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Abstract Nocturnal hypoxaemia, which is common in chronic obstructive pulmonary disease
(COPD) patients, is associated with skeletal muscle loss or sarcopenia, which contributes to adverse
clinical outcomes. In COPD, we have defined this as prolonged intermittent hypoxia (PIH) because
the duration of hypoxia in skeletal muscle occurs through the duration of sleep followed by normoxia
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during the day, in contrast to recurrent brief hypoxic episodes during obstructive sleep apnoea
(OSA). Adaptive cellular responses to PIH are not known. Responses to PIH induced by three
cycles of 8 h hypoxia followed by 16 h normoxia were compared to those during chronic hypoxia
(CH) or normoxia for 72 h in murine C2C12 and human inducible pluripotent stem cell-derived
differentiated myotubes. RNA sequencing followed by downstream analyses were complemented
by experimental validation of responses that included both unique and shared perturbations in
ribosomal and mitochondrial function during PIH and CH. A sarcopenic phenotype characterized
by decreased myotube diameter and protein synthesis, and increased phosphorylation of elF2«
(Ser51) by elF2« kinase, and of GCN-2 (general controlled non-derepressed-2), occurred during
both PIH and CH. Mitochondrial oxidative dysfunction, disrupted supercomplex assembly, lower
activity of Complexes I, III, IV and V, and reduced intermediary metabolite concentrations occurred
during PIH and CH. Decreased mitochondrial fission occurred during CH. Physiological relevance
was established in skeletal muscle of mice with COPD that had increased phosphorylation of
elF2a, lower protein synthesis and mitochondrial oxidative dysfunction. Molecular and metabolic
responses with PTH suggest an adaptive exhaustion with failure to restore homeostasis during
normoxia.

(Received 9 August 2022; accepted after revision 6 December 2022; first published online 19 December 2022)
Corresponding author Srinivasan Dasarathy: Department of Gastroenterology, Hepatology, Inflammation and
Immunity, 9500 Euclid Avenue, NE4 208, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio 44195, USA.
Email: dasaras@ccf.org

Abstract figure legend Prolonged intermittent hypoxia (PIH) is commonly demonstrated in patients with COPD
(chronic obstructive pulmonary disease); however, the effects of PIH on skeletal muscle are unclear. We tested the
hypothesis that PIH causes skeletal muscle loss or sarcopenia in vitro by downregulating protein synthesis and causing
mitochondrial oxidative dysfunction associated with dysregulation of hypoxia-inducible factors (HIFla and HIF2«).
a-Ketoglutarate (¢ KG), a critical tricarboxylic acid cycle intermediate and co-factor for the degradation of HIFla, was
reduced due to PIH. Physiological relevance was established in skeletal muscle of mice with COPD. Our findings suggest
that PIH causes sarcopenia through adaptive exhaustion and failure to restore homeostasis during normoxia.

Key points

e Sarcopenia or skeletal muscle loss is one of the most frequent complications that contributes to
mortality and morbidity in patients with chronic obstructive pulmonary disease (COPD).

e Unlike chronic hypoxia, prolonged intermittent hypoxia is a frequent, underappreciated and
clinically relevant model of hypoxia in patients with COPD.

e We developed a novel, in vitro myotube model of prolonged intermittent hypoxia with molecular
and metabolic perturbations, mitochondrial oxidative dysfunction, and consequent sarcopenic
phenotype.

o In vivo studies in skeletal muscle from a mouse model of COPD shared responses with our myo-
tube model, establishing the pathophysiological relevance of our studies.

® These data lay the foundation for translational studies in human COPD to target prolonged,
nocturnal hypoxaemia to prevent sarcopenia in these patients.

Amy Attaway, MD, is a physician scientist who seeks to study the mechanisms of sarcopenia, or skeletal muscle loss, due to COPD
(chronic obstructive pulmonary disease). Using in vitro models of skeletal muscle in addition to human and mouse samples, her
goal is to further characterize the molecular mechanisms that cause sarcopenia in COPD with a focus on dysregulated HIF1x
signalling due to prolonged intermittent hypoxia. She studies these mechanisms in the laboratory of Dr Dasarathy, a leader in
the field of muscle loss in chronic disease.
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Introduction

Regulation of mRNA translation and protein synthesis
is a highly energy-dependent process utilizing ATP for
physiological function. In aerobic organisms, oxygen
is critical for ATP synthesis during mitochondrial
oxidative phosphorylation with adaptive responses to
hypoxia that increase oxygen delivery and decrease
non-essential energy utilization in different tissues
(Neubauer, 2001). The primary molecular sensors of
cellular oxygen, hypoxia-inducible factors (primarily
HIFla and HIF2«), mediate the adaptive responses by
inhibiting highly energy-dependent processes including
mitochondrial oxidative phosphorylation (Thomas &
Ashcroft, 2019). During hypoxia, cells limit oxygen
consumption and shift from mitochondrial respiration to
glycolysis to produce ATP and lower protein synthesis due
to the high energy needs of mRNA translation (Kierans
& Taylor, 2021). A major regulator of these cellular
responses is HIFlo-mediated inhibition of oxidative
phosphorylation and dysregulated protein homeostasis
via impaired mTORCI1 signalling (Slot et al., 2014; Wolft
et al., 2011). Upon restoration of oxygen supply, cellular
homeostasis is expected to be fully restored. However,
a number of molecular and metabolic adaptations that
occur in response to hypoxia may not be immediately
or completely reversed following restoration of oxygen
supply. In mammals, despite being the largest protein
store, the skeletal muscle possesses remarkable plasticity
with maintained cell viability at the cost of decreased
protein synthesis in response to hypoxia (Clanton
& Klawitter, 2001; Favier et al., 2015). The result of
dysregulated protein homeostasis during hypoxia causes
a phenotype of skeletal muscle loss or sarcopenia (Favier
etal., 2015).

Cells adapt to hypoxia through a coordinated set of
responses mediated by HIFs depending on the duration of
hypoxia (Semenza, 2012). With prolonged sublethal hypo-
xia, HIFla protein levels peak around 4-8 h and sub-
sequently decrease, while HIF2« stabilizes later during
chronic hypoxia (CH) for 24-72 h. HIF1« has both over-
lapping and distinct target genes compared to other factors
(Keith et al., 2011; Saxena & Jolly, 2019) and initiates
adaptive responses to acute hypoxia by downregulating
genes associated with mRNA translation (Fdhling, 2009)
while HIF2o targets chronic adaptive responses such
as angiogenesis and upregulation of the amino acid
exchanger, SLC7A5 (Hu et al, 2003; Onishi et al,
2019). Episodes of intermittent hypoxia may, therefore,
exaggerate the early adaptive response by downregulating
protein synthesis without stimulating the later adaptive
responses, known as ‘HIF switch’ (Bartoszewski et al.,
2019). Repeated hypoxia followed by reoxygenation also
induces mitochondrial free radical generation (Abramov
et al., 2007) that overcomes the energy-consuming anti-

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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oxidant responses, especially during cyclical hypoxia
as in clinical models of intermittent hypoxia including
obstructive sleep apnoea (OSA) and chronic obstructive
pulmonary disease (COPD) (Okur et al., 2013). While the
hypoxia/reoxygenation pattern during OSA is rapid and
transient (Dewan et al., 2015), COPD patients experience
persistent nocturnal hypoxia during sleep (Fletcher
et al.,, 1987). Observational studies have demonstrated
an increased risk of mortality associated with nocturnal
hypoxia in COPD (Fletcher, Donner et al, 1992);
however, small or under-powered randomized control
trials failed to show a survival benefit to nocturnal
oxygen supplementation (Chaouat et al., 1999; Fletcher,
Luckett et al., 1992; Lacasse et al., 2020). Therefore, the
consequences of nocturnal hypoxia in COPD have been
largely ignored. Current guidelines do not recommend
screening for or treating nocturnal hypoxia unless patients
are symptomatic with fatigue and/or poor sleep quality, or
have evidence of pulmonary hypertension (Lacasse et al.,
2018). However, observational studies of COPD patients
with nocturnal hypoxia have noted significant evidence
of sarcopenia or loss of muscle mass demonstrated by
reductions in exercise work rate (Chaouat et al., 1997),
6 min walk test (Marin Trigo et al., 2017), skeletal muscle
contraction of the diaphragm (Okura et al., 2017) and
evidence of increased inflammation (Mueller Pde et al.,
2008).

To re-create a clinically relevant model of
COPD-related nocturnal hypoxia (unique from the
transient desaturations of OSA), we developed a myotube
model of prolonged intermittent hypoxia (PIH) with
three cycles of 8 h hypoxia followed by 16 h normoxia
that mimics an in vitro sarcopenic phenotype to a
similar degree as CH (72 h hypoxia). We chose 72 h
for our studies because previous reports show that the
molecular responses to chronic hypoxia are mediated
acutely by HIFla (peaking after 4-8 h of hypoxia),
while HIF2« peaks at 24-48 h of hypoxia (Saxena &
Jolly, 2019). Shorter periods of intermittent hypoxia
(4 h hypoxia followed by 20 h normoxia) did not cause
consistent and significant reductions in myotube diameter
or perturbations in signalling molecules regulating
protein homeostasis, showing that hypoxia initiates
time-dependent responses despite intervening normoxia.
Multiple molecular and functional perturbations that
occur in our myotube models of PIH include unique
transcriptomic responses and impaired protein synthesis.
An integrated stress response occurred via a general
control non-derepressible-2 (GCN2)-dependent eIF2«
phosphorylation, and this was supported by gene
deletion studies in myotubes and mouse embryonic
fibroblasts with PIH and CH. We also observed lower
oxidative phosphorylation, more mitochondrial free
radical generation, oxidative modifications of proteins,
lipids and DNA, lower tricarboxylic acid (TCA) cycle
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intermediates, and  ultrastructural changes to
mitochondria ~ with CH  suggesting  decreased
mitochondrial fission. Translational relevance was
established by validating our critical observations in
human inducible pluripotent stem cell (hiPSC)-derived
myotubes. In vivo studies in a mouse model of COPD
showed a molecular phenotype of chronic hypoxia with
increased skeletal muscle HIF2a expression. These
data suggest that PIH results in an adaptive exhaustion
with failure to restore cellular homeostasis, laying the
foundation for future studies to dissect the effects of PIH
on skeletal muscle and potentially other organs in clinical
studies evaluating nocturnal oxygen therapy in sarcopenic
patients with COPD.

Methods

Ethical approval

All  experimental protocols and procedures were
conducted in strict accordance with the NIH Guidelines
for the Care and Use of Laboratory Animals and the
Cleveland Clinic Institutional Animal Care and Use
Committee (IACUC, protocol #0 0002175). All steps to
minimize pain and suffering were taken throughout the
study. For euthanasia, all mice were anaesthetized by
isoflurane overdose, and once fully sedated underwent
cervical dislocation. This method was approved by our
IACUC committee. The authors also confirm that they
understand the ethical principles under which the journal
operates and that their work conforms to the principles
and regulations described in the Editorial by Grundy
(2015).

All chemicals were obtained from Sigma Aldrich (St.
Louis, MO, USA) and antibodies were obtained from Cell
Signaling Technology (CST, Danvers, MA, USA) unless
specified otherwise.

In vitro culture studies

C2C12 murine myoblasts (ATCC; CRL 1772) were
grown to confluence in proliferation medium, Dulbecco’s
modified Eagle’s medium (DMEM), containing 10% FBS
(fetal bovine serum) followed by differentiation in DMEM
with 2% horse serum for 48 h (Qiu et al., 2012). Myo-
tubes were then exposed to 1% oxygen for different time
points: 4 h of hypoxia (1% oxygen) followed by 20 h of
normoxia (21% oxygen) for 72 h in the 4 h intermittent
hypoxia group, 8 h of hypoxia (1% oxygen) followed by
16 h of normoxia (21% oxygen) for 72 h in the 8 h
intermittent hypoxia group, 1% oxygen for 72 h for the
chronic hypoxia group, and room air (21% oxygen) for
72 h in the normoxia group. A duration of 72 h was chosen
because cellular adaptation to hypoxia is mediated acutely

J Physiol 0.0

by HIF1a (where protein levels peak after 4-8 h of hypo-
xia) and subsequently decline, while HIF2« increases after
8 h and peaks at 24-48 h of hypoxia in CH (Saxena &
Jolly, 2019). Oxygen at 1% in C2C12 myotubes has been
shown to re-create a similar desaturation pattern seen in
the skeletal muscle of hypoxaemic COPD patients (Martin
et al, 2017). Hypoxia-treated and normoxic myotubes
were harvested at the same time points and cell lysates
and protein extraction were carried out using methods
previously reported by us (Qiu et al., 2012). All cellular
experiments were performed in at least three biological
replicates.

Mouse embryonic fibroblasts

GCN2~/~ and GCN2*"* mouse embryonic fibroblasts
were cultured to confluence as previously described
(Davuluri, Krokowski et al., 2016) subjected to normoxia,
PIH or CH, and immunoblots were performed as with
myotubes.

Human inducible pluripotent stem cells

iPSCs were cultured in Cultrex O (R & D Systems,
Minneapolis, MN, USA) coated plates which were
grown in mTeSR medium (Stem Cell Technologies,
Cambridge, MA, USA). Medium was changed every
other day until 70% confluence. Cells were then passaged
using ACCUTASEO (Stem Cell Technologies) for cell
dissociation. Myogenic induction of iPSCs were initiated
with commercial skeletal muscle induction medium
(AMS Biotechnology, Abingdon, UK; Amsbio-SKMO01)
which was changed every other day for 5-7 days
to generate myogenic precursor cells (satellite cells).
Satellite cells were then cultured in myoblast medium
(Amsbio-SKM02) changed every other day for 4-5 days
in Cultrex-coated plates. Medium was then replaced with
myotube medium (Amsbio-SKMO03) changed every other
day until the experiment was completed. Once myoblasts
reached ~90% confluence, myotubes were differentiated
for 48 h prior to being subjected to the 72 h hypo-
xia protocol. All cells were cultured on Cultrex-coated
plates. The iPSC line used in our experiments was
generously provided by Dr Jonathan Smith (cell line
number: CW50058EE1).

Animal studies

Female C57BL/6 mice (Jackson Laboratory, Bar Harbor,
ME, USA; n = 6 per group) were housed four per
cage in sterile cages with a barrier filter and acclimated
for 2 weeks prior to beginning the experiment. The
cage and bedding were changed each week. Animals
were housed in the Cleveland Clinic biological resource

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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unit at 22°C with relative humidity of 40% and a 12 h
light/dark cycle. Mice were fed standard mouse chow
(Harland—Teklad # 2014) which was irradiated, and they
had access to sterile water at all points. At 10 weeks of age,
mice underwent intratracheal (IT) instillations of porcine
pancreatic elastase or vehicle alone (saline) once weekly
for 3 weeks. Females were chosen because it has pre-
viously been shown that female smokers are ~50% more
likely to develop COPD than men. Women with severe
COPD also have a higher risk of hospitalization and death
from respiratory failure and comorbidities (Barnes, 2016).
Mice were anaesthetized with ketamine/xylazine (80 /10
mg/kg) at the time of instillation. Mouse oximetry was
monitored non-invasively during this procedure and the
procedure was aborted if saturation <80% occurred. This
was performed using a MouseOX Murine Plus Oximeter
System (Starr Life Sciences Corporation, Oakmont, PA,
USA) as per the manufacturer’s directions. Depth of
anaesthesia was assessed by lack of response to a tail
pinch. An endotracheal tube was placed (BioLITE), and
a Hamilton syringe instilled 50 ul of saline + 4 units of
porcine pancreatic elastase (PPE, Elastin #EC134) into the
trachea followed by 50 ul of air. Mice were monitored
at 1 and 4 h following the procedure. Core temperature
was maintained within a normal range (37.0 £ 0.5°C)
using a heating pad. This procedure was repeated once
weekly for 3 weeks, and mice were monitored for an
additional 3 weeks. This protocol creates emphysema after
IT instillations are completed (Ceelen et al., 2018). Mouse
oximetry was then quantified non-invasively in a subset
of mice (n = 3 per group) to determine if IT instillations
cause hypoxia as compared to PBS instillations. Oximetry
was measured at every minute for 5 min. This was
done to prior to the mice being killed. Mice were then
anaesthetized via an isoflurane overdose, and once fully
sedated underwent killing by cervical dislocation. Lungs
were harvested after PBS injection into the right ventricle
followed by instillation of optimal cutting temperature
(OCT) fixative into the trachea (to inflate the right lung;
the left lung was harvested without fixative). Instillation
fixation was carried out with a constant instillation
pressure of 20 cmH,0O to prevent artefactual airspace
enlargement (Knudsen et al,, 2007). Lung tissue was
then placed onto a cassette, covered with additional
OCT and then slowly dipped into isopentane-chilled in
liquid nitrogen. Frozen sections (~10 pm) were cut on a
cryostat microtome, mounted on Superfrost Plus micro-
scope slides and stored in a —20°C freezer for staining
with haematoxylin and eosin. The remaining tissue was
flash-frozen in liquid nitrogen and stored at —80°C for
subsequent assays. Mean linear intercept was measured
as the mean length of straight-line segments (‘chords’) on
random test lines spanning the air spaces between two
sequential intersections of alveolar surface as previously
described (Knudsen et al., 2010).

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

Prolonged intermittent hypoxia responses 5

RNA sequencing and downstream bioinformatics
analyses

To determine mechanistic insights into metabolic and
adaptive alterations to prolonged intermittent hypo-
xia and chronic hypoxia as compared to normoxia,
whole-cell RNA sequencing (RNAseq) was extracted from
C2C12 myotubes that were exposed to either normoxia,
prolonged intermittent hypoxia (8 h 1% oxygen/16 h
21% oxygen), or chronic hypoxia (24 h 1% oxygen) for
72 h using the RNeasy Plus minikit (Qiagen, Valencia,
CA, USA). RNA quality was determined by using an
Agilent 2100 bioanalyser (Agilent Technologies, Santa
Clara, CA, USA) and quantitative PCR (library activity
>2 nM). RNAseq libraries were generated using the
RNeasy Plus minikit (Qiagen) and sequenced on an
Mumina HiSEQ400 instrument by Admera Health (South
Plainsfield, NJ, USA). Differentially expressed genes were
quantified and compared across three different groups
using standard data analysis approaches.

Bioinformatics analyses

Downstream analysis was performed using STAR, HTseq,
Cufflink and Novogene’s wrapped scripts. Alignments
were parsed using TopHat, and differential expressions
were determined with DESeq2.

Map reads to the reference genome

Mus musculus genome assembly GRCm38 (mml0)
(https://www.ncbinlm.nih.gov/grc) and gene model
annotation files were downloaded from the National
Center for Biotechnology Information (NCBI)/University
of California Santa Cruz/Ensembl genome browsers
directly. STAR (version 2.5) was used to build reference
genome indices, and paired-end clean reads were aligned
to the reference genome. A precise mapping result for
junction reads was created using the method of maximal
mappable prefix with STAR.

Quantification of gene expression level

HTSeq (version 0.6.1) was used to count read numbers
mapped to each gene. The fragments per kilobase of trans-
cript per million mapped read values were calculated for
each gene based on the length of the gene and read counts
mapped to the gene. This method of calculating fragments
per kilobase of transcript per million mapped reads takes
into account the effect of sequencing depth and gene
length for the read counts at the same time and is the most
commonly used method for estimating gene expression
levels.
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Differential expression analysis

Differential expression between two conditions/groups
(three biological replicates per condition) was performed
with DESeq2 (version 2_1.6.3). Log (base 2) expression
ratios were calculated for each comparison (i.e. normoxia
vs. prolonged intermittent hypoxia vs. chronic hypoxia).
Statistical methods for determining differential expression
of digital gene expression by DESeq2 used a model based
on the negative binomial distribution. The resulting P
values were adjusted using the Benjamini and Hochberg
approach for controlling the false discovery rate (FDR).
All Venn diagrams and heatmaps were created with R
(v4.0.2). Venn diagrams were created using the ‘venn’
(https://CRAN.R-project.org/package=venn), ‘ggplot2’
(https://ggplot2.tidyverse.org) and ‘ggpolypath’ (https:
/[cran.r-project.org/package=ggpolypath) packages
to identify unique and common genes in different
treatment groups. Rows were scaled. For heatmaps
where hierarchical clustering was performed, these were
done wusing hclust (https://www.rdocumentation.org/
packages/fastcluster/versions/1.1.25/topics/hclust) using
complete-linkage clustering. Dendrograms were plotted
with dendextend (Galili, 2015).

Functional enrichment analysis

Gene interaction tools were used to evaluate pathways
associated with our experimental data. Since each pipeline
assigns different priorities based on the weights for their
algorithms, we utilized multiple applications to determine
novel regulatory pathway targets. These databases
included the Ingenuity Pathway Analysis (Qiagen,
Inc;  https://www.qiagenbioinformatics.com/products/
ingenuity-pathwayanalysis), which uses proprietary
algorithms, and g:Profiler (https://biit.cs.ut.ee/gprofiler/
gost), which integrates the Kyoto Encyclopedia of Genes
and Genomes (https://www.kegg.jp - molecular-level
information generated by genome sequencing and
other high-throughput experimental strategies), GO
(http://geneontology.org — comprehensive computational
models of biological systems) and TRANSFAC (a database
of transcription factors). We then used STRING 10.0
(https://www.string-db.org/) to explore protein-protein
interactions and functional relations in differentially
expressed genes (DEGs) (Szklarczyk et al., 2019).
RNAseq DEG and statistical significance values
were uploaded into IPA (Ingenuity Pathway Analysis;
Qiagen, Inc: https://www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis) and canonical
pathway enrichments, i.e. pathways with the most
significant representation among the molecules in
the selected dataset, were identified with Ingenuity
Pathway Knowledge Base (IPKB). Networks of upstream
regulators and molecules with known interactions were
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also generated using IPKB. All the molecules that compose
each network identified in the IPKB are listed, and the
molecules from the gene set that are contained within
a network, termed ‘network eligible molecules, were
quantified.

Analysis by g:Profiler (https://biit.cs.ut.ee/gprofiler/
gost) was performed using molecular-level information
generated by genome sequencing and other
high-throughput experimental strategies (Raudvere
et al., 2019). gProfiler represents a Manhattan plot
that illustrates functional enrichment analysis from
multiple pathways. The x-axis shows functional terms
that are grouped and colour-coded by data sources
from GO (BP = biological processes; CC = cellular
component, MF = molecular function) and from other
enrichment pathways including KEGG (Kanehisa & Goto,
2000), REACTOME (Fabregat et al., 2018), TRANSFAC
(putative transcription factor binding sites), miRTarBase
(Huang et al, 2020), CORUM (protein complexes)
(Giurgiu et al., 2019), HP (tissue specificity from human
protein atlas) (Thul & Lindskog, 2018) and WP (human
phenotype ontologue) (Arighi et al., 2017). The y-axis
shows adjusted enrichment P-values in negative log;.

Data availability

All unbiased data have been uploaded to publicly
accessible repositories. The RNAseq data have been
deposited to GitHub at https://github.com/dasaraslab/
Unbiased.

Statistical significance for RNAseq DEGs was
considered with an FDR < 0.05. Canonical pathways were
determined to be significant if —log(P value) > 1.3 for the
pathway. Validation data are presented as mean =+ SD and
an unpaired Student’s ¢ test was used to assess statistical
significance. For the canonical pathway enrichment of
IPAs, the significance values (P value of overlap with a
dataset) are calculated using a right-tailed Fisher’s exact
test. The significance indicates whether the percentage
of DEGs associated with a pathway is present in our
datasets/clusters by random chance. For the IPA network
analyses, a significance score is given to each network by
taking the negative exponent of the right-tailed Fisher’s
exact test result. The score measures the likelihood that
the ‘network eligible’ molecules that are part of a network
are found within the dataset by random chance alone.
For g:Profiler functional enrichment analyses, the g:SCS
multiple testing correction method was used, applying a
significance threshold of 0.05.

Reliability of the measurements between replicates

The raw values for the biological replicates for unbiased
data were used for generating heat maps, and all raw
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values (including those differentially expressed between
datasets) have been provided as Supporting Tables. For
pathway analyses, fold changes were calculated for each
DEG by averaging the control and the two hypoxia groups.
For unbiased data analyses, FDRs, raw data, log, fold
change and P values are provided for all data.

Quality control

Correlation matrices were generated to summarize the
correlations between all variables in the dataset (Fig. 1).
Dispersion estimates were calculated for each gene and
plotted using XBSeq’ (Liu et al., 2017). MA plots were
generated for the data as a visual representation that
plots the differences between measurements using the
log ratio (M) and mean average (A), and dispersion of
counts were plotted against the mean of the normalized
counts. Statistical significance versus fold-change values
were plotted with volcano plots. Variation in the dataset
was calculated using principal component analysis (PCA
plots).

A Correlation plots

B Dispersion estimates
PHHvs.N CHvs.N PIH vs.CH
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Sarcopenic phenotype

The diameter of C2C12 and hiPSC-derived myotubes
were quantified as previously described (Qiu et al., 2013;
Rommel et al, 2001). In brief, unstained myotubes
were imaged using a light microscope with an attached
camera (Olympus IX2-UCB, Centre Valley, PA, USA) for
C2C12 myotubes. For hiPSC myotubes, we imaged with
a phased contrast microscope with an attached camera
(Keyence BZ-X10, Osaka, Japan). We chose the Keyence
BZ-X10 microscope for the hiPSC myotubes due to their
overall thinner diameter as compared to the C2CI2
myotubes and because this microscope provides distinct
contrast between individual myotubes. Ten random fields
were captured within each well with three biological
replicates used per group. Four random fields were used
for quantification of 80 myotubes per group. Twenty myo-
tubes were measured per field and were chosen as long
as there were no major branch points. Myotube diameter
was manually quantified by an investigator blinded to
the experimental group using NIH Image] software

E PCA plots
PIHvs.N

* PIH
*N

PC2: 3% variance

PC1: 96% variance

C MA plots

PIH vs.N

PIH vs. CH

*CH
* PH

PC2: 1% variance

5 0
PC1: 98% variance

mesecromuizsdconts

D Volcano plots

PIH vs. Normoxia CH vs. Normoxia PIH vs. CH

PC2: 1% variance

1 0
PC1: 99% variance

Figure 1. Quality control measures for RNAseq data

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A, correlation plots
between PIH vs. normoxia, PIH vs. CH, and normoxia vs. CH. B, dispersion estimates comparing PIH vs. normoxia,
CH vs. normoxia, and PIH vs. CH. Dispersion estimates plot the expected dispersion value of the gene based on
the mean expression level and the maximum-likelihood estimation (MLE) of the dispersion. C, MA plots comparing
M (log ratio) and A (mean average) between PIH vs. normoxia, CH vs. normoxia, and PIH vs. CH. D, volcano plots
(—log[P-value] vs. log, fold change) of genes from RNAseq for PIH vs. N, CH vs. N, and PIH vs. CH. E, principal
component analysis (PCA) plots comparing biological replicates of PIH vs. N, PIH vs. CH, and CH vs. N.
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(imagej.nih.gov/ij/list.html) expressed as a percentage of
controls (Davuluri, Krokowski et al., 2016). Puromycin
incorporation was used to measure protein synthesis.
In brief, hypoxia-treated or normoxic myotubes were
incubated with 1 pumM puromycin for 30 min followed
by immunoblotting with antipuromycin antibody.
Densitometry of all the bands of puromycin-incorporated
proteins in each lane across the entire molecular
weight range (20-150 kDa) were quantified and
normalized to total protein loading. Unedited photo-
micrographs of myotubes are provided in Supplementary
Figure 1.

Myotube viability

Cell viability was determined by trypan blue exclusion and
was consistently >90% in all experiments. Because trypan
blue is limited by subjectivity between multiple shades of
blue or blue-grey, we also quantified viability using the
resazurin reduction assay (CellTiter-Glo assay; Promega,
Madison, WI, USA) as previously described (Qiu et al,,
2012). Viable cells reduce a redox dye (resazurin) into a
fluorescent end-product (resorufin) while non-viable cells
do not reduce the dye and fail to generate a fluorescent
signal. Briefly, cells were seeded at a density of 10 000
on a clear-bottomed 96-well plate, differentiated, and
underwent protocols of normoxia, PIH and CH for 72 h.
Cells were then lysed, and luminescence was read on a
Bio-Rad ChemiDoc XRS+ with the associated Image Lab
software (Bio-Rad, Thermo Fisher Scientific, Waltham,
MA, USA).

PP2A activity

PP2A immunoprecipitates were washed with phosphatase
assay buffer and incubated with a PP2A-specific threonine
phosphopeptide substrate. Phosphate release and PP2A
activity was assessed using a malachite green assay kit
(Millipore-Sigma, Burlington, MA, USA) (Davuluri et al.,
2021).

Intact cell respiration

Intact cell respiration was measured in myotubes as pre-
viously described by us (Davuluri, Allawy et al., 2016). In
brief, C2C12 myoblasts were differentiated into myotubes
for 48 h and then were treated with either normoxia or
a 8 h/16 h model of PIH for 72 h, trypsinized, washed
in PBS, centrifuged at 800 g for 2 min, and resuspended
(750 000 cells/ml) in DMEM with 2% horse serum. Cell
viability was determined prior to mitochondrial function
studies by trypan blue exclusion and was consistently
>90% in all experiments.

J Physiol 0.0

Mitochondrial OXPHOS in permeabilized myotubes

Differentiated C2C12 myotubes were permeabilized
by digitonin, maintained in mitochondrial respiration
medium (MiR05) followed by the addition of complex
I substrates (malate, pyruvate and glutamate) and
then complex II substrate (succinate). Respiration in
response to saturating concentrations of complex I and
complex II substrates and ADP was used to determine
an intact electron transport system. Oxidation and
phosphorylation were uncoupled using a protonophore,
carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(FCCP), in order to measure the maximum oxidation
capacity or maximum respiration. Uncoupled complex
I oxygen consumption (the rotenone-sensitive rate)
and uncoupled complex II oxygen consumption (the
rotenone-insensitive rate) were then determined.
Uncoupled complex IV oxidation rate was calculated by
the difference between the tetramethyl phenylene diamine
(TMPD) and ascorbate response and the azide-insensitive
oxygen consumption.

Oxygen consumption rates were calculated by
recording oxygen concentration and flow rates recorded
at 2 s intervals using DatLab2 software by the Oroboros
system (Innsbruck, Austria) as previously reported by us
(Ye & Hoppel, 2013). All experiments were performed
in at least six biological replicates after calibration of the
oxygen sensors and instrument background corrections.
All data were expressed as oxygen consumption in
pmol s™!' per 10°cells to allow for comparisons across
experiments.

Fatty acid oxidation and complex Il activity in
permeabilized myotubes

Fatty acid oxidation was measured by quantifying
oxygen consumption in response to palmitoyl-carnitine
and malate supplementation in normoxia and
PIH-treated myotubes. To assess complex III function,
palmitoyl-carnitine and malate were added followed by
digitonin to permeabilize the myotubes. Then saturating
concentrations of ADP were added. Following this,
rotenone was added to block complex I function and
a reduced analogue of co-enzyme Q (duroquinol or
DHQ), which is a complex III substrate, was added to the
chamber. Oxygen consumption was then quantified to
determine complex III function as previously described
(Kumar et al., 2019).

Mitochondrial supercomplex assembly

To determine if ETC supercomplexes were disrupted, blue
native gel electrophoresis was performed as previously
described by us (Singh et al., 2021). Mitochondria were
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isolated and the mitochondrial membrane permeabilized
using digitonin (4 g/g digitonin to protein ratio) and
incubated at 4°C for 20 min. Following centrifugation at
10 000 g for 10 min at 4°C, the supernatant was collected
and mixed with a native gel buffer (5% Coomassie blue
G, 500 mM a-amino n-caproic acid, 100 mm Bis-Tris pH
7.0). Native gel electrophoresis was performed followed by
staining the gel with Coomassie blue and then destained to
identify mitochondrial complexes. The gel was incubated
in a solution containing 300 mm Tris, 100 mM acetic acid
and 0.1% SDS for 1 h. Transfer was performed in a transfer
buffer containing 25 mm Tris and 192 mm glycine at 25 V
overnight at 4°C.

In-gel activity assays

To measure activity of individual complexes, in-gel
activity was performed as previously described by us
(Singh et al., 2021). For complex I activity, after electro-
phoresis, the gel was stained overnight with a solution
containing 1 mg/ml of NADH and 2.5 mg/ml of nitroblue
tetrazolium chloride (NBT) in 2 mwm of Tris HCl. Complex
IIT and IV activity was observed in a 10 ml solution pre-
pared in 50 mm phosphate buffer containing 10 mg of
DAB and 20 mg of cytochrome C. Complex IT activity was
observed by staining the gel in a solution prepared in 5 mm
Tris HCI containing 20 mm sodium succinate, 0.5 mMm
phenazine methosulphate and 25 mg NBT. Complex V
activity was observed in a solution prepared in 35 mm Tris
HCI with 270 mm glycine, 14 mm MgSOy4, 10 mm ATP
and 0.2% lead nitrate [Pb(NO3),]. Reactions for each in gel
activity was terminated using a stop solution (10% glacial
acetic acid).

Free radical generation

Mitochondrial free radical concentrations were measured
by flow cytometry as described previously (Davuluri,
Allawy et al., 2016). At the completion of the standard
72 h protocol (for normoxia, PIH and CH), myotubes
were treated with mitochondrial targeted fluorescent dye
MitoSOX (Invitrogen, Carlsbad, CA, USA) for 30 min at
37°C prior to trypsinization and underwent flow cyto-
metry analysis (LSRII from BD Biosciences). Analyses
were done using the FlowJo software (FlowJo, LLC,
Ashland, OR, USA). Cellular levels of reactive oxygen
species (ROS) were determined by fluorescent intensity of
2'—7'dichlorofluorescein (DCF).

Thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) were
quantified using a fluorometric assay as previously
described as a measure of lipid peroxidation (Davuluri,
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Allawy et al., 2016). In brief, 50 g of protein was boiled
in 10 wl of 10% sodium dodecyl sulphate and 100 ul of
a colour reagent (0.53% thiobarbituric acid in acetic acid
in sodium hydroxide). Fluorescence was measured after
incubation for 10 min at room temperature (excitation
wavelength of 530 nm; emission wavelength of 550 nm).

Carbonylated proteins

Cellular lysates were derivatized with dinitrophenol
(DNP) to determine the expression of carbonylated
proteins by immunoblot assay for DNP as previously
described (Davuluri, Allawy et al., 2016).

Oxidative DNA damage

Oxidative DNA damage was quantified using the Oxiselect
Oxidative DNA Damage ELISA Kit (Cell Biolabs, Inc.,
San Diego, CA, USA), a competitive immunoassay to
measure 8-hydroxydeoxyguanosine (8-OHdG) as per the
manufacturer’s instructions. DNA was extracted using
the DNeasy Blood & Tissue kit (Qiagen, Inc.) according
to the manufacturer’s instructions. DNA samples were
converted to single-stranded DNA after incubating them
at 95°C for 5 min followed by rapid cooling on ice.
Denatured DNA was then digested to nucleosides by
incubating with nuclease P1 (10 units; New England
Biolabs) in 20 mMm sodium acetate (pH 5.2) for 2 h
at 37°C followed by alkaline phosphatase treatment (20
units) in 100 mm Tris buffer (pH 7.5) for 1 h at 37°C.
The reaction mixture was then centrifuged and super-
natant was evaluated by a competitive immunoassay
following the manufacturer’s instructions. Absorbance of
samples was read against a standard curve. 8-OHdG
concentrations were expressed as ng/ml.

Mitochondrial structure studies

MitoTracker orange. At the completion of the standard
72 h protocol (for normoxia, PIH and CH), cells were
washed with PBS twice and incubated with MitoTracker
orange probe (Invitrogen) (500 nm) for 30 min at 37°C
in a humidified atmosphere. Cells were then washed
twice more with PBS, and fixed by 4% paraformaldehyde
for 20 min. Nuclei were stained by DAPI. Images were
analysed using an HCX Plan Apo x63/1.4 NA oil
immersion objective on a Leica TCS-SP2 confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Cells were
imaged through a x40/1.4 NA oil immersion objective.
Images were collected and saved using Leica Confocal
software and exported to Microsoft Picture Manager
for digital processing. Mitochondrial morphology was
assessed by blinded individuals who categorized each
cell as predominantly fused, tubular, intermediate or
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fragmented (Akinbiyi et al., 2021) for randomized
confocal images. The number of cells in each category was
divided by the total number of cells imaged (n = 40 per
each group) to calculate the percentage in each group.

Electron microscopy. In brief, after the 72 h treatment
protocol (normoxia, PTH and CH), and after appropriate
washing, cells were fixed in 2.5% glutaraldehyde/4%
paraformaldehyde in 0.1 M cacodylate bufter, pH 7.3, for
24 h. This was followed by post-fixation with 1% osmium
tetroxide for 1 h. After en bloc staining and ethanol
dehydration, samples were embedded with eponate 12
medium. Sections (85 nm) were cut using a diamond
knife, followed by double staining using uranyl acetate
and lead citrate. Electron microscopy was performed at
the Imaging Core at the Lerner Research Institute at the
Cleveland Clinic on a Philips CM12 electron microscope
(FEL Hillsboro, OR, USA) operated at 10 kV as described
previously (Qiu et al., 2012). Mitochondrial length (80 per
group), mitochondrial area (80 per group), the number
of cristae per mitochondrial area (20 per group), and
cristae thickness per mitochondrial area (20 per group)
were quantified using Image] (Schneider et al., 2012). We
also quantified the number of mitochondria per 100 xm?
(three per group).

ATP content

Total cellular ATP content in the normoxic or
hypoxia-treated C2C12 myotubes was quantified using a
bioluminescence assay (Molecular Probes, Eugene, OR,
USA) as per the manufacturer’s instructions as previously
described (Davuluri, Allawy et al., 2016).

Quantification of the TCA cycle metabolites

Myotubes were lysed using cold RIPA buffer, metabolites
were extracted using cold ethyl acetate and labelled
internal standards were added. Samples were then dried
under a nitrogen gas stream, derivatized using MTBSTFA
with 1% TBDMS (Restek, Bellefonte, PA, USA) and run
on an Agilent gas chromatography-mass spectrometry
(GC-MS) system under electron ionization. Standards for
each of the TCA cycle metabolites and were quantified as
reported by us (Davuluri, Allawy et al., 2016).

Quantitative measurements of amino acids from PIH-
and CH-treated myotubes

Free amino acids were quantified in differentiated myo-
tubes treated with/without PIH and CH as compared
to normoxic controls using GC-MS as previously
reported (Singh et al, 2021). Lysates were extracted
using RIPA buffer and ~500 ug of protein samples were
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spiked with 4.1 mmol each of the following standards:
[D4]-alanine,  [D3]-aspartate, [U-13C5]-glutamate,
[D2]-glycine, [U-13Ce6]-isoleucine, [D10]-leucine,
[D3]-methionine, [D5]-phenylalanine, [D3]-proline,
[D3]-serine, [D2]-threonine and [D8]-valine. Samples
were homogenized in 6% formic acid and after
centrifugation, the supernatants were diluted with an
equal volume of deionized, HPLC-grade water and
loaded on a cation exchange column (Dowex AG 50W-8X,
200-400 mesh, H+ form, Sigma-Aldrich). The column
was washed with water (5 ml) and amino acids were eluted
with 4 N ammonium hydroxide. The eluate was dried and
the residue was derivatized with 80 w1 of MTBSTFA with
1% TBDMS (Restek, Bellefonte, PA, USA) at 80°C for
4 h. Samples were centrifuged at 10 000 g for 10 min
and the sample (65 pul) was transferred to a GC vial for
analysis. The N-silyl derivatives of amino acids were
analysed using GC-MS. Under electron ionization, ions
were monitored in scan mode from 50 to 500 m/z and
spectra were recorded at an isolation width of 1 m/z
and normalized collision energy of 35%. Amino acid
concentrations were quantified using the area under the
curve (AUC) of the sample and the corresponding AUC of
spiked internal standard amino acids as follows: 260(M0)
and 264(M+4) for alanine, 418(MO0) and 421(M+3) for
aspartate, 342 (MO) and 347 (M+5) for glutamate,
246(M0) and 248(M+2) for glycine, 302(M0) and
308(M+6) for isoleucine, 274(MO0) and 284(M+10)
for leucine, 320(MO0) and 323(M+3) for methionine,
336(MO0) and 341(M+5) for phenylalanine, 286(M0) and
289(M+-3) for proline, 390(MO0) and 393(M+-3) for serine,
404(MO0) and 406(M+2) for threonine, and 288(MO0) and
296(M+-38) for valine.

Quantitative real-time PCR

Real time PCR for expression of SLC7A5 was performed as
described previously with minor modifications (Davuluri,
Krokowski et al., 2016). In brief, relative gene expression
was normalized to two references genes (B-actin,
a-tubulin), in accordance with the MIQE guidelines
(Bustin et al., 2009). RNAseq data were evaluated to
determine changes in reference genes (8-actin, «-tubulin)
and showed only small changes in 8-actin and no changes
in o-tubulin with either CH or PIH compared to N.
To determine experimentally if the mRNA expression
of these two reference genes remained constant under
hypoxic conditions, total RNA was extracted, reverse
transcribed and subjected to real time PCR. The Cr values
generated from serial dilutions were then plotted for N,
PIH and CH. Experimentally, no changes were noted
between N and PIH with a small change with CH for
B-actin and no change in o-tubulin. Two sets of primers
were generated for S-actin were tested to determine if the
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small changes observed during CH were consistent. Data
from primer #1 (product size 200 bp) was used since both
primer sets yielded similar results and the larger product
size allowed for less non-specific amplification. These
Cr values for two reference genes (B-actin, «-tubulin)
were then averaged together and used to normalize
SLC7A5 expression. The primer sequences included:
SLC7AS5: forward 5-GTCTTCGCCACCTACTTGCT-3
(annealing temperature 60.0°C, GC content 55%)
and reverse 5-AGGTTGGACGCATCACCTTG-3
(annealing temperature 60.6°C, GC content 55%).
Expected size: 242 bp. NCBI Reference Sequence:

NM_01 1404.3. B actin primer #1: forward:
5'-ATGCCACAGGATTCCATACC-3 (annealing
temperature 57.3°C, GC content 50.0%) and
reverse 5'-ATCGTGCGTGACATCAAAGA-3

(annealing temperature 57.9°, GC content 45.0%).
Expected size: 200 bp. NCBI Reference Sequence:
NM_0 07393.5. B actin primer #2: forward
5'-AGCCACTGTCGAGTCGCGTCC-3' (annealing
temperature 66.9°C, GC content 66.7%) and reverse
5-GTCATCCATGGCGAACTGGTGGC-3" (annealing
temperature 66.3°C, GC content 60.9%). Expected size:
93 bp. NCBI Reference Sequence: NM_0 07393.5. «
tubulin: forward: 5-CCGCGAAGCAGCAACCAT-3
(annealing temperature 61.4°C, GC content 61.1%)
and reverse 5 -CCAGGTCTACGAACACTGCC-3
(annealing temperature 60.4°C, GC content 60.0%).
NCBI Reference Sequence: NM_01 1653.2. Expected size:
227 bp. Real-time PCR products were separated by gel
electrophoresis to confirm specific product presence and
size (Supplementary Figure 2).

Immunoblot analysis

Protein extraction and immunoblots were performed
using methods previously described (Qiu et al., 2012).
C2C12 myotubes were differentiated for 48 h and under-
went 72 h of normoxia or hypoxia protocols followed by
protein extraction using RIPA buffer. After quantifying
the concentration using a bicinchoninic acid assay,
protein samples were denatured on Laemmli buffer
and separated by gel electrophoresis as previously
described (Davuluri, Krokowski et al., 2016). Proteins
were then electrotransferred onto PVDF membranes
(Bio-Rad, Hercules, CA, USA) and incubated with
their appropriate primary and secondary antibodies
(Cell Signaling Technologies). Protein synthesis was
determined by anti-puromycin antibody (Millipore,
at 1:10 000 dilution), phosphorylated mTORCI52448
(CST, at 1:2000 dilution) and total mTORC1 (CST, at
1:10 000 dilution), phosphorylated P70s6KThr**® (CST,
at 1:2000 dilution) and total P70S6K (CST, at 1:10 000
dilution), phosphorylated RiboS6%24/244 (CST, at 1:2000
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dilution) and total RiboS6 protein (CST, at 1:10 000
dilution), and phosphorylated 4E-BP1hr37/4>  (CST,
at 1:2000 dilution) and total 4E-BP1 protein (CST, at
1:10 000 dilution). Endoplasmic reticulum (ER) stress
was measured by phosphorylation of elF2a%>! (CST,
at 1:2000 dilution) over total eIF2« (CST, at 1:10 000
dilution), phosphorylation of GCN2% (Bios, at 1:1000
dilution) over total GCN2 (CST, at 1:10 000 dilution), and
also mobility shift of protein kinase R-like endoplasmic
reticulum kinase (PERK) (CST, at 1:2000 dilution) as
compared to thapsigargin (TG), a known ER stress
inducer which serves as a positive control. For the positive
control, myotubes were differentiated for 48 h and treated
with thapsigargin (10 mm) for 3 h or 6 h. HIFla (CST,
at 1:1000 dilution) and HIF2« (R&D, at 1:2000 dilution)
were measured in myotubes that were harvested when
hypoxic, and otherwise all other samples were harvested
when normoxic. For a positive control for HIF1a, C2C12
cells were treated with 200 uM cobalt. Immunoblotting
for the expression of the ribosomal proteins RPL5 (CST,
at 1:2000 dilution), RPL23 (GeneTex, at 1:2000 dilution)
and RPL32 (GeneTex, at 1:200 dilution) were performed.
Mitochondrial content was quantified by immuno-
blots for citrate synthase (CST, at 1:2000 dilution) and
voltage-dependent anion channel (VDAC) (CST, at
1:2000 dilution) in myotubes. Mitochondrial markers
of fission were probed with phosphorylated DRP1%¢761¢
(CST, at 1:2000 dilution), phosphorylated DRP1%¢63
(CST, at 1:2000 dilution) and total DRP1 (CST, at 1:2000
dilution). Mitochondrial markers of fusion were probed
with immunoblots for MFN1 (Proteintech, at 1:2000
dilution), MFN2 (Proteintech, at 1:2000 dilution) and
OPA1 (CST, at 1:2000 dilution). Senescence-associated
markers including phosphorylation of P53%° (CST,
at 1:2000 dilution) over total P53 (CST, at 1:5000
dilution) was performed. Expression of S-actin (Santa
Cruz Biotech., at 1:5000 dilution) was used to confirm
equal loading of protein for all immunoblot assays.
Membranes were then washed in Tris-buffered saline
with Tween 20 (TBST) followed by incubation with
appropriate secondary antibodies (1:10 000 dilution).
All data are shown as mean£SD from at least three
biological replicates. Uncropped and unedited immuno-
blots are provided in Supplementary Figure 3. Details on
measurements of mitochondrial morphology are included
in Supplementary Figure 4.

Quantitative assay for g-galactosidase

A fluorometric assay was used to quantify
senescence-associated B-galactosidase activity in myo-
tubes. Myotubes were treated with lysis buffer consisting
of 5 mM 3(3-cholamidopropyl)dimethylammonio)-
1-propane sulphate, 40 mMm citric acid, 40 mMm
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sodium phosphate, 0.5 mm benzamide and 0.25
phenylmethylsulfonyl fluoride. Lysate was vortexed
vigorously and centrifuged at 12 000 g for 5 min at
4°C. The supernatant was mixed with an equal volume
(150 wl) of 2x reaction buffer (40 mm citric acid, 40 mm
sodium phosphate, 300 mm sodium chloride, 10 mm
B-mercaptoethanol, 4 mm magnesium chloride, 1.7 mm
4-methylumbelliferyl-p-galactopyranoside in water).
Then 50 ul of this reaction mixture was added to 500 w1 of
400 mMm sodium bicarbonate stop solution. Fluorescence
readings were obtained with an excitation at 360 nm and
emission at 465 nm on a PerkinElmer plate reader (model
1420-050) and data expressed as RFU/ug protein.

Ex vivo protein synthesis

An ex vivo method to measure skeletal muscle protein
synthesis was used. Approximately 5 mg of fresh gastro-
cnemius muscle was incubated in 10 ml of DMEM
with 1 mM puromycin with oxygen bubbling into the
medium continuously. After a precisely documented time
of 30 min of incubation, muscle tissue was washed in
cold PBS, frozen in liquid nitrogen and stored at —80°C
for subsequent protein extraction and immunoblotting for
quantifying puromycin incorporation.

Statistical analyses

All cellular experimental data were generated from at
least three biologically independent experiments. Data
were expressed as mean £ SD of the mean, and
means were compared using analysis of variance with
Tukey HSD post hoc analyses for quantitative data that
were normally distributed. Differences were considered
statistically significant at a P value <0.05. All statistical
details are included in the Statistical Summary Document.

Results

Since less is known about the global perturbations and
responses to PIH, we used unbiased data analyses followed
by direct experimental validation of key observations.

PIH causes global changes in protein synthesis and
hypoxia inducible factor signalling

RNAseq from murine C2C12 myotubes following
normoxia, PIH and CH was performed to identify
global responses of DEGs. Clear separation of unique and
shared DEGs was noted between groups (Fig. 2A and B).
Functional enrichment analysis with feature extraction
demonstrated associations of PIH with protein synthesis,
HIFla signalling and senescence-related pathways
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(Fig. 2C). Pathway enrichments of HIFl« signalling and
senescence were greater in PIH compared to CH (Fig. 2D).
Experimental validation showed increased expression
of HIFle and HIF2«a proteins, senescence-associated
beta-galactosidase activity and phosphorylated p53%¢!®
protein in PIH and CH compared to normoxia (Fig. 2E).
Heatmaps of HIF1o and HIF2o target DEGs showed that
HIFla targets in PIH were preferentially overexpressed
compared to normoxia. A search of the STRING database
(Szklarczyk et al., 2019) to determine the relationship
between DEGs in the HIFla signalling pathway showed
a number of interacting proteins in pathways related
to glycolysis (i.e. Pgkl, Hk2) with PIH compared to
normoxia (Fig. 2F). Pathway enrichments of all DEGs
(Fig. 3A-C) showed additional associations of PIH with
mitochondrial dysfunction and apoptosis. Targeted heat
maps of gene pathways associated with a sarcopenic
phenotype showed significant associations with PIH
and CH (DEG P < 0.001) (Fig. 4). To avoid reliance on
only one pathway algorithm, we used additional pathway
analyses (i.e. g:Profiler) to validate our findings (Figs 5-8),
which are consistent with our experimental data that PTH
and CH are associated with dysregulated proteostasis and
mitochondrial dysfunction underlying the sarcopenic
phenotype.

Lower myotube diameter and cell viability during
hypoxia

Based on the global transcriptomic responses to PIH,
we performed feature extraction of mTORCI signalling
genes and STRING network analysis in our RNAseq
data. We found significant associations between trans-
cripts associated with cell survival (i.e. CXCR4) and
intracellular amino acid transport (i.e. SLC7A5) (DEG
P < 0.001) (Fig. 9A). We then observed a smaller diameter
in differentiated C2C12 myotubes during both PIH
and CH. However, three cycles of shorter duration of
4 h hypoxia followed by 20 h normoxia did not show
significant responses (P = 0.340) compared to those
with 8/16 h PIH (P < 0.0001) or CH (P < 0.0001)
(Fig. 9B). Cell viability determined by trypan blue
exclusion and resazurin reduction assays (Qiu et al,
2012) showed lower cell viability in both PIH and
CH compared to N (89% of N for the resazurin assay,
P = 0.012 for 8 h PIH and P = 0.011 for CH) while
4 h PIH did not show a significant difference compared
to controls (P = 0.983; Fig. 9C). Since mTORCI is a
critical regulator of proteostasis (Dasarathy & Hatzoglou,
2018), and was significantly altered in our RNAseq data,
we analysed the mTORCI1 signalling pathway in the
4/20 h PIH and 8/16 h PIH models. Phosphorylation of
mTORC1%2#8 and its downstream target, P70s6K ™37,
was unchanged in 4/20 h PIH and 8/16 h PIH models

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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and decreased in CH. Hypoxia is known to initiate a
cellular stress response with decreased protein synthesis
via phosphorylation of eIF2a°™! (Liu et al., 2006). Inter-
estingly, elF2« also inhibits mTORCI1 signalling with
cross-talk between these two critical protein homeo-
stasis regulatory pathways (Davuluri, Allawy et al., 2016;
Nikonorova et al., 2018). We therefore tested if elF2a
phosphorylation is altered during 4 h PIH and 8 h PIH
models. Expression of phosphorylated elF2a5™! was
increased in murine myotubes during 8 h PIH but not in

Prolonged intermittent hypoxia responses 13

the 4 h PIH model (Fig. 9D). Given these functional and
molecular perturbations were observed only in our 8 h
PIH model, and since clinical nocturnal hypoxia usually
lasts ~8 h, all subsequent studies were performed using
the 8 h PTH model and compared with CH and normoxia.
We observed reduced phosphorylation of p70s6K and its
downstream signalling molecule mTOR in CH but not
PIH. We also noted decreased activity of skeletal muscle
protein phosphatase 2A (PP2A) in PIH and CH compared
to normoxia (Fig. 9E). To demonstrate translational
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Figure 2. Global transcriptomics analyses and differentially expressed genes during hypoxia

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A, heat map of
differentially expressed genes (DEGs) from RNAseq in myotubes treated with PIH, CH or N. Significance for DEGs
was set at P < 0.001. B, Venn diagrams showing unique and shared DEGs during PIH vs. CH, PIH vs. N, and CH
vs. N; downregulated/upregulated DEGs in PIH and CH (vs. N); significance for DEGs was set at P < 0.0001. C,
significantly enriched canonical pathways (—log[P-value] > 1.3) in RNAseq from myotubes during PIH vs. N, CH vs.
N, and PIH vs. CH. Number of genes in the pathway and the —log[P-value] are shown in parentheses to the right
of each pathway. D, heat map comparing enriched pathways in PIH and CH (vs. N). E, representative immunoblots
and densitometry of hypoxia-inducible factors (HIF1e and HIF2«) in response to PIH and CH, and B-galactosidase
activity with N, PIH or CH (100 mm of ceramide [Cer] as a positive control); representative immunoblots and
densitometry of phosphorylated p53. Models used for the HIF1e and HIF2« expression in these immunoblots
were reversed (16 h normoxia/8 h hypoxia) to demonstrate the level of HIF1a and HIF2« at the end of a hypoxic
cycle. Full uncropped blots are provided in Supplementary Figure 3. F, heat maps and STRING network analyses of
HIF1« and HIF2« targets demonstrate associations with HIF signalling pathways and all genes on RNAseq analysis
regardless of significance. All RNAseq and immunoblots were performed in three biological replicates per group.
Exact P values are stated in the figure and in the Statistical Summary Table.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

5U80 1] SUOWILLIOD BRI 3]0l ke aU) Ad PauLAS 912 SO VO ‘98N J0 Sa[N Joj ATeJd1 aUIIUO 311 UO (SUONIPUOD-PUE-SLLLSHLLICO" 8] 1M ATeJGIPUIIUO//ST1IL) SUOIIPUOD) PUE SWLS | 8U) 95 *[£202/T0/TE] Uo AreIqiT8UIIUO AB|1M WUISER N JO AISIBAIN Ad 002E8ZC/ETTT OT/10p/LC" 8|1 ATRIqIpUIUO"00SAud)/ 'Sy Wo1 popeo|uMoq ‘0 ‘86.269T



&
3
@«
«
. o
14 A. H. Attaway and others J Physiol 0.0 o
%
g
A PHvs.N B PIHvs. cH C cHvs.N 2
E]
. Yexp genes -log[P value] uten dexp genes -log[Pvalue] doxp genes -log[Pvalue] =
0 Percentage 100 [ Percentage 100 0 Percentage 100

EIF2 Signalling I 224 (47.) of Cholesterol i 29(14.2) EIF2 Signalling I 224 (18.7) B
Regulation of elF4 and p70S6K I 179 (19) Cholesterol 1 13(9.1) Protein Ubiquitination pathway | 275 (13.1) S
mTOR Signalling NI 212 (18.7) Cholesterol bi is I 13(9.1) BAG2 signaling pathway IS 84(12.8) 2
HIF1a Signaliing I 208 (9.8) Cholesterol bi is Il 13(9.1) Regulation of elF4 and p70s6K Signalling I 179 (10.8) §
BAG2 Signalling IS 84(8.0) RNA charging I 39(7.3) Superpathway of Cholesterol biosynthesis Il 29(9.7) g
Glucocorticoid receptor Signalling Il 581 (7.9) PI3KIAKT Signalling I 199 (6.7) Unfolded protein response I 90 (8.9) 3
53 Signalling I 98(7.2) Sumoylation pathway I 103 (6.4) mTOR pathway NN 212(7.9) 5
Protein Ubiquitination pathway 275(6.8) Sirtuin Signalling I 202(5.8) Ferroptosis Signalling I 132(7.4) o
Cell Cycle: G1/S Checkpoint Regulation I 68 (6.3) IGF-1 Signalling ! 104 (5.3) FAT10 Signalling INEG_— 56 (7.4) =3
PISIAKT Signalling [N 199 (5.9) Integrin Signalling I 213(5.2) Senescence pathway [N 297 (7.0) 3
NRF-2-mediated Oxidative Stress Response 237 (5.7) Unfolded protein response NI 90 (49) PIKIAKT Signalling N 199 (6.8) ;
Senescence pathway I 207 (5.1) Glycolysis | INEG_— 27 (4.6) HIF1a Signalling I 208 (6.8) X
Death receptor pathway [l 96 (5.0) EIF2 Signalling [l 224 (4.5) Cholesterol biosynthesis | 13(6.5) 2
Sirtuin Signalling I 292 (4.9) Autophagy I 213(4.3) Cholesterol biosynthesis II 13(6.5) 8

FAT10 Signalling IS 56 (4.9) HIF1a Signalling I 208 (4.2) Cholesterol biosynthesis il 13(6.5)
Necroptosis sinaling pathway [l 157 (4.7) PFKFB4 Signalling I 46 (3.9) Sirtuin Signalling I 292 (6.4) g
Clathrin-mediated Endocytosis Signalling Il 193 (4.6) STAT3 pathway I 135 (3.9) {RNA charging IEEG—— 39 (6.4) s
STAT3 pathway Il 135 (4.5) Senescence pathway Il 297 3.9) Necroptosis Signalling I 157 (5.5) =
1GF-1 Signalling I 104 (4.5) Protein Ubiquitination pathway Il 275 (39) NRF2-mediated Oxidative Stress Response I 237 (5.4) o
IL6 Signalling I 128 (4.4) Ferroptosis Signalling NN 132(3.8) Death receptor Signalling I 96 (5.4) =
Caveolar-mediated Endocytosis Signalling || 75 (4.4) Actin Cytoskeleton Signalling I 245(3.7) Integrin Signalling I 213(5.3) [E
Unfolded protein response [N 20 (4.4) Purine Nucleotides De Novo Biosynthesis Il Il 11(36) 1GF-1 Signalling I 104 (4.9) S
PPAR Signalling [ 107 (4.3) PTEN Signalling I 150 (3.6) RAN Signalling G 17(4.6) N
RHOA Signalling Il 124 (4.2) Interferon Signalling - 36(3.6) Sumoylation pathway I 103 (4.6) &
NAD Signalling I 151 (4.1) Protein Kinase A Signalling [l 407 (3.6) Mitochondrial Dysfunction NS 171 (4.4) é‘

Glycolysis | IEEEG—_—_- 27 (3.9) P53 Signalling Ml 98 (3.4) Interferon Signalling Il 36(4.3)
Ferroptosis Signalling I 132(3.8) ERK/MAPK Signalling I 214(3.3) Glycolysis | 27 (4.2) g
Pyroptosis Signalling Il 93(3.7) Gluconeogenesis | I 26(33) PEDF Signalling I 84 (4.1) %
IL15 Signalling | 123 (3.4) Caveolar-mediated Endocytosis Signalling I 75(32) ERKIMAPK Signalling. I 214 (4.) <
HGF Signalling [l 132 (3.4) Necroptosis Signalling Il 157 (3.2) Signaling by Rho Family GTPases [l 268 (4.0) 3
P38 MAPK Signaliing [l 118(3.2) Signaling by Rho Family GTPases [l 268 (3.2) PTEN Signalling I 150 (4.0) <
Endoplasmic Reticulum Stress pathway N 21(3.2) Death receptor Signalling NI 96 (3.1) P53 Signalling I 98 (3.9) g
PTEN Signalling Il 115 (3.0) ILK Signalling I 198 (3.0) STATS pathway BN 135 (3.9) z
Actin Cytoskeleton Signalling I 7(3.0) yeine Bi is | 73.0) ILA5 pathway 123(39) ﬁ
MYC Mediated Apoptosis Signalling 245(3.0) 1/S Checkpoint regulation Il 68 (3.0) - 407 (3.8) o
Mitochondrial Dysfunction 50(3.0) mTOR Signalling [l 212(29) Glucocorticoid receptor Signalling. I 581(3.6) >
IL-8 Signalling |l 171 (2.9) FAK Signalling [N 17 (2.8) JAK/STAT Signalling Il 82(3.5) =
PAK Signaliing [l 211(2.8) NAD Signalling I 151 (2.7) Insulin receptor Signalling I 140 (3.5) =
WNT/B-catenin Signalling [l 118 (2.8) Regulation of elF4 and p70S6K Il 179 (2.6) Telomerase Signalling 107 (3.5) a2
Proline Biosynthesis | I 4028) Clathrin-mediated Endocytosis Signalling I 193 (2.5) 1L-6 Signalling. I 128 (3.5) °
Inteqin Signalling I 21327) HIPPO Signalling Il 85(25) ILK Signalling [ 198 (3.4) S
IL-7 Signalling Il 78 (2.7) Pyrimidine ribonucleotide de novo biosynthesis I 37 (24) Spliceosomal cycle | EEEG—_—_—G— 49 (3.3) %’
Gluconeogenesis | I 26 (2.6) FAT10Signalling | 56 (2.4) FAK Signalling [l 17(3.3) -
IL-10 Signalling I 72(2.5) LPSIIL-1 Mediated Inhibition of RXR Function [l 254 (2.4) PAK Signalling Il 118 (3.2) §'
ERK5 Signalling I 72(2.5) Acute Phase Response Signalling Il 185 (2.4) TNFR2 Signalling I 32(32) 3
JAKISTAT Signalling N 82 (2.4) RHOA Signalling Il 124 (24) Fatty Acid f-oxidation | I 36(3.1) )
GPé Signalling | 127 (2.4) JAKISTAT Signalling SN 82(2.3) VDR/RXR activation I 78 (3.1) =
LPS/IL-1 Mediated Inhibition of RXR Function Il 254 (2.4) Endoplasmic Reticulum Stress pathway [l 21(2.2) Actin Cytoskeleton Signalling Il 245 (3.1) g
PEDF Signalling Il 84(2.3) PEDF Signalling I 84(22) RAR activation [l 204 (3.1) e
ILK Signalling I 198 (2.3) IL-6 Signalling I 128 (2.2) VEGF Signalling I 98.3.1) §
Phagosome Maturation [l 159 (2.3) NRF2-mediated Oxidative Stress Response [l 237 (2.1) Zymosterol biosynthesis 6(3.0) ey
Toll-Like receptor Signalling Il 78 (22) TGF-§ Signalling I 96 (21) Acute phase response Signalling I 185 (2.9) %,
Type Il Diabetes Signalling Il 153 (2.2) Salvage Pathways of Pyrimidine Ribonucleotides Il 98(2.0)  Regulation of Cellular Mechanics by Calpain Protease [l 89 (2.9) ®
Autophagy Il 213(2.2) Proline Biosynthesis | 4(2.0) HGF Signalling I 132 (2.9) 3
Regulation of Actin-based Motility by Rho I 116 (2.1) HGF Signalling I 132(2.0) Autophagy 213(29) i'
ERKIMAPK Signalling Il 21421) INOS Signalling IS 47(19) PDGF Signalling 86(28) 3
FAK Signalling Il 17 21) Sucrose Degradation V (Mammalian) SEEEG_—_—_— 1(1.9) NAD signaling pathway IS 151 (2.8) 2
iNOS Signalling Il 47 2) Pentose Phosphate Pathway IS 11(1.9) Endoplasmic Reticulum Stress Pathway [l 21(28) %
TNFR2 Signalling Il 32(2.0) PPARa/RXRa Activation Il 195(1.8) Toll-Like Receptor Signalling I 78 (2.8) S
Oxidative phosporylation NI 11(20) Apoptosis Signalling. Il 104(1.7) Apoptosis Signalling NI 10427) S
Cyclins and Cell Cycle Regulation Nl 84(1.9) Growth Hormone Signalling I 71(07) Caveolar-Mediated Endocytosis Signalling Il 47(27) %
D40 Signalling I 67(19) Uridine 5' phosphate biosynthesis 2017 INOS Signalling I 727 =
Ceramide degradation 7(1.9) Pentose phosphate pathway (oxidative branch) IEEEEEEEG—_—_— 5(1.6) of Serine and Glycine is | 7(26) g
TGF- Signalling I 96 (1.8) Serine biosynthesis 5(1.6) WNT/-catenin Signalling. I 5(26) 2
malli S
1L-9 Signalling 35(1.8) L8 Signalling I 211(1.6) Cell Cycle: G1/S Checkpoint Regulation I 173 (2.6) 2
GADD45 Signalling I 20(1.8) Mitochondrial dysfunction Il 171(1.6) RHOA Signalling Il 68(2.5) i
Guanine and Guanosine Salvage I 13(1.8) NAD phosphorylation and dephosphorylation I 13(16) LPS-stimulated MAPK Signalling NI 124 (25) g
Paxillin Signalling Il 3(1.8) Leucine degradation | IS 9(1.5) HIPPO Signalling IS 85(2.5) 5
Superoxide radicals degradation |GG 108 (1.7) WNT/B-catenin Signalling Il 173 (1.5) IL-8 Signalling I 85 (2.5) Z
VEGF Signalling I s(17) Glucocorticoid receptor Signalling Il 581 (1.5) PPAR Signalling NN 21 (25) 2
Ceramide Signalling M 9 (1.7) Isoleucine degradation | I 18(1.5) TCAcycle I EE—— 23(24) 8
Fatty acid activation NI 15(1.6) AMPK Signalling I 242 (1.4) Galactose Degradation | 5(24) %
RNA charging N 39 (1.6) Calcium transport | NI 10(1.4) MYC-mediated Apoptosis Signalling I 50 (2.3) 3
Telomerase Signalling Il 107 (1.5) Telomerase Signalling Il 107(1.3) Assembly of RNA Polymerase Il Complex IS 50(2.3) §
Growth hormone Signalling [l 71(1.4) Cyclins and cell cycle regulation Il 84(1.3) CD40 Signalling N 67 (2.3) Q
Protein Kinase A Signalling Il 407 (1.4) Clathrin-mediated Endocytosis Signalling Il 193(2.3) §
a
Glutathione Bi i 3(22) =
BEX2 Signalling I 81(22) §
Sucrose Degradation V 122 o
E]
Pentose Phosphate pathway I 1(2.2) =
14-33 mediated pathway I 127 2.4) 3
TGF-§ Signalling NN 96 (20) <2
Fatty Acid Activation IS 15(2.0) e
Leucine Degradation | I 193 (1.9) 3
P70S6K Signalling I 3(18) g_
BMP Signalling I 81(1.8) Q
Proline Biosynthesis | I 4(1.7) ﬁ
Growth Hormone Signalling I (7 3
Acetyl-CoA Biosynthesis | INEEEG_—_—_— 7017 =
cAMP-mediated Signalling Il 233 (1.6) g
Type Il Diabetes Mellitus Signalling M 153 (1.5) c
AMPK Signalling I 81(1.5) 8

TNFRA Signalling I 52(1.5)

Pentose Phosphate Pathway (oxidative branch) IS 5(1.4)
Serine Biosynthesis IEEEG—G— 5(1.4)

Figure 3. Pathway enrichment in RNAseq in myotubes during hypoxia

RNAseq was performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. Stacked bar chart
of canonical pathways enriched in differentially expressed genes (DEGs) in RNA sequencing. A, PIH vs. N; B, PIH
vs. CH; and C, CH vs. N. Number of genes in the pathway and the —log[P-value] are shown in parentheses to the
right of each pathway. Significance for DEGs was set at P < 0.0001.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.

a5UB0 |7 SUOWILLOD BAIERID a|qedl|dde ay) Aq pausenoh ale sapiie YO



J Physiol 0.0 Prolonged intermittent hypoxia responses

A Hedgehog Signalling B Myogenesis Genes C Notch Genes D TGFp Genes

-
L

]

i | | = 0
I I | | d 1 1 Ll I I I | Ll
N PIH CH N PH CH N PH CH
F PI3K Akt mTOR Signalling G Protein Secretion Genes

o

o

|

—

I |
N PIH CH N PIH CH

CH

Figure 4. Feature-selected heatmaps of RNAseq during hypoxia

RNAseq was performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. Feature
selected heatmaps of differentially expressed genes (DEGs) were generated for: A, hedgehog signalling; B,
myogenesis genes; C, notch genes; D, transforming growth factor (TGF) B genes; £, WNT B-catenin genes, F,
phosphoinositide-3-kinase (PI3K)-Akt-mTOR signalling; and G, protein secretion genes. Significance for DEGs was
setat P < 0.001.
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Figure 5. Analyses of RNAseq in myotubes during hypoxia using multiple functional enrichment
databases

RNAseq was performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. Manhattan plots
were generated using g:Profiler integrating multiple pathway analyses including GO:MF (molecular function), GO
(gene ontology):BP (biological process), GO:CC (cellular component), Kyoto Encyclopedia of Genes and Genomes
(KEGG), REACTOME (database focused on biological processes, intermediary metabolism, signal transduction of
cell cycle), TF (putative transcription factor binding sites), miRNA (micro-RNA targets), CORUM (comprehensive
resource of mammalian protein complexes), HP (Human disease Phenotype), and WP (Wiki Pathways). Functional
enrichment in differentially expressed genes (DEGs) with decreased or increased expression during: A and B, PIH
vs.N; Cand D, CH vs. N; E and F, PIH vs. CH. Significance for DEGs was set at P < 0.001.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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Figure 6. Enriched processes in RNAseq from myotubes during prolonged intermittent hypoxia
RNAseq was performed in differentiated murine C2C12 myotubes during normoxia (N) and prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia). Pathways enriched in: A and B, differentially expressed
genes (DEGs) with decreased or increased expression in PIH vs. N using GO (gene ontology):BP (biological process),
GO:CC (cellular component), GO:MF (molecular function), Kyoto Encyclopedia of Genes and Genomes (KEGG) and
REACTOME (database focused on biologic processes, intermediary metabolism, signal transduction of cell cycle).
All experiments were done in n = 3 biological replicates. Significance for DEGs was set at P < 0.05 (Student’s t test
with Benjamini—-Hochberg correction).
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Figure 7. Enriched processes in RNAseq from myotubes during chronic hypoxia

10

RNAseq was performed in differentiated murine C2C12 myotubes during normoxia (N) and chronic hypoxia (CH)
over 72 h. Pathways enriched in: A and B, differentially expressed genes (DEGs) with decreased or increased
expression in CH vs. N using GO (gene ontology):BP (biological process), GO:CC (cellular component), GO:MF
(molecular function), Kyoto Encyclopedia of Genes and Genomes (KEGG) and REACTOME (database focused on
biological processes, intermediary metabolism, signal transduction of cell cycle). All experiments were done in
n = 3 biological replicates. Significance for DEGs was set at P < 0.05 (Student’s t test with Benjamini—-Hochberg

correction).

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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Figure 8. Enriched processes in RNAseq from myotubes during hypoxia

RNAseq was performed in differentiated murine C2C12 myotubes during prolonged intermittent hypoxia (PIH
with three cycles of 8 h hypoxia/16 h normoxia) and chronic hypoxia (CH) over 72 h. Pathways enriched in: A
and B, differentially expressed genes (DEGs) with decreased or increased expression in PIH vs. CH using GO (gene
ontology):BP (biological process), GO:CC (cellular component), GO:MF (molecular function), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and REACTOME (database focused on biological processes, intermediary metabolism,
signal transduction of cell cycle). All experiments were done in n = 3 biological replicates. Significance for DEGs
was set at P < 0.05 (Student’s t test with Benjamini-Hochberg correction).

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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Figure 9. Sarcopenic phenotype in murine myotubes during hypoxia

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia unless specified) or chronic hypoxia (CH) over 72 h. A,
feature-extracted heat map and STRING network analyses of differentially expressed genes (DEGs) in the mTORC 1
pathway on RNAseq from myotubes. Significance for DEGs was set at P < 0.001; n = 3 biological replicates in each
group. B, representative photomicrographs of differentiated myotubes during N, two models of PIH (three cycles
of hypoxia/normoxia 4/20 h or 8/16 h) or CH for 72 h. Scale bar is 100 um. Myotube diameter of differentiated
murine C2C12 myotubes exposed to N, two models of PIH (three cycles of hypoxia/normoxia 4/20 h or 8/16 h)
or CH for 72 h. All data are mean =+ SD from 80 myotubes in four fields for each biological replicate (n = 3). C,
percentage cell viability as determined by resazurin assay and trypan blue assay are presented for N, two models of
PIH (three cycles of hypoxia/normoxia 4/20 h or 8/16 h) or CH for 72 h. All data are mean £ SD of percentage of
N (control); n = 6 per group. D, representative immunoblots and densitometry of phosphorylation of elF2¢%¢"",
mTORC1%€2448 and P70S6 Kinase™382 with N, PIH or CH. Cells were harvested at the end of a normoxic cycle;
n = 3 biological replicates in each group. Full uncropped blots are provided in Supplementary Figure 3. E, PP2A
activity in myotubes with N, PIH (8/16 h) and CH; n = 6 biological replicates for each group. Exact P values are
stated in the figure and in the Statistical Summary Table.

© 2022 The Authors. The Journal of Physiology © 2022 The Physiological Society.
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relevance, we generated and performed studies in
hiPSCs that were differentiated into myotubes (Fig. 10A
and B). Similar to the responses in C2C12 myotubes,
reductions in hiPSC-derived myotube diameter with PTH
(8 h model) and CH were noted. Phosphorylation of
mTORC1%2#48 and its downstream target, P70s6K 387,
was unchanged in PIH and decreased in CH. Consistently,
phosphorylation of RiboS6 Ser?*”**4, an mTORCI target
(Noh et al, 2011), was also unchanged in PIH but
decreased with CH. These data show that our findings
in murine myotubes are reproduced in hiPSC-derived
myotubes, demonstrating translational relevance.

PIH lowers protein synthesis and perturbs signalling
molecules by regulating proteostasis differently from
that in CH

We then quantified protein synthesis by puromycin
incorporation in myotubes which was reduced in both
PIH and CH-treated C2C12 myotubes (Fig. 11A). The
unfolded protein response (UPR) is an intracellular
signalling pathway that responds to environmental
stressors including hypoxia to cause decreased protein
synthesis (Costa-Mattioli & Walter, 2020). Analysis
of UPR genes in our RNAseq data showed significant
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Figure 10. Prolonged intermittent hypoxia results in a sarcopenic phenotype in human inducible
pluripotent stem cell-derived skeletal myotubes

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged inter-
mittent hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia unless specified) or chronic hypoxia
(CH) over 72 h. A, representative photomicrographs and diameter of differentiated myotubes. Scale bar is
100 um. All data are mean + SD of percentage of N (control) from at least 80 myotubes in four fields
from each biological replicate (n = 3). B, representative immunoblots and densitometry of phospho-elF2a%¢™1,
phospho-mTORC 1°¢2448 phospho-P70S6K™382 and phospho-RiboS6°€249/244  All immunoblots were performed
in three biological replicates per group. Full uncropped blots are provided in Supplementary Figure 3. Exact Pvalues
are stated in the figure and in the Statistical Summary Table.
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differences in DEGs during PIH and CH compared to
normoxia (Fig. 11B). Protein—protein interaction analyses
using the STRING network (Szklarczyk et al., 2019) also
found distinct associations with chaperone proteins and
the UPR response (Fig. 11B). During hypoxia, UPR
has been reported to be mediated by the eIF2¢ kinases,
GCN2 and PERK, which phosphorylate elF2q5!
causing decreased protein synthesis (Costa-Mattioli &

Prolonged intermittent hypoxia responses 21

Walter, 2020). In our myotube models of PIH and CH,
we did not observe a mobility shift of PERK, reflecting
absence of PERK phosphorylation (Fig. 11C). However,
increased phosphorylation of GCN2 was observed in
both PIH and CH (Fig. 11D). Consistently, we observed
lower phosphorylation of eIlF2a%™! with PIH and CH in
C2C12 myotubes with stable knockdown of GCN2 and in
GCN2~/~ mouse embryonic fibroblasts (MEFs) compared
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Figure 11. Cellular stress response during hypoxia in myotubes

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged inter-
mittent hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h unless
specified. A, representative immunoblots of puromycin incorporation. B, feature-extracted heat map and STRING
network analyses of differentially expressed genes (DEGs) in the unfolded protein response (UPR) pathway on
RNAseq in myotubes. Significance for DEGs was set at P < 0.001; n = 3 biological replicates in each group. C,
representative immunoblots for PERK for mobility shift in response to N, PIH and CH. Thapsigargin (TG) treatment
was used as a positive control. TGz = thapsigargin (10 mwm) for 3 h, TGg = thapsigargin (10 mm) for 6 h. Ponceau
stain of membrane as a loading control. D, representative immunoblots and densitometry of phosphorylation of
GCN2T8% E representative immunoblots and densitometry of phosphorylated elF2¢°¢™" from murine myo-
tubes transfected with shRandom (shRan) or shGCN2~/~ during N, PIH or CH. F, representative immunoblots and
densitometry from GCN2~/~ and wild-type mouse embryonic fibroblasts (MEFs). Full uncropped blots are provided
in Supplementary Figure 3. Allimmunoblots were performed in three biological replicates per group. Exact P values
are stated in the figure and in the Statistical Summary Table.
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to WT cells (Fig. 11E and F). These data show that in
myotubes, hypoxia causes increased phosphorylation of
elF2a°! via a GCN2-dependent mechanism.

To determine changes in translational capacity, we
performed a feature extraction with generation of heat
maps and STRING analyses for protein-protein inter-
action(s) of ribosomal proteins from the ribosomal
protein gene database (RPG) (Nakao et al.,, 2004) that
showed similarities and differences between PIH and CH
(Fig. 12A-D). These transcriptomic responses were then
experimentally validated (Fig. 12E and F). Ribosomal
protein S6 is a component of the 40S ribosomal sub-
unit required for mRNA translation which becomes
activated by phosphorylation (RiboS65740/24%)." Lower
expression of phospho-RiboS6%7240/24* was observed in
CH but not in PIH. Phosphorylation of 4E-binding
protein 1 (4E-BP1), a protein that directly interacts with
eukaryotic translation initiation factor 4E (eIF4E), is
another target of mTORCI signalling (Gingras et al,
1999). Phosphorylation of 4E-BP1 causes its dissociation
from eIF4E and activation of cap-dependent mRNA trans-
lation (Dasarathy & Hatzoglou, 2018). Phosphorylation of
4E-BP1 was lower with CH compared to that in PIH and
normoxic myotubes. Expression of ribosomal proteins
critical for mRNA translation included RPL32, which was
reduced in PTH and CH whereas RPL5 and RPL23 were
reduced only in CH.

PIH impairs mitochondrial oxidative function in
myotubes

Since  protein  synthesis, one of the most
energy-demanding processes, is downregulated in PIH,
we evaluated mitochondrial oxidative function in intact
and permeabilized myotubes. Feature extraction with
heatmap generation of components of mitochondrial
genes derived from MitoCarta 3.0 (Rath et al, 2021),
glycolysis and oxidative phosphorylation genes from
the Molecular Signatures Database (Liberzon et al.,
2015) with pathway overlay of oxidative phosphorylation
genes showed differences in patterns of these changes
between PIH and CH compared to normoxic myotubes
(Fig. 13A-F). Experimental validation of these data was
performed using high-sensitivity respirofluorometry
in intact and permeabilized myotubes during PIH
compared to normoxia (Fig. 14A and B). Hypoxia is
instantaneously reversed upon removing from the hypo-
xic environment, and hence such studies could not be
done in the CH model without causing reoxygenation.
Mitochondrial oxidative function was lower with PIH
compared to normoxic intact, non-permeabilized
myotubes (Fig. 14C). Maximum (P = 0.001) and
ATP-linked respiration (P = 0.001) were also significantly
lower with PIH compared to normoxia. Responses of

J Physiol 0.0

individual complexes of the ETC that contribute to
mitochondrial oxidative dysfunction were dissected by
permeabilizing myotubes using the substrate, uncoupler,
inhibitor titration (SUIT) protocol (Fig. 14D). Oxygen
consumption was lower in response to complex I sub-
strates in PIH-treated myotubes compared with normoxic
controls. Response to succinate, a substrate for complex II,
was also significantly lower (P < 0.0001) in permeabilized
PIH-treated myotubes. Consistent with responses in
intact myotubes, maximum and reserve respiratory
capacity were lower in permeabilized PIH-treated myo-
tubes. Rotenone-sensitive but not rotenone-insensitive
oxygen consumption was lower and complex IV function
was unaltered in PIH-treated myotubes. These data show
that complexes I, IT and III were impaired during PTH.

To further dissect the mechanisms of oxidative
dysfunction due to PIH, fatty acid oxidation (FAO)
was quantified in permeabilized myotubes with
palmitoylcarnitine as a substrate (Fig. 14E). Significant
reductions (P = 0.001) in FAO occurred in PIH
when compared to normoxia. These data suggest
that PIH-induced impaired mitochondrial oxidative
dysfunction was not compensated for by increased FAO.
Complex III function in situ was tested by treatment with
DHQ, which transfers electrons directly to complex III.

Decreased mitochondrial oxidative function was not
due to a reduction in mitochondrial content because
expression of the matrix enzyme citrate synthase as well
as outer membrane protein VDAC were unaltered in
CH- and PIH-treated compared to normoxic myotubes
(Fig. 14F).

Consistent with our unbiased data and studies with
different substrates, we noted significant reductions
(P = 0.002) in complex III activity in PIH when
compared with normoxia. To determine the mechanisms
and functional consequences of mitochondrial oxidative
dysfunction, ETC supercomplex assembly, individual
complex activity and ATP content were then quantified.

PIH causes reductions in mitochondrial respiratory
chain complex activity and cellular ATP content

In addition to the transcriptomic responses of the ETC
genes, we noted disassembly of ETC supercomplexes
and lower in-gel activity of complexes I, III, IV and
V in PIH and CH compared to normoxia. Complex II
was reduced with CH but not with PIH (Fig. 15A and
B). Consistent with the hypoxia-induced defects in ETC
complexes and mitochondrial oxidative function, total
ATP content in both PIH- and CH-treated myotubes
was reduced compared to normoxic myotubes (Fig. 15C).
Mitochondrial oxidative dysfunction during hypoxia was
accompanied by changes in expression of glycolysis
genes and lipid metabolism observed on transcriptomics
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5U80 1] SUOWILLIOD BRI 3]0l ke aU) Ad PauLAS 912 SO VO ‘98N J0 Sa[N Joj ATeJd1 aUIIUO 311 UO (SUONIPUOD-PUE-SLLLSHLLICO" 8] 1M ATeJGIPUIIUO//ST1IL) SUOIIPUOD) PUE SWLS | 8U) 95 *[£202/T0/TE] Uo AreIqiT8UIIUO AB|1M WUISER N JO AISIBAIN Ad 002E8ZC/ETTT OT/10p/LC" 8|1 ATRIqIpUIUO"00SAud)/ 'Sy Wo1 popeo|uMoq ‘0 ‘86.269T



J Physiol 0.0 Prolonged intermittent hypoxia responses 23

A Small Ribosomal Cytosolic Genes Large Ribosomal Cytosolic Genes

Small Ribosomal STRING (PIH vs. N) , Large Ribosomal STRING (PIH vs. N)

-— 2
I = )
I —
| i
c =
| | | 1 | | | I | | | | 1 | | | ]
N PIH CH N PIH CH
C Small Ribosomal Mitochondrial Genes Small Ribosomal Mitochondrial D Large Ribosomal Mitochondrial Genes Large Ribosomal Mitochondrial
—- Ij STRING (PIH vs. N) £ . IT STRING (PIH vs. N)
— | |
- | B — i-
—
|
= =
—
- | Small Ribosomal Mitochondrial Large Ribosomal Mitochondrial
. STRING (PIH vs. CH) - STRING (PIH vs. CH)
= (= ‘ |
— —
1 - | I A O SN I | 1 $ | R S I |
N PIH CH N PIH
E . N PIHCH 4 F N PIH CH
PRibOSESer200/244 | s w5 RPL5 e s e =37

RiboS6 i~
B actin e 20

-37
-20

. RPL23 — -5
n Thr37/45 S S Soo b
PAE-BP1 -1 RPL32 s

4E-BP1 weaw ans ) ———50

B actin T e T30

i —— -‘:;: ﬁactin T —— 37
B actin o
pRibOSGS"Z“”’““IRiboSG p4E-BP1 The3745[4E-BP1 R|::|_23
p=0.030 p=0.002
16 P=0.l:::‘ = 1.2 p=0.810 p=0.015 1.4 p=0.571 p<0.0001 12
p=0.940 - 12 ity
1
0.8 . .08
S S5 08 5
( < 06
o 04 o4
0.2
° 0 0 M 0

o i At

g o A

Figure 12. Prolonged intermittent hypoxia causes perturbations in ribosomal biosynthesis as

determined by transcriptomic analysis

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h unless specified.
Feature-extracted heat map and STRING network analyses of differentially expressed genes (DEGS) in the cyto-
solic and mitochondrial ribosome genes on RNAseq in myotubes. Significance for DEGs was set at P < 0.001;
n = 3 biological replicates in each group. A, small ribosomal cytosolic genes; B, large ribosomal cytosolic genes; C,
small ribosomal mitochondrial genes; D, large ribosomal mitochondrial genes. E, representative immunoblots and
densitometry of phosphorylated ribosomal S6 protein (RiboS6)°€249/244 and 4E-BP1TM37/45 in murine myotubes
during N, PIH and CH. F, representative immunoblots and densitometry of ribosomal proteins RPL5, RPL23 and
RPL32. Full uncropped blots are provided in Supplementary Figure 3. All immunoblots were performed in three
biological replicates per group. Exact P values are stated in the figure and in the Statistical Summary Table.
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(Figs 3A-C and 13B). Impaired ETC component function
contributes to generation of free radicals with oxidative
stress, which was subsequently evaluated.

Increased electron leak and free radical generation of
mitochondria during hypoxia

Feature extraction of genes related to free radical/reactive
oxygen species (ROS) response and antioxidants in our
RNAseq data and STRING analyses found significant
associations with antioxidant enzymes including super-
oxide dismutase 1 and peroxiredoxin 2 (Fig. 16A and
B). Interestingly, expression of antioxidant genes was
variably altered during PIH compared to normoxia or
CH. Experimentally, compared to normoxic myotubes,

A Mitochondrial Genes D 2w

* Upregulated

J Physiol 0.0

both CH (P < 0.0001) and PIH (P < 0.0001) resulted
in significantly higher total free radical generation while
mitochondrial free radicals were higher in CH (P =0.011)
but not PIH (P = 0.575) (Fig. 16C and D). Generation of
free radicals resulted in oxidative stress that was noted by
higher 8-OHdG (a measure of oxidative DNA damage),
protein carbonylation and lipid peroxidation with PIH
and CH compared to normoxia (Fig. 16E-G). Despite
lower free radical generation during PIH compared to
CH, there were no differences in oxidative modifications
of proteins and lipids between PIH and CH that may
be related to the differences in antioxidant responses
as noted in our transcriptomic analyses. These data
suggest that despite lower free radical generation during
PIH compared to CH, the lower antioxidant responses

Outer

ylation- Isolated mitochondrial RNA seq (PIH vs.N)

mitochondrial
membrane

Intermembrane
space

Inner
| == mitochondrial
= — membrane

PO T T T T N
N N R N N N Mitochondrial

N PH CH matrix

B  Glycolysis Genes E

Outer

mitochondrial
membrane

Intermembrane
space

Inner
mitochondrial
membrane

Mitochondrial
matrix

electron transport

/ AN /'/; a}
e SoF < oyme
(Eoqpet Campir
& uder
‘Q“r - ' UdeR TS
i a7 RE
/ zg‘// v
/ FADH2 FADF (@
R
\
. He

P
[T —

Outer

ial RNA seq (PIH vs. CH)

mitochondrial membrane

Intermembrane space

Inner

mitochondrial
membrane

Mitochondrial
matrix

/,:,“4"’

PR arre Hydrogen pump
/ A

B

Figure 13. Mitochondrial and intermediary metabolite regulatory genes

Feature-extracted heat maps and overlay of oxidative phosphorylation pathway with differentially expressed genes
(DEGs) from RNAseq in differentiated murine C2C12 myotubes treated with PIH (8/16 h), CH or normoxia (N) for
72 h. A, mitochondrial genes (MitoCarta3.0). B, glycolysis genes. C, oxidative phosphorylation (OxPhos) genes.
D-F, overlay maps of oxidative phosphorylation pathway. Significance for DEGs was set at P < 0.001.
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result in similar oxidative stress. Since mitochondrial
dysfunction is causally related to perturbations in inter-
mediary metabolites (Martinez-Reyes & Chandel, 2020),
we then quantified TCA cycle intermediates during hypo-
xia.

Prolonged intermittent hypoxia responses 25

Alteration in TCA cycle intermediates and amino acid
concentrations in myotubes during hypoxia

To determine if intermediary metabolites and their
regulation of metabolic enzymes during PIH is altered
by the periods of reoxygenation, we performed
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Figure 14. Mitochondrial oxygen consumption in intact and permeabilized myotubes

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged inter-
mittent hypoxia (PIH with three cycles of 8 h hypoxia/16h normoxia) or chronic hypoxia (CH) over 72 h unless
specified. A, representative tracings of mitochondrial oxygen consumption (‘oxygraphs’) in intact myotubes during
normoxia and prolonged intermittent hypoxia. B, representative tracings of mitochondrial oxygen consumption in
digitonin-permeabilized myotubes in response to substrates, inhibitors and uncoupler. O, oligomycin; U, uncoupler
or FCCP carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP); R, rotenone; Aa, antimycin A; M, malate;
P, pyruvate; Digi, digitonin; D, ADP; G, glutamate; S, succinate, TMPD, N, N, N', N'-tetramethyl-p-phenylenediamine;
Asc, ascorbate; Az, azide. C, high-sensitivity respirofluorometry-based mitochondrial oxidative responses to
inhibitors of components of the ETC in intact myotubes during normoxia and PIH (n = 6 per group). D,
mitochondrial oxidative responses to substrates, uncoupler and inhibitors in permeabilized myotubes (n = 6
per group). E, measures of fatty acid oxidation and oxygen consumption were quantified in response to
palmitoyl-carnitine. A reduced analogue of co-enzyme Q (duroquinol or DHQ), which is a complex IIl substrate,
was added to assess complex Il activity. M, malate; P, pyruvate; D, ADP; S, succinate; G, glutamate; Rot, rotenone;
RR, reserve respiratory capacity; Max R, maximum respiration (n = 6 per group). F, representative immunoblots
and densitometry of citrate synthase (CS) and voltage-dependent anion channel (VDAC) protein expression. Full

uncropped blots are provided in Supplementary Figure 3

. All immunoblots were performed in three biological

replicates per group. *P values represent ANOVA. Exact P values are stated in the figure and in the Statistical

Summary Table.
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complementary transcriptomic analyses of regulatory
molecules and targeted metabolomic analysis of
intermediary metabolite concentrations. Significant
differences were observed between expression of genes
regulating the TCA cycle between PIH and CH (Fig. 17A).
Unsupervised analyses showed that the expression of TCA
cycle genes during PIH had greater similarity to normoxia
than during CH (Fig. 17B and C). Compared to normoxia,
the transcripts of the majority of TCA cycle enzymes were
lower during PIH with even greater reductions with CH.
Genes related to the TCA cycle in our RNAseq data
and STRING analyses showed significant alterations in
succinate synthesis (dihydrolipoamide succinyl trans-
ferase, sldt; dihydrolipoamide dehydrogenase, dld;
succinyl CoA synthetase components, suclg2), pyruvate
dehydrogenase complex and lactate dehydrogenase.
Consistently, most of the intermediary metabolite
concentrations were lower during hypoxia (PIH and
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CH) compared to normoxia (Fig. 17D). However,
concentrations of pyruvate were lower with CH but
were unchanged in PIH compared to normoxic myo-
tubes. Concentrations of other TCA cycle intermediates
(citrate, ar-ketoglutarate and fumarate) were lower in PITH
and CH compared to normoxic myotubes (Fig. 17D).
Malate was not different, and succinate was increased
in PIH compared with normoxic myotubes. Intra- and
extracellular lactate concentrations were increased at 8 h
but not at 24 h of hypoxia (Fig. 18A-C). At 72 h with three
cycles of PIH, lactate in the medium was increased but
not at 72 h of CH.

The branched chain amino acids (BCAAs) leucine,
isoleucine and valine plus other amino acids, glutamate,
proline and phenylalanine, were lower with PIH compared
to normoxic controls (Table 1). These are consistent with
our data on the amino acid sensor, GCN2-dependent
increased eIF2a phosphorylation (Fig. 11). BCAA

N PIH CH

950

|

=200

=650

=450

700

Complex Il
p=0.008
p=0.015

Figure 15. Electron transport chain
supercomplex assembly and
component activity during hypoxia

All studies were performed in differentiated
murine C2C12 myotubes during normoxia
(N), prolonged intermittent hypoxia (PIH
with three cycles of 8 h hypoxia/16 h
normoxia) or chronic hypoxia (CH) over

72 h. A, blue native gel electrophoresis of
isolated mitochondrial proteins for electron
transport chain (ETC) supercomplexes. B,
representative gel images and densitometry
of in-gel activity for complexes I, II, Ill, IV
and V. All experiments in n = 3 per group.
Full uncropped blots are provided in
Supplementary Figure 3. C, ATP content in
myotubes during normoxia, PIH and CH;

n = 9 per group. Exact P values are stated
in the figure and in the Statistical Summary
Table.
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Figure 16. Mitochondrial free radicals and oxidative modifications in myotubes

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged inter-
mittent hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A and B,
feature-extracted heat maps and STRING network analyses of differentially expressed genes (DEGs) from RNAseq
in myotubes for free radical (reactive oxygen species; ROS) and antioxidant genes. Significance for DEGs was set
at P < 0.001; n = 3 biological replicates in each group. C, representative flow cytometry images and percentage
fluorescence intensity using the fluorescent probe MitoSOX to quantify mitochondrial free radicals (n = 3 per
experimental group). D, fluorescence intensity of 2'—7’dichlorofluorescein (DCF) as a measure of total cellular free
radicals generated (n = 9 per group). £, 8-hydroxyguanosine levels (n = 3 per group). F, representative immuno-
blots and densitometry of cellular carbonylated proteins. G, concentrations of thiobarbituric acid reactive sub-
stances (TBARS) (n = 6 per group). All immunoblots were performed in three biological replicates per group. Full
uncropped blots are provided in Supplementary Figure 3. Exact P values are stated in the figure and in the Statistical
Summary Table.
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Figure 17. Changes in intermediary metabolites during hypoxia
All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A, feature-extracted
heat map and STRING network analyses of differentially expressed genes (DEGs) in the tricarboxylic acid (TCA) cycle
on RNAseq in myotubes. B, unsupervised heatmaps of all DEGs on RNAseq in myotubes. Significance for DEGs was
set at P < 0.001. C, unsupervised feature extracted heatmap of DEGs in the TCA cycle from RNAseq in myotubes.
Significance for DEGs was set at P < 0.001. D, cellular concentrations of TCA cycle intermediates and amino acids
in myotubes during normoxia, PIH and CH (measured at 72 h; n = 6 biological replicates per group). RNAseq was
done in three biological replicates for each group. DEGs for the heat map were set at P < 0.001. *Pvalues represent
ANOVA. Exact P values are stated in the figure and in the Statistical Summary Table.
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Figure 18. Lactate concentrations and amino acid exchanger
expression in myotubes

Studies were performed in differentiated murine C2C12 myotubes
during normoxia (N), prolonged intermittent hypoxia (PIH with cycles
of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH). A, lactate
concentrations in the myotube lysate and culture medium
comparing normoxia and 8 h of hypoxia (n = 6 biological replicates
per group). B, lactate concentrations in the myotube lysate and
culture medium during normoxia (N), PIH and CH for 24 h (one
cycle; n = 6 per group). C, lactate concentrations in the myotube
lysate and culture medium comparing normoxia (N), PIH and CH for
72 h (three cycles; n = 6 per group). All data are mean = SD from six
biological replicates. D, relative expression (fold change) of SLC7A5
mRNA by real-time PCR (n = 9 biological replicates per group). *P
values represent ANOVA. Exact P values are stated in the figure and
in the Statistical Summary Table.
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transport is mediated by an amino acid trans-
porter/exchanger, SLC7A5, whose expression is increased
during hypoxia in a HIF2«-dependent manner in neuro-
nal cells (Onishi et al., 2019). In contrast, expression
of SLC7A5 mRNA was reduced in both PIH and CH
(Fig. 18D) reflecting context-specific responses to hypo-
xic stress.

Hypoxia causes mitochondrial ultrastructural changes

We then determined if these functional alterations in
mitochondrial and biochemical changes are accompanied
by structural changes. To assess the impact of PIH and
CH on the overall mitochondrial network, we performed
immunofluorescence  staining  with  MitoTracker
orange. We scored mitochondrial morphology within
each cell as either fused, tubular, fragmented or an
intermediate state as previously reported (Akinbiyi
et al, 2021). Mitochondrial morphology was pre-
dominantly intermediate (47%) and tubular (28%) in
normoxia, fragmented (55%) and intermediate (20%)
in PIH, or fused (78%) and tubular (11%) in CH
(Fig. 19A and B). Depending on the environmental
condition, mitochondria form interconnected networks
which are regulated by mitochondrial fission and
fusion (Bakare et al., 2021). With increased fission,
mitochondrial networks can become disrupted (i.e.
fragmented morphology) which impacts mitochondrial
bioenergetics (Rafelski, 2013). Further dissection
of mitochondrial ultrastructure by electron micro-
scopy showed consistent changes in mitochondrial
morphology with smaller/rounder mitochondria noted
with PIH and longer/thinner mitochondria noted with
CH (Fig. 20A4). Mitochondrial length, area, and the
number and width/thickness of cristae showed that
compared to normoxia, mitochondrial length was
significantly lower in PIH (P = 0.010) and higher
in CH (P < 0.0001). Furthermore, compared to
normoxic myotubes, mitochondrial area was lowest
in PIH myotubes (P < 0.0001). The number of cristae
per area (number of cristae/um?) was highest in CH
(P < 0.0001) with no significant difference between
normoxia or PIH (P = 0.709). Cristae thickness per
area (nm/um?) was highest in PIH compared to
normoxia (P = 0.049) with no significant difference
between normoxia or CH (P = 0.982) (Fig. 20B). We
then probed for dynamin-related protein 1 (DRP1), a
critical regulator of mitochondrial fission (Liu et al,
2020). Site-dependent phosphorylation of DRPI has
different effects on mitochondrial responses with fission
promoted by DRP15!¢ whereas phosphorylation of
DRP15¢%% jnhibits mitochondrial fission (Liu et al.,
2020). Expression of phosphorylated DRP1%¢%1¢ was
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Table 1. Amino acid levels in myotubes.

Concentration (nmol/ng of protein)

Amino acids Normoxia PIH CH
Alanine 4.03 + 0.57 6.79 + 1.04* 6.78 + 1.022
Glycine 207.76 £ 7.43 261.67 £ 8.44** 273.61 £ 7.51¢
Valine 33.85 + 3.86 25.83 + 2.76* 24.47 + 3.73b
Leucine 33.65 + 5.12 25.79 + 2.79* 24.53 + 4.322
Isoleucine 49.16 + 5.54 36.43 + 4.64* 33.17 + 3.66¢
Proline 24.98 + 2.53 13.40 £+ 1.47*%* 12.62 + 1.93¢
Serine 2.68 + 0.46 2.95 + 0.49 2.59 + 0.27
Methionine 2.01 £+ 0.37 1.63 £+ 0.11 135 + 0.17°
Threonine 29.32 + 4.34 22.04 + 2.99* 19.76 + 2.40°
Phenylalanine 17.16 £+ 2.73 13.17 + 1.30* 9.93 + 1.13¢!

Values are presented means + SD (nmol/ug of protein); n = 6 treatment per group.
ANOVA with Tukey HSD post hoc analysis was performed.

N vs. PIH: *P < 0.05, **P < 0.001, ***P < 0.0001.

N vs. CH: 2P < 0.05, PP < 0.001, °P < 0.0001.

PIH vs. CH: 'P < 0.05, 2P < 0.001, 3P < 0.0001.

Exact P values are included in the Statistical Summary Table.
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Figure 19. Altered mitochondrial network and morphology during hypoxia
Studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A, representative
immunofluorescence photomicrographs of myotubes stained with MitoTracker orange. Scale bar, 10 um. N shows
intermediate morphology, PIH shows fragmented morphology and CH shows fused morphology. B, mitochondrial
morphology was scored within each cell (n = 40) per group as either fused, tubular, fragmented or an intermediate
state. All data are mean =+ SD from at least three biological replicates.
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Figure 20. Perturbed myotube mitochondrial ultrastructure during hypoxia

All studies were performed in differentiated murine C2C12 myotubes during normoxia (N), prolonged intermittent
hypoxia (PIH with three cycles of 8 h hypoxia/16 h normoxia) or chronic hypoxia (CH) over 72 h. A, representative
electron microscopy images. B, mitochondrial length (um; n = 80 per group), mitochondrial area (um?, n = 80
per group), the number of cristae per mitochondrial area (cristae per zm?2, n = 20 per group) and cristae thickness
per mitochondrial area (nm/um?, n = 20 per group) were quantified using Image) software. C, representative
immunoblots and densitometry for phosphorylated DRP1%¢®16 phosphorylated DRP15€037  total Mfn1, Mfn2 and
Opa1. Densitometry shows mean =+ SD from three biological replicates per group. Full uncropped blots are provided
in Supplementary Figure 3. *P values represent ANOVA. Exact P values are stated in the figure and in the Statistical

Summary Table.
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lower with CH (P = 0.029) with no significant difference
between normoxia and PIH (P = 0.966). In contrast,
expression of phosphorylated DRP1%¢"*” was higher with
CH (P < 0.0001) with no difference between normoxia
or PIH (P = 0.478) (Fig. 20C). These findings suggest
that mitochondrial fission may be reduced with CH as
an adaptive mechanism to hypoxia but not with PIH.
We then probed for markers of mitochondrial fusion,
which is a coordinated sequential process mediated by
OMM-located mitofusin (MFN) 1 or MFN2, and optic
atrophy 1 (OPA1) (Liu et al, 2020). Levels of MFN1,
MFN2 and OPA were similar in normoxia, PIH and CH
(Fig. 20C). Our studies suggest a role for DRP1-mediated
decreased fission during CH, which was not demonstrated
in PIH. We then performed in vivo studies in mice with
COPD to establish the physiological relevance of our
mechanistic data.

J Physiol 0.0

Sarcopenic phenotype was recreated in muscle of
emphysematous mice

Studies in mice with elastase-induced emphysema showed
significant enlargement in airspace size (P < 0.0001),
which was quantified by measuring the mean linear
intercept (Knudsen et al, 2010) and compared to
controls (Fig. 21A). Mouse oximetry (n = 3 mice
pairs) also demonstrated significant reductions in oxygen
saturation (P < 0.0001) quantified every minute for
5 min in elastase mice as compared to PBS mice. Even
though total body weight was not different between
control and COPD mice, gastrocnemius muscle mass
(P < 0.0001) and triceps muscle mass (P = 0.001) were
significantly lower than in controls (Table 2). Protein
synthesis measured by puromycin incorporation was
significantly lower (P = 0.018) in emphysematous mice
compared to controls (Fig. 21B). Consistent with reduced
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Figure 21. Murine model of emphysema with a sarcopenic phenotype reproduces molecular and
metabolic perturbations of hypoxia
All studies were performed in 10-week-old female C57/BI6J mice with weekly pulmonary instillation of PBS
or porcine elastase (to generate emphysema/chronic obstructive pulmonary disease) for 3 weeks and killed at
16 weeks of age. A, representative photomicrographs of haematoxylin—eosin-stained lung sections. Mean linear
intercept quantified as described in the Methods (n = 20 per group). Mouse oximetry was measured every minute
for 5 min and averaged for each mouse (n = 6 per mouse). M1 = paired PBS and elastase mouse (Group 1),
M2 = paired PBS and elastase mouse (Group 2), M3 = paired PBS and elastase mouse (Group 3). B, representative
immunoblots and densitometry of puromycin incorporation in gastrocnemius skeletal muscle. C, representative
immunoblots and densitometry of phosphorylated elF2a°¢™", phosphorylated P7056 kinase™38°, Hif 1o and Hif2«
in gastrocnemius muscle. All immunoblots were performed in six mice per group. For the Hif 1« immunoblot, there
are two positive controls: CH = chronic hypoxia C2C12 cellular lysate, and Cob = cobalt-treated C2C12 myotube
lysate as a positive control for HIF expression. D, mitochondrial respiration in permeabilized gastrocnemius muscle.
M, malate; P, pyruvate; D, ADP; S, succinate; G, glutamate; Rot, rotenone; RR, reserve respiratory capacity; Max R,
maximum respiration. Mean =+ SD from six mice per group. Full uncropped blots are provided in Supplementary
Figure 3. Exact P values are stated in the figure and in the Statistical Summary Table.
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Table 2. Body weight and muscle weights in the PBS and
intra-tracheal elastase mice

Intratracheal
Female mice PBS, n =6 elastase, n =6
Initial BW 19.75 + 0.48 19.48 + 0.05
Final BW 21.35 + 1.40 20.38 + 1.92
A BW 1.63 £ 1.17 1.36 &+ 0.36
Gastroc WT 0.16 + 0.03 0.08 £ 0.02%**
TA WT 0.04 £+ 0.01 0.03 + 0.01
Triceps WT 0.09 + 0.01 0.05 + 0.02**

All studies in 16-week-old female, C57BI6 mice. BW, body
weight (g); all values are mean =+ SD. Gastroc = gastrocnemius,
TA = tibialis anterior, BW = body weight, WT = weight.
Student’s t test: *P < 0.05, **P < 0.01, **P < 0.0001. Exact
P values are included in the Statistical Summary Table.

protein synthesis, mTORCI signalling was reduced, while
phosphorylation of elF2«x was increased in the gastro-
cnemius muscle of mice with emphysema compared to
controls (Fig. 21C). Expression of HIFlo was not altered
in our mouse model but we found significant upregulation
of HIF2« (P = 0.001) (Fig. 21C). Consistent with
our observations in myotubes, mitochondrial oxidation
was impaired with lower response to complex I sub-
strates (malate, pyruvate, ADP and glutamate) and
succinate, a complex II substrate in permeabilized mouse
gastrocnemius muscle. Maximum respiratory capacity in
response to an uncoupler of oxidative phosphorylation,
FCCP, was also lower in the muscle of emphysematous
compared with control mice (Fig. 21D).

Discussion

Our untargeted and targeted approaches to dissect
the impact of PIH on skeletal muscle demonstrate
a persistent sarcopenic phenotype with decreased
protein synthesis in myotubes subjected to PIH and
CH as compared to normoxia. These responses were
mediated through GCN2-dependent phosphorylation
of elF2«. Both PIH and CH resulted in mitochondrial
dysfunction with altered expression of components
involved in oxidative phosphorylation, ATP content and
reduction in critical TCA cycle intermediates. These
were accompanied by increased mitochondrial free
radical generation and oxidative modification of lipids
and proteins. Mitochondrial structural alterations were
probably due to decreased fission in CH potentially
via DRP1-mediated mechanisms. We also observed a
sarcopenic phenotype due to PTH with decreased myotube
diameter in hiPSC-derived myotubes, demonstrating the
translational relevance of our findings. The physiological
relevance of the sarcopenic phenotype, dysregulated
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signalling and mitochondrial oxidative dysfunction was
established in skeletal muscle from a mouse model of
COPD with hypoxia.

Our observations show that despite some similarities
in responses to PIH and CH, intermittent reoxygenation
(a clinically relevant model for nocturnal hypoxaemia
in COPD and distinct from OSA; Lacasse et al., 2018)
is not sufficient to completely restore the adverse effects
of hypoxia. The acute adaptive phase of hypoxia that
occurs within the first 8 h is primarily mediated by
HIFle, followed by initiation of chronic adaptive
responses mediated by HIF2a (Saxena & Jolly, 2019).
HIFla-mediated effects include reduction in protein
synthesis, oxidative phosphorylation and a shift to
glycolysis for energy production (Caron et al, 2009;
Kierans & Taylor, 2021; Slot et al., 2014), whereas
HIF2a-mediated effects promote long-term adaptive
responses including angiogenesis and upregulation of
the amino acid exchanger SLC7A5 (Hu et al., 2003).
A decrease in HIFla and an increase in HIF2o
expression that occur in the subsequent 24-48 h of
hypoxia is known as the ‘HIF switch’ (Saxena & Jolly,
2019). Since HIF2«-mediated effects require a longer
duration of hypoxia, cycles of normoxia and hypoxia
stimulate HIFlo-mediated responses without allowing
the beneficial adaptive responses of HIF2« to occur
(Saxena & Jolly, 2019). Such an adaptive exhaustion
contributes to dysregulated skeletal muscle responses
during PIH. Our data show that PIH stabilizes HIF1«
more so than HIF2« in murine myotubes, consistent with
reports by others that intermittent rather than chronic
hypoxia stimulates HIFlee in multiple cell lines (Saxena
& Jolly, 2019). Stabilization of HIF1« is an early adaptive
response to hypoxia with reduction in energy-intense
cellular functions (Hu et al., 2003) reflected by lower
protein synthesis in both PIH and CH in myotubes.

In our studies, reduced mTORCI1 signalling (i.e.
phosphorylation of P70s6K and its downstream target
mTORC1) was associated with CH but not PIH. We
also observed decreased skeletal muscle PP2A activity
in PIH and CH. Previous studies have shown that hypo-
xia inhibits the activity of PP2A via HIFla-dependent
and -independent mechanisms (Elgenaidi & Spiers,
2019). Given that our model of PIH demonstrates robust
elevations in HIF1l«, the observed reductions in PP2A
activity may explain the increased phosphorylation of
P70s6K and mTORCI1 as compared to CH, which adapts
to hypoxia predominantly through HIF2«-mediated
mechanisms. Future studies are needed to determine the
role of HIF2« on PP2A activity in models of chronic
hypoxia.

Lower protein synthesis in PIH was accompanied by
increased phosphorylation of the translation initiation
factor elF2a. A number of elF2a kinases have been
identified to regulate protein synthesis in skeletal muscle
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and myotubes (Dasarathy & Hatzoglou, 2018). Hypo-
xia has been reported to activate the elF2« kinase,
PERK, phosphorylating the « subunit of eIF2 with
decreased protein synthesis (Rozpedek et al., 2016). While
others have reported that hypoxia activates PERK by
phosphorylation as noted by a shift in the electro-
phoretic mobility (Koumenis et al., 2002), we did not
observe such a mobility shift in PERK during PIH or
CH, consistent with a previous study in hypoxic C2C12
myoblasts (Majmundar et al., 2012) and supporting
context-specific responses to hypoxia. We also noted a
robust increase in the phosphorylation of eIF2« in myo-
tubes, which was not demonstrated in MEFs, and may also
represent a context-specific response to hypoxia. Despite
this, our genetic depletion studies show that the amino
acid deficiency sensor and elF2uo kinase, GCN2, was
responsible for phosphorylation of eIF2« during hypo-
xia in myotubes and MEFs. Consistently, a number of
essential amino acids, including BCAAs, were decreased
during PIH. These data suggest a context-dependent
integrated stress response (ISR) to hypoxia including
PIH and CH. The ISR is a mechanism to respond to
stress, in this case extrinsic stress due to hypoxia, as a
pro-survival pathway that downregulates global protein
synthesis while upregulating biosynthesis and autophagic
pathways. When GCN2 is activated, it initiates the ISR by
phosphorylation of eIF2«, which inhibits protein trans-
lation, and mediates transcriptional stress response(s) via
ATF4. A BCAA mixture supplemented with r-leucine
reverses GCN2 activation in other chronic diseases such
as cirrhosis (Tsien et al., 2015), and could be a potential
treatment in COPD patients with sarcopenia. Lower
BCAAs in myotubes may be due to hypoxia-induced
reduction in SLC7A5 in a context-dependent manner
because our data are different from previous reports of
increased SLC7A5 and BCAA in neuronal cells in an
HIF2«-dependent and -independent manner (Fitzgerald
et al., 2021; Onishi et al., 2019).

Potential mechanisms for mitochondrial oxidative
dysfunction in PIH include disassembly of components
of the ETC. An intact ETC is required for sequential
transfer of electrons down the electrochemical gradient
for coupling oxidation with phosphorylation in order
for ATP synthesis (Kumar et al, 2019). Physiological
transport of electrons results in minimal physiological
leak of electrons and generation of free radicals (Turrens,
2003). However, greater leak of electrons due to hypo-
xia can result in increased generation of free radicals
with oxidative modification of cellular components. We
identified defects in multiple components of the ETC
by oxygen consumption studies in response to sub-
strates/inhibitors that could be mechanistically explained
by mitochondrial supercomplex disassembly and
decreased activity of ETC components during hypoxia.
Importantly, reoxygenation during PIH does not reverse
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these abnormalities. Defects in mitochondrial super-
complex assembly decrease the efficiency of the ETC and
result in generation of free radicals which cause oxidative
modification of cellular proteins and lipids (Novack
et al, 2020). Our data are similar to those reported
with rapid cycles of hypoxia and normoxia in models
of OSA (Xu et al, 2004). Consistent with disassembly
of ETC component supercomplexes, ultrastructural
studies of mitochondria showed that mitochondria were
smaller in PIH and longer in CH compared to normoxia.
These findings suggested alterations in mitochondrial
fission, which is predominantly mediated by DRP1, with
pDRP1%¢71¢ promoting fission and pDRP*™®7 inhibiting
fission (Cribbs & Strack, 2007). Previous studies of
ischaemia-reperfusion have noted that pDRP1%7°1¢ was
upregulated in the early stage of ischaemia (after 1 h)
whereas pDRP"* was upregulated in the later stage
of ischaemia (after 4 h) (Duan et al., 2020). While our
model involved different time courses, our findings are
consistent with inhibition of DRP1-mediated fission
during CH but not PIH with no significant difference
in mitochondrial fusion components (MFN1, MFN2,
OPAL1). Previous studies have noted that elongation of
mitochondria can occur due to inhibition of DRP1 alone
(Westermann, 2012). Others have reported that HIFl«
induces DRP1 expression and stimulates mitochondrial
fission (Wan et al., 2014). Given that HIFla was down-
regulated in CH, this supports our interpretation that CH
inhibits DRP1-mediated fission. Interestingly, the number
of cristae were increased with CH while cristae thickness
was increased in PIH. Both cristae thickening (Dlaskova
et al., 2019) as well as increased number of cristae have
been noted in response to hypoxia (Perkins et al., 2012).
The mechanisms and consequences of these structural
alterations during hypoxia need further evaluation.

Mitochondrial oxidative dysfunction causes a leak
of electrons with increased free radical generation
and oxidative modifications of cellular components.
Consistently, increased mitochondrial free radical
generation and oxidative modification of cellular
components demonstrated that oxidative DNA damage
was higher in PIH and CH when compared to normoxia.
Interestingly, in addition to being a marker of lipid
peroxidation, TBARS have been linked to ferroptosis
(Doll et al., 2017), and consistently, the ferroptosis
pathway was enriched in our unbiased dataset. Others
have reported an association between an OSA model
of intermittent hypoxia and ferroptosis-associated liver
injury in rats (Chen, wu et al., 2020), and both HIF1« and
HIF2« regulate genes involved in iron homeostasis (Chen,
Yu et al., 2020). Future studies are needed to dissect the
role of ferroptosis in PIH and CH and the mechanisms of
HIF regulation.

In addition to our functional studies, cellular
concentrations of TCA cycle intermediates except
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succinate and malate were reduced during hypoxia
in myotubes. Lower concentrations of intermediary
metabolites may be an adaptive response to decreased
electron transport and oxidative function or due
to accelerated cataplerosis without compensatory
anaplerosis, which has been reported in hypoxic
cardiac myocytes (Des Rosiers et al, 2011). Prolyl
hydroxylases require the presence of oxygen and
a-ketoglutarate to hydroxylate HIFle, which is then
targeted for proteasomal degradation. Therefore, lower
a-ketoglutarate could lead to the persistent stabilization
of HIFlo despite a restoration of oxygen (Saxena &
Jolly, 2019). Additionally, succinate stabilizes HIFlo
(Tretter et al., 2016) and is another potential mechanism
of stabilization during PIH. Determining the relative
contributions of lower ®KG and increased succinate in
stabilizing HIFlo can help dissect the mechanisms and
target potential metabolic perturbations during hypo-
xia. During hypoxia, glycolysis is the major pathway for
generating ATP, and the inability to oxidize pyruvate
results in an increase in lactate concentrations (Cabrera
et al,, 1999). While the levels of lactate in our analysis
were not different at 72 h, lactate concentrations have been
reported to be an unreliable indicator of tissue hypoxia
(James et al., 1999). Another possible reason for unaltered
lactate levels may be that chronically hypoxic cells utilize
glutamine when glucose availability becomes limited.
Succinate accumulation as well as reductions in
fumarate were seen in both PIH and CH, which
suggest that instead of succinate dehydrogenase
converting succinate to fumarate, the reverse reaction
is occurring (i.e. fumarate reductase converting fumarate
to succinate) as has been reported by others during
hypoxia (Chinopoulos, 2013). It has been previously
shown that increased succinate concentration causes
this reverse reaction, which is associated with significant
ROS production (Hadrava Vanova et al., 2020). Hypo-
xia bypasses several steps in the ETC because oxygen
is not present as an electron acceptor. When oxygen
is limited, electrons are transferred from NADH to
complex I and these electrons are then accepted by
fumarate to generate succinate (Bisbach et al., 2020).
Succinate accumulation due to ischaemia/reperfusion
is driven primarily by fumarate overflow from purine
nucleotide breakdown and the aspartate-malate shuttle.
Reperfusion then causes succinate to be re-oxidized by
succinate dehydrogenase (Chouchani et al., 2014). We
also noted increased levels of aspartate and malate in
PIH that suggest a role for these mechanisms in our
model. Moreover, purine nucleotide breakdown and the
malate-aspartate pathway are upregulated in response
to hypoxia as well as ischaemia (Cohen et al., 2020).
Consistent with these interpretations, our transcriptomic
data demonstrated increased expression of succinate
dehydrogenase in PIH when compared to CH, suggesting
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re-oxidation of succinate during PIH. These data lay
the foundation for future studies on the contribution
of intermediary metabolites to cellular adaptation and,
potentially, adaptive exhaustion during various stress
states including hypoxia.

Our in vivo studies in mice with COPD showed changes
similar to those observed with hypoxia (Wang et al,
2019). Although we did not directly measure muscle
oxygen concentrations, HIF2« activation is suggestive
of tissue hypoxia. The accompanying impaired protein
synthesis and mitochondrial oxidative dysfunction show
the physiological relevance of our findings in myotubes.
However, whether these responses are due to PIH of
nocturnal hypoxia or persistent hypoxia, the contribution
of adaptive and maladaptive responses by HIFla or
HIF2«, and whether these changes and their functional
consequences including sarcopenia are reversible are
currently not known.

Our C2C12 cell line is a robust in vitro model of skeletal
muscle which we then validated with hiPSC-derived
myotubes. While hiPSC myotubes have been utilized in
the literature to provide in vitro human translational
relevance (Guo et al.,, 2020), and demonstrate contra-
ctile force similar to C2C12 and primary muscle cultures
in humans and mice (Vesga-Castro et al., 2022), future
studies are needed to further characterize how well these
cell lines compare in terms of molecular and functional
characteristics.

Our model involves 48 h of differentiation from myo-
blasts to myotubes, which has been previously been
shown by us to result in differentiation as demonstrated
by maximum expression of creatine kinase activity
assay, fusion index and staining for myosin heavy chain
(Davuluri, Allawy et al., 2016). Others have reported
that myosin content and myotube size may continue to
increase until day 7 of differentiation (Guigni et al., 2019),
and therefore it is possible that exposure to PIH and CH at
48 h mitigated further growth prior to achieving a steady
state. However, extending our study beyond day 5 could
cause loss of myotube diameter due to myotube ageing
which would confound our results and the study of hypo-
xia (Yang et al., 2020).

Our studies show that during PIH, homeostasis is
not restored during normoxia and suggests an adaptive
exhaustion that re-creates a sarcopenic phenotype similar
in severity to that found in CH. Additional functional
consequences of this adaptive exhaustion include lower
protein synthesis, decreased mitochondrial oxidative
function by direct effects on components of the ETC,
and generation of free radicals. These data show that
maintained oxygenation is required to protect cells from
recurrent prolonged hypoxia and provide the mechanistic
basis for sarcopenia in human patients with COPD
with nocturnal hypoxia. Therapeutic strategies targeting
nocturnal hypoxia and/or the intermediary metabolites
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in patients with COPD may prevent cellular adaptive
exhaustion with the potential for clinical translation to
reverse muscle loss.
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