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Abstract

Background

High altitude associated hypobaric hypoxia is one of the cellular and environmental pertur-
bation that alters proteostasis network and push the healthy cell towards loss of muscle
mass. The present study has elucidated the robust proteostasis network and signaling
mechanism for skeletal muscle atrophy under chronic hypobaric hypoxia (CHH).

Methods

Male Sprague Dawley rats were exposed to simulated hypoxia equivalent to a pressure of
282 torr for different durations (1, 3, 7 and 14 days). After CHH exposure, skeletal muscle
tissue was excised from the hind limb of rats for biochemical analysis.

Results

Chronic hypobaric hypoxia caused a substantial increase in protein oxidation and exhibited
a greater activation of ER chaperones, glucose-regulated protein-78 (GRP-78) and protein
disulphide isomerase (PDI) till 14d of CHH. Presence of oxidized proteins triggered the pro-
teolytic systems, 20S proteasome and calpain pathway which were accompanied by a
marked increase in [Ca*]. Upregulated Akt pathway was observed upto 07d of CHH which
was also linked with enhanced glycogen synthase kinase-3p (GSk-3[3) expression, a hega-
tive regulator of Akt. Muscle-derived cytokines, tumor necrosis factor-a (TNF-a), interferon-
Y (IFN-©) and interleukin-1 (IL-1B) levels significantly increased from 07d onwards. CHH
exposure also upregulated the expression of nuclear factor kappa-B (NF-kB) and E3 ligase,
muscle atrophy F-box-1 (Mafbx-1/Atrogin-1) and MuRF-1 (muscle ring finger-1) on 07d and
14d. Further, severe hypoxia also lead to increase expression of ER-associated degradation
(ERAD) CHOP/ GADD153, Ub-proteasome and apoptosis pathway.

Conclusions

The disrupted proteostasis network was tightly coupled to degradative pathways, altered
anabolic signaling, inflammation, and apoptosis under chronic hypoxia. Severe and
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prolonged hypoxia exposure affected the protein homeostasis which overwhelms the mus-
cular system and tends towards skeletal muscle atrophy.

Introduction

Skeletal muscle is highly plastic and adaptable tissue, amenable to multitudinous stressors,
cause serious changes in whole-body metabolism. Reduce oxygen availability at extreme alti-
tude affects skeletal muscle and slackens physical performance. As one of the prime hassles at
high altitude (HA) is hypobaric hypoxia, skeletal muscle redox homeostasis is disrupted with
modified protein structure and function which then causes a change in the metabolic process,
homeostasis, and contractile performance. Shreds of evidence from past studies suggested that
an altitude of 5000m and higher (Everest Base camp) led to the considerable deterioration of
skeletal muscle tissue [1]. Our recent study also provided the detailed overview of oxidative
protein modification in response to hypobaric hypoxia, which altered muscle protein homeo-
stasis and triggered ER stress [2]. Although the acute hypoxia exposure was activating several
proteolytic pathways, studies have established that prolonged stay at high altitude leads to loss
of skeletal muscle mass and a decline in physical performance [3, 4]. Sustained exposure to
hypoxia is one of the major reason for the detrimental effects on skeletal muscle structure lead-
ing to skeletal muscle atrophy [5, 6].

Muscle mass is dynamically regulated by the precise equilibrium of protein synthesis and
degradation. Recent studies highlighted a complex scenario whereby a convoluted network of
signaling cascades regulates myofibre’s size and the contractile performance of muscle.
Intriguingly, these different pathways crosstalk, modulate one another at different levels, coor-
dinating protein synthesis and degradation simultaneously. Past study from our own lab have
reported the fact that the protein degradation rate is much higher than the protein synthesis
rate under CHH [6]. Muscle proteolysis is mediated via the coordination of several cellular
networks that include oxidative stress [7], activation of calpains, and non-lysosomal proteases
such as ubiquitin-proteasome system (UPS) [8]. On the other hand, insulin growth factor-1
(IGF)/Akt pathway maintains muscle mass and myofibril growth through nebulin and neural
Wiskott-Aldrich syndrome protein (N-WASP) [9]. Few studies reported a decrease in protein
synthesis in limb muscles including chronic obstructive pulmonary disease (COPD) patients,
cancer cachexia and sarcopenia [10, 11]. However, few other studies presented contradictory
results with no decrease in protein synthesis signaling [12].

Previously, few studies have reported about the pivotal role of inflammation during hypoxic
conditions in a wide array of human diseases [13]. Available evidences illustrates that stimula-
tion of TNF-o and IL-1P induce expression of the Mafbx-1 and MuRF-1,ubiquitin ligases via
transcription factor nuclear factor-kappa B (NFxB) [14, 15]. However, the exact plausible
mechanism remains elusive, how hypoxia elicited inflammation in skeletal muscles. Secondly,
why and how these changes may progress at high altitude to more severe damage and muscle
mass loss is still unclear.

Although recent studies have highlighted the role of different signaling pathways in skeletal
muscle atrophy and no comprehensive mechanistic study on the chronic hypobaric hypoxia
induced skeletal muscle loss is available till date. Although increase number of people are
exposed to high altitude for prolonged period, however very few research reports are existing
regarding the same. Hence, the present study was planned to establish the role of altered pro-
teostasis in chronic hypobaric hypoxia-induced skeletal muscles atrophy.
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Materials and methods
Ethics statement

All animal procedures and experimental protocols were reviewed and approved by the Institu-
tional Animal Ethics Committee (IAEC) accredited to Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA), Government of India. All animal
experiments were conducted in accordance with the National Institutes of Health (NTH)
Guide for the Care and Use of Laboratory Animals.

Male Sprague-Dawley rats, weighing 220+10 g, bred in the animal facility of Defence Insti-
tute of Physiology and Allied Sciences (DIPAS), Delhi, were maintained on a bedding of rice
husk in polypropylene cages under controlled environment in the Institute’s animal house at
25+1°C, 55+10% humidity, and 12-h light-dark cycle. Animals had access to standard rodent
pellet feed and water ad libitum. All the experimental procedures were followed as per stan-
dard experimental procedures to minimize the suffering of animals.

The information regarding all the biochemical reagents and the antibodies used in the west-
ern blotting are mentioned in the supporting files (S1, S2 and S3 Tables).

Hypobaric hypoxia exposure

Twenty five male Sprague Dawley rats were taken for the experimental purpose which was
divided into five groups of five rats in each group:

Group 1 Untreated and unexposed to CHH rats served as control
Group 2 01 day hypobaric hypoxia exposure

Group 3 03 days hypobaric hypoxia exposure

Group 4 07 days hypobaric hypoxia exposure

Group 5 14 days hypobaric hypoxia exposure

Simulated high altitude exposure was performed in an animal decompression chamber
maintained at pressure of 282 torr (equivalent to an altitude of 7620 m, 8% oxygen), coupled
to mercury barometer, at 25°C for hypoxic group (Decibel Instruments, India). The airflow in
the chamber was 2 I/min with relative humidity maintained at 45 to 55%. Control group rats
were maintained in the normoxic condition within the same laboratory. On completion of
CHH exposure, animals were anaesthetized with sodium pentobarbital (50 mg/kg, i.p.), rats
were sacrificed and skeletal muscle from hind limb of rats was excised for biochemical and his-
topathological analysis. Muscle samples were snap frozen in liquid nitrogen and all samples
were stored at —80°C.

Wet skeletal muscle weight to the tibia length ratio

After completion of hypobaric hypoxia exposure, the rats were sacrificed and whole muscle
from hind limb were isolated and weighed using a digital platform balance. The wet muscle
weight was expressed as the wet skeletal muscle weight/tibia length.

Muscle damage marker by ELISA

Creatine Phosphokinase (CPK) assay was measured in rat skeletal muscle homogenate using
commercially available kit (Mybiosource, Inc) as per manufacturer’s instructions. CPK activity
was expressed as ng/mg protein.
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Protein oxidation and modification marker

Advanced oxidation protein products (AOPPs). AOPP considered as a relevant marker
for oxidant induced protein damage. It is formed during oxidative stress by the action of chlo-
rinated oxidants, mainly hypochlorous acid and chloramines. Determination of AOPP (i.e.
some oxidation products with characteristic absorbance) was based on spectrophotometric
detection modified for muscle tissue as previously described [16]. Concentration of AOPPs
was expressed as pmol/ chloramine/ mg protein.

Protein carbonylation. Oxidative modifications of amino acid residues include derivati-
zation of amino acid residues such as proline, arginine, and lysine to reactive carbonyl deriva-
tives. Briefly, 2,4- Dinitrophenylhydrazine (DNPH) reacts with protein carbonyl forming a
Schiff base to produce the corresponding hydrazone, which can be analyzed spectrophotomet-
rically as previously described [17]. The concentration of carbonyl groups was calculated by
using an absorbance coefficient 22 nM cm™' and expressed as nmol carbonyl/ mg of protein.

Protein degradation

20S proteasome activity. The ubiquitin proteasome pathway (UPP) was studied by assay-
ing the chymotrypsin-like enzyme activity of 20S Proteasome, as described earlier [18]. Fluo-
rescence of the liberated AMC was monitored in a Perkin-Elmer fluorimeter at excitation 380
nm, emission 460 nm.

Calpain assay. Calpain activity was measured in the homogenate using N-succinyl-Leu-
Tyr-7-amido-4-methylcoumarin (SLY-AMC) as a substrate, described earlier [19]. Fluores-
cence of the liberated AMC was monitored in a Perkin Elmer fluorimeter (LS45) at excitation
380 nm, emission 460 nm.

Intracellular free calcium

Intracellular calcium was measured as described previously [20]. The intracellular free calcium
was determined by fluorescent calcium indicator dye Fura-2/AM. Fura-2/AM crosses the
membrane, and it is hydrolyzed by the esterases to Fura-2 that binds free ionic calcium to give
fluorescence, which is proportional to the amount of free calcium. The fluorescence (F) at 340-
to 380-nm excitation and 510-nm emission was measured, and [Ca®*]i was calculated as fol-
lows:

[Ca®"], = [(F — Pmin)/(Fmax — F)] xKj

The K value for Ca®* Fura-2 complex was 225 nm. Maximal fluorescence (Fmax) was mea-
sured after lysis of plasma membrane of skeletal muscles with SDS, and minimal fluorescence
(Fmin) was measured in the presence of 5 mM EGTA. The results were expressed as nanomo-
lar of free intracellular calcium.

Insulin-like growth factor-1

IGF-1 was measured using commercially available rat ELISA kit (Diaclone, France) according
to manufacturer’s instructions. The intensity of the color reaction was read spectrophotometri-
cally in a plate reader and the concentration expressed in ng/mg protein.

Pro- inflammatory cytokines

Pro-inflammatory cytokines were determined in muscle homogenate using commercially
available ELISA kit. IL-1B, IFN-Y and TNF-o was done by respective ELISA kits (Diaclone,
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France) as per manufacturer’s instructions. The concentrations were expressed as pg/ mg
protein.

Apoptosis

Caspase-3 substrate cleavage assay. Caspase-3 is an enzyme activated during the induc-
tion of apoptosis. The activity of caspase 3 in skeletal muscle was estimated using colorimetric
substrate, Ac-Asp-Glu-Val-Asp p-Nitroaniline, Ac-DEVD-pNA (Calbiochem) by previously
described [21]. Results were calibrated with known concentrations of p-NA and expressed as
nmol/ p-NA/ minute/mg protein.

Caspase-9 substrate cleavage assay. Caspase-9, cysteine proteases participates in activat-
ing the apoptotic cell death machinery. The activity of caspase 9 in skeletal muscle was estimated
using colorimetric substrate II, Ac-Leu-Glu-His-Asp-pNA, Ac-DEVD-pNA (Calbiochem) by
previously described [22]. Results were calibrated with known concentrations of p-NA and
expressed as nmol/ p-NA/minute/ mg protein.

Annexin-V. Annexin-V was measured using commercially available rat annexin-V ELISA
kit (Elabscience, CA, USA) according to manufacturer’s instructions. The intensity of the
color reaction was read spectrophotometrically in a plate reader and the concentration
expressed in ng/mg protein.

Immunoblotting

Preparation of nuclear and cytoplasmic extracts. For cytoplasmic fraction, muscle tissue
was homogenized in an ice-cold buffer (0.5 M sucrose, 10 mM HEPES, 10 mM KCl, 1.5 mM
MgCl,, 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM PMSF fortified with protease inhibi-
tors). Homogenates were kept on ice for 15 min, 0.6% Nonidet P-40 added, and then centri-
fuged for 20 min at 5,000g at 4°C. The supernatant with cytoplasmic fraction was collected
and stored, and the pellet was dissolved in ice cold buffer B (20mM HEPES, 1.5mM MgCL,
0.3mM NaCl, 0.2mM EDTA, 20% glycerol, 0.5mM DTT, 0.5mM PMSF and cocktail of prote-
ase inhibitors) for the nuclear fraction. It was incubated for 30 min on ice followed by centrifu-
gation at 20,000 g at 4°C for 15 min. The supernatant containing the nuclear fraction was
aliquoted and stored at —80°C for further analysis. Total protein concentrations were deter-
mined using the Bradford method [23].

Western blotting. Protein (50 pig) was separated by 10% and 12% SDS-polyacrylamide gel
electrophoresis, based on the molecular weight of the protein of interest and transferred onto a
nitrocellulose membrane (Millipore, Billerica, USA). The membranes were blocked with 3%
bovine serum albumin in PBS containing 0.1% Tween 20 (Sigma), washed and probed with
respective mouse/rabbit monoclonal antibodies. Primary antibodies PDI, Akt, p-Akt and
CHOP/GADDI153 were obtained from Santa Cruz Biotech, p70S6kinase from Cell Signaling
Technology (MA, USA), GRP-78, GSK-3f and NFkB from Sigma (St. Louis, MO, USA) while
MAFbx-1 and MuRF-1 from abcam. The membranes were then incubated with anti-mouse/
rabbit-IgG HRP conjugate (Sigma). The membrane was washed and incubated with chemilu-
minescent substrate (Sigma) and the bands were developed using Gel Documentation System
(UVP Bioimaging software, Upland CA, USA). Quantification was performed by densitometry
using Image] software. GAPDH from Sigma (St. Louis, MO, USA) was used as an internal
(loading) control.

Protein-protein networking by STRING 10.0
Protein-protein interactions network was done by STRING 10.0 Software (http://string.embl.de).
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Statistical analysis

All the experiments were performed on a minimum of three different occasions, and data are
presented as mean+SEM. One-way analysis of variance with post hoc Bonferroni analysis was
used to determine statistical significance between groups. All analysis was conducted using
GraphPad Prism ver 7 software (GraphPad, CA, USA). The p value of <0.05, with a 95% confi-
dence interval was considered significant.

Result

Chronic hypobaric hypoxia induced skeletal muscle damage and atrophy

CHH exposed rats, displayed significantly lower skeletal muscle weights and tibia length ratio
as compared to control rats. A decrement was observed by 18.5% on 07days CHH exposure
which was further moved up to 23% decrease till 14 days CHH exposure, indicating the time-
dependent muscle mass loss. (Fig 1A). The severity of skeletal muscle damage in response to
CHH was also measured in terms of CPK level in muscle. Disruption of the sarcolemma
increased membrane permeability which allows the release of creatine kinase from the mus-
cle’s cytoplasm into the bloodstream. Thus, high level of CPK in circulation and lower level of
CPK in muscle tissue is an indicator of skeletal muscle damage. A significant decrease of 45%
in the CPK content in muscle homogenate was noted in 14 days CHH exposed rats in relation
to control rats (Fig 1B).

Oxidized/misfolded proteins activate protein degradative pathways and ER
chaperones

Multiple forms of ROS lead to the formation of peptide fragments possessing highly reactive
carbonyl groups (ketones, aldehydes) and presence of protein carbonyl derivatives reflects pro-
tein oxidation. Data showed a significant increase in protein carbonylation (nearly 5.35 fold)
upon 14 days of CHH exposure as compared to control group (p<0.001 vs. control) (Fig 2A).
Another known and proven marker of oxidative protein damage is AOPP in which ~9 fold
increment was noted on 14 days CHH exposure (4.25+0.11 pmol Chloramine T mg/protein,
p<0.001 vs. control) as compared to control group (0.47+0.03pmol Chloramine T mg/ pro-
tein) (Fig 2B). Accumulation of misfolded proteins enhanced the proteolytic activity of 20S
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Fig 1. Effect of chronic hypoxia on appendicular body parameters. (A) Ratio of skeletal muscle weight & tibial length of rats (B) Creatine
phosphokinase (CPK) *p<0.05 Vs. Control; **p<0.01 Vs. Control; ***p<0.001 Vs. Control.

https://doi.org/10.1371/journal.pone.0204283.9001
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Fig 2. Presence of oxidized/misfolded proteins activates protein degradative pathways. (A) Protein Carbonylation (B) Advanced
Oxidized protein product (AOPP) (C) Chymotrypsin-like 20 proteasome activity (D) Calpain activity (E) Intracellular Calcium ion (F)
Representative western blots for expression of ER chaperones of skeletal muscle cytoplasmic extracts. (n = 3) and (G-H) Semiquantitative
analysis of the expression of GRP-78 and PDI. GAPDH considered as the loading control. The densitometric analysis is shown as mean with
standard error (bars) performed in n = 3 independent experiments. *p<0.05 Vs. Control; **p<0.01 Vs. Control; ***p<0.001 Vs. Control.

https://doi.org/10.1371/journal.pone.0204283.9002

proteasome, a catalytic core of 26S proteasome that was significant increase by 6.52 and 9.07
fold (p<0.01 vs. control) in chymotrypsin-like protease activity of 20S proteasome in 07 days
and 14 days CHH exposed rats in relation to control rats respectively (Fig 2C).

Calpain, Ca®* -activated proteases was also found to be increased by 5.54-fold on 14days
CHH exposed animals with the comparison to control animals (p<0.001 vs. control) (Fig 2D).

Ca’" ions are the regulatory factor in many signaling processes. The present study described
intracellular calcium level as it regulated the calpain activity, nearly 2-fold increase was
observed at 01 day and 03 day CHH exposure in comparison to control rats; while, a signifi-
cant and highest amount of [Ca®*]; (~ 2.7 and 3-fold) increase was monitored at 07 and 14days
CHH exposure (Fig 2E) in relation to control rats.
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Since cellular stress resulted in activation of ER chaperones to deal with misfolded and
unfolded proteins, we examined changes in GRP-78 and PDI protein levels, involved in post-
translational modification and known to be up-regulated with disrupted ER homeostasis.
GRP-78 was upregulated nearly 2.2 fold at 07d CHH exposure (p<0.001) and increased further
to 2.6 fold at 14d of CHH exposure in comparison to control group. Increased expression of
PDI was also observed, nearly 1.4 fold but only at 14 days CHH exposure as compared to con-
trol (p<0.001) (Fig 2F-2H).

Effect of chronic hypobaric hypoxia on protein synthesis signaling

Signaling molecules involved in protein translational machinery showed a marginal increase
in a time-dependent manner of CHH exposure. Further, total-Akt, p-Akt (phosphorylated
Akt), glycogen synthase kinase (GSK-3p) and p70S6K were quantified by western blot (Fig
3A). The results delineated that Akt level was significantly increased by ~66% in 3d HH expo-
sure but fell down onwards 07d HH and 14d HH exposure by 46% and 10% respectively (Fig
3B). Expression of p-Akt was up-regulated till 07 days CHH exposure (Fig 3C). Downstream
regulator of protein synthesis, p70S6kinase, was gradually increased by 44% up to 07 days
exposure (Fig 3D). One of the downstream or negative regulators of Akt, GSK-3[ was also sig-
nificantly increased in CHH exposure (Fig 3E). IGF-1 is a polypeptide hormone participates in
muscle development, repair, and regeneration program. In the present study, no significant
changes in IGF-1 levels were observed between control and hypoxic group (Table 1).

Effect of chronic hypobaric hypoxia on inflammatory signaling

Hypoxia leads to the generation of inflammation via activation of pro-inflammatory cytokines.
The present study depicted the substantial elevation in IFN-y, IL-13, TNF-o levels on 14 days
CHH exposure as compare to control rats (Fig 4A, 4B and 4C).

Upregulated NF-xB and E3 ligase mediated protein degradation via
proteasome pathway in response to chronic hypoxia

In normal muscle physiological condition, NF-«B is localized in the cytoplasm forming a com-
plex with its inhibitory protein IxkB-a. Upon stressful condition, IkB-a cleaved from this com-
plex and NF-«B translocated to the nucleus (NF-kB activation) where it enhanced gene
transcription. The present study showed the upregulation in NF-xB expression in skeletal
muscle in time-dependent CHH exposure. MAFbx-1 and MuRF-1 was also found to be
increased in its expressions in a time-dependent manner of CHH exposure as compared to
control group (Fig 5A-5D).

Apoptotic signaling cascade

CHH exposure also induced a marked upregulation in the expression of transcription factor
C/EBP homologous protein (CHOP), associated with ER stress that initiated cell death in the
skeletal muscle (Fig 6A and 6B). Apoptosis is one of the crucial processes involved in skeletal
muscle atrophy. To explore the underlying mechanism of apoptosis, caspases and annexin V
were estimated and the results showed a significant increase in caspase-3 and caspase-9 activity
(~ 5.45 and 3 fold respectively) on 14d CHH exposure as compared to control rats (Fig 6C and
6D). Annexin-V, a potent marker of apoptosis was also found increased significantly from 3d
to 14d in time-dependent CHH exposure (Fig 6E).
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Fig 3. Anabolic signalling / protein translational machinery response under chronic hypoxia insult. (A) Representative western blots for
expression of protein synthesis cascade, in skeletal muscles tissues cytoplasmic extracts. GAPDH considered as the loading control and (B-E)
Semiquantitative analysis of the expression of total-Akt, p-Akt, p70S6kinase and GSK-3p respectively is presented in the graphs. The
densitometric analysis is shown as mean with standard error (bars) performed in n = 3 independent experiments. *p<0.05 Vs. Control;
**p<0.01 Vs. Control; ***p<0.001 Vs. Control.

https://doi.org/10.1371/journal.pone.0204283.g003

Bioinformatics networking by STRING 10.0 Software

The STRING database was used to collect and integrate the information related to the cellular
functional interaction between expressed proteins. The integration of protein-protein interac-
tion includes direct (physical) interactions and indirect (functional) interactions as both are

Table 1. Effect of chronic hypobaric hypoxia on insulin growth factor-1.

Control Rats 1day hypoxia 3days hypoxia 7days hypoxia 14days hypoxia
5.37+0.05 5.39+0.03 5.20+0.06 5.37+0.04 5.45+0.09

Data represents the mean+SEM; N = 5.Unit = ng/mg protein

https://doi.org/10.1371/journal.pone.0204283.t001
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Fig 4. Effect of chronic hypoxia on inflammatory signaling. (A) IFN-Y (B) IL-1B, and (C) TNF-a. All values presented as mean + SEM.
*p<0.05 Vs. Control; **p<0.01 Vs. Control; ***p<0.001 Vs.Control.

https://doi.org/10.1371/journal.pone.0204283.9004

specific and biologically meaningful [24, 25, 26]. These associations derived from genomic
context, co-expression, experiments and previous knowledge.

In the present study, the proteins which showed statistically significant change were
uploaded into the STRING 10.0 software to analyze the interactions of all the proteins (Fig 7).
The score of confidence is considered for presenting between protein-protein interactions.
According to STRING 10.0 software, 0.150 score for low, 0.400 score for medium, 0.700 score
for high and 0.900 score for the highest confidence respectively. In the present study, we
uploaded the proteins which significantly change during CHH exposure and among them 12
proteins had a high confidence and highest confidence interaction i.e. >0.700 confidence
level. The score among these proteins is presented in Table 2. As per the score result, Tnf,
NfkB1, I11b, Ifng, Gsk3b, Casp9, Casp3, Aktl, Rps6xB1, Igfl, Hifla, and Anxa5 showed high
and highest confidence, which demonstrates that the above proteins have a close relationship
and involved in CHH induced muscle protein loss.

Discussion

High altitude hypoxia imposes several physiological, metabolic and biochemical changes dis-
turbing skeletal muscle homeostasis. A shift in the redox potential under hypobaric hypoxia
leads to activation or impairment of key biological cascades, regulated intricately by proteins.
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Fig 5. Upregulated NF-kB and E3 ligase mediated protein degradation in response to chronic hypoxia. (A) Representative
western blots for expression of NF-kB and Mafbx-1 in skeletal muscles and (B—D) Semiquantitative analysis of the expression of NF-
kB, MAFbx-1and MuRF-1 is presented in the graph. The densitometric analysis is shown as mean + SEM performed inn =3
independent experiments. *p<0.05 Vs. Control; **p<0.01 Vs. Control; ***p<0.001 Vs. Control.

https://doi.org/10.1371/journal.pone.0204283.g005

Proteostasis is a complex interacting system which consist of diverse biological pathways
including protein synthesis, folding, trafficking, disaggregation, and degradation [27]. Pro-
longed and diverse environmental stress represent a constant threat to normal protein folding
in the cells. Even though the presence of oxidative protein modifications under high altitude
induced stressors is known, few studies have scrutinized the disturbance of proteostasis in the
context of high altitude milieu [28, 29].

In the present study, our results showed a significant decline in wet muscle weight and tibial
length ratio by 23% on 14d CHH which evidently indicated skeletal muscle atrophy in
response to severe and prolonged hypobaric hypoxia. Further, skeletal muscle creatine phos-
phokinase activity (CPK), the main energy reservoir, was found decreased on 14d CHH expo-
sure. This result clearly indicate the membrane injury surrounding muscle cells and causing
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Fig 6. Chronic hypoxia led to the activation of apoptotic signaling cascade. (A) Representative western blots for expression of CHOP/GADD153
from the cytoplasmic extracts of skeletal muscle. (B) Semiquantitative analysis of the expression of ER associated degradation, CHOP/GADDI153.
GAPDH considered as the loading control. The densitometric analysis is shown as mean with standard error (bars) performed in n = 3 independent
experiments. Specific colorimetric peptide substrate has been used for particular caspases in cellular fuction. Activity of caspase-3 and caspase-9 was
measured using colorimetric substrate Ac-Asp-Glu-Val-Asp p-Nitroaniline and Ac-Leu-Glu-His-Asp-pNA. The cysteine protease activity of (C)
Caspase-3 and (D) Caspase-9 cleaves the substrate and releases pNA, the absorbance of which can be measured at 405 nm, and the (E) Annexin-V
was measured by ELISA kit. All values presented as mean + SEM. *p<0.05 Vs. Control; “**p<0.01 Vs. Control; ***p<0.001 Vs. Control.

https://doi.org/10.1371/journal.pone.0204283.g006

leakage of CPK into the bloodstream on CHH exposure. The literature stated reversible modi-
fications like glutathionylation, nitrosylation, and carbonylation are covalent oxidative modifi-
cation contributed to the misfolding and damage of protein structure [30, 31, 32]. Evidence of
oxidative protein damage on high altitude exposure has since long been corroborated in
human as well as animals, indicating the susceptibility of cellular proteins to hypobaric hyp-
oxia [33, 34]. Carbonyl formation is considered as an early marker for oxidative protein dam-
age. The most likely amino acid residues to form carbonyl derivatives are lysine, arginine,
proline and threonine. In our study, we found an enhance level of protein carbonylation and
AOPP by ~5.35and ~9 fold respectively over 14d CHH exposure. Overload oxidized/
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misfolded proteins triggered the activation of molecular chaperones for maintaining cellular
homeostasis. Having established an enhanced presence of oxidized proteins, we identified the
expression of the major ER chaperones, GRP-78 and PDI which was also upregulated in a
time-dependent manner of CHH exposure. These results suggested that although chaperones
were activated but the oxidative damage to proteins was too severe which ultimately led to the
activation of several degradative pathways in response to CHH exposure.

Dudek and co-workers [35] reported that carbonyl-containing oxidized proteins were
selectively removed by ubiquitinating machinery, UPS. Although skeletal muscle atrophy
probably not regulated by a single mechanism, but a complex one, the calcium-dependent cys-
teine proteases, calpain also considered as one of the main culprit of protein degradation [36].
A growing evidence depicted that both calpain and the ubiquitin-proteasome system act syner-
gistically and in a coordinated manner during sepsis induced muscle proteolysis [37]. The
present study findings also described a significant increase in calpain activity on 14d CHH
exposure, which was accompanied by an increase in intracellular [Ca®*] (~3 fold), which is
rate limiting co-factor of calpain. These results also placed an harmony with the previous
reports related to other muscular pathologies such as dystrophy, sepsis and denervated muscles
[38, 39].

Muscle atrophy, a consequence of net protein loss due to the imbalance of protein metabo-
lism towards increase protein breakdown [2, 3]. IGF1/Akt pathway is unique as it controls
both protein synthesis and protein degradation. Léger et al. [39] reported the role of Akt,
mTOR and GSK-3 in the regulation of skeletal muscle mass. GSK-3p is the negative regulator
of Akt, participates in causing muscle atrophy. Recent study by Chaillou et al. [40] have
reported that impaired muscle regeneration during hypobaric hypoxia (5,500m) was associ-
ated with a blunted activation of p70S6K, mTOR and 4E-BP1 phosphorylation on 03d of
regeneration and higher activation of p70S6kinase at 07d. Furthermore, they reported the
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Table 2. The score among the proteins. High confidence: 0.700; highest confidence: 0.900.

Nodel
Anxa5
Anxa5
Anxa5
Casp3
Casp3
Casp3
Casp9
Casp9
Casp9
Gsk3b
Gsk3b
Gsk3b
Gsk3b
Hifla
Hspa5
Hspa5
Ifng
Ifng
111b
111b
111b
Nfkbl
Nfkbl
Rps6kbl

https://doi.org/10.1371/journal.pone.0204283.t002

Node2
Aktl
Casp3
Casp9
Aktl
Casp9
Tnf
Aktl
11b
Tnf
Aktl
Ifng
Il1b
Tnf
Aktl
Aktl
P4hb
11b
Tnf
Casp3
Ntkbl
Tnf
Aktl
Tnf
Aktl

Nodel accession Node2 accession Score
ENSRNOP00000019552 ENSRNOP00000038369 0.787
ENSRNOP00000019552 ENSRNOP00000014096 0.911
ENSRNOP00000019552 ENSRNOP00000017972 0.856
ENSRNOP00000014096 ENSRNOP00000038369 0.952
ENSRNOP00000014096 ENSRNOP00000017972 0.964
ENSRNOP00000014096 ENSRNOP00000001110 0.879
ENSRNOP00000017972 ENSRNOP00000038369 0.992
ENSRNOP00000017972 ENSRNOP00000006308 0.701
ENSRNOP00000017972 ENSRNOP00000001110 0.785
ENSRNOP00000003867 ENSRNOP00000038369 0.988
ENSRNOP00000003867 ENSRNOP00000009917 0.799
ENSRNOP00000003867 ENSRNOP00000006308 0.812
ENSRNOP00000003867 ENSRNOP00000001110 0.792
ENSRNOP00000042230 ENSRNOP00000038369 0.782
ENSRNOP00000025064 ENSRNOP00000038369 0.795
ENSRNOP00000025064 ENSRNOP00000051841 0.939
ENSRNOP00000009917 ENSRNOP00000006308 0.884
ENSRNOP00000009917 ENSRNOP00000001110 0.943
ENSRNOP00000006308 ENSRNOP00000014096 0.775
ENSRNOP00000006308 ENSRNOP00000028944 0.976
ENSRNOP00000006308 ENSRNOP00000001110 0.969
ENSRNOP00000028944 ENSRNOP00000038369 0.898
ENSRNOP00000028944 ENSRNOP00000001110 0.961
ENSRNOP00000005226 ENSRNOP00000038369 0.944

marked increase in the mRNA levels of E3ligases after 07d of hypoxia which clearly showed
reduction in protein synthesis and increased myofibrillar protein break down. Results of the
present study are in agreement with these findings by showing the significant increase in key
regulator of protein synthesis, Akt, p-Akt, p70S6kinase during first 07d of hypobaric hypoxia.
In addition to these findings, our study reported that GSK-3p, downstream molecule in IGF-1/
Akt signaling was also upregulated in 03d of CHH exposure which remain activated till 14d,
indicating its role in protein degradation. While, Chaillou et al. [40] studied the effect of ambi-
ent hypoxia which enhanced the loss of muscle mass after extensive injury on the other hand
our study depicted the probable signalling mechanisms for hypobaric hypoxia induced muscle
protein loss in healthy adult rats.

A progressive loss of skeletal muscle mass and strength, coupled with oxidative stress and
inflammation associated with skeletal muscle diseases like disuse, aging, cancer cachexia and
denervation [41]. Recent reports also detailed the vital role of inflammation in altitude-related
illness. Plasma TNF-a, IL-1P and IL-6 levels significantly increased when volunteers ascended
to an altitude of 3860 m [42]. To the best of our knowledge, first time our study reported the
increase pro-inflammatory cytokines (TNF-o, IFN-© and IL-1f) in skeletal muscles in
response to chronic hypoxic insult.

Additionally, enhanced TNF-o. also activated NF-«B in hypoxic skeletal muscle. Beside this,
muscle specific E3 ligases, Mafbx-1 and MuRF-1 was also significantly increased on 07d which
remain elevated till 14d of CHH which directly reflects the regulation of proteasome pathway
by atrogenes. The findings of our study clearly indicated that severe hypoxia augments inflam-
mation, a key determinant in the progression of muscle atrophy.
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The activation of ER chaperones provided protection to the cell, but severe stress or misfolding
triggered ER-associated cell death. The contribution of cell death has now been reported in vari-
ous diseases, including cancer, cachexia, ischemic stroke, and multiple sclerosis [43, 44, 45]. The
present study also depicted the progressive upregulation of CHOP, which became significant in a
time-dependent manner of CHH exposure. Activated UPS and calpain pathways account for
removal of misfolded/oxidized proteins and activation of apoptotic signalling cascade in the cell.
The present study observed an increase in caspase-3, caspase-9 and annexin V activity which sug-
gested increase muscle protein breakdown 14d CHH exposure and these results are in accordance
with the previous reports [46, 47]. These observations represent another paradigm which envis-
ages the activation of all three proteolytic systems i.e. UPS, calpain, and caspase-3 in response of
prolonged and severe environmental hypoxic condition.

Further, string analysis predicted protein-protein interactions among the proteins which
were also analysed via western or biochemical in CHH exposed rats vs control rats. To best of
our knowledge, this is the first time the data reported CHH induced muscle atrophy via string
pathway which were further proved by in-vivo analysis. Based on the study, 15 proteins was
depicted a high confidence and highest confidence interaction i.e. >0.700 confidence level. As
per the score result, Tnf, P4hb, NfkB1, Il1b, Ifng, Hspa5, Gsk3b, Casp9, Casp3, Anxa5, Aktl,
Rps6kbl, Ckm, Hifla and Capn3 showed high and highest confidence and the details of each
gene also presented (as shown in Table 2 and Table 3). The genes which were showing high
and highest confidence interaction played an important role in skeletal muscle atrophy.
Gsk3b, Aktl and Rps6kb1 related to protein synthesis pathway, Hifla considered as the master
transcriptional regulator of cellular and developmental response to hypoxia, P4hb is a multi-
functional protein involved in catalysis of the formation, breakage and rearrangement of disul-
fide bond, Ckm known for muscle damage and hspa5 related to GRP78 protein engaged with
ER response. These genes showed a high confidence value hence it is predicted that cell sur-
vival pathway triggered during chronic hypobaric hypoxic exposure. Further, Tnf, I11b and
Ifng related to inflammatory response, NfkB1 controls transcription of DNA, cytokine pro-
duction and cell survival, Casp9, Casp3 and Anxa5 correspond to apoptosis process. The
above said genes showed a highest confidence interaction via string analysis and the results
were further proved via in-vivo experiments and interestingly both the results made

Table 3. The details of gene.

Gene Protein
Tnf Tumor necrosis factor
Rps6kbl Ribosomal protein S6 kinase beta-1
P4hb Protein disulfide-isomerase
Nfkb1 Nuclear factor NF-kappa-B
111b Interleukin-1 beta
Igfl Insulin-like growth factor 1
Ifng Interferon gamma
Hspa5 78 kDa glucose-regulated protein
Gsk3b Glycogen synthase kinase-3 beta
Casp9 Caspase-9
Casp3 Caspase-3
Anxa5 Annexin A5
Aktl serine/threonine- protein kinases
Ckm Creatine kinase M-type
Capn3 Calpain-3

https://doi.org/10.1371/journal.pone.0204283.t003
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Fig 8. Diagrammatic representation of mechanism approach to elucidate the chronic hypobaric hypoxia induced
muscle atrophy.

https://doi.org/10.1371/journal.pone.0204283.g008

concurrence with each other. Ergo, the analogous results could provide a clear indication that
inflammation and apoptosis are the main responsible pathways that lead to CHH induced skel-
etal muscle protein loss.

Conclusively, our findings provide molecular insight into the development of progressive mus-
cular atrophy due to the perturbed protein quality control machinery under prolonged and severe
hypoxia. The enhanced skeletal muscle protein loss responsible due to proteome imbalance, free
radical mediated inflammation and impaired protein synthesis flux. Fig 8 clearly demonstrated
that hypobaric hypoxia induced skeletal muscle atrophy is a multifaceted pathophysiological con-
dition which was regulated by multiple signaling pathways. The leads from the current study
might help in the development of proteostasis modulators as therapeutic interventions which
could restore proteostasis in multiple muscle related pathologies and may act against all proteo-
lytic systems involved during atrophy.

Supporting information

S1 Table. Details of primary antibodies.
(DOC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0204283 September 21, 2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204283.s001
https://doi.org/10.1371/journal.pone.0204283.g008
https://doi.org/10.1371/journal.pone.0204283

@° PLOS | ONE

Altered proteostasis contributes skeletal muscle atrophy

$2 Table. Details of secondary antibodies.
(DOCX)

$3 Table. Fluorimetric/Colorimetric substrate used for enzyme activity assay.
(DOCX)

Acknowledgments

The authors are thankful to Dr Bhuvnesh Kumar, Director, DIPAS for his constant support
and encouragement. This study was fully funded by the Defence R&D Organization, Ministry
of Defence, Govt of India. One of the authors, Ms. Akanksha Agrawal is thankful for obtaining
Senior Research Fellowship from DRDO.

Author Contributions

Conceptualization: Richa Rathor, Geetha Suryakumar.

Data curation: Akanksha Agrawal, Richa Rathor.

Formal analysis: Akanksha Agrawal, Ravi Kumar.

Funding acquisition: Geetha Suryakumar, Lilly Ganju.

Investigation: Akanksha Agrawal, Richa Rathor, Ravi Kumar, Geetha Suryakumar.
Resources: Richa Rathor, Geetha Suryakumar.

Supervision: Richa Rathor.

Validation: Akanksha Agrawal, Richa Rathor.

Writing - original draft: Akanksha Agrawal.

Writing - review & editing: Richa Rathor, Geetha Suryakumar, Lilly Ganju.

References

1. Hoppeler H, Klossner S, Vogt M. Training in hypoxia and its effects on skeletal muscle tissue. Scand J
Med Sci Sports. 2008; 18: 38—49. https://doi.org/10.1111/j.1600-0838.2008.00831.x PMID: 18665951

2. Agrawal A, Rathor R, Suryakumar G. Oxidative protein modification alters proteostasis under acute
hypobaric hypoxia in skeletal muscles: a comprehensive in vivo study. Cell Stress and Chaperones.
2017; 22: 429-443. hitps://doi.org/10.1007/s12192-017-0795-8 PMID: 28425050

3. Costello MO. Muscle adaptation to altitude: tissue capillarity and capacity for aerobic metabolism. High
Alt Med Biol. 2001; 3: 413-25.

4. BharadwajH, Prasad J, Pramanik SN, Kishnani S, Zachariah T, Chaudhary KL et al. Effect of prolonged
exposure to high altitude on skeletal muscles of Indian soldiers. Def Sci J. 2000; 50:167—176.

Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. J Exp Biol. 2000; 204:3133-3139

6. Chaudhary P, Suryakumar G, Prasad R, Singh SN, Ali S, llavazhagan G. Chronic hypobaric hypoxia
mediated skeletal muscle atrophy: role of ubiquitin—proteasome pathway and calpains. Mol Cell Bio-
chem. 2012; 364: 101-13. https://doi.org/10.1007/s11010-011-1210-x PMID: 22215202

7. Glass DJ. Skeletal muscle hypertrophy and atrophy signaling pathways. Int J Biochem Cell Biol. 2005;
37:1974-84. https://doi.org/10.1016/j.biocel.2005.04.018 PMID: 16087388

8. Jackman RW, Kandarian SC. The molecular basis of skeletal muscle atrophy. Am J Physiol Cell Phy-
siol. 2004; 287: C834—C843. hitps://doi.org/10.1152/ajpcell.00579.2003 PMID: 15355854

9. Takano K, Watanabe-Takano H, Suetsugu S, Kurita S, Tsujita K, Kimura S et al. Nebulin and N-WASP
cooperate to cause IGF-1-induced sarcomeric actin filament formation. Science. 2010; 330: 1536—40.
https://doi.org/10.1126/science.1197767 PMID: 21148390

PLOS ONE | https://doi.org/10.1371/journal.pone.0204283 September 21, 2018 17/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204283.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204283.s003
https://doi.org/10.1111/j.1600-0838.2008.00831.x
http://www.ncbi.nlm.nih.gov/pubmed/18665951
https://doi.org/10.1007/s12192-017-0795-8
http://www.ncbi.nlm.nih.gov/pubmed/28425050
https://doi.org/10.1007/s11010-011-1210-x
http://www.ncbi.nlm.nih.gov/pubmed/22215202
https://doi.org/10.1016/j.biocel.2005.04.018
http://www.ncbi.nlm.nih.gov/pubmed/16087388
https://doi.org/10.1152/ajpcell.00579.2003
http://www.ncbi.nlm.nih.gov/pubmed/15355854
https://doi.org/10.1126/science.1197767
http://www.ncbi.nlm.nih.gov/pubmed/21148390
https://doi.org/10.1371/journal.pone.0204283

@° PLOS | ONE

Altered proteostasis contributes skeletal muscle atrophy

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Guo Y, Gosker HR, Schols AM, Kapchinsky S, Bourbeau J, Sandri M et al. Autophagy in locomotor
muscles of patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2013;
188: 1313-20. https://doi.org/10.1164/rccm.201304-07320C PMID: 24228729

Bowen TS, Schuler G, Adam V. Skeletal muscle wasting in cachexia and sarcopenia: molecular patho-
physiology and impact of exercise training. Journal of Cachexia Sarcopenia and Muscle. 2015; 6: 197—
207.

Puig-Vilanova E, Martinez-Llorens J, Ausin P, Roca J, Gea J, Barreiro E. Quadriceps muscle weakness
and atrophy are associated with a differential epigenetic profile in advanced COPD. Clin Sci (Lond).
2015; 128:905-21.

Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med. 2011; 364: 656—665. https://doi.
org/10.1056/NEJMra0910283 PMID: 21323543

Cai D, Frantz JD, Tawa NE Jr, Melendez PA, Oh BC, Lidov HG et al. IKKB/NF-B activation causes
severe muscle wasting in mice. Cell. 2004; 119: 285-298. https://doi.org/10.1016/j.cell.2004.09.027
PMID: 15479644

Murton AJ, Constantin D, Greenhaff PL. The involvement of the ubiquitin proteasome system in human
skeletal muscle remodelling and atrophy. Biochimica Biophysica Acta. 2008; 730-743.

Witko-Sarsat V, Friedlander M, Capeillere-Blandin C, Nguyen-Khoa T, Nguyen AT, Zingraff J et al.
Advanced oxidation protein products as a novel marker of oxidative stress in uremia. Kidney Int. 1996;
49: 1304—13. PMID: 8731095

Levine RL, Garland D, Oliver CN, Amici A, Climent |, Lenz AG et al. Determination of carbonyl content
in oxidatively modified protein. Methods Enzymol. 1990; 186: 464—78. PMID: 1978225

Hepple RT, Qin M, Nakamoto H, Goto S. Caloric restriction optimizes the proteasome pathway with
aging in rat plantaris muscle: implications for sarcopenia. Am J Physiol Regul Integr Comp Physiol.
2008; 295: R1231-7. https://doi.org/10.1152/ajpregu.90478.2008 PMID: 18703409

Mastrocola R, Reffo P, Penna F, Tomasinelli CE, Boccuzzi G, Baccino FM et al. Muscle wasting in dia-
betic and in tumor-bearing rats: role of oxidative stress. Free Radical Biology and Medicine. 2008; 44:
584-93. https://doi.org/10.1016/j.freeradbiomed.2007.10.047 PMID: 18053817

Meder W, Fink K, Gothert M. Involvement of different calcium channels in K+- and veratridine-induced
increases of cytosolic calcium concentration in rat cerebral cortical synaptosomes. Naunyn Schmiede-
bergs Arch Pharmacol. 1997; 356: 797-805. PMID: 9453466

Li SY, Gomelsky M, Duan J, Zhang Z, Gomelsky L, Zhang X et al. Overexpression of aldehyde dehydro-
genase-2(ALDH2) transgene prevents acetaldehyde-induced cell injury in human umbilical vein endo-
thelial cells: role of ERK and p38 mitogen-activated protein kinase. J Biol Chem. 2004; 279: 11244-52.
https://doi.org/10.1074/jbc.M308011200 PMID: 14722101

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein—dye binding. Anal Biochem. 1976; 72: 248-54. PMID: 942051

Snel B, Lehmann G, Bork P, Huynen MA. STRING: a web-server to retrieve and display the repeatedly
occurring neighbourhood of a gene. Nucleic Acids Res. 2000; 28: 3442—-3444. PMID: 10982861

Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J et al. STRINGv10: pro-
tein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2015; 43: D447—
D452. https://doi.org/10.1093/nar/gku1003 PMID: 25352553

Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M et al. The STRING database in 2017:
quality-controlled protein—protein association networks, made broadly accessible. Nucleic Acids. Res.
2017; 4: D362-D368.

Balch WE, Morimoto RI, Dillin A, Kelly JW. Adapting proteoastsis for Disease Intervention. Science.
2008; 319: 916. https://doi.org/10.1126/science.1141448 PMID: 18276881

Magalhaes J, Ascensao A, Viscor G, Soares J, Oliveira J, Marques F et al. Oxidative stress in humans
during and after 4 hours of hypoxia at a simulated altitude of 5500 m. Aviat Space Environ Med. 2004;
75:16-22. PMID: 14736128

Jain K, Suryakumar G, Prasad R, Ganju L. Differential activation of myocardial ER stress response: a
possible role in hypoxic tolerance. Int J Cardiol. 2013. 12; 168: 4667-77.

Fedorova M, Bollineni RC, Hoffmann R. Protein carbonylation as a major hallmark of oxidative damage:
update of analytical strategies. Mass Spectrom Rev. 2014. 33; 2:79-97. https://doi.org/10.1002/mas.
21381 PMID: 23832618

Stadtman ER, Berlett BS. Reactive oxygen-mediated protein oxidation in aging and disease. Chem Res
Toxicol. 1997; 10: 485-94. https://doi.org/10.1021/tx960133r PMID: 9168245

Levine RL. Carbonyl modified proteins in cellular regulation, aging, and disease. Free Rad Biol Med.
2002; 32: 790-796. PMID: 11978480

PLOS ONE | https://doi.org/10.1371/journal.pone.0204283 September 21, 2018 18/19


https://doi.org/10.1164/rccm.201304-0732OC
http://www.ncbi.nlm.nih.gov/pubmed/24228729
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1056/NEJMra0910283
http://www.ncbi.nlm.nih.gov/pubmed/21323543
https://doi.org/10.1016/j.cell.2004.09.027
http://www.ncbi.nlm.nih.gov/pubmed/15479644
http://www.ncbi.nlm.nih.gov/pubmed/8731095
http://www.ncbi.nlm.nih.gov/pubmed/1978225
https://doi.org/10.1152/ajpregu.90478.2008
http://www.ncbi.nlm.nih.gov/pubmed/18703409
https://doi.org/10.1016/j.freeradbiomed.2007.10.047
http://www.ncbi.nlm.nih.gov/pubmed/18053817
http://www.ncbi.nlm.nih.gov/pubmed/9453466
https://doi.org/10.1074/jbc.M308011200
http://www.ncbi.nlm.nih.gov/pubmed/14722101
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/10982861
https://doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1126/science.1141448
http://www.ncbi.nlm.nih.gov/pubmed/18276881
http://www.ncbi.nlm.nih.gov/pubmed/14736128
https://doi.org/10.1002/mas.21381
https://doi.org/10.1002/mas.21381
http://www.ncbi.nlm.nih.gov/pubmed/23832618
https://doi.org/10.1021/tx960133r
http://www.ncbi.nlm.nih.gov/pubmed/9168245
http://www.ncbi.nlm.nih.gov/pubmed/11978480
https://doi.org/10.1371/journal.pone.0204283

@° PLOS | ONE

Altered proteostasis contributes skeletal muscle atrophy

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Hsu SW, Chang TC, Wu YK, Lin KT, Shi LS, Lee SY. Rhodiola crenulata extract counteracts the effect
of hypobaric hypoxia in rat heart via redirection of the nitric oxide and arginase-1 pathway. BMC Com-
plementary and Alternative Medicine. 2017; 17: 29. https://doi.org/10.1186/s12906-016-1524-z PMID:
28061780

Dudek EJ, Shang F, Valverde P, Liu Q, Hobbs M, Taylor A. Selectivity of the ubiquitin pathway for oxida-
tively modified proteins: relevance to protein precipitation diseases, FASEB J. 2005; 19: 1707-1709.
https://doi.org/10.1096/fj.05-4049fje PMID: 16099947

Menconi MJ, Wei W, Yang H, Wray CJ, Hasselgren PO. Treatment of cultured myotubes with the cal-
cium ionophore A23187 increases proteasome activity via a CaMK II-caspase-calpain-dependent
mechanism. Surgery. 2004; 136: 135—142. https://doi.org/10.1016/j.surg.2004.03.014 PMID:
15300172

Fareed MU, Evenson AR, Wei W, Menconi M, Poylin V, Petkova V et al. Treatment of rats with calpain
inhibitors prevents sepsis-induced muscle proteolysis independent of atrogin-1/MAFbx and MuRF1
expression. Am J Physiol Regul Integr Comp Physiol. 2006; 290: R1589-R1597. https://doi.org/10.
1152/ajpregu.00668.2005 PMID: 16455766

Tutdibi O, Brinkmeier H, Rudel R, Fohr KJ. Increased calcium entry into dystrophin-deficient muscle
fibres of MDX and ADR_MDX mice is reduced by ion channel blockers. Journal of Physiology. 1999;
515: 859-868. https://doi.org/10.1111/1.1469-7793.1999.859ab.x PMID: 10066910

Bruno A, Cisterna BA, Vargas AA, Puebla C, Saez JC. Connexin hemichannels explain the ionic imbal-
ance and lead to atrophy in denervated skeletal muscles. BBA—Molecular Basis of Disease. 2016;
1862: 2023-2196. https://doi.org/10.1016/j.bbadis.2016.08.005 PMID: 27523632

Reid MB, Judge AR, Bodine SC. CrossTalk opposing view: the dominant mechanism causing disuse
muscle atrophy is proteolysis. Journal of Physiology. 2014; 592: 5345-5347. https://doi.org/10.1113/
jphysiol.2014.279406 PMID: 25512436

Léger B, Cartoni R, Praz M, Lamon S, Dériaz O, Crettenand A et al. Akt signalling through GSK-38,
mTOR and Foxo1 is involved in human skeletal muscle hypertrophy and atrophy. The Journal of Physi-
ology. 2006; 576: 923-933. https://doi.org/10.1113/jphysiol.2006.116715 PMID: 16916907

Chaillou T, Koulmann N, Meunier A, Pugniére P, McCarthy JJ, Beaudry M et al. Ambient hypoxia
enhances the loss of muscle mass after extensive injury. Pflugers Arch. 2014; 466: 587-98. https://doi.
0rg/10.1007/s00424-013-1336-7 PMID: 23974966

Dodson S, Baracos VE, Jatoi A, Evans WJ, Cella D, Dalton JT et al. Muscle wasting in cancer cachexia:
clinical implications, diagnosis, and emerging treatment strategies. Annu. Rev. Med. 2011; 62: 265—
279. https://doi.org/10.1146/annurev-med-061509-131248 PMID: 20731602

Song T, BiY, Gao Y, Huang R, Hao K, Xu G et al. Systemic pro-inflammatory response facilitates the
development of cerebral edema during short hypoxia. J Neuroinflammation. 2016; 13: 63. https://doi.
org/10.1186/s12974-016-0528-4 PMID: 26968975

Bohnert KR, Gallot YS, Sato S, Xiong G, Hindi SM, Kumar A. Inhibition of ER stress and unfolding pro-
tein response pathways causes skeletal muscle wasting during cancer cachexia. FASEB J. 2016; 30:
3053-3068. https://doi.org/10.1096/f|.201600250RR PMID: 27206451

Wang M, Kaufman RJ. The impact of the endoplasmic reticulum protein-folding environment on cancer
development. Nat. Rev. Cancer. 2014; 14: 581-597. https://doi.org/10.1038/nrc3800 PMID: 25145482

Wu J, Kaufman R J. From acute ER stress to physiological roles of the unfolded protein response. Cell
Death Differ. 2006; 13: 374-384. https://doi.org/10.1038/sj.cdd.4401840 PMID: 16397578

Leeuwenburgh C, Gurley CM, Strotman BA, Dupont-Versteegden EE. Age-relate differences in apopto-
sis with disuse atrophy in soleus muscle. Am J Physiol Regul Integr Comp Physiol. 2005; 288: R1288—
R1296. https://doi.org/10.1152/ajpregu.00576.2004 PMID: 15650125

Oishi Y, Ogata T, Yamamoto KI, Terada M, Ohira T, Ohira Y et al. Cellular adaptations in soleus muscle
during recovery after hindlimb unloading. Acta Physiol. (Oxf.). 2008; 192: 381-395.

PLOS ONE | https://doi.org/10.1371/journal.pone.0204283 September 21, 2018 19/19


https://doi.org/10.1186/s12906-016-1524-z
http://www.ncbi.nlm.nih.gov/pubmed/28061780
https://doi.org/10.1096/fj.05-4049fje
http://www.ncbi.nlm.nih.gov/pubmed/16099947
https://doi.org/10.1016/j.surg.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15300172
https://doi.org/10.1152/ajpregu.00668.2005
https://doi.org/10.1152/ajpregu.00668.2005
http://www.ncbi.nlm.nih.gov/pubmed/16455766
https://doi.org/10.1111/j.1469-7793.1999.859ab.x
http://www.ncbi.nlm.nih.gov/pubmed/10066910
https://doi.org/10.1016/j.bbadis.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27523632
https://doi.org/10.1113/jphysiol.2014.279406
https://doi.org/10.1113/jphysiol.2014.279406
http://www.ncbi.nlm.nih.gov/pubmed/25512436
https://doi.org/10.1113/jphysiol.2006.116715
http://www.ncbi.nlm.nih.gov/pubmed/16916907
https://doi.org/10.1007/s00424-013-1336-7
https://doi.org/10.1007/s00424-013-1336-7
http://www.ncbi.nlm.nih.gov/pubmed/23974966
https://doi.org/10.1146/annurev-med-061509-131248
http://www.ncbi.nlm.nih.gov/pubmed/20731602
https://doi.org/10.1186/s12974-016-0528-4
https://doi.org/10.1186/s12974-016-0528-4
http://www.ncbi.nlm.nih.gov/pubmed/26968975
https://doi.org/10.1096/fj.201600250RR
http://www.ncbi.nlm.nih.gov/pubmed/27206451
https://doi.org/10.1038/nrc3800
http://www.ncbi.nlm.nih.gov/pubmed/25145482
https://doi.org/10.1038/sj.cdd.4401840
http://www.ncbi.nlm.nih.gov/pubmed/16397578
https://doi.org/10.1152/ajpregu.00576.2004
http://www.ncbi.nlm.nih.gov/pubmed/15650125
https://doi.org/10.1371/journal.pone.0204283

