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A B S T R A C T

Muscle injuries and the subsequent regeneration events compromise muscle homeostasis at morphological, 
functional and molecular levels. Among the molecular alterations, those derived from the mitochondrial function 
are especially relevant. We analysed the mitochondrial dynamics, the redox balance, the protein oxidation and 
the main protein repairing mechanisms after 9 days of injury in the rat gastrocnemius muscle. During the re-
covery rats were exposed to intermittent cold exposure (ICE), intermittent hypobaric hypoxia (IHH), and both 
simultaneous combined stimuli. Non-injured contralateral legs were also analysed to evaluate the specific effects 
of the three environmental exposures. Our results showed that ICE enhanced mitochondrial adaptation by 
improving the electron transport chain efficiency during muscle recovery, decreased the expression of regulatory 
subunit of proteasome and accumulated oxidized proteins. Exposure to IHH did not show mitochondrial 
compensation or increased protein turnover mechanisms; however, no accumulation of oxidized proteins was 
observed. Both ICE and IHH, when applied separately, elicited an increased expression of eNOS, which could 
have played an important role in accelerating muscle recovery. The combined effect of ICE and IHH led to a 
complex response that could potentially impede optimal mitochondrial function and enhanced the accumulation 
of protein oxidation. These findings underscore the nuanced role of environmental stressors in the muscle healing 
process and their implications for optimizing recovery strategies.

1. Introduction

Skeletal muscle regeneration is an important homeostatic process 
that allows restoring the architecture of damaged muscle fibres and 
maintaining muscle mass after injury [1]. During the recovery process 
that follows a skeletal muscle injury, the maturation of myofibers is 
accompanied by the fine remodelling of tissue architecture, with matrix 
rearrangement and angiogenesis [1]. Changes in the fibre structural 
organization during regeneration also imply mitochondrial network 
remodelling which is a critical process in maintaining cellular homeo-
stasis and is intimately related to mitochondrial function [2]. At this 
point, mitochondrial homeostasis (equilibrium between mitophagy and 
mitogenesis) during skeletal muscle recovery seems to be crucial for 

tissue maturation [3]. In this way, inadequate mitophagy led by the 
suppression of peroxisome proliferator-activated receptor-gamma 
coactivator-1 alpha (PGC1α) induces delayed differentiation and 
maturation of myoblast [4].

The main function of mitochondria is related to ATP production 
through oxidative phosphorylation (OXPHOS) in the electron transport 
chain (ETC) complexes located on the inner mitochondrial membrane 
[5,6]. However, other mitochondrial roles have been described in 
skeletal muscle as reviewed by Alway et al. [4], reactive oxygen species 
(ROS) production being one of the most relevant on regulating skeletal 
muscle regeneration [7,8]. The nuclear factor erythroid 2-related factor 
2 (NRF2) and its target genes, such as heme oxygenase-1 (HO-1), trigger 
the main protective mechanisms against the high ROS levels that occur 
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after pathological muscle injury [4]. An unbalance between ROS pro-
duction and antioxidant activity could lead to oxidative stress, damaging 
cell biomolecules (lipids, proteins and DNA) during muscle myogenesis 
[8]. However, the role of ROS during the process of muscle injury re-
covery is controversial since recent evidence indicates that a physio-
logical pro-oxidative environment is essential for myoblast 
differentiation [9].

Proteins are the most abundant biomolecules in skeletal muscle tis-
sue [10]. Due to their structure, proteins are prime targets for being 
disrupted by ROS and can undergo various forms of oxidation, even 
forming adducts with 4-hydroxynonenal (4-HNE) (reviewed by 
Ref. [11]). Linked to the oxidative damage process, proteins have 
numerous quality control and repairing mechanisms that are crucial for 
protein turnover and cellular viability during skeletal muscle recovery. 
Heat shock proteins (HSPs) [12], the ubiquitin-proteasome system 
(UPS) and lysosomes are the main proteolytic systems [11,13–15].

The muscle regeneration process has been thoroughly studied, the 
regeneration phases and the cellular and molecular mechanisms 
involved are well known. However, a search for therapies to improve 
this process is still underway with the main objective of optimizing and 
reducing the time needed for complete molecular, cellular, and struc-
tural recovery. Intermittent hypobaric hypoxia (IHH) appears as an 
emerging therapy to be used in different pathological situations [16]. 
Considering that hypobaric hypoxia could lead to beneficial responses, 
both at systemic and muscular levels [17–21]. Recent studies have 
focused on the potential effect of intermittent hypoxia on muscle dam-
age repair [22,71,23,70,24]. Given that hypobaric hypoxia and cold 
always coexist in the biosphere, and that these factors both separately 
and in combination do not produce the same physiological responses 
[25–27], we decided to merge these two stressors as a treatment for 
muscle injury. IHH and intermittent cold exposure (ICE), both combined 
and separately, produce an interesting modulation of the muscle re-
covery process, with IHH showing the most significant outcomes, as we 
have shown in a recent publication [24]. In this previous work, we found 
that 9 days of ICE and also combined ICE with IHH enhanced muscle 
regeneration at histological level (reducing centrally nucleated fibres 
and fibres positive for the developmental myosin heavy chain), while 
IHH exposure showed complete histological and functional recovery 
from the injury. IHH can be postulated as an anti-fibrotic treatment as it 
reduced collagen deposition. Moreover, an increase in the pSer473-
Akt/total Akt ratio after 9 days in muscle gastrocnemius treated with 
ICE, IHH and their combination, together with an increase in the 
pThr172AMPKα/total AMPKα ratio after the IHH treatment, provide 
clues about the molecular mechanisms involved in enhanced muscle 
regeneration.

There is evidence suggesting that oxidative stress plays a key role in 
myogenesis and skeletal muscle physiology and pathology showing that 
moderate levels of ROS are critical for cell signalling and the regulation 
of gene expression, inducing cellular adaptations necessary for muscle 
growth [4,8]. For this reason, the present work aimed to evaluate the 
effect after 9 days of ICE, IHH and the simultaneous combination of both 
environmental factors on the protein expression of the electron transport 
chain (ETC), on mitochondrial dynamics, redox balance, protein 
oxidation and its turnover and degradation pathways in injured and 
contralateral non-injured rat gastrocnemius.

2. Materials and methods

2.1. Animals

A total of 20 adult male Sprague-Dawley rats (Envigo, Italy) with an 
average body mass of 254 ± 28 g were surgically injured in the right 
gastrocnemius muscle [28]. After the injury, rats were randomly 
distributed into four different groups: Control (CTRL), intermittent cold 
exposure (COLD), intermittent hypobaric hypoxia exposure (HYPO) and 
intermittent exposure to simultaneous cold and hypobaric hypoxia 

(COHY). Animals were submitted to the assigned intervention procedure 
for 9 days. The right non-injured gastrocnemius muscle of each animal 
was taken as the individual control condition [29].

All procedures adhered to the European Union guidelines for the care 
and management of laboratory animals and were conducted under the 
license granted by the Catalan authorities (reference no. 1899). 
Approval for these procedures was obtained from the University of 
Barcelona’s Ethical Committee for Animal Experimentation (reference 
no. 8784) for the project titled “Synergistic effect of cold and hypoxia in 
the repair of induced muscle damage in laboratory rats,” funded by the 
Ministry of Economy and Competitiveness (Spanish Government) under 
code DEP2013-48334-C2-1-P.

2.2. Intervention

No treatment was made for CTRL rats that rested at room tempera-
ture (25 ◦C) in their cages under normoxia conditions. COLD rats were 
kept in a cold room (4 ◦C) for 4 h per day and HYPO rats were exposed 
for 4 h per day at a simulated altitude of 4500 m in a 136-L polymethyl 
methacrylate plastic hypobaric chamber using a rotational vacuum 
pump (TRIVAC D5E; Germany). Finally, COHY animals combined both 
conditions with the hypobaric chamber placed into the cold room.

2.3. Tissue sampling

After 9 days all rats were euthanized, and both the injured (INJ) and 
the non-injured (NIN) gastrocnemius muscles were excised, frozen at 
− 80 ◦C and subsequently homogenized with Precellys® Evolution tissue 
homogenizer (Bertin Technologies, France) in urea lysis buffer: 89.29 % 
of Urea 6M-1% SDS; 8.93 % of Phosphostop (Sigma Aldrich, USA); 1.78 
% of Protease Inhibitor Cocktail (Sigma Aldrich, USA). Protein was 
extracted from the supernatant after 12 min of centrifugation (at 16 ◦C/ 
25,000 G) and quantified with PierceTM BCA Protein Assay Kit (Ther-
moFisher Scientific, USA) in Tecan INFINITE 200 (Tecan, Austria).

2.4. Protein extraction and western blotting

From each animal, muscle protein was extracted from INJ and NIN 
gastrocnemius and analysed with western blot. For the electrophoresis, 
10 % and 12.50 % SDS–polyacrylamide gels with 15 wells were used and 
samples were solubilized in an electrophoresis loading buffer.

Western Blots were conducted as previously described [27] loading a 
control sample that consisted of a tibialis anterior muscle homogenate 
(by triplicates in each run) to control the intra- and inter-membrane 
variability. To confirm the experiment’s viability, the control samples’ 
variation coefficient has been set to be less than 20 % to accept the re-
sults of the gel. Equal protein content was loaded in each well of the 
same gel. However, the amount of loaded protein was adjusted by a 
linearity verification depending on the analysed protein (from 15 to 55 
μg). Once protein was transferred to the membrane, a Ponceau S staining 
(Sigma-Aldrich, USA) was made to verify the loading variation of pro-
tein for each lane.

Membranes were blocked with 4 % bovine serum albumin (BSA) in 
TBS-T (Tris-buffered saline containing 0.1 % Tween 20) for 15 h and 
were incubated against its specific antibodies adjusting dilution for each 
one in TBS-T- BSA 4 %. The following antibodies were used: OXPHOS, 
PARKIN, PGC1α and SIRT-1 from Abcam (England); NRF2, HSP90, and 
4-HNE from Novus Biological (USA); KEAP1, HO-1 from Santa Cruz 
Biotechnology (USA); eNOS (BD Biosciences, USA); 19S, 20S from Enzo 
Life Sciences (USA); and Ubiquitin (Sigma, USA). Subsequently, mem-
branes were incubated with the corresponding secondary horseradish 
peroxidase (HRP)-conjugated antibody (Thermo Fisher Scientific) 
diluted 1:5000 in 5 % Blotto in TBS-T for 1 h at room temperature. The 
specific bands were visualized with Clarity TM Western ECL Substrate 
Kit (Bio-Rad Laboratories, USA), and the chemiluminescence signal was 
measured using the Odyssey Fc Imaging System (LI-COR Inc. 
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Biotechnology, USA) and quantified with the Image Studio Software (v. 
5.2.5, LI-COR Inc. Biotechnology). Muscle signalling data were reported 
in arbitrary units as the sample band intensity relative to the Ponceau S 
stain, and the final data were normalized to the mean value (band 
densities) of the three control samples loaded on all the gels.

2.5. Statistical analysis

The normal distribution of the data was tested by the Shapiro–Wilk 
test. For the comparison of dependent variables between experimental 
groups (CTRL, COLD, HYPO, COHY) the non-parametric Kruskal-Wallis 
test was run using Dunn’s test as post hoc for multiple comparisons. To 
analyse statistical differences of dependent variables between two spe-
cific recovery groups and for the comparison between non-injured and 
injured gastrocnemius, we applied a Mann-Whitney U test. All statistical 
analysis was undertaken using SPSS for Windows, v29.0 (IBM Corp, 
USA), and all differences were considered statistically significant at p <
0.05. Data are presented as box-and-whisker plots, the box represents 
the interquartile range and shows the first and the third quartiles 
separated by the median. Whisker endpoints represent the minimum 
and maximum values, and the mean is indicated with a black dot.

3. Results

Our study encompassed the protein expression of mitochondrial 
dynamics by analysing mitogenesis (SIRT1 and PGC1α) and mitophagy 
biomarkers (PARKIN), and the mitochondrial ATP production potential 
by scrutinizing the protein expression of complexes that constitute the 
oxidative phosphorylation pathway (OXPHOS) in the electron transport 
chain (ETC). To gauge the redox balance, the protein expression of the 
key redox biomarkers (NRF2, KEAP1 and HO-1) and eNOS were 
measured. Finally, to assess protein quality status and its turnover levels 
of protein oxidation, 4-HNE adducts, HSP90 and the UPS proteolytic 
system (20S, 19S and UBQ) were examined.

3.1. Mitochondrial dynamics and electron transport chain (ETC)

Results of SIRT1, PGC1α and PARKIN expression are shown in Fig. 1. 
No substantial differences in mitogenesis biomarkers were evidenced, 

neither between groups nor when comparing NIN versus INJ legs of any 
treatment (Fig. 1A and B). Regarding mitophagy, the INJ leg of all 
groups showed lower protein expression than CTRL in PARKIN (HYPO: 
p = 0.142, COHY: p = 0.117) with a statistically significant difference (p 
< 0.05) in COLD (Fig. 1C). The injury induced a higher significant 
expression of PARKIN in CTRL animals.

The expression of representative complexes of the ETC is presented 
in Fig. 2. Biomarkers from all complexes showed a statistically signifi-
cant lower expression after COHY treatment in the INJ leg when 
compared to its contralateral NIN. Regarding the comparison between 
treatments, INJ muscle from COLD had elevated protein expression than 
CTRL in complexes I, II, III and V (Fig. 2A–C and Fig. 2E), whilst the 
combination of COLD with IHH (COHY) decreased the expression of 
complexes I and V (Fig. 2A and E). It is important to note that the 
expression of complex IV decreased in all treatments compared to CTRL 
in the injured leg (Fig. 2D).

3.2. Redox balance and protein oxidation

No statistical differences were found between INJ and NIN gastroc-
nemius in the protein expression of NRF2, HO-1 and KEAP1 (Fig. 3). Any 
treatment induced significant changes in the expression of the redox 
balance biomarkers (Fig. 3). Regarding eNOS (Fig. 4A), a statistically 
significant higher expression in the INJ muscle was observed in COLD 
and HYPO compared to CTRL, although the combined exposure (COHY) 
did not result in any significant change. COLD induced statistically 
higher oxidized protein accumulation (4-HNE) compared to CTRL and 
COHY (Fig. 4B).

3.3. Protein turnover

Fig. 5 shows the protein expression of HSP90 and the 19S and 20S 
proteasome subunits. Notably, no statistical differences between groups 
were observed between INJ and NIN muscles for any analysed marker. 
COLD exhibited a greater expression of the chaperone HSP90 (Fig. 5A). 
COLD and COHY showed a statistically significant reduction of the 
regulatory UPS subunit (19S) in the INJ muscle compared to CTRL 
(Fig. 5B). No statistical differences were observed between groups in 20S 
core subunit of the proteasome (Fig. 5C).

Fig. 1. Protein expression of mitochondrial dynamics markers in injured and non-injured gastrocnemius muscle. (A) SIRT1, (B) PGC1α, (C) PARKIN. Data 
are expressed in arbitrary units (a.u.) and the mean is indicated with a black dot. The sample size was n = 4–5 per group. Statistically significant differences are 
indicated as: *p < 0.05 vs NIN; a p < 0.05 vs CTRL. INJ, injured gastrocnemius; NIN, non-injured gastrocnemius; CTRL, control; COLD, intermittent cold exposure; 
HYPO, intermittent hypobaric hypoxia exposure; COHY, simultaneous intermittent cold and hypobaric hypoxia exposure.
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Fig. 2. Protein expression of OXPHOS in injured and non-injured gastrocnemius muscle. (A) Subunit NDUFB8 from the NADH dehydrogenase at complex I. (B) 
Subunit SDHB from the succinate dehydrogenase at complex II. (C) Subunit UQCRC2 from the CoQ-cytochrome c reductase at complex III. (D) Subunit MTCO1 from 
the cytochrome c oxidase at complex IV. (E) Subunit ATP5a from the ATP synthase enzyme at complex V. Data are expressed in arbitrary units (a.u.) and the mean is 
indicated with a black dot. The sample size was n = 4–5 per group. Statistically significant differences are indicated as: *p < 0.05 vs NIN; a p < 0.05 vs CTRL; b p <
0.05 vs COLD between muscles of the same condition. INJ, injured gastrocnemius; NIN, non-injured gastrocnemius; CTRL, control; COLD, intermittent cold exposure; 
HYPO, intermittent hypobaric hypoxia exposure; COHY, simultaneous intermittent cold and hypobaric hypoxia exposure.

Fig. 3. Protein expression of redox balance markers in injured and non-injured gastrocnemius muscle. (A) NRF2, (B) KEAP1, (C) HO-1. Data are expressed in 
arbitrary units (a.u.) and the mean is indicated with a black dot. The sample size was n = 4–5 per group. INJ, injured gastrocnemius; NIN, non-injured gastrocnemius; 
CTRL, control; COLD, intermittent cold exposure; HYPO, intermittent hypobaric hypoxia exposure; COHY, simultaneous intermittent cold and hypobaric hypox-
ia exposure.
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Total ubiquitination and the most abundant bands (100, 75, 37, and 
25 kDa) are shown in Fig. 6. The INJ muscle after COHY treatment had a 
statistically significant lower protein ubiquitination than the NIN, 
except for the 100 kDa band. COHY also increased the amount of 
ubiquitination compared to CTRL in the NIN. Notably, the 100 kDa band 
showed significant increases in all groups compared to CTRL both in INJ 
and NIN muscles (Fig. 6E).

4. Discussion

Muscle injuries at the distal myotendinous junction are common in 
sports practice. Despite the growing number of options for addressing 
muscle recovery from a clinical perspective, the primary treatment 

currently applied to muscle injuries is known as RICE (Rest, Ice, 
Compression, Elevation). Previous studies have also described that IHH 
improves muscle recovery. Additionally, we also know that muscle re-
covery involves mitochondrial restructuring, which can affect ROS sig-
nalling and oxidative damage to the structural proteins of myocytes. For 
all these reasons this study was focused on describing the effect of 9 days 
of exposure to intermittent cold or/and hypobaric hypoxia on the re-
covery of surgically injured rat gastrocnemius muscle. We aimed to 
understand the molecular events occurring during the muscle regener-
ation process, the mitochondrial status, the redox balance, the protein 
oxidation and its turnover.

Fig. 4. Protein expression of eNOS and 4-HNE protein labelling in injured and non-injured gastrocnemius muscle. (A) eNOS, (B) total 4-HNE protein 
labelling. Data are expressed in arbitrary units (a.u.) and the mean is indicated with a black dot. The sample size was n = 4–5 per group. Statistically significant 
differences are indicated as: a p < 0.05 vs CTRL; b p < 0.05 vs COLD between muscles of the same condition. INJ, injured gastrocnemius; NIN, non-injured 
gastrocnemius; CTRL, control; COLD, intermittent cold exposure; HYPO, intermittent hypobaric hypoxia exposure; COHY, simultaneous intermittent cold and 
hypobaric hypoxia exposure.

Fig. 5. Protein expression HSP90 and 26S proteasome in injured and non-injured gastrocnemius muscles. (A) HSP90, (B) rpt1 19S regulatory subunit of 26S 
proteasome, (C) 20S proteolytic subunit of 26S proteasome. Data are expressed in arbitrary units (a.u.) and the mean is indicated with a black dot. The sample size 
was n = 4–5 per group. Statistically significant differences are indicated as: a p < 0.05 vs CTRL; b p < 0.05 vs COLD between muscles of the same condition. INJ, 
injured gastrocnemius; NIN, non-injured gastrocnemius; CTRL, control; COLD, intermittent cold exposure; HYPO, intermittent hypobaric hypoxia exposure; COHY, 
simultaneous intermittent cold and hypobaric hypoxia exposure.
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4.1. Mitochondrial dynamics in the recovery process

It is well described that skeletal muscle recovery after an injury 
follows a specific timing, being the mitochondrial reorganization a very 
relevant process [1]. Some mitogenic factors such as AMPK, SIRT1 and 
PGC1α, and mitophagy inductors such as PINK1 and PARKIN are 
described as key biomarkers of mitochondrial dynamics [30–33]. 
Research has been conducted to understand how exposure to cold and 
intermittent hypobaric hypoxia affects mitochondrial dynamics and 
metabolism [34]. However, to the best of our knowledge, the detailed 
mechanisms involved in these dynamics are not well described due to 
the complexity and variety of the experimental protocols and procedures 
applied. Previous studies from our group demonstrated an increase in 
PGC1α after a 7-day protocol of IHH (4000 m 4h/day) for recovering 
from muscle damage provoked after eccentric exercise [23]. Cao et al. 
[35] reported that, after a week of ICE (4 ◦C 3h/day), mitophagy was 
stimulated in apolipoprotein E deficient mice, inducing 
post-translational modifications of multiple proteins such as SIRT1. 
These findings did not match our results in rats, where no changes were 
observed in the expression of PGC1α and SIRT1 in any of the studied 
groups (Fig. 1A and B). PGC1α activation is mediated by SIRT1, both 
molecules being essential for the synthesis and assembly of the inner 

membrane proteins [3], mainly in muscles with a high proportion of 
slow fibres [36]. Gurd et al. [37] suggested a negative correlation be-
tween SIRT1 nuclear activity and the whole muscle SIRT1 protein con-
tent. Thus, an increased SIRT1 nuclear activity with a decreased whole 
SIRT1 muscle content could explain the lack of differences in the 
expression of SIRT1 that we have found between our groups and when 
comparing INJ versus NIN muscles. Additionally, AMPK plays a funda-
mental role in the activation of SIRT1, and consequently in the activa-
tion of mitogenesis pathways [38], which explains our recent findings 
on AMPK enhanced expression after 9 days of ICE [24]. Regarding 
mitophagy, since PARKIN has a pivotal role in remodelling dysfunc-
tional or damaged segments of unhealthy mitochondria [39,40], it was 
anticipated that its activation would follow injury in the skeletal muscle 
tissue, as has been suggested by Esteca et al. [41] who attributed 
PARKIN-mediated mitophagy a key role in MuSCs differentiation. This is 
corroborated by the significative increase in the PARKIN expression that 
we have found in the INJ leg of our CTRL animals (Fig. 1C). Since our 
data revealed a downward trend in PARKIN expression, being signifi-
cative in COLD, after 9 days from injury, mitophagy might not be 
actively ongoing at this time point of the recovery process when the 
removal of injury-damaged mitochondria could already be completed. 
We hypothesize that high AMPK levels, as described by Santocildes et al. 

Fig. 6. Ubiquitinated proteins (UBQ) in injured and non-injured gastrocnemius muscle. (A) Total ubiquitination, (B) ubiquitinated 25 kDa band, (C) ubiq-
uitinated 37 kDa band. (D) ubiquitinated 75 kDa band (E) ubiquitinated 100 kDa band. Data are expressed in arbitrary units (a.u.) and the mean is indicated with a 
black dot. The sample size was n = 4–5 per group. Statistically significant differences are indicated as: *p < 0.05 vs NIN; a p < 0.05 vs CTRL; b p < 0.05 vs COLD; c p 
< 0.05 HYPO between muscles of the same condition. INJ, injured gastrocnemius; NIN, non-injured gastrocnemius; CTRL, control; COLD, intermittent cold exposure; 
HYPO, intermittent hypobaric hypoxia exposure; COHY, simultaneous intermittent cold and hypobaric hypoxia exposure.
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[24] after ICE, could influence a lower expression of PARKIN. Unfor-
tunately, we have not found other studies addressing this specific aspect 
and the absence of day 0 data complicates the determination of the 
mitophagy activation timeline. However, we know that the ending of the 
mitophagy process is primarily supported by the decline in the per-
centage of dMyHC-positive fibres at day 9 [24], indicating that regen-
erating muscle fibres are transitioning from a phase of degeneration to 
maturation at this point of the recovery process.

Thus, our data suggest that at this point of the recovery process, 
muscle tissue could be acclimated to the exposure conditions, suggesting 
a particular homeostasis for the mitochondrial network dynamics irre-
spective of ICE and IHH. This does not mean that the different stressors 
do not play a crucial role in the mitochondria restructuration and dis-
tribution during the recovery process [2], nor that the choice of ambient 
conditions is irrelevant. Probably these effects have been decisive in the 
early stages of the regeneration process as it was reviewed by Forcina 
et al. [1].

4.2. Mitochondrial oxidative phosphorylation

The elevated metabolic requirements for ATP during myogenesis and 
the recovery of skeletal muscle following injury rely on mitochondrial 
oxidative phosphorylation to support biosynthesis, cell differentiation 
and tissue reorganization [4], implying that muscle early regeneration 
requires high energy requirements [1,4]. Focusing on the INJ muscles, 
our data suggest a different recovery time course for OXPHOS expression 
depending on the treatment followed. COLD showed an increase in the 
expression of complexes I, II, III and V, which could be associated with 
physiological compensations leading to a higher density of these com-
plexes on the inner mitochondrial membrane, as these increased ex-
pressions do not depend on mitochondrial dynamics [42]. Moreover, 
Sepa-Kishi et al. [43] suggested that cold exposure induces an endo-
crine response that contributes to enhancing carbohydrate metabolism, 
which was supported by our previous results where increased GLUT1 
protein expression was found in COLD [27]. Moreover, we described an 
increased protein expression of the vascular endothelial growth factor 
(VEGF) and higher fibre capillarization after the COLD protocol [24,27], 
which could explain the better histologic recovery. Supporting these 
previous findings, this research showed an increase in the expression of 
eNOS in COLD (Fig. 4A) which relates to the required vasodilation for 
improving the tissue delivery of energy substrates and oxygen required 
for the energy production and for minimizing peripheral heat loss [44]. 
Increased expression of eNOS was also found in HYPO but the combi-
nation of cold and hypoxia (COHY) did not evidence the same response 
after 9 days of recovery. Exposure to both cold and hypoxia is known to 
be stressful for organisms, increasing energy requirement while 
decreasing oxygen availability, thus leading to a reduction in body 
weight by hypoxia [27,45] and an increase in metabolic rate to enhance 
thermogenesis by the cold [46,47]. Although our experimental design 
contemplates intermittent exposure, we can hypothesize that the 
stressful stimuli generated by these simultaneous environments likely 
induced an excessive catabolic condition, impairing COHY mitochon-
drial protein resynthesis and slowing the regeneration process, thereby 
limiting the benefits shown by the exposure to a unique environmental 
stressor.

This study also shows that exposure to hypoxia and cold indepen-
dently and in combination decreases the expression of complex IV of the 
ETC. Specifically identified as cytochrome c oxidase, complex IV plays a 
central role in the final steps of electron transfer, orchestrating the 
reduction of molecular oxygen to water [48]. Our results agree with 
previous work on mice, where a decrease in the maximal activities of 
citrate synthase or cytochrome c oxidase in the gastrocnemius muscle 
after exposure to cold and hypoxia, either individually or in tandem, was 
observed [49]. Even though our study does not show higher levels of 
expression in ATP synthase (complex V), some authors suggest that 
during muscle recovery [1] and during exposure to cold and hypoxic 

environmental conditions [34], an increase in cellular ATP levels could 
be necessary. In this regard, Ramzan et al. [50] described in isolated rat 
cardiac muscle that cytochrome c oxidase could be inactivated by an 
increased ratio of ATP/ADP.

It is surprising that despite the activation of injury-repairing mech-
anisms, there is very little variability in the responses observed between 
INJ and NIN. Significant differences are only evidenced in the combined 
exposure (COHY). Specifically, there is a visible decrease in the 
expression of all complexes in INJ. We did not find any previous report 
in support of these findings. However, the similarity between INJ and 
NIN reinforces our hypothesis that, after 9 days of recovery, the muscle 
tissue has acclimated to these new conditions. This noteworthy finding 
underscores the complexity of mitochondrial responses to environ-
mental stressors and provides valuable insights into the distinct adapt-
ability of these key mitochondrial enzymes to hypoxic conditions.

4.3. Redox balance regulation

Nuclear factor erythroid 2-related factor 2 (NRF2) and Kelch-like 
ECH-associated protein 1 (KEAP1) are key players in the cellular 
defence against oxidative stress and inflammation [51]. While there is 
not an extensive body of literature directly linking NRF2 and KEAP1 to 
muscle regeneration, their role in cellular protection and maintenance 
could indirectly influence the regenerative processes in muscle tissue 
[52]. Moreover, the activation of NRF2 increases the antioxidant 
response element (ARE) gene expression, including HO-1, contributing 
to the cellular defence and repair mechanisms required during the 
regenerative process, mainly neutralizing reactive oxygen species 
(ROS). Some authors have described that NRF2 regulation could be 
affected by hypoxia [53] or by cold [54]. However, our results evi-
denced a lack of significant differences between INJ and NIN in NRF2, 
HO-1 and KEAP1 redox biomarkers in all experimental groups sug-
gesting that, at least at this time point of the recovery process, they are 
not playing a protagonist role. Studies on cardiac muscle in mice where 
ICE was more severe (− 20 ◦C) showed increased expression of NRF2 and 
antioxidant enzymes like superoxide dismutase (SOD) after 7 days [54]. 
Also, in human skeletal muscle, the NRF2/KEAP1 ratio was increased 
after acute hypoxia training [55]. As the NRF2 pathway is a key regu-
lator of antioxidant expression, our findings indicate that after ICE and 
IHH exposure (COHY), the tissue assumed a redox balance. Probably the 
9-day recovery period has masked the imbalances in redox homeostasis 
that occurred during the initial recovery days following the injury [1,51,
52], or probably the quality/success of the recovery after an injury 
process may be due to other specific markers at this point [56].

In the context of physiological homeostasis, the genesis of ROS is 
typically concomitant with the acute release of oxidative phosphoryla-
tion within the mitochondrial framework. The orchestration of redox 
balance hinges on the delicate interplay between antioxidant levels and 
ROS generation. Existing literature shows that the preponderance of 
ROS emanates from complexes I and III of the electron transport chain 
(ETC) [56]. Thus, it seems evident that the increase in mitochondrial 
activity leads to an increase in ROS production. This has been demon-
strated after acute exercise [57]. Several authors have described ROS 
production as a regulatory element in mitochondrial remodelling and 
cellular differentiation processes through signalling mechanisms. For 
instance, ROS production promotes the activation of PGC1α, which in 
turn regulates the activation of NRF2 [56]. Our results align with this 
evidence, as the increase in the expression of all mitochondrial com-
plexes in COLD did not show changes in the expression of NRF2 or 
PGC1α. Moreover, the release of nitric oxide (NO) by eNOS contributes 
to a better irrigation of the muscle tissue increasing the levels of ROS 
generated at the mitochondrial level [58]. As commented previously, 
the eNOS protein expression increase in COLD and HYPO (Fig. 4A) 
might contribute to tissue recovery [24,27].
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4.4. Protein oxidation and turnover/repairing pathways

Despite physiological protein oxidation occurs mainly due to ROS 
outbreak, an imbalance in antioxidant defences can lead to large-scale 
oxidative damage, resulting in significant damage to biomolecules and 
potentially causing cell death [11]. This would be evident through the 
accumulation of damaged oxidized metabolites, such as lipids and pro-
teins as well as DNA [1,4]. Muscle damage recovery after injury [59], 
ICE [60], and IHH [61] induces an increase in ROS production, but most 
of its consequences on cell responses remain controversial. In skeletal 
muscle, protein is the most abundant component and during the re-
covery from injury protein quality control is crucial for restructuring 
damaged fibres, as well as the formation of new fibres [1]. Given the 
intricate nature of proteins, the spectrum of potential protein damage is 
notably diverse. In contrast to lipid oxidation, muscle tissue exhibits 
distinct repair mechanisms for reversible protein damage and degrada-
tion mechanisms for irreversible protein damage [11]. In our study, the 
evaluation of protein oxidation was done by semi-quantifying 4-hydrox-
ynonenal (4-HNE) protein-adducts, which is considered the most toxic 
product of lipid peroxidation documented in mammals [62,63], 
inflicting damage to proteins through the formation of covalent adducts 
and expediting protein aggregation in tissues [11,64,65]. Our results did 
not show a greater accumulation of oxidized proteins on INJ vs NIN 
gastrocnemius after the recovery process, probably due to the increased 
protein turnover [1] and the proper functioning of repair mechanisms 
[11], suggesting again tissue acclimation at this recovery point. How-
ever, COLD evidenced a significant increase in 4-HNE accumulation in 
both INJ and NIN muscles. This increase in oxidized proteins could be a 
consequence of the higher ROS production by the increased expression 
of ETC complexes and lower expression of PARKIN and the increased 
production of NO by eNOS [8].

Due to the susceptibility of proteins to oxidation, numerous cellular 
pathways play crucial roles in repairing and eliminating damaged pro-
teins, thereby preventing their accumulation and subsequent aggrega-
tion [66,67]. Protein oxidation and aggregation are closely linked to 
significant pathologies that may culminate in cell death. An initial line of 
defence against protein damage involves their association with heat 
shock proteins (HSPs) [12] and with the ubiquitin-proteasome system 
(UPS) [14]. The 26S proteasome is a substantial protein complex that 
consists of a central catalytic core (20S) flanked by two regulatory 
subunits (19S) [68]; [14]. Consistent with the literature, our results 
revealed a notable overexpression of HSP90 protein correlated with 
higher expression of eNOS following ICE exposure in COLD [69]. This 
data could suggest higher chaperone activity and increased 
protein-repairing pathways in ICE. Again, it is surprising that cold 
conditioning on HSP90 expression disappeared when combined with 
IHH (COHY). Moreover, the aggregation of proteins, stemming from the 
accrual of cross-linked 4-HNE proteins, present a challenge for degra-
dation through the ubiquitin-proteasome system (UPS) [11]. The intri-
cate nature of these aggregated structures renders them resistant to 
efficient degradation via the UPS machinery. Regarding proteasome 
26S, COLD and COHY down expressed the 19S regulatory subunit. These 
data could suggest the negative influence that 4-HNE accumulation 
exerts on the regulation of the proteasome [11]. Although the combi-
nation of ICE and IHH also decreased the expression of 19S, the COHY 
group did not show high levels of 4-HNE, which could be related to 
lower mitochondrial activity or maybe to lower NO production by eNOS 
[7]. Before proteasome degradation, proteins must be ubiquitinated 
[14]. This study comprehensively assesses the overall ubiquitination 
status of proteins, additionally scrutinizing the ubiquitination of bands 
exhibiting pronounced protein accumulation in the blots. The classifi-
cation of these bands was based on the molecular weight. Although the 
ubiquitination process is highly regulated, it can be challenging to 
obtain specific data by analysing ubiquitination patterns. However, 
these patterns can still provide valuable insights into the rate of protein 
turnover, whether due to physiological processes or oxidative stress. 

Surprisingly, NIN gastrocnemius showed higher levels of ubiquitination 
than INJ. We have not found bibliographical data that could help to 
interpret this finding. We can hypothesize that the pro-inflammatory 
pathways activated during muscle damage recovery led to more effi-
cient ubiquitin tagging. Moreover, regarding the ubiquitin labelling 
protein patterns, particularly those with a molecular weight approxi-
mating 100 kDa, a notable increase was found in all experimental 
groups. Our data suggest that, even in the establishment of a renewed 
homeostasis, the tissue remains remarkably dynamic in terms of protein 
recycling. Considering the ongoing histological reorganization of muscle 
tissue, it is pertinent to note that the ICE and IHH exposure appear to 
amplify the repair processes. Fig. 7 shows a diagram linking all variables 
studied and showing that both IHH and ICE appear protective by 
increasing survival of mitochondria (decreased PARKIN expression 
indicative of mitophagy) and their function (increased ETC expression), 
decreasing ubiquitination of higher molecular weight proteins and 
balancing redox status. However, their combination does not provide 
much benefit on these variables as some of variables have opposing 
effects.

The findings presented herein, indicative of the enhancement of 
reparative mechanisms following the ICE and IHH exposure, agree with 
prior outcomes from our laboratory. Notably, previous results demon-
strated that IHH recovers the muscular contractile capacities within 9 
days of exposure, notwithstanding the presence of fibres exhibiting 
reduced fibre cross-sectional area (FCSA). In contrast, ICE and the 
combined treatment needed a 21-day exposure period to elicit a com-
plete restoration of their contractile capacities [24].

5. Conclusions

In conclusion, 9 days of ICE and IHH exposure conditioned mito-
chondria recovery, protein oxidation and proteasome expression. ICE 
reduced mitophagy and increased the expression of ETC complexes. This 
increased mitochondrial activity, along with the disruption of the reg-
ulatory 19S expression of proteasome, likely resulted in a greater 
accumulation of 4-HNE, despite the rise in HSP90 expression. IHH 
reduced the expression of complex III of ETC, related to ROS production. 
This interaction resulted on lower accumulation of 4-HNE, probably due 
to proteasome activity. Both ICE and IHH, when applied separately, 
elicited an increased expression of eNOS, which could have provoked 
vasodilation in the blood vessels supplying the muscle tissue, ensuring 
higher oxygen, metabolite and growth factors arrival to the injured 
muscles, and accelerating muscle recovery. ICE in combination with IHH 
decreased the expression of ETC complexes on INJ muscle compared 
with NIN, which in combination with lower eNOS expression led to less 
4-HNE accumulation despite lower expression of 19S.

Our data suggest that mitochondrial dynamics and its implication in 
ROS production may not play a determining role after 9 days of muscle 
recovery, potentially being much more relevant during the initial days 
following the injury. At this stage of recovery, protein damage repair 
seems to be the most crucial factor for the tissue to regain its functional 
capacity.
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