(2011) recently described major mechanisms of 
urgent adaptation to hypoxia by succinate as a sig-
naling molecule whose effects are carried out at 
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three levels [45]. First, transient, reversible, com-
pensatory activation of respiratory chain complex 
II is necessary for succinate-related energy synthesis 
in conditions of oxygen deficiency and formation 
of urgent resistance in the body (intercellular ef-
fect). Second, succinate stabilized HIF-1 and initi-
ates its transcriptional activity related with forma-
tion of long-term adaptation (intracellular effect). 
Third, succinate activates a succinate-specific recep-
tor CPR91 (intramitochondrial effect). In the cas-
cade of hypoxia-induced metabolic alterations, ro-
tenone-sensitive NADH-dependent oxidation 
pathway is most sensitive to intracellular oxygen 
deficiency [45]. 

A number of studies indicate that hypoxia induces 
reprogramming of the respiratory chain function 
and switching from oxidation of NADH-dependent 
substrates (complex I) to succinate oxidation (com-
plex II) [45]. Inhibition of complex I of the mito-
chondrial electron transport chain appears to be 
one of the sources for IHT-induced generation of 
ROS [36]. The reversible inhibition of mitochon-
drial complex I leads to both suppression of reduced 
equivalent flux through the NADH-dependent site 
of the respiratory chain and the emergency activa-
tion of compensatory metabolic pathways, primar-
ily the succinate oxidase pathway [8]. Intensification 
of hypoxia leads to propagation of the pathological 
process toward the cytochromes in the respiratory 
chain. Electron transport in the area of the b-c cy-
tochromes becomes inactivated first. Only in the 
vicinity of anoxia is cytochrome c oxidase inhibited 
[8].

In summary, this study demonstrates that IHT has 
potent protective effects against hepatic damage in 
rats exposed to skeletal unloading. Here we demon-
strated that the IHT method improved liver toler-
ance to unloading by reorganization of mitochon-
drial energy metabolism due to NADH-dependent 
oxidation. IHT caused an elevation in mitochon-
drial respiration (ADP/O ratio and rate of phos-
phorylation) at α-ketoglutarate oxidation. IHT 
seems to be a potent hepatoprotective method and 
its use in the maintenance of a healthy liver and in 
the prevention of unloading-induced liver damage 
deserves consideration and further examination.
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