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Abstract: Increase in body fat contributes to loss of function and changes in skeletal muscle, acceler-
ating sarcopenia, a phenomenon known as sarco-obesity or sarcopenic obesity. Studies suggest that
obesity decreases the skeletal muscle (SM)’s ability to oxidize glucose, increases fatty acid oxidation
and reactive oxygen species production, due to mitochondrial dysfunction. Exercise improves mito-
chondrial dysfunction in obesity; however, it is not known if exercise regulates the mitochondrial
unfolded protein response (UPRmt) in the SM. Our study aimed to determine the mito-nuclear
UPRmt in response to exercise in a model of obesity, and how this response is associated with the
improvement in SM functioning after exercise training. C57BL/6 mice were fed a normal diet and
high-fat diet (HFD) for 12 weeks. After 8 weeks, animals were subdivided into sedentary and ex-
ercised for the remaining 4 weeks. Grip strength and maximal velocity of mice submitted to HFD
improved after training. Our results show an increase in the activation of UPRmt after exercise while
in obese mice, proteostasis is basally decreased but shows a more pronounced increase with exercise.
These results correlate with improvement in the circulating triglycerides, suggesting mitochondrial
proteostasis could be protective and could be related to mitochondrial fuel utilization in SM.

Keywords: obesity; UPRmt; skeletal muscle; exercise

1. Introduction

Obesity is considered as one of the 21st century pandemics, and is defined as abnormal
or excessive fat accumulation representing a risk to health (WHO). It can be accompanied by
the loss of muscle mass which finally leads to a loss of physical capacity, being detrimental
to healthspan [1]. At the molecular level, several authors have suggested that a high-fat diet
prevents muscle hypertrophy, which causes a loss of muscle strength, decreases the ability
to take up and oxidize glucose and increases fatty acid oxidation and reactive oxygen
species (ROS) production, due to mitochondrial dysfunction [2-5]. Within the response
mechanisms against mitochondrial damage are (i) mitochondrial biogenesis and mito-
chondrial dynamics, related to organelle fission, fusion and motility processes to maintain
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mitochondrial quantity, quality and morphology; (ii) mitophagy, related to the clearance
of damaged mitochondria [6,7]; and (iii) the mitochondrial unfolded protein response
(UPRmt) related to proteostasis’ maintenance in the mitochondria (mitohormesis). UPRmt
is an adaptive response that is conserved from worms to mammals, constituting a first
line response to mild mitochondrial stress, which can be due to excessive ROS, proteotoxic
stress, depletion of oxidative phosphorylation (OXPHOS) components and depletion of
mitochondrial DNA (mtDNA) [8]. Under non-stressful conditions, the Activating Tran-
scription Factor 5 (ATF5) is found in the mitochondria. However, in the presence of stress
signals it migrates to the nucleus triggering the transcription of factors associated with
mitochondrial proteostasis [9]. Among the transcription factors that have been linked to
the UPRmt, ATF5 stands out as the main signaling agent, but also other participants can be
listed as UPRmt responders: (i) CEBP Homologous Protein (CHOP), (ii) CCAAT/enhancer
binding protein 3 (CEBPf3), and (iii) Activating Transcription Factor 4 (ATF4) [10,11].

Furthermore, UPRmt involves an increase in various mitochondrial proteases, among
which Lon Protease 1 (LONP1) [12] and ClpP/ClpX can be ascribed, as well as charac-
teristic chaperones such as Heat shock protein 90 (Hsp90), mitochondrial Heat shock
protein 70 (mtHsp70), Hsp60 and Hsp10 [13,14]. The UPRmt has been described as a
beneficial signaling pathway and it has also been linked with improvement in lifespan
and in metabolic homeostasis. Nevertheless, a chronic increase in the UPRmt due to the
constant presence of a stressor has been suggested to be detrimental to the cell [15,16].
In this regard, skeletal muscle of obese subjects exhibits lower mitochondrial mass, with
morphological changes including an increase in mitochondrial fission [17] and impairment
of mitochondrial functions. Interestingly, studies in obese humans revealed that exercise
reverses these alterations, favoring mitochondrial fusion and improving mitochondrial
metabolism, for example, 3-oxidation of fatty acids [17-19]. On a putative relationship
between UPRmt and obesity, it has been suggested that the activation of the UPRmt would
be a protective mechanism of obesity or the intake of a high fat diet [20]. For example, mice
KO for Surfl, a protein that is part of complex IV of cytochrome C oxidase, show a lower
body mass index, fat storage, increased insulin sensitivity and fatty acid oxidation in white
adipose tissue [21]. Along with this, Surf—/— mice presented an increased expression of
UPRmt-related proteins such as Hsp60, ClpP and Lonp1 in skeletal muscle [22]. In contrast,
KO mice for the ClpP gene, which codes for an important UPRmt effector, show a lower
prevalence of obesity compared to wild-type ClpP mice and also have improved glucose
homeostasis presenting a fasting-like phenotype [23]. According to these considerations,
our study assesses the UPRmt response to exercise in a model of high-fat diet and how this
response may contribute to the improvement of some aspects of skeletal muscle functioning
after training.

2. Results
2.1. Physical Characteristics Improvement with Exercise after High Fat Diet

Exercise and obesity are two counteractive stressors which produce a mitochondrial
response to adapt to the use of the available nutrients. Our model brings together both
types of stress, as first the animals were submitted to 8 weeks of high fat diet, with
an increase in fat from 10% to 60%, and then a 4-week training program in treadmill
exercise (Figure 1A). Weight gain was significantly increased in the HFD group when
compared to the control. Noticeably, after 4-week exercise maintaining HFD, weight gain
was less than in the HFD group but significantly increased when compared to control mice
(Figure 1B). The increase in body weight is mainly due to an increase in adipose tissue.
This was observed when epididymal adipose tissue significantly increased in the HFD
group independently of exercise training (Figure 1C), while muscle weight (particularly
gastrocnemius + soleus) did not change with exercise in Control diet (CD) group but
increased in the HFD group (Figure 1D).
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Figure 1. Physical characteristics improve with exercise after HFD. (A) Experimental design for
C57BL/6 mice, illustration was completed in BioRender. (B) Weight gain was significantly in-
creased after HFD. (C) Epididymal fat increases with HFD despite exercise training. (D) Gastrocne-
mius/Soleus muscle weight after interventions. Data are presented as mean + SEM. N = 7 mice per
group. Two-way ANOVA followed by Tukey’s post-test. Statistical significance * p < 0.05 vs. CD, and
& p <0.05 vs. HFD. CD: Sedentary Control Diet; CD + Ex: Control Diet Exercised; HFD: Sedentary
High Fat Diet; HFD + Ex: High Fat Diet Exercised.

2.2. Physical Parameters of Mice Submitted to HFD Improve after Exercise Training

Physical performance was also registered. In this regard, grip strength significantly
decreased in the HFD group (Figure 2A) with no changes after exercise when compared
to CD or HFD. Moreover, there were no changes in strength in the control group after
4-week treadmill exercise. In the treadmill exercise, the maximum speed was significantly
decreased in the HFD group but after the training it was recovered to the Control group
levels. These results demonstrate that endurance and strength can be handled separately
and are differentially affected by both stressors, exercise and HFD (Figure 2B). After physical
measurements, histological analysis of the gastrocnemius was performed to correlate the
changes in the four groups of animals. Our results show that cross-sectional area of muscle
fibers in the gastrocnemius muscle increased after treadmill training when animals were
fed with the control diet. The HFD group presented a clear tendency to decrease cross-
sectional area, and this was maintained within the group of HFD and exercise training
(Figure 2C). This correlates with the results that there was no recovery in force but there
was in physical performance.

2.3. Biochemical Profile Is Partially Recovered with Exercise after HFD

In a biochemical context, lipid profile and fasting glycemia (Figure 3A) were assessed.
As expected, the HFD group had an increase in basal glycemia, total cholesterol (Figure 3B),
c-HDL levels (Figure 3C) and triglycerides (Figure 3D). After 4 weeks of exercise, the fasting
glycemia was reduced in the HFD group. Interestingly, the levels of HDL-c did not change
after exercise. Plasma levels of glutamic oxaloacetic transaminase (GOT) were significantly
enhanced in the HFD group (Figure 3E) and did not recover after exercise. After the exercise
intervention, only the levels of triglycerides recovered in the HFD group (Figure 3D). This
could be due to an increase in mitochondrial metabolism and a change in metabolic fuel, as
exercise intensity and duration are important determinants of fat oxidation [24].
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Figure 2. Physical parameters of mice submitted to HFD improve after chronic exercise training.
(A) Grip Strength was measured in a force gauge and normalized by body weight (N/g). (B) Maximal
speed was calculated using an incremental speed protocol. (C) Histological analysis of the gastrocne-
mius muscles. Representative image of cross-section gastrocnemius muscle histology stained with
Hematoxylin/Eosin, mean of cross-sectional area (CSA) of myofiber quantification (right); 400x.
N = 7 mice per group. * p < 0.05 vs. CD, # p < 0.05 vs. CD + Ex, and & p < 0.05 vs. HFD. Bar: 20 um.
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Figure 3. Biochemical profile of HFD and CD mice after chronic exercise. (A) Glycemia. (B) To-
tal cholesterol. (C) HDL-c. (D) Triglycerides. (E) Plasma levels of GOT. Data are presented as
mean + SEM. N = 7 mice per group. * p < 0.05 vs. CD, and & p < 0.05 vs. HFD.

2.4. Differences in the Activation of Mitochondrial Unfolded Protein Response after Diet Distress

As previously mentioned, the UPRmt response is an adaptive mechanism in charge
of the maintenance of proteostasis and then contributes to mitochondrial quality con-
trol [25,26]. Moreover, mitochondria can adapt to stress situations to modify their
metabolism and contribute to cell survival [27]. Our results show that after chronic exer-
cise, both control and HFD conditions did not change mRNA levels of ATF5 (Figure 4B),
while in the HFD group, LONP1 did significantly increase after exercise (Figure 4C). In
the same way, mRNA of chaperone HSP60 and protease CIpP increased significantly in
control mice after the training (Figure 4D,E), together with an increase in ATF4 mRNA
levels (Figure 4A), while a more discrete increase was found in the HFD group, suggest-
ing there is a difference in mitochondrial adaptations to exercise after being exposed
to diet-induced stress. As ATF5 and LONP1 are two principal proteins in the UPRmt
signaling pathway, we measured the protein levels to have a complete context of how
the UPRmt signaling modifies with stress. Our results show that both LONP1 and ATF5
increase with exercise in both CD and HFD group, being more pronounced in the HFD
group (Figure 4EI). Moreover, ClpP levels also increased after exercise training in the
HFD group.
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Figure 4. Differences in the activation of Mitochondrial unfolded protein response after diet distress.
(A-E) Real-time PCR for ATF4, ATF5, LONP1, HSP60 and ClpP. PCR amplification of the housekeep-
ing gene GAPDH was performed as a control. (F) Representative Western blot for ATF5, LONP1,
ClpP and GAPDH. (G-I) Quantification of protein levels were normalized to GAPDH. N = 7 mice
per group * p < 0.05 vs. CD, # p < 0.05 vs. CD + Ex, and & p < 0.05 vs. HFD.

3. Discussion

Obesity leads to various changes in the body producing several comorbidities in those
who present it. On a molecular level, various studies have shown that different signaling
pathways can be modified due to the accumulation of fatty acids, among other signaling
molecules that are deregulated with a fat increase in skeletal muscle [28]. Because of the
importance of mitochondria in energy metabolism and because of the evidence of mito-
chondrial damage generated by molecular mechanisms underlying obesity, we assessed the
role of mitochondrial response mechanisms upon these stressors. Mito-nuclear imbalance
and the UPRmt are two conserved mitochondrial mechanisms that play critical roles in
ensuring mitochondrial proteostasis and function. Since UPRmt is a recently described
signaling pathway, little is known about its regulation in skeletal muscle in a chronic stress
condition such as obesity. Various authors suggest that activation of UPRmt would be
a protective factor in a condition of obesity or exposure to a HFD by increasing energy
expenditure due to the regulation of metabolism by increasing glycolysis and suppressing
oxidative phosphorylation [20]. As reported in studies of surfl knock-out mice, which
have an increased activation of the UPRmt, these mice show lower BMI and fat storage,
increased insulin sensitivity and fatty acid oxidation in the adipose tissue [21]. Together
with this, an increase in the expression of proteins related to UPRmt such as Hsp60, ClpP
and Lonp1 has been observed in both skeletal muscle and heart [22]. In accordance with
these results, our findings show a decrease in the mRNA levels of ATF5 in HFD mice when
compared to the CD group. In mice fed a low saturated fat diet, it has been described that
there is an increase expression of UPRmt related proteins, CliP and HSP60 in adipose tissue,
whereas in mice fed a high saturated fat diet there is a decrease in UPRmt and ClpP pro-
tein expression, suggesting that activation of ClpP would help to preserve mitochondrial
function and efficient fat utilization [20]. On the counterpart, knock-out mice of the ClpP
gene, which encodes for an ATP-dependent protease widely distributed in both prokaryotic
cells and organelles present in eukaryotic cells, and which is an important UPRmt effector,
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showed a lower prevalence of the obese phenotype compared with wild-type ClpP mice.
In addition, ClpP knock-out mice compared with wild-type mice showed a decrease in
insulin resistance, together with improved glucose homeostasis in liver, skeletal muscle and
adipose tissue [23,29]. These results suggest there might be a balance in the UPRmt that
contributes to metabolic maintenance, where ClpP has an important role. As it has been
extensively studied, exercise is one of the best non-pharmacological treatments for obesity,
and it also has impact on the skeletal muscle mitochondrial network. In this regard, one of
the key adaptations that takes place in skeletal muscle after training is an increase in mito-
chondrial protein and, therefore, activities of the enzymes of the tricarboxylic acid (TCA)
cycle and OXPHOS, changes that can be accompanied by alterations in the mitochondrial
network [30,31]. In the context of modifications of mitochondrial proteostasis response,
there are a few studies describing high-intensity exercise training [32] and aerobic exercise
in the skeletal muscle of aged mice, while another report describes that physical exercise
did not change the HSP60 protein content but increased the other two UPRmt markers
(LONP1 and YMEI1L1) in the hypothalamus [33]. Nevertheless, there is no evidence of the
activation of these signaling pathways in the skeletal muscle of an obese model. Various
studies have described how mitochondrial stress induces proteostasis in the cytosol [34]. A
model has recently been proposed linking mitochondrial-mediated regulation of cytosolic
translation, folding capacity, ubiquitination, proteasome degradation and autophagy as a
multi-layered control of cytosolic proteostasis that overlaps with integrated stress response
(ISR) and UPRmt [34]. Because the ubiquitin-proteasome system (UPS) is a central regulator
of muscle protein degradation, it has been suggested that alterations in proteolysis would
accompany pathological conditions [35]. For example, obese rats present altered UPS,
existence of ER stress and upregulation of apoptotic markers in the cerebral cortex, sug-
gesting that UPS could be one of the underlying mechanisms for the neuronal cell death in
obese conditions [36]. On the other hand, UPS is required for muscle adaptation following
exercise, activating both the proteasome and ubiquitylation to rapidly remove potentially
damaged proteins in skeletal muscle [37]. Thus, different quality control mechanisms are
integrated and overlap to maintain protein and organellar quality [38]. Our results are
then the first to describe the activation of the UPRmt pathway after chronic exercise in a
high fat (10% to 60% increase in fat) diet obese mice model of damaged mitochondria. We
show that exercise in the skeletal muscle of obese mice induces the UPRmt as observed
in an increase of both LONP1 and ClpP protein levels in a more exacerbated way than
in CD mice. Altogether, our results indicate that the mitochondrial proteostasis stress in
skeletal muscle could be a protective mechanism enhanced with chronic exercise related to
mitochondrial fuel utilization in mice. In contrast, in obesity, the mechanism is decreased
but still can be activated under exercise stress conditions to improve glucose homeostasis.

4. Materials and Methods
4.1. Animals

Male mice of the C57BL/6] strain with an initial weight of 12-14 g were used. Mice
were maintained in a controlled environment at a constant temperature of 21 °C with
free access to water and controlled feeding. The light and dark cycles were of 12 h. Two
groups were established with a sample size equal to 7 or 8 per group. Group A corre-
sponded to mice fed a control diet (CD) composed of 10% lipids, 20% proteins and 70%
carbohydrates. Group B consisted of mice fed a high fat diet (HFD) composed of 60%
lipids, 20% proteins, and 20% carbohydrates (D12492; Research Diets, New Brunswick, NJ,
USA). Both groups were fed the respective diet for twelve weeks. All the protocols were
approved by the Institutional Animal Care and Use Committee of the Universidad de Chile
number 20431-INT-UCH.

4.2. Exercise Training Protocol and Treadmill Exhaustion Test

At end of week 8, all mice were acclimated to the treadmill for 10 min during 5 days
at a velocity 5-8 m/min with a 5° slope. After, mice performed a graded exercise test to
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voluntary exhaustion. The test started at 5 m/min for 5 min, followed by speed increment
of 1 m/min every 3 min until the animal could no longer keep up with the treadmill speed.
The same protocol was performed at the end of the training period. Exercise training on the
treadmill was performed for 4 weeks; 5 times per week for 1 h each session at 60—-65% of
maximal speed reached on treadmill exhaustion test. Finally, mice were sacrificed at least
72 h after the last exercise session.

4.3. Strength

Total strength was determined by an all-grip strength test measured in a force gauge
(Force Gauge, Dongguan, China). Mice were placed horizontally over the metal grid and
pulled by the tail continuously until they could not hold on. This procedure was repeated
three times for each mouse to obtain a mean value. Strength determination was performed
before and after the training exercise. Grip strength was expressed in Newtons (N) and
normalized by body weight (N/g).

4.4. RT-gPCR

Total RNA was obtained from skeletal muscle employing Trizol reagent (Ambion,
Life Technologies, Waltham, MA, USA) according to the manufacturer’s protocol. The
concentration and purity of RNA were determined by absorbance at 260/280 nm. A
total of 1 pg of total RNA was reverse transcribed using a high-capacity cDNA reverse
transcription kit (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions.

Real-time PCR was performed using Stratagene Mx3000P (Stratagene, La Jolla, CA,
USA) using Brilliant III Ultra-Fast SYBR QPCR master mix amplification kit (Agilent Tech-
nologies, Santa Clara, CA, USA). The primers used were: ATF5 (S) 5'-TGGAGCGGGAGAT-
CCAGTA-3' (AS) 5-GACGCTGGAGACAGACAGACGTACA-3', ATF4 (S) 5'-GGGTTCT-
GTCTTCCACTCCA-3' (AS) 5'-AAGCAGCAGAGTCAGGCTTTC-3'; CEBPS (S) 5'-AACCT-
GGAGACGCAGCAC-3' (AS) 5'-ACAGCTGCTCCACCTTCTTC-3’; Hsp60 (S) 5'-CACTGG-
TATATGGCTCTTGCAC-3' (AS) 5'-ACTGCTGTCATTGTCCATGC-3’; Lonp1 (S) 5'-CCGGC-
TGATGTGAATCCTTCT-3' (AS) 5-AGCCCTATGTTGGCGTCCTTC-3’ ClpP (S) 5'-CATTCA-
CTGCCCAATTCCAG-3' (AS) 5'-TGATTTCCTCTGCCTGGATG-3'; GAPDH (S) 5'-TCCGC-
CCCTTCCGCTGATG-3' (AS) 5'-CACGGAAGGCCATGCCAGTGA-3'. A typical reaction
contained 250 nmol/L of forward and reverse primer, 1 uL. cDNA and the final reaction
volume was 20 pL. All primers used presented optimal amplification efficiency (between
90% and 110%). PCR amplification of the housekeeping gene GAPDH was performed as a
control [39,40]. Thermocycling conditions were as follows: 95 °C for 5 min and 40 cycles of
90 °C for 15 s, 60 °C for 15 s, 72 °C for 15 s. Expression values were normalized to GAPDH
and are reported in units of 2-AACT + S.D,, as described in [33]. CT value was determined
by MXPro software when fluorescence was 25% higher than background. PCR products
were verified by melting-curve analysis.

4.5. Western Blot

Skeletal muscle tissue was lysed with T-PER™ Reagent supplemented with phos-
phatase and protease inhibitor cocktails. Total protein concentration was determined by
BCA assay (Thermo Scientific, USA). Equal amounts of protein were loaded on 10% SDS
polyacrylamide gels and then electro-transferred to PVDF membranes. After blocking,
primary antibodies for ATF5 (ab184923, ABCAM), LONP1 (ab1411647, ABCAM) and ClpP
(ab124822, ABCAM), were incubated overnight at 4 °C, and the appropriate horseradish
peroxidase-conjugated secondary antibodies were added. Membranes were incubated
with Westar Supernova (Cyanogen, Bologna, Italy), and the luminescence was visualized
and digitalized with CDiGit Blot Scanner (Li-Cor Biosciences, Lincoln, NE, USA), and
quantified with Image Studio Lite Software (v.5.2; Li-Cor). Protein levels were normalized
to GAPDH (ab8245, ABCAM) as reported by [41] in obese models.
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4.6. Histology

Serial cryosections (12 pm thick) from adult mice muscle were fixed using freshly
prepared Paraformaldehyde (4%) in PBS for 30 min and washed in distilled water. Sub-
sequently, Hematoxylin/Eosin techniques were performed to evaluate the general state
of muscle tissue. Histological preparations were examined by bright field microscope
(Leica dm500) and 10-12 images were obtained of each preparation. These were later
analyzed with Image J software (NIH).

4.7. Statistical Analysis

Data of n mice (n = 7-8) were expressed as mean + SE and analyzed by two-way
ANOVA followed by Tukey’s post-test. A p-value < 0.05 was considered statistically
significant (IC 95%). All statistical analyses were performed using GraphPad Prism 9.

Author Contributions: P.A. performed experiments and data analysis; J.C.B. performed animal
measurements; R.M. measured protein levels; M.S., G.T. and A.E. contributed to the manuscript
writing and data analysis; R.T. edited the figures and the manuscript; L.A.V. outlined and edited the
manuscript; N.J. and A.d.C. outlined the manuscript, overviewed the experiments, analyzed data and
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by ANID FONDECYT 11190756 (A.d.C.) and 1191078 (R.T.),
Project SOCHED N° 2021-06 (N.J.) and ANID FONDEQUIP EQM160042.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of the Universidad de Chile number 20431-INT-UCH.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Nunan, E.; Wright, C.L.; Semola, O.A.; Subramanian, M.; Balasubramanian, P.; Lovern, P.C; Fancher, LS.; Butcher, ].T. Obesity as
a premature aging phenotype—Implications for sarcopenic obesity. Geroscience 2022, 44, 1393-1405. [CrossRef] [PubMed]

2. Heo, ].-W.; No, M.-H,; Park, D.-H.; Kang, J.-H.; Seo, D.Y.; Han, ].; Neufer, P.D.; Kwak, H.-B. Effects of exercise on obesity-induced
mitochondrial dysfunction in skeletal muscle. Korean J. Physiol. Pharmacol. 2017, 21, 567-577. [CrossRef] [PubMed]

3. Pinho, R.A.; Sepa-Kishi, D.M.; Bikopoulos, G.; Wu, M.V.; Uthayakumar, A.; Mohasses, A.; Hughes, M.C.; Perry, C.G.R.; Ceddia,
R.B. High-fat diet induces skeletal muscle oxidative stress in a fiber type-dependent manner in rats. Free Radic. Biol. Med. 2017,
110, 381-389. [CrossRef] [PubMed]

4. Jheng, H.-F; Tsai, P-J.; Guo, S.-M.; Kuo, L.-H.; Chang, C.-S,; Su, I.-].; Chang, C.-R ; Tsai, Y.-S. Mitochondrial Fission Contributes to
Mitochondrial Dysfunction and Insulin Resistance in Skeletal Muscle. Mol. Cell. Biol. 2012, 32, 309-319. [CrossRef]

5. Wu, H,; Ballantyne, C.M. Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Investig. 2017, 127, 43-54.
[CrossRef]

6. Leermakers, P.A.; Kneppers, A.E.M.; Schols, AM.W]J.; Kelders, M.C.].M.; De Theije, C.C.; Verdijk, L.B.; van Loon, L.J.C,;
Langen, R.C.J.; Gosker, H.R. Skeletal muscle unloading results in increased mitophagy and decreased mitochondrial biogenesis
regulation. Muscle Nerve 2019, 60, 769-778. [CrossRef]

7. Del Campo, A. Mitophagy as a new therapeutic target for sarcopenia. Acta Physiol. 2019, 225, €13219. [CrossRef]

8. Naresh, N.U.; Haynes, C.M. Signaling and Regulation of the Mitochondrial Unfolded Protein Response. Cold Spring Harb. Perspect.
Biol. 2019, 11, a033944. [CrossRef]

9. Fiorese, C.J.; Schulz, A.M.; Lin, Y.-F,; Rosin, N.; Pellegrino, M.W.; Haynes, C.M. The Transcription Factor ATF5 Mediates a
Mammalian Mitochondrial UPR. Curr. Biol. 2016, 26, 2037-2043. [CrossRef]

10. Fusakio, M.E; Willy, J.A.; Wang, Y.; Mirek, E.T.; Al Baghdadi, R].T.; Adams, C.M.; Anthony, T.G.; Wek, R.C. Transcription factor
ATF4 directs basal and stress-induced gene expression in the unfolded protein response and cholesterol metabolism in the liver.
Mol. Biol. Cell 2016, 27, 1536-1551. [CrossRef]

11.  Quirés, PM.; Prado, M.A.; Zamboni, N.; D’Amico, D.; Williams, R.W.; Finley, D.; Gygi, S.P.; Auwer, J. Multi-omics analysis
identifies ATF4 as a key regulator of the mitochondrial stress response in mammals. . Cell Biol. 2017, 216, 2027-2045. [CrossRef]
[PubMed]

12. Ngo, ].K,; Davies, K.J.A. Mitochondrial Lon protease is a human stress protein. Free Radic. Biol. Med. 2009, 46, 1042-1048.

[CrossRef] [PubMed]


http://doi.org/10.1007/s11357-022-00567-7
http://www.ncbi.nlm.nih.gov/pubmed/35471692
http://doi.org/10.4196/kjpp.2017.21.6.567
http://www.ncbi.nlm.nih.gov/pubmed/29200899
http://doi.org/10.1016/j.freeradbiomed.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28690197
http://doi.org/10.1128/MCB.05603-11
http://doi.org/10.1172/JCI88880
http://doi.org/10.1002/mus.26702
http://doi.org/10.1111/apha.13219
http://doi.org/10.1101/cshperspect.a033944
http://doi.org/10.1016/j.cub.2016.06.002
http://doi.org/10.1091/mbc.E16-01-0039
http://doi.org/10.1083/jcb.201702058
http://www.ncbi.nlm.nih.gov/pubmed/28566324
http://doi.org/10.1016/j.freeradbiomed.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/19439239

Int. . Mol. Sci. 2023, 24, 5654 90f 10

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Al-Furoukh, N.; Ianni, A.; Nolte, H.; Holper, S.; Kriiger, M.; Wanrooij, S.; Braun, T. ClpX stimulates the mitochondrial unfolded
protein response (UPRmt) in mammalian cells. Biochim. Biophys. Acta Mol. Cell Res. 2015, 1853, 2580-2591. [CrossRef]
Aldridge, J.E.; Horibe, T.; Hoogenraad, N.J. Discovery of Genes Activated by the Mitochondrial Unfolded Protein Response
(mtUPR) and Cognate Promoter Elements. PLoS ONE 2007, 2, e874. [CrossRef] [PubMed]

Bennett, C.F.; Wende, H.V.; Simko, M.; Klum, S.; Barfield, S.; Choi, H.; Pineda, V.V.; Kaeberlein, M. Activation of the mitochondrial
unfolded protein response does not predict longevity in Caenorhabditis elegans. Nat. Commun. 2014, 5, 3483. [CrossRef]

Ngo, ] K.; Pomatto, L.C.D.; Davies, K.J.A. Upregulation of the mitochondrial Lon Protease allows adaptation to acute oxidative
stress but dysregulation is associated with chronic stress, disease, and aging. Redox Biol. 2013, 1, 258-264. [CrossRef]

Fealy, C.E.; Grevendonk, L.; Hoeks, J.; Hesselink, M.K.C. Skeletal muscle mitochondrial network dynamics in metabolic disorders
and aging. Trends Mol. Med. 2021, 27, 1033-1044. [CrossRef]

Pileggi, C.A.; Parmar, G.; Harper, M.-E. The lifecycle of skeletal muscle mitochondria in obesity. Obes. Rev. 2021, 22, e13164.
[CrossRef]

Fealy, C.E.; Mulya, A.; Lai, N.; Kirwan, ].P. Exercise training decreases activation of the mitochondrial fission protein dynamin-
related protein-1 in insulin-resistant human skeletal muscle. J. Appl. Physiol. 2014, 117, 239-245. [CrossRef]

Bhaskaran, S.; Unnikrishnan, A.; Ranjit, R.; Qaisar, R.; Pharaoh, G.; Matyi, S.; Kinter, M.; Deepa, S.S. A fish oil diet induces
mitochondrial uncoupling and mitochondrial unfolded protein response in epididymal white adipose tissue of mice. Free Radic.
Biol. Med. 2017, 108, 704-714. [CrossRef]

Baker, T.A.; Sauer, R.T. ClpXP, an ATP-powered unfolding and protein-degradation machine. Biochim. Biophys. Acta Mol. Cell Res.
2012, 1823, 15-28. [CrossRef] [PubMed]

Pulliam, D.A.; Deepa, S.S.; Liu, Y,; Hill, S.; Lin, A.-L.; Bhattacharya, A.; Shi, Y.; Sloane, L.; Viscomi, C.; Zeviani, M.; et al. Complex
IV-deficient Surfl — /— mice initiate mitochondprial stress responses. Biochem. J. 2014, 462, 359-371. [CrossRef] [PubMed]
Becker, C.; Kukat, A.; Szczepanowska, K.; Hermans, S.; Senft, K.; Brandscheid, C.P.; Maiti, P.; Trifunovic, A. CLPPdeficiency
protects against metabolic syndrome but hinders adaptive thermogenesis. EMBO Rep. 2018, 19, e45126. [CrossRef] [PubMed]
Fritzen, A.M.; Lundsgaard, A.-M.; Kiens, B. Tuning fatty acid oxidation in skeletal muscle with dietary fat and exercise. Nat. Rev.
Endocrinol. 2020, 16, 683-696. [CrossRef] [PubMed]

Quirds, PM.; Mottis, A.; Auwerx, J. Mitonuclear communication in homeostasis and stress. Nat. Rev. Mol. Cell Biol. 2016,
17,213-226. [CrossRef] [PubMed]

Miinch, C. The different axes of the mammalian mitochondrial unfolded protein response. BMC Biol. 2018, 16, 81. [CrossRef]
Manoli, I.; Alesci, S.; Blackman, M.R.; Su, Y.A.; Rennert, O.M.; Chrousos, G.P. Mitochondria as key components of the stress
response. Trends Endocrinol. Metab. 2007, 18, 190-198. [CrossRef] [PubMed]

Turner, M.C.; Rimington, R.P,; Martin, N.R.W.; Fleming, ].W.; Capel, A.].; Hodson, L.; Lewis, M.P. Physiological and pathophysio-
logical concentrations of fatty acids induce lipid droplet accumulation and impair functional performance of tissue engineered
skeletal muscle. J. Cell. Physiol. 2021, 236, 7033-7044. [CrossRef]

Bhaskaran, S.; Pharaoh, G.; Ranjit, R.; Murphy, A.; Matsuzaki, S.; Nair, B.C.; Forbes, B.; Gispert, S.; Auburger, G.; Humphries, K.M.;
et al. Loss of mitochondrial protease ClpP protects mice from diet-induced obesity and insulin resistance. EMBO Rep. 2018,
19, e45009. [CrossRef]

Parry, H.A.; Roberts, M.D.; Kavazis, A.N. Human Skeletal Muscle Mitochondrial Adaptations Following Resistance Exercise
Training. Int. J. Sport. Med. 2020, 41, 349-359. [CrossRef]

Moore, TM.; Zhou, Z.; Cohn, W.; Norheim, F; Lin, A.J.; Kalajian, N.; Strumwasser, A.R.; Cory, K.; Whitney, K.; Ho, T.; et al. The
impact of exercise on mitochondrial dynamics and the role of Drp1 in exercise performance and training adaptations in skeletal
muscle. Mol. Metab. 2019, 21, 51-67. [CrossRef] [PubMed]

Cordeiro, A.V,; Peruca, G.F; Braga, R.R.; Bricola, R.S.; Lenhare, L.; Silva, V.R.R.; Anaruma, C.P; Katashima, C.K.; Crisol, B.M.;
Barbosa, L.T.; et al. High-intensity exercise training induces mitonuclear imbalance and activates the mitochondrial unfolded
protein response in the skeletal muscle of aged mice. Geroscience 2021, 43, 1513-1518. [CrossRef] [PubMed]

Braga, R.R.; Crisol, B.M.; Bricola, R.S.; Sant’Ana, M.R.; Nakandakari, S.C.B.R.; Costa, S.O.; Prada, P.O.; da Silva, ASR;
Moura, L.P; Pauli, ].R.; et al. Exercise alters the mitochondrial proteostasis and induces the mitonuclear imbalance and UPRmt in
the hypothalamus of mice. Sci. Rep. 2021, 11, 3813. [CrossRef] [PubMed]

Jenkins, E.C.; Chattopadhyay, M.; Germain, D. Folding Mitochondrial-Mediated Cytosolic Proteostasis into the Mitochondrial
Unfolded Protein Response. Front. Cell Dev. Biol. 2021, 9, 715923. [CrossRef]

Homma, T.; Fujii, ]. Emerging connections between oxidative stress, defective proteolysis, and metabolic diseases. Free Radic. Res.
2020, 54, 931-946. [CrossRef]

Reddy, S.S.; Shruthi, K.; Reddy, V.S.; Raghu, G.; Suryanarayana, P.; Giridharan, N.V.; Reddy, G.B. Altered ubiquitin-proteasome
system leads to neuronal cell death in a spontaneous obese rat model. Biochim. Biophys. Acta Gen. Subj. 2014, 1840, 2924-2934.
[CrossRef]

Parker, B.L.; Kiens, B.; Wojtaszewski, ].EP; Richter, E.A.; James, D.E. Quantification of exercise-regulated ubiquitin signaling in
human skeletal muscle identifies protein modification cross talk via NEDDylation. FASEB J. 2020, 34, 5906-5916. [CrossRef]
Ng, M.Y.W.; Wai, T.; Simonsen, A. Quality control of the mitochondrion. Dev. Cell 2021, 56, 881-905. [CrossRef]


http://doi.org/10.1016/j.bbamcr.2015.06.016
http://doi.org/10.1371/journal.pone.0000874
http://www.ncbi.nlm.nih.gov/pubmed/17849004
http://doi.org/10.1038/ncomms4483
http://doi.org/10.1016/j.redox.2013.01.015
http://doi.org/10.1016/j.molmed.2021.07.013
http://doi.org/10.1111/obr.13164
http://doi.org/10.1152/japplphysiol.01064.2013
http://doi.org/10.1016/j.freeradbiomed.2017.04.028
http://doi.org/10.1016/j.bbamcr.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21736903
http://doi.org/10.1042/BJ20140291
http://www.ncbi.nlm.nih.gov/pubmed/24911525
http://doi.org/10.15252/embr.201745126
http://www.ncbi.nlm.nih.gov/pubmed/29588285
http://doi.org/10.1038/s41574-020-0405-1
http://www.ncbi.nlm.nih.gov/pubmed/32963340
http://doi.org/10.1038/nrm.2016.23
http://www.ncbi.nlm.nih.gov/pubmed/26956194
http://doi.org/10.1186/s12915-018-0548-x
http://doi.org/10.1016/j.tem.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17500006
http://doi.org/10.1002/jcp.30365
http://doi.org/10.15252/embr.201745009
http://doi.org/10.1055/a-1121-7851
http://doi.org/10.1016/j.molmet.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30591411
http://doi.org/10.1007/s11357-020-00246-5
http://www.ncbi.nlm.nih.gov/pubmed/32737758
http://doi.org/10.1038/s41598-021-82352-8
http://www.ncbi.nlm.nih.gov/pubmed/33589652
http://doi.org/10.3389/fcell.2021.715923
http://doi.org/10.1080/10715762.2020.1734588
http://doi.org/10.1016/j.bbagen.2014.06.005
http://doi.org/10.1096/fj.202000075R
http://doi.org/10.1016/j.devcel.2021.02.009

Int. . Mol. Sci. 2023, 24, 5654 10 of 10

39.

40.

41.

Deldicque, L.; Cani, PD.; Philp, A.; Raymackers, ].-M.; Meakin, PJ.; Ashford, M.L.].; Delzenne, N.M.; Francaux, M.; Baar, K. The
unfolded protein response is activated in skeletal muscle by high-fat feeding: Potential role in the downregulation of protein
synthesis. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E695-E705. [CrossRef]

Salazar, G.; Cullen, A.; Huang, J.; Zhao, Y.; Serino, A.; Hilenski, L.; Patrushev, N.; Forouzandeh, F.; Hwang, H.S. SQSTM1/p62
and PPARGC1A /PGC-1alpha at the interface of autophagy and vascular senescence. Autophagy 2020, 16, 1092-1110. [CrossRef]
Américo-Da-Silva, L.; Aguilera, J.; Quinteros-Waltemath, O.; Sdnchez-Aguilera, P.; Russell, J.; Cadagan, C.; Meneses-Valdés, R.;
Sanchez, G.; Estrada, M.; Jorquera, G.; et al. Activation of the NLRP3 Inflammasome Increases the IL-13 Level and Decreases
GLUT4 Translocation in Skeletal Muscle during Insulin Resistance. Int. . Mol. Sci. 2021, 22, 10212. [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.


http://doi.org/10.1152/ajpendo.00038.2010
http://doi.org/10.1080/15548627.2019.1659612
http://doi.org/10.3390/ijms221910212
http://www.ncbi.nlm.nih.gov/pubmed/34638553

	Introduction 
	Results 
	Physical Characteristics Improvement with Exercise after High Fat Diet 
	Physical Parameters of Mice Submitted to HFD Improve after Exercise Training 
	Biochemical Profile Is Partially Recovered with Exercise after HFD 
	Differences in the Activation of Mitochondrial Unfolded Protein Response after Diet Distress 

	Discussion 
	Materials and Methods 
	Animals 
	Exercise Training Protocol and Treadmill Exhaustion Test 
	Strength 
	RT-qPCR 
	Western Blot 
	Histology 
	Statistical Analysis 

	References

