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Abstract: The use of hypoxic devices among athletes who train in normobaric hypoxia has become
increasingly popular; however, the acute effects on heart and brain metabolism are not yet fully
understood. This study aimed to investigate the mitochondrial bioenergetics in trained male and
female Wistar rats after acute hypoxia training. The experimental plan included exercising for 30 min
on a treadmill in a Plexiglas cage connected to a hypoxic generator set at 12.5% O2 or in normoxia.
After the exercise, the rats were sacrificed, and their mitochondria were isolated from their brains and
hearts. The bioenergetics for each complex of the electron transport chain was tested using a Clark-
type electrode. The results showed that following hypoxia training, females experienced impaired
oxidative phosphorylation through complex II in heart subsarcolemmal mitochondria, while males
had an altered ADP/O in heart interfibrillar mitochondria, without any change in oxidative capacity.
No differences from controls were evident in the brain, but an increased electron transport system
efficiency was observed with complex I and IV substrates in males. Therefore, the study’s findings
suggest that hypoxia training affects the heart mitochondria of females more than males. This raises
a cautionary flag for female athletes who use hypoxic devices.

Keywords: hypoxia; mitochondrial bioenergetics; heart; brain

1. Introduction

When people enter high altitudes where oxygen concentration decreases, their abil-
ity to perform exercise declines [1,2]. This is due to the low partial pressure of oxygen
(PO2), which reduces maximal aerobic power, and, in response, the human body increases
pulmonary ventilation. However, chronic exposure (7 to 28 days) to low levels of air
oxygenation results in an improvement in physical performance. This is because chronic
hypoxia induces several physiological adaptations, including augmented hemoglobin
and polycythemia, greater pulmonary ventilation that leads to increased maximal aerobic
power, and lower neuromuscular fatigability [2]. For this reason, chronic hypoxia has
been extensively studied for unraveling its multifaceted physiological impacts on human
performance [1–4].

To enhance their performance, athletes often use hypoxic gas generators for training.
However, they exercise in normobaric hypoxia without proper acclimatization or knowl-
edge of the potential adverse effects on their cardiovascular system [5,6]. Moreover, studies
on the effect of low oxygen on the body have been primarily limited to healthy or athletic
subjects [2,7]. Given that studies involving humans are limited in their ability to collect
comprehensive physiological parameters, the supplementation of such information with
translational studies becomes imperative. The effects of exposing experimental animal
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models to low oxygen levels have been broadly studied, encompassing both short- (6 to
48 h) and long-term (7 to 28 days) durations. In the case of short-term exposure, the focus
has mainly been on animals at rest rather than during exercise [8–10]. It is worth men-
tioning that a correct acute (0.5–1 h) hypoxic experimentation is lacking. Past studies on
the effect of hypoxia on heart or skeletal muscle mitochondria have focused on long-term
exposure to hypoxia [3,4,11,12]. On the other hand, studies on the effect of hypoxia on brain
mitochondria were tested as short-term (3 or 48 h) or after ischemia-reperfusion injury,
with conflicting results [10,13,14]. However, no previous research has delved into the acute
effects of hypoxia on heart and brain mitochondria in both sexes following exercise.

Our investigation targeted male and female trained rats exposed to 30 min of hypoxia
during treadmill exercises, compared with sessions in normoxic conditions. The level of
the chosen hypoxia corresponded to an altitude of 4000 m (i.e., an oxygen amount of 12.5%
in the inhaled air). Our research aim was to investigate the reactive oxygen species (ROS)
production and the expression of G0S2, a mitochondrial factor induced by hypoxia, which
could affect mitochondria activity. The results revealed distinct behaviors of male and
female mitochondria in response to hypoxia during exercise.

2. Materials and Methods

This study was approved by the Committee on Animal Use and Care of University
of Cagliari (CeSASt) in accordance with the Italian Guidelines for the use of laboratory
animals, which conform with the guidelines for care and use of experimental animals issued
by the Italian Ministry of Health (D.L. 116/92) and by the EU Directive (2010/63/EU) and
the Guide for Care and Use of Laboratory Animals, adopted by the NIH, USA (8th edition,
2011). Furthermore, the experimental plan was approved by the Italian Ministry of Health
(number of approval n. 579/2020-PR).

2.1. Animals and Training Design

Twenty-eight male and twenty-five female Wistar Han rats (Envigo, Udine, Italy) were
used. They were housed at 3–4 animals per cage, held in a 12 h light cycle (6 am light and
6 pm dark), and they received water and food ad libitum. Rats were trained 5 days a week
for 5 weeks (aged from 7 to 11 weeks old for males and from 9 to 13 weeks old for females),
in order to mimic trained healthy individuals. The training program consisted in running
gradually on a treadmill (2Biological Instruments LE8710, Varese, Italy). In the first two
weeks, the rats underwent training sessions involving running speeds ranging from 16 to
35 cm/s, durations spanning 25 to 60 min, and inclines varying from no incline to planes
with a 5◦ slope. In the 3rd to 5th weeks, the final training protocol was applied: one hour
of total running time, with a 5◦ slope, 38 min of which at full speed (35 cm/s), 17 min at a
medium pace (25 cm/s), 5 min at a slow pace (17 cm/s), and then 1 min to stop. At the end
of the training, a small piece (250 mg) of white chocolate was given as a reward, since it
was reported to better motivate rats for running activity [15].

2.2. Experimental Protocol

On the day of the experiment, rats were allowed to run on the treadmill with 5◦ slope
for initial 5 min in normoxia at 15 cm/s, followed by 30 min at 35 cm/s in hypoxia (12.5%
oxygen concentration, the same as at 4000 m). Hypoxia was obtained by connecting a
Plexiglas box, containing the treadmill, to a hypoxic gas generator (Everest Summit II
Generator, Hypoxico, New York, NY, USA). Preliminary experiments verified that inside
the Plexiglas chamber, the desired oxygen concentration was reached within a few minutes.
The experiment was carried out under normobaric conditions. As soon as the time was
finished, rats were euthanized via decapitation and the brain and heart were quickly
removed and placed in an appropriate ice-cold buffer.
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2.3. Mitochondria Isolation and Bioenergetics

Mitochondria brain isolation was performed with some modifications based on the
procedures outlined in [16]. Following extraction, brains were placed in ice-cold MSM
(220 mM Mannitol, 70 mM Sucrose, and 5.0 mM MOPS, pH 7.4). The cerebellum was
discarded and the anterior half of the brain, including the forebrain and parietal cortex,
as well as part of the corpus callosum and the basal ganglia, was furtherly processed.
The tissue was then minced with small scissors, incubated for 30 s with 5 mg/g of tissue
Subtilisin in MSM + 2 mM EDTA (1 mL/g of tissue), homogenized with a Teflon homog-
enizer, and then MSM + 2 mg/mL BSA was added to stop the reaction. Samples were
then centrifuged at 12,000× g for 10 min, and pellets were resuspended in MSM + BSA.
Subsequently, they were centrifuged again at 350× g for 10 min. The supernatants from
this step were centrifuged at 7000× g for 10 min, and pellets were resuspended twice in
4 mL MSM + BSA followed by centrifugation at 7000× g for 10 min. The last pellet was
then washed twice in MSM each time in half the volume and centrifuged at 7000× g for
10 min. The final pellet was resuspended in about 0.2 mL MSM.

In the heart, we isolated subsarcolemmal (SSM) and interfibrillar (IFM) mitochondria
following the method of Palmer and colleagues with modifications introduced by Rosca
et al. [17,18]. Briefly, hearts were placed in ice-cold Chappell–Perry buffer (CP1) (100 mM
KCl, 50 mM MOPS, 5 mM MgSO4, 1 mM ATP, and 1 mM EGTA), then atria were discarded
and the tissue was minced and incubated for 10 min with CP1 without EGTA containing
25 mg/g of heart collagenase; CP2 was then added (buffer CP1 plus 0.2% defatted BSA) to
stop the reaction; and then the pellet was centrifuged for 10 min at 580× g, resuspended
in CP2, and homogenized with a Potter Elvehjem homogenizer to free subsarcolemmal
mitochondria. The homogenate was then centrifuged at 580× g, the supernatant was put
aside, the pellet was washed with CP2 and centrifuged again at 580× g, the pellet was then
put aside, and the resulting supernatant was combined with the first and centrifuged at
3100× g to obtain the first pellet of SSM mitochondria that was later washed several times
via centrifugation and then suspended in KME (100 mM KCl, 50 mM MOPS, and 0.5 mM
EGTA, pH 7.46) for storage. The remaining pellet from the last 580 g centrifugation was
then treated with 5 mg/g of heart trypsin in CPT1 without EGTA, resuspended using a
Potter–Elvehjem homogenizer, and then incubated for 8 min before CPT2 plus a trypsin
inhibitor was added (to stop the reaction), after which it was homogenized again and
centrifuged at 580× g for 10 min. The resulting supernatant was centrifuged at 3100× g
and the following pellet contained IFM mitochondria and was washed several times and
lastly suspended in KME. In SSM and IFM samples, mitochondrial protein concentration
was determined using the BCA (Bicinchoninic acid) assay with bovine serum albumin
as standard.

Mitochondrial bioenergetics was assessed at 37 ◦C using a Clark-type electrode
(Oxytherm, Hansatech Instruments Ltd., Norfolk, UK) in the respiration buffer (100 mM
KCl, 50 mM Mops, 1 mM EGTA, 5 mM KH2PO4, and 1 mg/mL defatted BSA, pH 7.4).
The following substrates were added to test oxidative phosphorylation, with the follow-
ing final concentrations [19]: 20 mM glutamate/10 mM malate (substrates of complex I),
7 µM Rotenone/20 mM succinate (substrates of complex II), 7 µM Rotenone/1 mM duro-
hydroquinone (complex III), 7 µM Rotenone/500 µM tetramethyl-p-phenylenediamine
dihydrochloride (TMPD)/5 mM ascorbate, and 2.5 mM ascorbate alone (substrate for com-
plex IV) or 20 µM Palmitoyl Coenzyme A/5 mM malate/5 mM carnitine (lipid substrates).
Subsequently, to assess state 3 (active state) 200 µM ADP or to test state 4 (resting state)
0.5 mg/mL oligomycin were added to the chamber. To measure maximal oxidative capacity,
2 mM ADP was added to mitochondria after each substrate, followed by 200 µM dinitrophe-
nol (DNP; for the uncoupled respiration or maximal activity of electron transport system).
The amount of mitochondria tested each time was 0.25 mg/500 µL with glutamate/malate
and Palmitoyl CoA and 0.125 mg/500 µL with succinate, durohydroquinone, and TMPD.
The number of samples was 13–15 for males and 12–13 for females. There were some
exceptions. As substrate for complex II, in males, succinic acid (with very poor solubility)
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was initially used instead of sodium succinate. The bioenrgetic assessments were more
reliable with the latter, so the number for rotenone/succinate samples is lower in males. For
brains, n values were 10 in controls and 17 in hypoxic samples. This is because we utilized
some of the brains from parallel physiology experiments that were performed on different
rats. Moreover, sometimes, when statistics were applied, outliers were canceled and the n
varied accordingly. Outliers could arise from incorrect pipetting, altered substrates, or the
incorrect functioning of the oxygraph.

2.4. Immunoblotting

Isolated SSM and IFM mitochondria from male or female hypoxic and control rats
were diluted 1:3 in loading buffer (4% SDS, 20% glycerol, 160 mM dithioerythrol, 125 mM
Tris-Cl, bromophenol blue 0.004%, pH 6.8) [20,21]. Samples were then sonicated for 3 min
and subsequently heated for 10 min at about 76–78 ◦C for denaturation. The samples’
proteins were then separated via electrophoresis on 4–20% Mini-PROTEAN® TGX™ pre-
cast polyacrylamide gels (Biorad, Hercules, CA, USA), and then transferred on PVDF
membranes, which were blocked for 2 h with 5% milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T). Incubation with primary antibodies followed overnight at 4 ◦C. The
following primary antibodies were used: rabbit G0S2 antibody (G0/G1 switch gene 2,
1:1000, Proteintech, Leon-Rot, Germany) and goat anti-4-hydroxy-2-nonenal antibody
(HNE, 1:5000, Merck-Millipore, Darmstadt, Germany). Secondary antibodies (goat anti-
rabbit peroxidase conjugate, 1:2000, and rabbit anti-goat peroxidase conjugate, 1:500, both
by Merck-Millipore, Darmstadt, Germany) were incubated for 1 h at room temperature.
The detection of proteins was performed using the ECL Prime Chemiluminescence kit (GE
HealthCare, Little Chalfont, UK) and images were acquired with a Fujifilm Luminescent
Image Analyzer LAS4000 System (Fujifilm, Tokyo, Japan). Immunoreactive bands were
analyzed for densitometry with Image Studio Lite Software Ver. 5 (LI-COR, Lincoln, NE,
USA). Proteins quantification was expressed as the relative intensity of protein signals
normalized to the expression of the mitochondrial housekeeping gene COX IV (rabbit
anti-COX-IV, Cytochrome c Oxidase subunit IV, 1:9000, Life Technologies, ThermoFisher,
Waltham, MA, USA). Using Image Studio Light, we performed a contextual background
subtraction of each measurement by calculating the median value in a border of 3 pixels
around the selected shape, which was then multiplied by the area of the shape, and the
resulting value was subtracted by the total of the intensity values obtaining the correct
signal values.

2.5. Statistics

Statistics was obtained using Sigma Plot software 11.0 (Systat software Inc., San Jose,
CA, USA). The normality of data was verified in order to choose the appropriate test
between a t-test (for parametric data) or the Mann–Whitney U test (for non-parametric
data). The statistical level was fixed at p < 0.05.

3. Results
3.1. Training

The animals (aged 7–13 weeks during the training period) demonstrated good toler-
ance to the five-week training regimen. Generally, males exhibited a tendency to be less
active than females, while the latter group displayed a greater fondness for consuming
chocolate compared to the opposite sex. Despite the exercise routine, the weights of both
males and females remained within their expected range for their age (Figure 1, and for a
comparison check, https://www.inotivco.com/model/rcchan-wist, accessed on 30 August
2023), indicating that moderate exercise did not influence their body weights.

https://www.inotivco.com/model/rcchan-wist
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Figure 1. Average weights of male and female rats before and during the training period. Data are
the means ± SEM.

3.2. Mitochondria Bioenergetics

The yields from mitochondrial isolation, measured as milligrams of total mitochondrial
proteins per gram of original tissue, showed no statistically significant differences between
hypoxic and control animals, for both heart and brain mitochondria (Table 1). We, therefore,
observed no indication that mitophagy happened during hypoxia.

Table 1. Yields (mg of mitochondrial proteins/g of original tissue) of the different categories of
mitochondria in male and female hearts and brains. IFM = heart interfibrillar mitochondria; SSM =
heart subsarcolemmal mitochondria. Data represent means ± standard deviation, n = 10–17 for brain,
and 12–15 for heart mitochondria. Data were evaluated via the t-test or the Mann–Whitney U test
depending on the Gaussian distribution of the data. None of the data were statistically significant.

Type of Mitochondria Normoxia Hypoxia

Male
IFM 8.17 ± 2.54 7.45 ± 1.91
SSM 6.73 ± 1.93 7.15 ± 1.30
Brain 8.66 ± 3.14 7.43 ± 2.82

Female
IFM 8.85 ± 2.46 7.76 ± 2.01
SSM 7.22 ± 1.91 7.03 ± 2.42
Brain 7.23 ± 1.53 6.82 ± 0.75

3.2.1. Heart Mitochondria

Oxidative phosphorylation (OXPHOS) was tested with substrates for complex I, II, III,
and IV and with a lipid substrate in heart controls or hypoxic SSM or IFM mitochondria for
both males and females. Most of the tested substrates did not display any differences in
comparison to control groups, whether in IFM or SSM OXPHOS (Figure S1, Supplementary
Materials). The sole observed mitochondrial impairment was noted in females’ SSM at the
complex II-linked OXPHOS, where the rate of state 3 was reduced after training in hypoxia
(Figure 2).
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Figure 2. Complex II-related OXPHOS in male and female SSM and IFM. OXPHOS was stimulated
via the addition of Succinate (preceded by rotenone administration), followed either by 200 µM ADP
(for state 3) or 2 mM ADP (high ADP for maximal oxidative capacity). Note a significant decrease in
state 3 of female SSM. * p < 0.05, compared to the controls (t-test). Data are means ± SEM, n = 11–13.

In male IFM samples, a reduction in the ADP/O ratio was observed when using
complex I substrates. The ADP/O ratio is the ratio between the quantity of nanomoles of
ADP introduced into the chamber and the number of nanomoles of oxygen consumed to
produce ATP, specifically, the amount of oxygen required to phosphorylate an individual
ADP molecule. This decrease suggests a rise in oxygen consumption per molecule of ATP
produced, given that the amount of ADP remains constant. Conversely, in females’ IFM,
the ADP/O ratios for both control and hypoxic samples displayed similarities (as depicted
in Figure 3). Furthermore, in hypoxic male IFM, the substrate for complex I showed
an increased respiratory control ratio (RCR, state 3/state 4). This parameter is usually
associated with a good coupling of mitochondrial preparations, even if it can sometimes be
associated with its dysfunction [20]. Given the absence of an observed increase in state 3 or
a decrease in state 4, it might be that there was a slight increased oxygen consumption rate
with the complex I substrate in hypoxic mitochondria (Figure 3). We hypothesized that
this tendency to an increased oxygen consumption might have arisen from a more efficient
F0F1 ATPase or from increased ROS production.

3.2.2. Brain Mitochondria

In both male and female brain mitochondria, the OXPHOS remained unchanged
across all tested substrates after exposure to hypoxia (Figure S2, Supplementary Materials).
The only difference observed in males was an increased rate of oxygen consumption with
the complex II and complex IV substrates. This increase was seen after the addition of
the uncoupler following the addition of 2 mM ADP. Specifically, within hypoxic male
uncoupled mitochondria, oxygen consumption exceeded that of control groups (as shown
in Figure 4). This result suggests a probable enhanced electron transport system (ETS)
efficiency after hypoxia in males. Conversely, females did not show any differences with
the same substrates and uncoupler (Figure 4).
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Figure 4. OXPHOS in complex II and IV of isolated brain mitochondria. In complex II, OXPHOS
was stimulated by the addition of succinate (preceded by rotenone administration), followed by the
addition of 2 mM ADP and 200 µM DNP. For complex IV rotenone, the addition of TMPD, ascorbate,
and 2 mM ADP were followed by the addition of 200 µM DNP. Data show that after hypoxic training
there is a significant increase in uncoupled OXPHOS at complex II and IV in males only. * p < 0.05,
compared to controls (t-test). Data are means ± SEM; n = 8–12.
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3.3. Immunoblotting

To identify the presence of ROS or the enhanced expression of G0S2 (a factor known
to increase ATP-synthase efficiency under hypoxia), we performed immunoblotting on
proteins extracted by isolated IFM or SSM male or female mitochondria.

Protein expression for G0S2 increased both in females and males IFM after exercising
in hypoxia, as compared to controls, whereas its production did not vary in SSM of either
sexes (Figure 5).
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** p < 0.01, compared to controls. Data are means ± SEM; n = 4–7.
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When we investigated the HNE-conjugated proteins’ expression (resulting in lipid
peroxidation, in turn due to ROS production), both female and male hypoxic SSM showed
an increased expression of HNE-proteins compared to controls, which reached statistical
significance in male SSM only. The IFM of both sexes did not show any differences.

4. Discussion

In the present study, we investigated the effects of acute hypoxia during exercise
in trained male and female rats. To the best of our knowledge, this is the first study to
examine the real acute normobaric hypoxia across both sexes. Most previous studies on
acute hypoxia were carried out over a long period of time, sometimes up to 48 h [9–11],
disregarding the physiological changes that occur in early hypoxia. Despite being underes-
timated for a long time, acute hypoxic effects on the heart and brain are important not only
for basic physiologic knowledge but also as a warning to possible physical injuries after
the use of hypoxic devices during training.

The most striking result of our work is that heart and brain mitochondrial impairment
is different between male and female rats. In female hearts, complex II-linked OXPHOS is
impaired in SSM only, whilst male heart mitochondria did not show any defective OXPHOS.
On the other hand, within IFM, the only difference in the controls was noticed in males
regarding the values of ADP/O and RCR related to the complex I substrate. Although this
alteration may suggest a certain elevation in oxygen consumption during OXPHOS, the
change did not effectively correlate to substantial modifications in the oxidative capacity of
OXPHOS via complex I.

A further effect of hypoxia was enhanced ROS production, albeit solely in SSM, reach-
ing statistical significance exclusively in males. On the other hand, the protein expression
of G0S2, a protein factor expressed during hypoxia that may enhance ATPase activity, was
increased both in female and male IFM, showing specificity for these mitochondria. These
findings underscore the differing roles and sensitivities to hypoxia exhibited by these two
subsets of heart mitochondria independently of sex. Moreover, the brain mitochondria of
males displayed an augmented efficiency in the ETS when challenged through complex II
and IV following acute hypoxia.

Studies on mitochondrial bioenergetics after acute hypoxia in the heart or brain are
scarce. A study on mice hearts demonstrated that after 24 h of acute hypoxia (13% O2),
there was a reduction in OXPHOS rate through complex I and with lipid substrates [9]. It
was also shown that chronic hypoxia in male rats (3 weeks at 11% O2) affects SSM and IFM
populations of heart mitochondria differently [22]. In that study, both SSM and IFM had
lower respiration with lipid substrates and pyruvate (complex I), but only SSM displayed
reduced respiration with substrates for complex II, III, and IV. In another recent report,
where hypoxia-resistant and hypoxia-sensitive rats were exposed to one hour of hypoxia,
the expression of the catalytic subunits of several enzymes of the electron transport chain
was evaluated. While the authors concluded that in early hypoxia complex II activity
is enhanced, arriving at this conclusion without conducting bioenergetics experiments
presents challenges [23].

The majority of investigations regarding the effects of hypoxia have predominantly
focused on long-term consequences and human skeletal muscle mitochondria following
acclimatization to high altitudes. In these studies, it was found that, in humans, fatty acid
oxidation and complex II-linked respiration decreased [4], or, among other things, the
expression of subunits of complex II and III was reduced [24]. In skeletal muscle tissue,
the decreased expression of complex I and complex IV and mitochondrial SSM number
were observed after a long-term stay at extremely high altitudes [3]. It is important to
note that the results mentioned earlier were obtained only from male subjects. In contrast,
a study conducted on trained female rats in chronically hypoxic conditions found that
respiration through complex I and with lipid substrates was reduced after hypoxia, despite
the expected improvement from training [25].
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We showed that the sole OXPHOS deficiency occurring in the heart following a 30 min
hypoxic period is observed within the mitochondria of female SSM fractions, specifically
affecting complex II. This result addresses a higher sensitivity of cardiac complex II to acute
hypoxic conditions and highlights the higher sensitivity of female SSM in comparison to
male SSM. As reported above, chronic hypoxia was the cause of decreased respiration at
complex II [22], but in our experiments, the observed long-term hypoxia impairments at
complexes III and IV were absent. On the other hand, in male SSM no effect was recorded
in OXPHOS with different substrates after hypoxia. This result is rather remarkable,
since in the literature, it seems that female cardiac mitochondria are protected from the
adverse effects of cardiovascular injuries, such as ischemia/reperfusion or other acute
stresses [26,27]. We should point out that in our experiments, we were testing female
and male rats for hypoxia while exercising. This double challenge might have resulted
in a focused impairment at complex II in female SSM. On the other hand, it seems that
during acute hypoxia, testosterone could have a protective effect on the regulation of blood
pressure by acting on the nuclear respiratory factor 1 (NRF-1) a transcription factor [28].
NRF-1 is also involved in both mitochondrial biogenesis and the expression of proteins
involved in OXPHOS [28,29]. It could be interesting to research whether NRF-1 is more
stimulated by testosterone in males than by estrogen in females, since it is also regulated
by estrogen receptor α [30].

Another discrepancy between male and female mitochondria was observed in IFM.
When male subjects were trained in hypoxia, the value of ADP/O, obtained with the
complex I substrate, increased. However, no such difference was observed in the females
when compared to the controls. This could be attributed to either the more efficient activity
of F0F1 ATPase or to increased ROS production. This observation led us to investigate the
expression of G0/G1 switch gene 2 (G0S2) and ROS-modified protein content.

Protein expression for G0S2 was positive and statistically significantly higher in both
female and male hypoxic IFM, but it was absent in SSM.

The G0/G1 switch gene 2 (G0S2) is a protein of about 103 amino acids that was first
discovered in mononuclear blood cells, where it was initially believed to unblock cells
from the G0 to the G1 phase, although it was later recognized that it does the opposite:
maintaining cells in a quiescent state, acting as a tumor suppressor gene in cancer, and
regulating adipogenesis [31]. In skeletal muscles, G0S2 is an inhibitor of adipose triglyceride
lipase (ATGL), and when it is increased, it induces fatty acid storage in muscle fibers [32].
G0S2 has been associated with mitochondria, and in the heart, it is a hypoxia-inducible
factor that improves the efficiency of F0F1 ATPase activity [33]. It seems, that in zebrafish
hearts, it induces ischemic tolerance, being a positive regulator of OXPHOS and inducing
higher ATP content in mitochondria which overexpress G0S2 [34].

Therefore, the increased protein expression of G0S2 might compensate for the probable
impairment of IFM OXPHOS after hypoxia and help to maintain functional mitochondria.
It may be that in females, this effect is more reversible than in males, and this would explain
why we did not record a change in ADP/O ratio in both sexes with complex I substrates.

The immunoblotting of 4HNE-proteins revealed an increase in ROS in SSM only af-
ter acute hypoxic training. The lack of ROS change in IFM confirms what was reported
in chronic hypoxia [22]. SSM increase in ROS was statistically significant in males only,
and this is in agreement with the better antioxidant capacity of female mitochondria [27].
Increased ROS production has been associated with hypoxia [11,35,36]. Apparently, when
oxygen runs short, electrons slip from the electron chain and bind to O2, producing su-
peroxide ion O2

·−. It seems that hypoxia induces supercomplex disassembly, thus lower
oxygen concentrations are preferably used to produce ROS, instead of ATP [36,37]. In our
experiments, acute hypoxia increased ROS in both male and female mitochondria seem-
ingly without causing damage. Interestingly, the yield of SSM mitochondria, which has
been linked to mitochondrial content [38], remained unchanged after hypoxia, suggesting
a lack of mitophagy.
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It is noteworthy that ROS production secondary to hypoxia should elicit hypoxia-
inducible factor 1 (HIF-1) release [35], which in turn can lead to deleterious events such as
mitophagy and mitochondria fragmentation. Even if we cannot completely rule out the
possibility that low concentrations of HIF could be generated after 30 min of training in
hypoxia, it seems unlikely that HIF-1 or HIF-2 would be expressed in our samples, as they
are typically only expressed after 4–8 h of hypoxia. [39]. Moreover, it has been reported
that in the first 20 min of hypoxia, cardiomyocytes produce less ROS than other types of
cells, such as endothelial cells, thus suggesting a lesser production of HIF-1 in these cells at
shorter times [40].

Following hypoxia, in male brain mitochondria, we observed an enhanced ETS effi-
ciency at complex II and IV. This fact could compensate for any impairment at the single
complexes and ensure a regular OXPHOS. Different brain areas can respond differently to
hypoxia. Isolated cells from the thalamus after 15 min of hypoxia decrease OXPHOS driven
by both complex I and II substrates [14], while the cerebral cortex and hippocampus after
48 h of hypobaric hypoxia have different OXPHOS activities at complex I: the first decreases
and the second remains unaltered [10]. In the cerebral cortex, it was also shown that, after
hypoxia, complex IV enzymatic activity increased [10]. Since our mitochondria mainly
originate from the cerebral cortex, we might assume that at this site in males, ETS increased
its efficiency as early as 30 min into hypoxia. All the cited references are related to male
rats and no data are available on females. But this difference is worth investigating further.

In our study, it appears that acute hypoxia has a negative impact on the heart, particu-
larly in female mitochondria, while male mitochondria are relatively unaffected. Despite
sharing a maternal origin, male and female mitochondria exhibit sex- and gender-related
differences in their activities [26]. In fact, about 1000 mitochondrial proteins are encoded
by the nuclear genome and, therefore, are subject to hormonal influence in their expres-
sion [26]. Research showed that there is not a favored sex, but depending on pathologies,
either one might display a higher vulnerability. For instance, females have a higher inci-
dence of heart failure with preserved ejection fraction because, unlike males, they produce
less mtDNA and fewer mitochondrial proteins, which are correlated to better diastolic
function [41]. On the other hand, female ventricular cardiomyocytes produce less ROS
and accumulate less calcium compared to those of males, because they have a higher
expression of a supercomplex assembly factor, making female cardiomyocyte mitochondria
less susceptible to apoptosis [42]. As we reported above, in acute hypoxia, testosterone
may play a significant role in maintaining blood pressure and possibly guarding against
mitochondrial damage [28,29]. In this context, our findings are not surprising and can be
attributed to the multifaceted activity of mitochondria.

One of the limitations of our study is that we carried out ex vivo studies. In this context,
hypoxia was applied for thirty minutes in vivo and then heart and brain mitochondria
were isolated and tested in the oxygraph. Thus, our data do not show an impairment
concomitant with hypoxia, but, rather, the semi-permanent or, better, prolonged damage of
mitochondria induced by short-term exposure to hypoxia. Sometimes, it was hard to find
a comparison with other studies, due to the prevalence of in vitro investigations, where
hypoxia can be promptly induced and its impact on mitochondria or hypoxia-inducible
factors instantaneously scrutinized.

5. Conclusions

In summary, our study highlighted some of the effects of acute hypoxia training
through an animal model. Recently, analogous acute effects were investigated on human
male subjects during training. The findings evidenced defects in oxygen saturation and
cerebral oxygenation rather than hemodynamic impairments [7]. We have found that in
the heart, only SSM female mitochondria are impaired at complex II. In the brain, male
mitochondria hypoxia induced the better efficiency of ETS at complex II and IV. This effect
could be comparable to the beneficial effect attributed to chronic hypoxia training [2,6,43].



Biomedicines 2023, 11, 3149 12 of 14

However, attention must be paid to female subjects exercising under hypoxia, as their heart
mitochondria are more vulnerable than those of male subjects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11123149/s1; Figure S1: Male and female heart
mitochondria OXPHOS; Figure S2: Male and female brain mitochondria OXPHOS.

Author Contributions: Conceptualization, R.I. and R.V.; methodology, R.I., R.V. and C.L.; validation,
R.I.; formal analysis, R.I. and Y.L.; investigation, Y.L., R.N. and R.I.; resources, R.I.; data curation,
R.I.; writing—original draft preparation, R.I.; writing—review and editing, R.I., F.C.M., F.L., M.I.,
R.V., A.R. and C.L.; visualization, R.I. and Y.L.; supervision, R.I.; project administration, R.I.; funding
acquisition, R.I., R.V., A.R., F.C.M. and F.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Regione Autonoma della Sardegna (RAS) FSC 2014-2020,
call on basic research 2017 (Grant SR 85013), and by FdS (Fondazione di Sardegna) 2018 call (Grant
F74I19000990007). Y. Lai was recipient of a scholarship, funded by Grant SR 85013.

Institutional Review Board Statement: This study was approved by the Committee on Animal Use
and Care of University of Cagliari (CeSASt), in accordance with the Italian Guidelines for the use
of laboratory animals, which conform with the guidelines for care and use of experimental animals
issued by the Italian Ministry of Health (D.L. 116/92) and by the EU Directive (2010/63/EU) and
the Guide for Care and Use of Laboratory Animals, adopted by the NIH, USA (8th edition, 2011).
Furthermore, the experimental plan was approved by the Italian Ministry of Health (number of
approval n. 579/2020-PR).

Data Availability Statement: The corresponding author agrees to make available all data generated
or analyzed during this study on reasonable request.

Acknowledgments: This work is dedicated to the memory of Antonio Crisafulli, an esteemed
colleague and dear friend. We deeply miss his brilliance and sense of humor, which will always be
remembered.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Furian, M.; Tannheimer, M.; Burtscher, M. Effects of acute exposure and acclimatization to high-altitude on oxygen saturation and

related cardiorespiratory fitness in health and disease. J. Clin. Med. 2022, 11, 6699. [CrossRef]
2. Ruggiero, L.; Harrison, S.W.D.; Rice, C.L.; McNeil, C.J. Neuromuscular fatigability at high altitude: Lowlanders with acute and

chronic exposure, and native highlanders. Acta Physiol. 2022, 234, e13788. [CrossRef] [PubMed]
3. Levett, D.Z.; Radford, E.J.; Menassa, D.A.; Graber, E.F.; Morash, A.J.; Hoppeler, H.; Clarke, K.; Martin, D.S.; Ferguson-Smith, A.C.;

Montgomery, H.E.; et al. Acclimatization of skeletal muscle mitochondria to high-altitude hypoxia during an ascent of Everest.
FASEB J. 2012, 26, 1431–1441. [CrossRef]

4. Horscroft, J.A.; Kotwica, A.O.; Laner, V.; West, J.A.; Hennis, P.J.; Levett, D.Z.H.; Howard, D.J.; Fernandez, B.O.; Burgess, S.L.;
Ament, Z.; et al. Metabolic basis to Sherpa altitude adaptation. Proc. Natl. Acad. Sci. USA 2017, 114, 6382–6387. [CrossRef]
[PubMed]

5. Millet, G.P.; Roles, B.; Schmitt, L.; Woorons, X.; Richalet, J.P. Combining hypoxic methods for peak performance. Sports Med. 2010,
40, 1–25. [CrossRef] [PubMed]

6. Stellingwerff, T.; Peeling, P.; Garvican-Lewis, L.A.; Hall, R.; Koivisto, A.E.; Heikura, I.A.; Burke, L.M. Nutrition and altitude:
Strategies to enhance adaptation, improve performance and maintain health: A narrative review. Sports Med. 2019, 49, 169–184.
[CrossRef] [PubMed]

7. Mulliri, G.; Magnani, S.; Roberto, S.; Ghiani, G.; Sechi, F.; Fanni, M.; Marini, E.; Stagi, S.; Lai, Y.; Rinaldi, A.; et al. Acute
exercise with moderate hypoxia reduces arterial oxygen saturation and cerebral oxygenation without affecting hemodynamics in
physically active males. Int. J. Environ. Res. Public Health 2022, 19, 4558. [CrossRef]

8. Pickett, C.B.; Cascarano, J.; Wilson, M.A. Acute and chronic hypoxia in rats. I. Effect on organismic respiration, mitochondrial
protein mass in liver and succinic dehydrogenase activity in liver, kidney and heart. J. Exp. Zool. 1979, 210, 49–57. [CrossRef]

9. Morash, A.J.; Kotwica, A.O.; Murray, A.J. Tissue-specific changes in fatty acid oxidation in hypoxic heart and skeletal muscle. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R534–R541. [CrossRef]

10. La Padula, P.; Costa, L.E.; Karadayian, A.; Lores-Arnaiz, S.; Czerniczyniec, A. Differences in mitochondrial function between
brain and heart of senile rats exposed to acute hypobaric hypoxia. Role of nitric oxide. Exp. Gerontol. 2023, 173, 112100. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines11123149/s1
https://www.mdpi.com/article/10.3390/biomedicines11123149/s1
https://doi.org/10.3390/jcm11226699
https://doi.org/10.1111/apha.13788
https://www.ncbi.nlm.nih.gov/pubmed/35007386
https://doi.org/10.1096/fj.11-197772
https://doi.org/10.1073/pnas.1700527114
https://www.ncbi.nlm.nih.gov/pubmed/28533386
https://doi.org/10.2165/11317920-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/20020784
https://doi.org/10.1007/s40279-019-01159-w
https://www.ncbi.nlm.nih.gov/pubmed/31691928
https://doi.org/10.3390/ijerph19084558
https://doi.org/10.1002/jez.1402100106
https://doi.org/10.1152/ajpregu.00510.2012
https://doi.org/10.1016/j.exger.2023.112100


Biomedicines 2023, 11, 3149 13 of 14

11. Solaini, G.; Baracca, A.; Lenaz, G.; Sgarbi, G. Hypoxia and mitochondrial oxidative metabolism. Biochim. Biophys. Acta 2010, 1797,
1171–1177. [CrossRef] [PubMed]

12. Galli, G.L.J.; Ruhr, I.M.; Crossley, J.; Crossley, D.A., 2nd. The long-term effects of developmental hypoxia on cardiac mitochondrial
function in snapping turtles. Front. Physiol. 2021, 12, 689684. [CrossRef] [PubMed]

13. Marks de Chabris, N.C.; Sabir, S.; Perkins, G.; Cheng, H.; Ellisman, M.H.; Pamenter, M.E. Short communication: Acute hypoxia
does not alter mitochondrial abundance in naked mole-rats. Comp. Biochem. Physiol. A. Mol Integr. Physiol. 2023, 276, 111343.
[CrossRef] [PubMed]

14. Adzigbli, L.; Sokolov, E.P.; Wimmers, K.; Sokolova, I.M.; Ponsuksili, S. Effects of hypoxia and reoxygenation on mitochondrial
functions and transcriptional profiles of isolated brain and muscle porcine cells. Sci. Rep. 2022, 12, 19881. [CrossRef]

15. Wisløff, U.; Helgerud, J.; Kemi, O.J.; Ellingsen, O. Intensity-controlled treadmill running in rats: VO(2 max) and cardiac
hypertrophy. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H1301–H1310. [CrossRef]

16. Rosenthal, R.E.; Hamud, F.; Fiskum, G.; Varghese, P.J.; Sharpe, S. Cerebral ischemia and reperfusion: Prevention of brain
mitochondrial injury by lidoflazine. J. Cereb. Blood Flow Metab. 1987, 7, 752–758. [CrossRef]

17. Palmer, J.W.; Tandler, B.; Hoppel, C.L. Biochemical properties of subsarcolemmal and interfibrillar mitochondria isolated from rat
cardiac muscle. J. Biol. Chem. 1977, 252, 8731–8739. [CrossRef]

18. Rosca, M.G.; Vazquez, E.J.; Kerner, J.; Parland, W.; Chandler, M.P.; Stanley, W.; Sabbah, H.N.; Hoppel, C.L. Cardiac mitochondria
in heart failure: Decrease in respirasomes and oxidative phosphorylation. Cardiovasc. Res. 2008, 80, 30–39. [CrossRef]

19. Tokarska-Schlattner, M.; Kay, L.; Perret, P.; Isola, R.; Attia, S.; Lamarche, F.; Tellier, C.; Cottet-Rousselle, C.; Uneisi, A.; Hininger-
Favier, I.; et al. Role of cardiac AMP-activated protein kinase in a non-pathological setting: Evidence from cardiomyocyte-specific,
inducible AMP-activated protein kinase α1α2-knockout mice. Front. Cell. Dev. Biol. 2021, 9, 731015. [CrossRef]

20. Brand, M.D.; Nicholls, D.G. Assessing mitochondrial dysfunction in cells. Biochem. J. 2011, 435, 297–312. [CrossRef]
21. Lai, N.; Kummitha, C.M.; Loy, F.; Isola, R.; Hoppel, C.L. Bioenergetic functions in subpopulations of heart mitochondria are

preserved in a non-obese type 2 diabetes rat model (Goto-Kakizaki). Sci. Rep. 2020, 10, 5444. [CrossRef] [PubMed]
22. Heather, L.C.; Cole, M.A.; Tan, J.J.; Ambrose, L.J.; Pope, S.; Abd-Jamil, A.H.; Carter, E.E.; Dodd, M.S.; Yeoh, K.K.; Schofield, C.J.;

et al. Metabolic adaptation to chronic hypoxia in cardiac mitochondria. Basic Res. Cardiol. 2012, 107, 268. [CrossRef] [PubMed]
23. Germanova, E.; Khmil, N.; Pavlik, L.; Mikheeva, I.; Mironova, G.; Lukyanova, L. The role of mitochondrial enzymes, succinate-

coupled signaling pathways and mitochondrial ultrastructure in the formation of urgent adaptation to acute hypoxia in the
myocardium. Int. J. Mol. Sci. 2022, 23, 14248. [CrossRef] [PubMed]

24. Levett, D.Z.; Viganò, A.; Capitanio, D.; Vasso, M.; De Palma, S.; Moriggi, M.; Martin, D.S.; Murray, A.J.; Cerretelli, P.; Grocott,
M.P.; et al. Changes in muscle proteomics in the course of the Caudwell Research Expedition to Mt. Everest. Proteomics 2015, 15,
160–171. [CrossRef] [PubMed]

25. Malgoyre, A.; Prola, A.; Meunier, A.; Chapot, R.; Serrurier, B.; Koulmann, N.; Bigard, X.; Sanchez, H. Endurance is improved
in female rats after living high-training high despite alterations in skeletal muscle. Front. Sports Act. Living 2021, 3, 663857.
[CrossRef] [PubMed]

26. Ventura-Clapier, R.; Piquereau, J.; Garnier, A.; Mericskay, M.; Lemaire, C.; Crozatier, B. Gender issues in cardiovascular diseases.
Focus on energy metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165722. [CrossRef] [PubMed]

27. Scott, S.R.; Singh, K.; Yu, Q.; Sen, C.K.; Wang, M. Sex as biological variable in cardiac mitochondrial bioenergetic responses to
acute stress. Int. J. Mol. Sci. 2022, 23, 9312. [CrossRef]

28. Jiang, S.; Chen, G.; Yang, Z.; Wang, D.; Lu, Y.; Zhu, L.; Wang, X. Testosterone attenuates hypoxia-induced hypertension by
affecting NRF1-mediated transcriptional regulation of ET-1 and ACE. Hypertens. Res. 2021, 44, 1395–1405. [CrossRef] [PubMed]

29. Scarpulla, R.C. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. Physiol. Rev. 2008, 88, 611–638.
[CrossRef]

30. Park, K.S.; Kim, H.; Kim, H.J.; Lee, K.I.; Lee, S.Y.; Kim, J. Paeoniflorin alleviates skeletal muscle atrophy in ovariectomized mice
through the erα/nrf1 mitochondrial biogenesis pathway. Pharmaceuticals 2022, 15, 390. [CrossRef]

31. Heckmann, B.L.; Zhang, X.; Xie, X.; Liu, J. The G0/G1 switch gene 2 (G0S2): Regulating metabolism and beyond. Biochim. Biophys
Acta 2013, 1831, 276–281. [CrossRef]

32. Laurens, C.; Badin, P.M.; Louche, K.; Mairal, A.; Tavernier, G.; Marette, A.; Tremblay, A.; Weisnagel, S.J.; Joanisse, D.R.; Langin, D.;
et al. G0/G1 Switch Gene 2 controls adipose triglyceride lipase activity and lipid metabolism in skeletal muscle. Mol. Metab.
2016, 5, 527–537. [CrossRef]

33. Kioka, H.; Kato, H.; Fujikawa, M.; Tsukamoto, O.; Suzuki, T.; Imamura, H.; Nakano, A.; Higo, S.; Yamazaki, S.; Matsuzaki, T.; et al.
Evaluation of intramitochondrial ATP levels identifies G0/G1 switch gene 2 as a positive regulator of oxidative phosphorylation.
Proc. Natl. Acad. Sci. USA 2014, 111, 273–278. [CrossRef]

34. Kioka, H.; Kato, H.; Fujita, T.; Asano, Y.; Shintani, Y.; Yamazaki, S.; Tsukamoto, O.; Imamura, H.; Kogo, M.; Kitakaze, M.;
et al. In vivo real-time ATP imaging in zebrafish hearts reveals G0s2 induces ischemic tolerance. FASEB J. 2020, 34, 2041–2054.
[CrossRef]

35. Bell, E.L.; Chandel, N.S. Mitochondrial oxygen sensing: Regulation of hypoxia-inducible factor by mitochondrial generated
reactive oxygen species. Essays Biochem. 2007, 43, 17–27. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbabio.2010.02.011
https://www.ncbi.nlm.nih.gov/pubmed/20153717
https://doi.org/10.3389/fphys.2021.689684
https://www.ncbi.nlm.nih.gov/pubmed/34262478
https://doi.org/10.1016/j.cbpa.2022.111343
https://www.ncbi.nlm.nih.gov/pubmed/36379380
https://doi.org/10.1038/s41598-022-24386-0
https://doi.org/10.1152/ajpheart.2001.280.3.H1301
https://doi.org/10.1038/jcbfm.1987.130
https://doi.org/10.1016/S0021-9258(19)75283-1
https://doi.org/10.1093/cvr/cvn184
https://doi.org/10.3389/fcell.2021.731015
https://doi.org/10.1042/BJ20110162
https://doi.org/10.1038/s41598-020-62370-8
https://www.ncbi.nlm.nih.gov/pubmed/32214195
https://doi.org/10.1007/s00395-012-0268-2
https://www.ncbi.nlm.nih.gov/pubmed/22538979
https://doi.org/10.3390/ijms232214248
https://www.ncbi.nlm.nih.gov/pubmed/36430733
https://doi.org/10.1002/pmic.201400306
https://www.ncbi.nlm.nih.gov/pubmed/25370915
https://doi.org/10.3389/fspor.2021.663857
https://www.ncbi.nlm.nih.gov/pubmed/34124658
https://doi.org/10.1016/j.bbadis.2020.165722
https://www.ncbi.nlm.nih.gov/pubmed/32057941
https://doi.org/10.3390/ijms23169312
https://doi.org/10.1038/s41440-021-00703-4
https://www.ncbi.nlm.nih.gov/pubmed/34257425
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.3390/ph15040390
https://doi.org/10.1016/j.bbalip.2012.09.016
https://doi.org/10.1016/j.molmet.2016.04.004
https://doi.org/10.1073/pnas.1318547111
https://doi.org/10.1096/fj.201901686R
https://doi.org/10.1042/BSE0430017
https://www.ncbi.nlm.nih.gov/pubmed/17705790


Biomedicines 2023, 11, 3149 14 of 14

36. Genova, M.L.; Baracca, A.; Biondi, A.; Casalena, G.; Faccioli, M.; Falasca, A.I.; Formiggini, G.; Sgarbi, G.; Solaini, G.; Lenaz, G. Is
supercomplex organization of the respiratory chain required for optimal electron transfer activity? Biochim. Biophys. Acta 2008,
1777, 740–746. [CrossRef] [PubMed]

37. Fuhrmann, D.C.; Brüne, B. Mitochondrial composition and function under the control of hypoxia. Redox Biol. 2017, 12, 208–215.
[CrossRef] [PubMed]

38. Lai, N.; Kummitha, C.; Hoppel, C. Defects in skeletal muscle subsarcolemmal mitochondria in a non-obese model of type 2
diabetes mellitus. PLoS ONE 2017, 12, e0183978. [CrossRef] [PubMed]

39. Wiesener, M.S.; Jürgensen, J.S.; Rosenberger, C.; Scholze, C.K.; Hörstrup, J.H.; Warnecke, C.; Mandriota, S.; Bechmann, I.; Frei,
U.A.; Pugh, C.W.; et al. Widespread hypoxia-inducible expression of HIF-2alpha in distinct cell populations of different organs.
FASEB J. 2003, 17, 271–273. [CrossRef]

40. Hernansanz-Agustín, P.; Izquierdo-Álvarez, A.; Sánchez-Gómez, F.J.; Ramos, E.; Villa-Piña, T.; Lamas, S.; Bogdanova, A.;
Martínez-Ruiz, A. Acute hypoxia produces a superoxide burst in cells. Free Radic. Biol. Med. 2014, 71, 146–156. [CrossRef]
[PubMed]

41. Cao, Y.; Vergnes, L.; Wang, Y.-C.; Pan, C.; Krishnan, K.C.; Moore, T.M.; Rosa-Garrido, M.; Kimball, T.H.; Zhou, Z.; Charugundla,
S.; et al. Sex differences in heart mitochondria regulate diastolic dysfunction. Nat. Commun. 2022, 13, 3850. [CrossRef] [PubMed]

42. Clements, R.T.; Terentyeva, R.; Hamilton, S.; Janssen, P.M.L.; Roder, K.; Martin, B.Y.; Perger, F.; Schneider, T.; Nichtova, Z.; Das,
A.S.; et al. Sexual dimorphism in bidirectional SR-mitochondria crosstalk in ventricular cardiomyocytes. Basic Res. Cardiol. 2023,
118, 15. [CrossRef] [PubMed]

43. Gore, C.J.; Clark, S.A.; Saunders, P.U. Nonhematological mechanisms of improved sea-level performance after hypoxic exposure.
Med. Sci. Sports Exerc. 2007, 39, 1600–1609. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bbabio.2008.04.007
https://www.ncbi.nlm.nih.gov/pubmed/18454935
https://doi.org/10.1016/j.redox.2017.02.012
https://www.ncbi.nlm.nih.gov/pubmed/28259101
https://doi.org/10.1371/journal.pone.0183978
https://www.ncbi.nlm.nih.gov/pubmed/28850625
https://doi.org/10.1096/fj.02-0445fje
https://doi.org/10.1016/j.freeradbiomed.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24637263
https://doi.org/10.1038/s41467-022-31544-5
https://www.ncbi.nlm.nih.gov/pubmed/35787630
https://doi.org/10.1007/s00395-023-00988-1
https://www.ncbi.nlm.nih.gov/pubmed/37138037
https://doi.org/10.1249/mss.0b013e3180de49d3
https://www.ncbi.nlm.nih.gov/pubmed/17805094

	Introduction 
	Materials and Methods 
	Animals and Training Design 
	Experimental Protocol 
	Mitochondria Isolation and Bioenergetics 
	Immunoblotting 
	Statistics 

	Results 
	Training 
	Mitochondria Bioenergetics 
	Heart Mitochondria 
	Brain Mitochondria 

	Immunoblotting 

	Discussion 
	Conclusions 
	References

