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OXIDATIVE FUNCTION OF RAT LIVER MITOCHONDRIA DURING
ACUTE HYPEROXIA AND RECOVERY

Energy metabolism in the liver, a key organ regulating both substance and energy
metabolism in the body, depends critically on oxygen consumption. The primary organelles
responsible for oxidative energy metabolism are mitochondria. Hyperoxia and oxygen therapy are
widely used as therapeutic interventions in hepatic diseases and metabolic disorders. However, the
specific effects of hyperoxia on energy metabolism and the oxidative function of liver mitochondria
remain insufficiently understood.

Purpose. The aim of this study was to investigate the oxidative function of rat liver
mitochondria under different types of hyperoxic exposure.

Methods. The oxidative function of mitochondria was examined in 35 male Wistar rats. The
polarographic method described by Chance and Williams was used. Mitochondrial respiration was
assessed in liver homogenates using an open platinum electrode and a thermostabilized chamber
containing the incubation medium and oxidation substrates. The oxygen consumption rate was
measured under conditions of resting respiration (V4°), active respiration (V3), and controlled
respiration (V4*™") immediately after exposure to hyperoxia, as well as on days 1, 3, 5, 7, and 14
post-exposure. Respiration was stimulated by the addition of 200 zmol/L ADP. The respiratory
control ratio (V3/V4*™") and the phosphorylation efficiency (ADP/O ratio) were calculated.

Results. Under hyperoxic conditions, the rate of active respiration (V3) significantly
increased during the oxidation of FAD-dependent succinate, but not during the oxidation of the
NAD-dependent glutamate + malate mixture. The efficiency of oxidation and phosphorylation was
restored by day 7 after hyperoxic exposure when electron transport chain Complex Il was involved,
whereas with Complex | substrates, it remained below baseline for 14 days. A significant increase
in mitochondrial energization was observed from day 5 onward during the oxidation of NAD-
dependent substrates compared to the immediate post-exposure level.

Originality. This study demonstrates for the first time that hyperoxia-induced alterations in
liver mitochondrial oxidative function occur in a phase-dependent manner.

Conclusions. During hyperoxia, mitochondrial respiration is activated through electron
transport chain Complex I1, while the activity of Complex | is suppressed. It is proposed that Complex
Il contributes to the adaptive response of mitochondrial respiration to hyperoxic exposure.

Keywords: mitochondria, liver, polarography, Chance method, hyperoxia, oxygen.
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Introduction

At present, there is no clear consensus regarding the effects of hyperoxia (HO) during
oxygen therapy on energy metabolism under either normal or pathological conditions. While
several studies have shown that hyperoxia and hyperoxemia may exert detrimental effects in
critically ill patients [1], oxygen therapy remains an established and effective approach in the
treatment of hepatic and metabolic disorders [2]. Furthermore, the administration of hyperoxic gas
mixtures containing more than 30% O, during surgical procedures is routinely used to maintain
adequate and stable blood oxygen saturation or to provide a pulmonary oxygen reserve in cases of
airway dysfunction [3].

It is well known that tissue hypoxia develops in injured areas during the healing process.
Numerous studies have demonstrated that normobaric hyperoxic exposure promotes wound healing
and attenuates inflammation in both somatic and visceral organs [4—6]. Despite the promising
therapeutic potential of normobaric hyperoxia, the mechanisms underlying its beneficial effects
remain a matter of debate and require further elucidation. The wide variability in hyperoxic
exposure protocols, coupled with a lack of standardized analytical approaches, further complicates
the interpretation and comparison of experimental data.

Mitochondria are the principal consumers of oxygen in the body and play a central role in
cellular energy metabolism. These organelles are responsible for the active oxidation of energy
substrates and the synthesis of adenosine triphosphate (ATP) through oxidative phosphorylation. At
the same time, mitochondria are also the main source of reactive oxygen species (ROS) [7]. The
regulation of energy metabolism and carbohydrate transformation within the body is largely
dependent on the functional state of liver mitochondria [8].

Exposure to hyperoxic conditions has been shown to influence mitochondrial energy
metabolism, potentially leading to oxidative stress and tissue injury as a result of excessive ROS
generation. However, the specific features of mitochondrial oxidative function and oxygen
metabolism in the liver under hyperoxic conditions remain poorly understood.

Therefore, the present study aimed to characterize the changes in the oxidative function of
liver mitochondria following exposure to hyperoxia.

Materials and methods

The experiments were conducted on 35 male Wistar rats, which were divided into two
groups: 1) "control" (n = 5), and 2) "hyperoxia" (n = 30). The control group consisted of intact rats
that were kept under standard vivarium conditions with free access to water and food. These rats
were in a chamber without a hyperoxic mixture throughout the hyperoxic session. Animals from the
"hyperoxia" group were exposed to an acute single exposure to a normobaric hyperoxic mixture
(35% oxygen) for a period of three hours. Subsequently, to study the effect on oxidative metabolism
of liver mitochondria during the recovery period after acute hyperoxia, studies were conducted for
fourteen days at periods 1, 3, 5, 7 and 14 days.

In order to study the oxidative function of liver mitochondria, a homogenate was prepared.
Liver fragments obtained from rats that had been anesthetized with ether (1.5 g/kg) were promptly
placed on ice and subsequently homogenized using a mechanical homogenizer, with the addition of a
0.9% cold KCl solution (4°C). The mitochondrial isolation medium contained (mmol/L): KCI — 120,
HEPES - 10, K,CO3 — 2, EGTA-1 (pH 7.2), and the incubation medium — KCI — 120, HEPES - 10,
K,COs3 — 2, KH,PO, — 2 (pH 7.2) [9, 10]. The processes of respiration and oxidative phosphorylation
in mitochondria were studied by the polarographic method according to Chance and Williams [11].
For the purpose of conducting polarographic studies called "Polarograph LP 7" (Czech Republic,
1974) with an open platinum electrode was utilized. The device underwent calibration using a 0.9%
sodium chloride (NaCl) solution saturated with oxygen for a duration of 24 hours (maximum oxygen
pressure) against a 0.9% NaCl solution with the incorporation of sodium sulfate dihydrate (Na,SO3) at
a concentration of 1 mg/ml (minimum oxygen pressure). A volume of 1 ml of homogenate was
introduced into a polarographic cell. Subsequently, 1 ml of incubation medium and the requisite dose
of oxidation substrate were added. Thereafter, alterations in O, partial pressure over time were
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documented. The recording was carried out using a paper recorder called "Polarograph LP 7" (Czech
Republic, 1974). The following oxidation substrates were used (mmol/l):

1) succinate (Sc) — 0.35
(oxidized by the Il complex of the electron transport chain);

2) glutamate — 3 and malate — 2.5
(oxidized mainly by the I complex of the electron transport chain) [11]. Respiration was stimulated
by the introduction of 200 umol/l ADP (Sigma Aldrich, USA). The rate of mitochondrial respiration
during the oxidation of substrates in the resting state (V4°), the rate of phosphorylation or ADP-
stimulated (V3) and controlled (V4“™) respiration were determined, and the respiratory control
according to Chance and Williams (V3/V4"™) and the ADP/O ratio, which reflects the efficiency
of phosphorylation, were calculated [10, 11]. For the purpose of statistical analysis of the obtained
data, generally accepted methods of variational statistics were utilized, employing the GraphPad
Prism 8 software program (GraphPad Software, Inc., USA). The data were examined for normality
using a Kolmogorov-Smirnov test to ensure the distribution was appropriate for the analysis. The
samples were then subjected to a one-way analysis of variance (ANOVA) test, with the Bonferroni
criterion employed as a post hoc test. The level of statistical significance was established as P<0.05.
The results were presented as mean + standard error of mean (M+m).

Results and Discussion

The level of oxygen consumption in the V4° state during the oxidation of FAD-dependent
succinate significantly increased (P<0.05) immediately after exposure to hyperoxia and 1 day after
exposure to hyperoxia. Beginning on the third day following exposure to HO, the level of oxygen
consumption by liver mitochondria in the \VV4° state reverted to the basal level. This level remained
relatively stable until day 14, as illustrated in Table 1. The oxygen consumption during stimulation
of mitochondrial respiration with adenosine diphosphate exhibited a significant increase (P < 0.05)
compared to the baseline level immediately following hyperoxic exposure, persisting up to and
including day 3. On the fifth day, a "breakthrough™ in mitochondrial energization was observed,
during which the level of oxygen consumption significantly differed from that immediately after
exposure to HO. Starting from the fifth day, a further decrease in oxygen consumption was
observed, and it did not differ from the basal level. (Fig. 1A) The level of controlled breathing
under the influence of HO increased significantly relative to the basal level immediately after the
hyperoxic session and was significantly higher after 1 day (P<0.05), while after 5 days it
approached the basal level (Table 1).
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Fig. 1. The rate of ADP-stimulated respiration (V3) in rat liver mitochondria was
measured under conditions of hyperoxia (HO) exposure during the oxidation of A) FAD-
dependent succinate; B) NAD-dependent substrates.

Notes: * — P<0,05 compared to basal level; # — P<0,05 compared to point “after HO”.

25



ISSN 2076-5835. Bicuuk Yepkacskoro yHiBepcurety. 2025, Ne2

The efficiency of mitochondrial respiration (V3/V4*™) exhibited a significant decrease

(P<0.05) immediately after exposure to HO and after 1 day, and on the 5th day after exposure to
hyperoxia — did not differ from the basal level. Conversely, starting from the 7th day, an
enhancement in the efficiency of mitochondrial respiration was observed relative to the basal level
(see Table 1). This phenomenon can be attributed, primarily, to an increase in the level of controlled
respiration immediately after exposure to HO and after one day. Concurrently, the ADP/O indicator,
which reflects the degree of conjugation of oxidation and phosphorylation and the efficiency of
phosphorylation of ADP to ATP [12], did not demonstrate a significant decrease (P<0.05) only
immediately after exposure to HO, and on the first day did not differ significantly from the basal
level. The restoration of phosphorylation efficiency was observed from the 7th day after exposure to
hyperoxia (see Table 1).

Table 1
Indicators of mitochondrial respiration under the influence of acute HO under the conditions
of using the substrate sodium succinate (M+m).

Substrate Sodium succinate, 5 mmol
v4® V4ATP V3/ V4T ADP/O
mmol O,/min*/mg™* c.u.
Basal level 10,2+0,90 10,8+1,2 4,24+0,09 1,57+0,04
After hyperoxia | 16,7+1,1%* 17,7+1,4* 3,62+0,07* 1,424+0,06*
1 day 14,241,2% 15,0£1,3* 3,94+0,11%* 1,4840,04
3 days 12,8+0,87 13,2+0,98 4,04+0,19 1,52+0,07
5 days 10,8+0,92 12,0+1,4 4,11+0,15 1,53+0,10
7 days 9,1£1,0 10,0+0,94 4,32+0,87* 1,58+0,11
14 days 12,6+1,7 11,1+1,1 4,28+0,10* 1,60+0,15

Note: * — P<0,05 compared to basal level.

Thus, the impact of acute HO resulted in an augmentation of mitochondrial oxygen
consumption, with the involvement of FAD-dependent succinate. This phenomenon returned to
its basal level after a period of 3-5 days. The efficiency of respiration and phosphorylation
decreased only with the direct effect of acute HO, and by day 3, these indicators returned to
their initial values. This is consistent with the literature data, since, as is known [13], succinate
is actively used as an oxidation substrate in hyperoxia therapy in intensive care. In turn, the
utilization of succinate, which is oxidized in the mitochondria with the participation of the
complex Il of the electron transport chain, contributes to a decrease in the production of
reactive oxygen species by the mitochondria in case of impaired oxygen homeostasis [14].

In the context of mitochondrial oxidation of NAD-dependent substrates (glutamate + malate
mixture), disparate reactions of liver tissue to acute hyperoxia were observed. Consequently, the
level of mitochondrial respiration at rest exhibited a tendency to decrease immediately after
exposure to HO, and a significant decrease was observed (P < 0.05) three days after exposure to
HO (see Table 2). The level of mitochondrial energization under conditions of ADP-stimulated
respiration demonstrated a significant decrease immediately after hyperoxic exposure (P < 0.05).
Additionally, it was observed to be lower in comparison to the basal level after 3, 5, 7, and 14
days, although a tendency towards recovery emerged, as it was higher after 5, 7 and 14 days in
comparison to the level of energization after hyperoxia (Fig. 1B). Under controlled breathing
conditions (V4“™), a significant decrease (P<0.05) in the rate of oxygen consumption was
observed only immediately after hyperoxia, and after 5 days this indicator returned to the basal
level (see Table 2).
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Table 2

Indicators of mitochondrial respiration under the influence of acute HO under the conditions
of using the substrate glutamate+malate mixture (M+m).

Substrate Sodium glutamate 5 mmol + malate 2,5 mmol
v4® VAATP \VeTAVZ'alls ADP/O
mmol Oy/min™/mg*

Basal level 7,3+1,0 7,9+0,70 4,86+0,05 2,59+0,06
After hyperoxia 5,6+0,9 5,7+0,95* 4,14+0,04* 2,32+0,04*
1 day 5,9+0,87 6,112 4,2140,09* 2,38+0,08*
3 days 5,1+1,0% 5,7+1,1% 3,74+0,03* 2,27+0,03*
5 days 8,2+1,2 7,7£1,3 3,87+0,05* 2,42+0,04*
7 days 8,0+1.,4 7,7+1,2 4,06+0,07* 2,344+0,03*
14 days 7,2+0,77 7,8+0,94 4,18+0,05* 2,46+0,05

Note: * — P<0,05 compared to basal level.

As a result, the level of respiratory control in the context of acute HO exhibited a significant
decrease (P<0.05) throughout the experimental period. Parallel significant changes (P<0.05) were
observed in the level of ADP/O (Table 2). Accordingly, the level of ADP-stimulated respiration
during the oxidation of NAD-dependent substrates under HO conditions was significantly lower
throughout the duration of the experiment. This finding is also evident in the efficiency of oxidation
and phosphorylation (V3/V4*™ and ADP/O).Thus, the mitochondria of rat liver tissues respond to
acute hyperoxia through the I and Il complexes of the electron transport chain in distinct ways: the |
complex of the electron transport chain appears to be more sensitive to the effects of hyperoxia,
presumably due to its role in oxidizing NAD-dependent substrates. Consequently, the levels of
oxygen consumption by mitochondria decrease, and with them the efficiency of respiration and
phosphorylation. Complex Il of ETC (oxidation of FAD-dependent substrates) demonstrates
reduced vulnerability to the influx of HO.

In numerous studies of oxygen metabolism, it has been demonstrated that relative changes in
oxygen availability, as opposed to constant hyperoxia or hypoxia, exert a more substantial influence
on the expression of the transcription factor HIF [15-17]. Consequently, cells interpret the return to
normoxia after hyperoxic exposure or the transition from normoxia to hypoxia as oxygen
deficiency, leading to the induction of the synthesis of genes regulated by HIF-1 [15-17].
Accordingly, the observed manifestations of mitochondrial dysfunction in liver cells, as evidenced
by an increase in O2 consumption under conditions of FAD-dependent substrate oxidation and a
decrease in NAD-dependent substrate oxidation, bear a strong resemblance to the changes that have
been documented under conditions of hypoxia [19, 20]. These effects can be explained by the
development of the hyperoxic-hypoxic paradox [18], in which there is a shift of the hemoglobin
dissociation curve to the left, resulting in disrupted oxygen diffusion into the tissue and subsequent
tissue hypoxia. This, in turn, is accompanied by spasms of small vessels, which further complicates
oxygen delivery to the tissue and leads to the activation of lipid peroxidation and the development
of oxidative stress. It is noteworthy that the oxidative function of mitochondria undergoes changes
under the influence of hyperoxia, which can be considered a phase-dependent phenomenon.
Subsequent to the hyperoxic state, a restructuring of energy metabolism is observed, accompanied
by the inhibition of complex I and the activation of complex Il of the electron transport chain. This
phenomenon has been previously demonstrated in works devoted to the influence of hypoxia [19,
20]. As ETC complex | exhibits higher sensitivity to stress factors [10, 21], we observed a
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consistent decline in oxygen consumption, oxidation efficiency, and phosphorylation within the
liver's mitochondria in response to hyperoxia. It is hypothesized that hyperoxia induced by this
regimen altered the function of the first complex, such that restoration of its function was not
observed on the third day after the hyperoxic session. Beginning on the fifth day and continuing
until the conclusion of the experiment, a significant increase in oxygen consumption may indicate
the involvement of compensatory mechanisms for the optimal level of mitochondrial energization,
particularly oxidation with the participation of ETC complex Il. The rate of FAD-dependent
succinate oxidation through ETC complex Il, which literature data indicate compensates for the
insufficiency of ETC complex | [14, 21-22], returned to the basal level after the 5th day of
hyperoxic exposure, which supports our assumption.

to

The results obtained can be used for further studies of the role of mitochondria in adaptation
HO. The involvement of mitochondrial genes in the functional reorganization of the electron

transport chain remains unclear. This is a key question regarding the protective effect of HO on
liver mitochondria.

10.

Conclusions
Changes in the energization of liver mitochondria under hyperoxia conditions are phase-
dependent.
The | complex of ETC of liver mitochondria exhibits higher sensitivity to the effects of
hyperoxia, which impacts the efficiency of oxidation and phosphorylation. The complex 1l
undergoes only minor changes up to three days following exposure to hyperoxia.
The oxidation of FAD-dependent substrates by liver mitochondria has been shown to compensate
for the energy deficiency that results from impaired functioning of the ETC complex 1.
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3asropoaniii M. O., Hanenxko II. K., Hocap B. L., IlopTHiuenko B. 1.
OKHMCJIIOBAJIBHA ®YHKIISI MITOXOH/IPIV INEYTHKHA HIYPIB I YAC
T'OCTPOI I'MIEPOKCII TA BIIHOBJIEHHSI

Enepeemuunuii 06min y neuinyi, Kuouo8oMy OpeaHi, Wo pecyaroe K pedoSUHHUU, MaK i
eHepeemuyHUull 0OMIH 8 Op2aHi3Mi, KPUMUYHO 3ANeHCUMb GI0 CHONCUBAHHA KucHio. OCHOBHUMU
opeanenamu, GIONOBIOANbHUMU 34 OKUCTIOBANbHUL  eHep2emuyHull O0OMIiH, € MImOXOHODII.
Tinepoxcia ma xucHesa mepanis WUPOKO SUKOPUCIOBYIOMbCA K MepanesmuyHi 6mpyyanHs npu
3AXBOPIOBAHHAX NEUIHKU Ma Memaboiunux nopyuennax. Qounax cneyuiynuil 6niug 2inepoxcii Ha
eHepeemuyHull 0OMIH mMa OKUCTIOBANbHY  (YHKYIIO  MIMOXOHOPIU NedyinKu  3aTUUaEmsbes
HeO00Cmamusb0 8UBUEHUM.

Mema. Memoro yvoeo oocniodxcentss 610 00CAIOUMU OKUCTIOBATLHY (DYVHKYIIO MIMOXOHOPIl
NeyiHKU WYpIi6 3a PI3HUX MUNIE 2INePOKCUYHO20 6NIUBY.

Memoou. OxucniosanvHy QyHKYito MimoxoHOpiti docaioxcysanu 'y 35 camyis wypie Bicmap.
Bukopucmosysanu nonspoepaghiunuii memoo, onucanuti Yancom ma Binvsamcom. Mimoxonopianvhe
OUXAHHSA OYIHIOBANU 8 20MO2eHaAmMax NedinKu 3a O0NOMO2010 BIOKPUMO20 NIAMUHOB020 eNeKmpood
ma mepmocmaoinizo8anoi Kamepu, wo Mmicmume iHKyOayiliHe cepedosuwe ma cyocmpamu
okucnenns. Illeuoxicms cnodcusanus KUCHIO GUMIPIOBANU 8 YMOBAX OUXAHHA ) CMAHI CHOKOIO
(V4S), axmusnoeo ouxanus (V3) ma xoumponvogaroeo ouxauusi (V4ATP) odpa3y nicis enniugy
einepokcii, a maxoxc Ha 1, 3, 5, 7 ma 14 Oui nicis énaugy. Juxanus cmumynro8aiu 000a8aHHAM
200 mxmonv/n  AD. bymu pospaxosani roeghiyienm xoumponaro ouxawus (V3/V4ATP) ma
epekmusHicmo gpocopunrosanns (cnissionowenus ADP/O).

Pe3ynomamu. B ymosax cinepoxcui wieuoxicms akmusro2o ouxauus (V3) snauno spocmana
nio uac okucnenns FAD-3anesxcnoco cykyumamy, ane He nio 4ac okucieHus cymiwi NAD-
3anedxcHozo  enymamamy ma manamy. Egexmusnicms okucnenns ma  @ocgopunto8anhs
BIOHO6I08ANAC 00 7-20 OHA RICAA 2INEePOKCUYHO20 GNAUBY, KOoau 0y8 3adianutl komniexc 11
JIaHY102a eleKMPOHHO20 MPAHCROPMY, Mool AK 3 cybcmpamamu komniexcy I éona sanuwanacs
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HUMICY0I0 3a 6a308uil pisenb npomseom 14 Owie. 3naune 30invueHHs eHepeemu3ayii MimoxoHOpiil
cnocmepieanocs 3 5-20 Ousa nio yac oxucienns NAD-3anescnux cybcmpamie NOpisHAHO 3 piéHeM
be3nocepeoHbo Nicis 6NIUBY.

Opucinanvnicme. Lle Oocniodicenns enepuie OeMOHCMPYE, WO IHOYKOBAHI 2INePOKCIE
3MIHU OKUCTIOBANbHOT (OYHKYIT MIMOXOHOPIU neuinKu 8i00y8aomvbCsi paz03anedcHUM YUHOM.

Bucnoexu. 11io uac cinepokcii mimoxoropiaibhe OUXAHHA AKMUBYEMbCA Yepes komnaexc 11
Janyioea e1eKmpoHHO20 MPAHCNOpmYy, mMoOl 5K aKmueHicmb Komniexkcy 1 npuchiuyemoucsi.
Ilpunyckaemocs, wo Komnnexc Il cnpuse adanmusHiil peakyii MimOXOHOPIAIbHO2O OUXAHHA HA
2INepoKCcudHULL BNIUB.

Knirouoei cnosa: mimoxouopii, nevinxa, nonspoepaghis, memoo Yawnca, 2inepokcis, Kucehs.
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