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Abstract

Skeletal muscle angio-adaptation refers to coordinated molecular and cellular events that
regulate the expansion (angiogenesis) or regression of the muscle capillary network. The influence
of environmental stressors (hypoxia, cold-stress) on skeletal muscle angio-adaptive responses are
less understood in comparison to exercise-training or diseased states. This thesis addresses the
influence of hypoxia and cold-stress on skeletal muscle angio-adaptation through a literature
review and original research, respectively. After reviewing the literature, ambient hypoxia alone
may be insufficient in improving muscle capillarization, however ambient hypoxia superimposed
with exercise enhances the angiogenic response of exercise-training. In-vitro, the effect of cold-
stress with respect to the angiogenic relationship between the myocyte and endothelial cell was
investigated. Cold-stress reduced the secretion of angiogenic molecules from the myocyte.
Furthermore, cold-stress abrogated endothelial cells proliferation and attenuated VEGFR2
activation. Endothelial cells pre-conditioned to cold-stress and challenged for migration in re-

warming conditions however, exhibited an enhanced migratory responsiveness.
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1. LITERATURE REVIEW

1.1. Functions and plasticity of skeletal muscle tissue.

Skeletal muscle is a remarkably plastic tissue representing one of the largest organs of
the human body by compromising for roughly 40% of total body mass (Frontera and Ochala,
2015). In response to various physiological, pathological, and environmental stressors, skeletal
muscle myofibers can adapt through alterations in size, contractile phenotype, and metabolic
profile (Booth and Thomason, 1991; Frontera and Ochala, 2015). Functionally, the skeletal muscle
is a multi-faceted organ involved in locomotion, force production, metabolism, hormone
production, and thermoregulation (Frontera and Ochala, 2015; Fuller-Jackson and Henry, 2018;
Hoffmann and Weigert, 2017).

1.2. Skeletal muscle capillaries: an important determinant of muscle function.

Capillaries are the smallest blood vessels found in the body (Adair and Montani, 2010).
The importance of skeletal muscle capillaries is well established in ensuring optimal blood flow
to muscle tissue (Krogh, 1919a, 1919b, 1919c). Indeed, the capillary-to-myofiber interface serves
as a direct conduit for the interaction between the circulation and the muscle cell. By allowing for
the exchange of oxygen and carbon dioxide, facilitating the delivery of substrates and removal of
metabolites, and promoting the circulation of muscle-produced myokines and heat, the capillary
microvasculature supports the skeletal muscle in performing it’s effector functions of locomotion,
metabolism, hormonal production, and thermoregulation. The density of capillaries within a given
area of muscle tissue can therefore be seen as a key determinant of skeletal muscle function
(Hoppeler, and Kayar, 1988; Hudlicka, 2011; Hudlicka et al., 1987; Lemieux and Birot, 2021; Liu
et al., 2012; Mathieu-Costello, 1994). For example, correlations are observed between muscle
capillary density (CD) and muscle fatigue resistance (Ballak et al., 2016; Egginton et al., 1998),
O conductance (Howlett et al., 2003), insulin sensitivity and glucose tolerance (Prior et al., 2015;

Snijders et al., 2017), and exercise capacity (Olfert et al., 2009).

Like skeletal muscle myofibers, muscle capillaries are extremely plastic and undergo
remodelling in response to various physiological, pathological, and environmental stressors.
Muscle capillaries can compensate for an increased, or decreased blood flow demand, through the

growth of novel capillaries from existing blood vessels (angiogenesis) or reducing the number of



existing capillaries (capillary rarefaction), respectively. For example, the physiological stressor of
repeated physical exercise, such as endurance training, stimulates the formation of novel muscle
capillaries (angiogenesis) (Aiken et al., 2016; Andersen, 1975; Andersen and Henriksson, 1977,
Brodal et al., 1977; Roudier et al., 2012; Slopack et al., 2014). Conversely, reduced physical
activity (hypokinesia) and various diseased states (e.g., peripheral artery disease, diabetes, and
chronic obstructive pulmonary disorder) result in capillary rarefaction (Aiken et al., 2019; Gouzi
et al., 2013; Roudier et al., 2013, 2010).

1.3. Assessing skeletal muscle capillarization.

Given the dynamic nature muscle capillaries, consistent means to depict the extent of
capillary growth, or regression quantitatively is needed. The histological measurements of
capillary density (CD) and capillary-to-fiber ratio (C/F) provide an accurate way to depict the size
of a muscle capillary network (Adair and Montani, 2010; Hudlicka et al., 1992). CD refers to the
number of capillaries per surface area of tissue, as such any change in CD will reflect the number
of capillaries supplying a given surface area of muscle tissue (Adair and Montani, 2010; Hudlicka
etal., 1992). For example, during endurance training, the growth of novel capillaries, angiogenesis,
will be evidenced by an improved muscle CD (Andersen, 1975; Andersen and Henriksson, 1977).
An improved muscle CD is therefore indicative of a greater muscle capillary supply. Conversely,
during capillary regression, a reduced muscle capillary supply is exhibited by a reduced muscle
CD. However, there are instances in which alterations in muscle CD occur independently of the
growth or reduction of muscle capillary network. For example, during myofiber atrophy a
reduction in the size of myofiber-cross sectional area leads to a greater number of existing
capillaries occupying a similar surface area of tissue improving muscle CD (Degens et al., 2008;
Paudyal et al., 2018). Furthermore, capillary growth is not always reflected by changes in CD. For
instance, during myofiber hypertrophy, larger myofiber size leads to the compensatory growth of
novel capillaries to maintain muscle CD, this being reflected by an improved muscle C/F ratio
(Degens et al., 1992). While CD represents the number of capillaries per surface area of tissue,
C/F ratio represents the number of capillaries per individual muscle fiber. Therefore, in comparison
to CD, C/F ratio represents an accurate indicator of true muscle angiogenesis in that it is reflective

of novel capillary formation.



While these histological parameters describe the growth or regression of the muscle
capillary network, they are measurements reflecting tissular outcomes. Thus, they fail to
encapsulate preceding molecular and cellular events which influence capillary remodelling leading
up to eventual tissular adaptation. As such, the concept of “angio-adaptation” has been proposed
to provide an integrative view to skeletal muscle capillary remodelling in response to
physiological, pathological, and environmental stressors (Lemieux and Birot, 2021; Olfert and
Birot, 2011).

1.4. The concept of skeletal muscle angio-adaptation.

Angio-adaptation refers to the dynamic and multi-stepped processes that occur at
molecular, and cellular levels, which regulate the tissular adaptations of the growth, stabilization,
or regression of muscle capillaries (Figure 1). At the molecular level, skeletal muscle angio-
adaptation is regulated by an intricate balance of a plethora of pro- and anti- angiogenic molecules
(Egginton and Birot, 2014; Hellsten and Hoier, 2014; Lemieux and Birot, 2021; Olfert, 2016;
Olfert et al., 2015; Olfert and Birot, 2011). At the cellular level, angio-adaptation can require the
ability of skeletal muscle endothelial cells to proliferate, migrate, and assemble into vascular tubes
in the context of angiogenesis. Conversely, angio-adaptation can also involve endothelial cell
apoptosis in the context of capillary regression (Gavin, 2009; Hoier and Hellsten, 2014; Hudlicka
et al., 1992). Cell-to-cell interactions also play a large role in regulating angio-adaptive processes.
For example, the myofiber actively produces and releases angiogenic molecules to act in a
paracrine manner on neighbouring endothelial cells influencing their proliferative and migratory
responses (Birot et al., 2004; Hoier and Hellsten, 2014; Olfert et al., 2010, 2009). Finally, skeletal
muscle angio-adaptation is evidenced at the tissular level through the aforementioned histological
parameters of C/F ratio and CD. In the following sections, molecular expression, and cellular

behaviour relevant to skeletal muscle angio-adaption will be discussed.
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Figure 1. Schematic representation of skeletal muscle angio-adaptation.

Skeletal muscle angio-adaptation refers to dynamic and coordinated molecular and cellular events
that proceed eventual tissular adaptations evidenced by the growth, stabilization, or regression of
muscle capillaries. At the molecular level, among a plethora of angiogenic factors, skeletal muscle
angio-adaptation is primarily mediated by the pro- and anti- angiogenic, vascular endothelial
growth factor-A (VEGF-A) and thrombospondin-1 (THBSL1), respectively. At the cellular level
skeletal muscle angio-adaptation involves endothelial cell proliferation, migration, and assembly
into vascular tubes. Skeletal muscle angio-adaptation is then evidenced by tissular changes in
muscle capillarization such as alterations in capillary density (CD) and capillary to fiber ratio
(CIF).

1.4.1 Overview of the molecular aspects of skeletal muscle angio-adaptation.

At the molecular level, skeletal muscle angio-adaptation refers to an intricate balance

between a plethora of pro- and anti- angiogenic molecules (Egginton and Birot, 2014; Hellsten



and Hoier, 2014; Lemieux and Birot, 2021; Olfert, 2016; Olfert et al., 2015; Olfert and Birot,
2011). Despite an abundance of angiogenic molecules, the use of transgenic models has identified
two key regulators of skeletal muscle angio-adaption, the pro-angiogenic vascular endothelial
growth factor-A (VEGF-A), and the anti-angiogenic thrombospondin-1 (THBS1) (Malek and
Olfert, 2009; Olfert et al., 2010, 2009).

VEGF-A is mitogenic growth factor critical for stimulating endothelial cell proliferation,
migration, and vascular permeability (Hoier and Hellsten, 2014). This secretable glycoprotein has
several different isoforms (121, 165, 189, 206 amino-acids in human) arising from alternative
MRNA splicing (Ferrara et al., 1991; Gavin, 2009; Hoier and Hellsten, 2014; Houck et al., 1991;
Neufeld et al., 1999; Park et al., 1993). Of the several identified isoforms of VEGF-A, isoform 165
has been described as the most abundant (Hoier and Hellsten, 2014; Ishii et al., 2002; Neufeld et
al., 1999; Ng et al., 2001; Wellmann et al., 2001). Myofiber-specific VEGF-A knock-out mouse
models reveal the importance of myocyte-derived VEGF-A to skeletal muscle capillarization.
Transgenic VEGF-A juvenile mice (myofiber -/-VEGF-A) show a reduction in skeletal muscle
capillarization which in turn results in a 34%, and 81% decrease in maximal running speed, and
endurance capacity, respectively (Olfert et al., 2009; Tang et al., 2004). Furthermore, exercise
training, a well known angiogenic stimulus, fails to re-establish basal capillarization in these
models (Olfert et al., 2010). More recently, transgenic VEGF-A models specifically targeting
skeletal muscle VEGF-A (skmVEGF-A) expression have been implemented in adult mice in
which capillary networks are extensively established (Delavar et al., 2014; Knapp et al., 2016). As
opposed to previous studies performed in juvenile mice (Olfert et al., 2010, 2009), the deletion of
VEGF-A in the skeletal muscle of adult mice has no effect on existing muscle capillaries or
exercise performance (Delavar et al., 2014). Yet, a clear effect of a reduced angiogenic response
is observed with -/-skmVEGF-A mice, as exercise training does not improve capillarization in the
soleus, gastrocnemius, or extensor digitorum longus (Delavar et al., 2014). However, despite these
observations, exercise training increased C/F ratio, and CD, by 18%, and 25%, respectively, in the
plantaris of adult -/-skmVEGF-A mice (Delavar et al., 2014). This insinuates that despite the
importance of pro-angiogenic factors such as the well described VEGF-A, other molecular actors
may play a substantive role in skeletal muscle angio-adaptation, one of these molecules deserving

interest is certainly THBSL.



Similarly, to VEGF-A, THBS1, is a key contributor to the angio-adaptive balance. Yet, in
contrast to VEGF-A, THBSL1 interaction with endothelial cell surface receptors attenuates
proliferation and migration, and stimulates apoptosis (Lawler and Lawler, 2012). THBS1
regulation of angiogenesis can also extent beyond direct interaction with endothelial cells. THBS1
can directly antagonize VEGF-A bioactivity through inhibiting VEGF-A release from the
extracellular matrix, by directly binding to VEGF-A, and by facilitating VEGF-A uptake and
clearance from circulation (Greenaway et al., 2007; Gupta et al., 1999; Rodriguez-Manzaneque et
al., 2001; Wang et al., 2004). With respect to skeletal muscle angio-adaptation, THBS1 is
identified as a key regulator through transgenic models described by Malek and Olfert (Malek and
Olfert, 2009). Global deletion of THBS1 results in greater capillarity in plantaris, soleus, and
gastrocnemius muscles with functional improvements in maximal running speed, and time to
exhaustion (Malek and Olfert, 2009). Furthermore, chronic delivery of ABT-510, a THBS1
mimetic, reduces skeletal muscle capillarity under physiological conditions (Audet et al., 2013).
The impact of THBS1 on skeletal muscle angio-adaptation is further illustrated when describing
muscle capillarization as a function of a VEGF-A/THBSL ratio. Our lab (Roudier et al., 2010) has
reported a 23% reduction in C/F ratio in the soleus of 9-day hindlimb unloaded rats. In these
animals, no change was found in the expression of VEGF-A in the soleus, however a 185%
increase in THBSL1 protein expression was observed, resulting in a 73% reduction in soleus VEGF-
A/THBSL ratio. Furthermore, in type 1 diabetic rat models, C/F ratio is reduced by 21%, and 15%,
in the soleus, and plantaris, with an accompanied reduction in the VEGF-A/THBSL ratio by 71%
and 52%, respectively (Aiken et al., 2019). Interestingly, these observations were not influenced
by VEGF-A protein expression with no change, and a 30% increase reported in the soleus and
plantaris, respectively. Finally, in human subjects with chronic obstructive pulmonary disorder,
exercise training for 6-weeks resulted in a 16% and 29% increase in vastus lateralis C/F ratio, and
CD, respectively (Gouzi et al., 2013). Despite this observation, there was no change in VEGF-A
protein expression, however, a strong and significant decrease (-44%) was found in THBSL1 protein
expression, resulting in a 65% increase in the VEGF-A/THBSL1 ratio. Taken together, these
findings suggest that between VEGF-A and THBS1, THBS1 may in fact be more sensitive to
external stressors and be the real key regulator of the angio-adaptive process. For instance,
capillary regression has been suggested to correlate better with changes in THBS1 rather than
VEGF-A (Olfert, 2016).



In the case of secreted angiogenic molecules, not only is the expression of the ligand protein
relevant but also the activity of the respective receptor(s) (Figure 2). Endothelial cells can express
various VEGF-A receptors, of these, there are three different VEGF-receptors: VEGFR1 (Flt-1),
VEGFR2 (KDR/FIk-1), and VEGFR3 (Flt-4) (Olsson et al., 2006). Of these VEGF-receptors,
VEGFR2 has been suggested as the most important for angio-adaptative processes mediated by
VEGF-A. Binding of VEGF-A to VEGFR2, results in the dimerization, and autophosphorylation
of the receptor resulting in downstream cascades stimulating endothelial cell proliferation,
migration, vascular permeability, and survival (Hoier and Hellsten, 2014; Wang et al., 2020). In
particular, the phosphorylation of VEGFR?2 at residue Y1175 is critical for downstream signalling
related to endothelial cell angiogenic responses (Takahashi et al., 2001; Wang et al., 2020).
However, VEGFR2 also represents an additional avenue of THBS1 regulation of angiogenesis. In
physiological conditions, VEGFR2 is found in complex with THBS1 receptors, cluster of
differentiation 36 (CD36) and cluster of differentiation 47 (CD47) (Chu et al., 2013; Kaur et al.,
2010; Morandi et al., 2021; Zhang et al., 2009). Pre-treatment of endothelial cells with 3TSR
(THBS1 derived CD36 binding peptide) has been shown to reduce VEGF-A mediated
phosphorylation of VEGFR2 through a CD36 dependant mechanism (Chu et al., 2013; Zhang et
al., 2009). By binding to CD36, THBS1 stimulates the recruitment of Src homology 2 domain-
containing protein tyrosine phosphatase 1 (SHP1) to the VEGFR2/CD36 complex. Recruitment of
SHP1 attenuates VEGF-A stimulated phosphorylation of VEGFR2 at residue Y1175, inhibiting
endothelial cell migration and tube formation (Chu et al., 2013; Morandi et al., 2021). Furthermore,
binding of THBS1 to CD36 can lead to development of CD36 nanoclusters and the recruitment of
Proto-oncogene tyrosine-protein kinase Fyn (Fyn). Phosphorylation of Fyn can then lead to
downstream signalling inducing endothelial cell apoptosis through caspase-8 and -9 mechanisms
(Jiménez et al., 2000; Morandi et al., 2021). In comparison, by binding to CD47, THBSL1 induces
the dissociation of the CD47/VEGFR2 complex, in turn this dissociation inhibits VEGF-A-
stimulated phosphorylation of VEGFR2 at residue Y1175 (Kaur et al., 2010; Morandi et al., 2021).
Pre-treatment of endothelial cells with 7N3 (THBS1 derived CD47 binding peptide) results in
reduced association of VEGFR2 with CD47 in the presence of VEGF-A, and reduces VEGF-A
phosphorylation of VEGFR2 (Kaur et al., 2010). Between the two receptors (CD36 and CD47)
there appears to be redundant functioning, however CD47 may be more relevant. For example,
when pre-treating endothelial cells with binding peptides for CD36 (3TSR) or CD47 (E3CaG) at



physiological concentrations of THBS1 (2nM), a significant reduction of VEGFR2 activation in
the presence of VEGF-A was only observed with E3CaG (Kaur et al., 2010). Thus, during
physiological circumstances, CD47 may be responsible for THBS1 regulation of VEGFR2
activation rather than CD36.
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Figure 2. Schematic representation of molecular interactions between ligands VEGF-A and
THBS1 to endothelial cell surface receptors VEGFR2, CD36 and CDA47.

(A) Skeletal muscle cells are a source of production of both the pro- and anti- angiogenic vascular
endothelial growth factor-A (VEGF-A) and thrombospondin-1 (THBS1), respectively. (B)
Interaction of VEGF-A to endothelial cell surface receptor vascular endothelial growth factor
receptor -2 (VEGFR2) initiates pro-angiogenic downstream signalling cascades promoting
endothelial cell proliferation, migration, and survival. (C) Binding of THBS1 to CD36 induces the
recruitment of phosphatase SHP1 to the VEGFR2/CD36 complex resulting in reduced
phosphorylation of VEGFR2 in the presence of VEGF-A and attenuation of pro-angiogenic
downstream signalling. (D) In the absence of THBS1, VEGR2 and CD47 form a constitutive
complex. Upon THBSL1 ligation to CD47, there is a dissociation of the VEGFR2/CD47 complex
leading to reduced VEGF-A phosphorylation of VEGFR2 and downstream signalling related to
endothelial cell proliferation and migration. (E) Binding of THBS1 to CD36 leads to recruitment

and phosphorylation of Fyn stimulating downstream cascades related to endothelial cell apoptosis.

As stated previously, skeletal muscle angio-adaptation is dependant on a plethora of pro-
and anti- angiogenic factors. Yet, many of these factors respectively may function as either pro-
or anti- angiogenic and can differ in expression based on physiological or pathological
circumstances. For example, angiomotin is a transmembrane receptor that has two isoforms, p80
and p130. The p80 isoform is strongly involved in stimulating endothelial cell migration both in-
vitro and in-vivo, whereas the p130 isoform weakly stimulates endothelial cell migration but is
tightly associated to cytoskeleton actin filaments involved in vessel stabilization and migration.
Our lab (Roudier et al., 2009) has shown exercise training to improve muscle CD (24% vs. 25%,
respectively) and C/F (24% vs. 24%, respectively) to similar extents in both lean and obese
animals. In both groups of animals, exercise training resulted in an improved p80/p130 ratio.
However, in lean animals this was achieved by a 62% increase in the p80 isoform, whereas in
obese animals the p80 isoform was unchanged but a 59% reduction in the p130 isoform was
observed. Thus, while VEGF-A and THBS1 are key angiogenic molecules, stating that skeletal
muscle angio-adaptation would completely depend on these two factors only would obviously be

a reductionist perspective and fails to illustrate the molecular complexity.



1.4.2 Overview of the cellular aspects of skeletal muscle angio-adaptation.

At the cellular level, skeletal muscle angio-adaptation refers to the ability of skeletal
muscle endothelial cells to proliferate, migrate, and assemble into vascular tubes in the context of
angiogenesis. Overall, angiogenesis is a highly coordinated process. The main steps involved are:
the activation of quiescent endothelial cells to form a vessel sprout; the elongation of the sprout
involving endothelial cell proliferation and migration; and finally, the stabilization of a newly
anastomose vessel into a mature blood vessel (Carmeliet and Jain, 2011). An exhaustive list of
molecular factors facilitate these processes such as VEGFs, fibroblast growth factors (FGFs),
platelet derived growth factors (PDGFs), angiopoietins, integrins and proteases, to name a few
(Carmeliet and Jain, 2011). Redundant functioning and overlapping signalling between many of
these angiogenic factors, and within respective signalling cascades, highlights the complexity of
angiogenesis. For instance, VEGFR2 phosphorylation can promote both endothelial cell
proliferation and migration through mitogen-activated protein kinase/extracellular signal-related
kinase (MAPK/ERK) signalling (Mufioz-Chépuli et al., 2004). Furthermore, endothelial cells
display a wide range of heterogeneity with differences in size, shape, position of nucleus,
intracellular junctional contacts, and the expression of surface antigens (Auerbach et al., 1985;
Belloni and Nicolson, 1988; Conway and Carmeliet, 2004). For example, when examining the
gene expression profile of 52 different endothelial cell types from 14 different locations, Chi and
colleagues (Chi et al., 2003) found differences in gene expression between large vessel and
microvascular endothelial cells, and between microvascular endothelial cell populations based on
tissue specificity. Therefore, with a plethora of molecular factors involved in angiogenic processes
and a high degree of heterogeneity between endothelial cells used to delineate these molecular
cascades, it is difficult to purvey a concise summary of endothelial cell responses during
angiogenesis. However, with respect to skeletal muscle angio-adaptation, exercise provides an

effect model to highlight specific endothelial cell angiogenic responses.

For example, Jensen and colleagues (Jensen et al., 2004) examined the effect of a knee-
extensor training program on skeletal muscle capillarization and endothelial cell proliferation.
Four weeks of exercise training resulted in a significant improvement in CD and C/F ratio in vastus
lateralis biopsies of trained legs. Immunohistological staining for marker of proliferation ki-67
(Ki-67) and cluster of differentiation 31 (CD31) positive cells revealed a 1700% increase in the
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number of proliferating cells associated with capillaries in these same biopsy samples.
Furthermore, microdialysate collected post acute-exercise from probes inserted in vastus lateralis
muscle, from both untrained and trained legs, stimulated a 573% and 415% increase in endothelial
cell proliferation in-vitro, respectively. Complementary to these observations, our lab (Aiken et
al., 2016) has used an elegant three dimensional muscle explant assay demonstrating the effect of
an acute bout of exercise on endothelial cell migration. After 6 days of muscle incubation, plantaris
biopsy samples from exercised rats demonstrated 118% greater endothelial cell migratory
outgrowth compared to sedentary conditions. Together, these findings illustrate the sensitivity of
endothelial cell proliferative and migratory responses to a transient angiogenic stimulus in the form
of an acute bout of exercise. However, it should be noted that while endothelial cell proliferation
and migration are crucial aspects of angiogenesis, they are by no means entirely reflective of
endothelial cell behaviour involved in skeletal muscle angio-adaptation.

1.4.3 The concept of skeletal muscle angio-adaptation: Conclusion.

Skeletal muscle angio-adaptation refers to dynamic and coordinated processes that occur
at molecular and cellular levels which influence the tissular plasticity of muscle capillaries
(Lemieux and Birot, 2021; Olfert and Birot, 2011). Indeed, skeletal muscle angio-adaptation is
well described in physiological and pathological conditions (Aiken et al., 2019; Andersen, 1975;
Andersen and Henriksson, 1977; Gouzi et al., 2013; Roudier et al., 2013, 2012, 2010), however,

things are less clear when it comes to the impact of environmental stressors.

1.5. Interest and relevance in studying and using environmental stressors in the context of

skeletal muscle angio-adaptation.

Recently, there has been increasing interest in the use of environmental stressors as
ergogenic aids to improving exercise performance or as therapeutic treatments in clinical settings.
In particular, the use of ambient hypoxia superimposed with exercise training, or local muscle
cooling in the form of cold-water immersion post-exercise, have gained popularity (Broatch et al.,
2018; Girard et al., 2017; Ramos-Campo et al., 2019; Stephens et al., 2017). However, encounters
with ambient hypoxia and cold stress are not limited to these instances. With increasing altitude, a
reduction in barometric pressure leads to a reduced partial pressure of oxygen (PO.), yet for every
1000m higher in elevation, temperature decreases by about 9.8 °C (West, 2012). Thus, high altitude

represents a unique circumstance in which there is a combination of the stressors.
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Interestingly, myofibers are sensitive to both ambient hypoxia and cold stress by having
alterations in metabolic profile, contractile phenotype, and size (Broatch et al., 2018; Chaillou,
2018). Thus, the question arises, how are skeletal muscle capillaries influenced by these
environmental stressors and, what is their effect on angio-adaptive processes? Answering these
questions may not only be pertinent for those using ambient hypoxia and cold stress in sport-

performance or clinical settings, but also for those that live or engage in activities at high altitude.

Currently, there is a discrepancy in original research conducted between the effect of
ambient hypoxia and cold stress regarding skeletal muscle angio-adaptation. When conducting a
PubMed search using the key words: Hypoxia, Skeletal muscle, Angiogenesis; 269 articles are
rendered. In contrast, when searching: Cold, Skeletal muscle, Angiogenesis; 23 articles are
rendered. Furthermore, when searching for the most well described angiogenic molecule: VEGF-
A, Skeletal muscle, Hypoxia; 188 articles are found, in comparison, VEGF-A, Skeletal muscle,

Cold; obtains 15 articles.

1.5.1. Investigating the impact of environmental stressors on skeletal muscle angio-

adaptation.

Based on the discrepancy in previously conducted original research, my thesis will have

two studies to address the influence of environmental stressors on angio-adaptation.

Study 1: A comprehensive literature review examining the respective and combined contributions
of ambient/environmental hypoxia and exercise-induced local tissue hypoxia on skeletal muscle

angio-adaptation.

Study 2: An original research project examining the effect of cold stress in-vitro on molecular and
cellular aspects of skeletal muscle angio-adaptative processes. In particular, the impact of cold
stress respectively on myotubes and skeletal muscle endothelial cells, and the influence of myotube

derived angiogenic factors on endothelial cell responses.
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2.1. Scientific context of the review.

Hypoxia, by definition, is a reduced availability of oxygen (Bhutta et al., 2022).
Environmental hypoxia is also referred to as ambient hypoxia and is often associated with high
altitude where a reduction in the partial pressure of oxygen (PO2) occurs due to reduced barometric
pressure (West, 2012). Aside environmental hypoxia, there are also physiological and pathological
conditions in which the body can experience hypoxia at the tissue or cellular level independently
of changes in barometric pressure. A non-exhaustive list of examples could be: intense aerobic
exercise (Ameln et al., 2005; Lindholm and Rundqvist, 2016; Richardson et al., 1995), peripheral
artery disease, chronic heart failure, and chronic obstructive pulmonary disorder (Chaillou, 2018;
Semenza, 2014).

With respect to skeletal muscle, exercise imposes a greater tissular hypoxic stress than that
of ambient hypoxia. Resting intramuscular PO, in muscles of the lower leg are reported to range
between 13-34 mmHg at rest (Richardson, 2000; Richardson et al., 2006, 1999b, 1999a). When
inspiring ambient air with a fraction of inspired oxygen (FiO2) of 10% at rest (equivalent to an
altitude of about 5,500m), intramuscular PO- is only reduced to 23 mmHg relative to 34mmHg in
normoxia (Richardson et al., 2006). In comparison, when knee-extensor exercise is performed at
25% of work-rate max, intramuscular POz is drastically reduced to 3.5 mmHg (Richardson et al.,
2006). Interestingly, when subjects performed identical knee-extensor exercise whilst inspiring
ambient air with a FiO2 of 10%, intramuscular PO is further reduced to 2.3 mmHg (Richardson
et al., 2006). Thus, when superimposing ambient hypoxia and physical exercise there is an
exacerbation of the level of hypoxia experienced by the skeletal muscle.

With regard to skeletal muscle capillarization, previously established dogma suggests that
ambient hypoxia stimulates an increased muscle capillary density (CD), however this would be a
consequence of amyotrophy (reduced myofiber cross-sectional area) (Hoppeler, 1999; Hoppeler
etal., 1990b; Hoppeler and Desplanches, 1992; Oelz et al., 1986). In contrast, exercise is a hypoxic
stimulus that is well established in stimulating skeletal muscle angiogenesis (Ameln et al., 2005;
Andersen, 1975, 1975; Lindholm and Rundqvist, 2016; Richardson et al., 1995). Interestingly,
when the two stressors are combined, muscle capillarization improves to a larger extent than when
performing exercise alone (Bigard et al., 1991; Desplanches et al., 1996, 1993; Olfert et al., 2001,
Terrados et al., 1988; van Ekeren et al., 1992; Vogt et al., 2001). This response may be explained
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by the fact that the expression of key angiogenic molecules (VEGF-A, THBSL1) are influenced by
both exercise, and ambient hypoxia, independently and when combined in skeletal muscle (Breen
et al., 2008, 1996; Olfert et al., 2006; Yadav et al., 2014).

Therefore, the purpose of Study 1 was to review the existing literature to provide the reader
with an updated view on if/how ambient hypoxia, with or without an exercise stimulus, affects
skeletal muscle angio-adaptation. Furthermore, Study 1 was also completed to maintain a high-
degree of productivity and actively contribute to the scientific community despite lockdown

restrictions imposed during the COVID-19 pandemic.
2.2. Research question.

How does ambient hypoxia alone or when superimposed with exercise affect skeletal muscle

angio-adaptation and tissular outcomes in muscle capillarization?
2.3. Hypothesis.
(1) Ambient hypoxia per se is not a sufficient stimulus to trigger true muscle angiogenesis.

Chronic exposure to ambient hypoxia results in an improved muscle CD. However,
whether this occurs exclusively due to myofiber atrophy or due to a true angiogenic response
(improved C/F) triggered by ambient hypoxia is debated. Furthermore, confounding variables
found in field and laboratory experiments have made interpretations of the effect of ambient
hypoxia per se difficult. Such confounding variables are the nutritional status of the animals or
subjects, physical activity levels, the intensity and duration of exposure to hypoxia, the use of
hypobaric versus normobaric hypoxia, the absence of proper control groups, and the influence of

other environmental stressors in particular cold stress.

(2) Exercise training when performed under ambient hypoxia elicits an improved angiogenic
response of the skeletal muscle compared to exercise training alone.

VEGF-A and THBS1 have been shown to be key molecules involved in skeletal muscle
angio-adaptation through transgenic models (Delavar et al., 2014; Malek and Olfert, 2009; Olfert
et al., 2010, 2009). Exercise performed under hypoxic conditions leads to a greater and longer
persisting increase in VEGF-A expression in comparison to exercise alone (Breen et al., 1996).

Furthermore, exposure to chronic ambient hypoxia reduces both basal and exercise-induced
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expression of THBS1 (Olfert et al., 2006). Together, these results suggest that exercise under
ambient hypoxia may favourably shift the VEGF-A/THBS1 balance towards a greater pro-

angiogenic response than exercise alone.
2.4. Study aim.

1) Synthesize the existing literature in a comprehensive review that provides the reader with an
updated view of the field.

2) ldentify controversies and gaps of knowledge in the field that challenge the established dogma

concerning the effect of ambient hypoxia on skeletal muscle capillarization.

3) Identify future research directions to advance this unique field of exercise and environmental
physiology.
2.5. Methodology.

To investigate the effect of ambient hypoxia with or without exercise on influencing
skeletal muscle angio-adaptation, we searched PubMed for all studies in which animal or human
subjects were exposed to normobaric or hypobaric hypoxia, both with or without exercise (acute
and exercise training), that had outcome measurements of muscle capillarization and/or angiogenic

molecule expression.
2.6. Discussion.
Following the completion of Study 1, several key points have been identified.

First, when analyzing 22 articles that assessed skeletal muscle CD, and/or C/F ratio, in
human subjects, and animal passively exposed to normobaric or hypobaric hypoxia, we found that
with respect to CD, 55% of studies reported a 10% increase or greater, whereas 45% of studies
showed no change. Based on these results we can challenge the conventional dogma that passive
exposure to ambient hypoxia improves skeletal muscle CD. Furthermore, when investigating C/F
ratio, a quantitative index of novel capillary growth, in the same 22 articles, we observe 13% of
studies reporting an increase of 10% or more, 23% reporting a decrease of 10% or more, and 64%
of studies reporting no change. Thus, this lack of consensus suggests that passive ambient hypoxia

exposure might not stimulate angiogenesis, e.g., a true formation of new capillaries.
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Second, combing exercise and hypoxia results in an improved angiogenic response than

exercise alone.

Third, several studies have investigated the impact of passive hypoxia on skeletal muscle
angio-adaptation by characterizing the expression of VEGF-A, yet, when analyzing these studies,
we have identified flaws in the current literature. For one, many of these studies assessed VEGF-
A expression at the mRNA level and when VEGF-A protein was measured, it was usually
circulating VEGF-A being quantified by enzyme-linked immunosorbent assay (ELISA).
Furthermore, many of these studies suggest changes in VEGF-A expression to be synonymous
with a comprehensive angio-adaptive response. First, assessing VEGF-A mRNA does not
necessarily reflect an increased biological activity of the molecule given that increased mRNA
does not necessarily reflect greater translation of the protein. Second, measuring circulating
VEGF-A by ELISA does not necessarily reflect skeletal muscle VEGF-A production. Finally, as
mentioned previously skeletal muscle angio-adaptation is regulated by a plethora of pro- and anti-
angiogenic molecules that promote endothelial cell responses towards muscle capillary
remodeling. Thus, in these studies, measuring VEGF-A expression only does not fully encapsulate
the dynamic and multi-stepped processes involved in skeletal muscle angio-adaptation. Therefore,
we caution against the use of these studies as evidence for a, or lack there of, skeletal muscle angio-

adaptive response to hypoxia.

Fourth, as mentioned in my literature review, THBS1 could impact skeletal muscle
capillarization to a larger extent than VEGF-A, however, despite this THBS1 is remarkably
understudied. Only a single study (Olfert et al., 2006) has investigated the combined impact of

exercise and hypoxia on skeletal muscle THBS1 expression.

In conclusion, we found that our study comprehensively and effectively reviewed the
literature, in doing so, we challenged existing dogma, identified gaps in knowledge, and provided
directions for future research in environmental and exercise physiology. We also found that this
review was well received in the scientific community with 4,052 views, 703 downloads, and 2

citations since its publication on Sept 6, 2021.
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Abstract

Hypoxia, defined as a reduced oxygen availability, can be observed in many tissues in response to
various physiological and pathological conditions. As a hallmark of the altitude environment,
ambient hypoxia results from a drop in the oxygen pressure in the atmosphere with elevation. A
hypoxic stress can also occur at the cellular level when the oxygen supply through the local
microcirculation cannot match the cells’ metabolic needs. This has been suggested in contracting
skeletal myofibers during physical exercise. Regardless of its origin, ambient or exercise-induced,
muscle hypoxia triggers complex angio-adaptive responses in the skeletal muscle tissue. These can
result in the expression of a plethora of angio-adaptive molecules, ultimately leading to the growth,
stabilization, or regression of muscle capillaries. This remarkable plasticity of the capillary
network is referred to as angio-adaptation. It can alter the capillary-to-myofiber interface, which
represent an important determinant of skeletal muscle function. These angio-adaptive molecules

can also be released in the circulation as myokines to act on distant tissues. This review addresses
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the respective and combined potency of ambient hypoxia and exercise to generate a cellular
hypoxic stress in skeletal muscle. The major skeletal muscle angio-adaptive responses to hypoxia
so far described in this context will be discussed, including existing controversies in the field.
Finally, this review will highlight the molecular complexity of the skeletal muscle angio-adaptive
response to hypoxia and identify current gaps of knowledges in this field of exercise and

environmental physiology.

Introduction.

Our review aims to revisit the complexity of the skeletal muscle angio-adaptive response to
hypoxia, particularly when combining exposure to ambient hypoxia and exercise-induced tissue
hypoxia. Indeed, in the context of high-altitude expeditions, mountaineers usually engage into
prolonged periods of intense physical activity over several weeks or months (West, 2012, 2006).
In the context of sport performance at sea level, hypoxia training has become a complex and very
specialized area of research (Girard et al., 2013; Girard and Chalabi, 2013; Girard and Pluim, 2013;
Lundby et al., 2012; Millet et al., 2010). Finally, the use of exercise training under hypoxia has
recently emerged as a new and promising therapeutic avenue to improve some metabolic and
cardiovascular conditions (obesity, type-2 diabetes, hypertension) as well as for the training of
elderly subjects (Millet et al., 2016; Verges et al., 2015) (Figure 3).

Skeletal muscles represent one of our largest tissues, accounting for about 40% of human body
weight. Skeletal muscles adapt to environmental, physiological, and pathological conditions with
a remarkable plasticity. This can include changes in muscle mass, in the size of myofibers and
their metabolic and contractile phenotype, as well as changes in muscle capillarization (Booth and
Thomason, 1991; Hudlicka, 2011; Hudlicka et al., 1992).

Since August Krogh’s pioneering work about a century ago (Krogh, 1919a, 1919b, 1919c), our
understanding of the regulation of muscle blood flow and oxygen delivery to muscle cells has
considerably evolved and was recently revisited in great review articles (Angleys and @stergaard,
2020; Kissane et al., 2021; Poole et al., 2021, 2020). The oxygen cascade from skeletal muscle
arterioles to capillaries, interstitial tissue, sarcolemma, and mitochondria can be influenced at
several levels: The vasomotricity of upstream arterioles and the subsequent regulation of capillary
blood flow; the content and velocity of red blood cells; the hemoglobin and myoglobin

concentrations; the tortuosity and number of capillaries; and the surface area of myofibers.
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The capillary-to-myofiber interface plays a crucial role for muscle function. Indeed, it represents
the site of exchange for oxygen, nutrients, metabolic heat and waste between the blood and the
myofibers. The density of capillaries within a given area of muscle tissue will greatly contribute
to matching the delivery of oxygen and nutrients with the myofibers’ metabolic needs, particularly
during contractile activity (Hoppeler, and Kayar, 1988; Hudlicka, 2011; Hudlicka et al., 1987;
Mathieu-Costello, 1994). The capillary network can therefore be considered as a key determinant
of skeletal muscle function and several studies have reported strong correlations between the level
of muscle capillarization and mitochondria volume density, muscle oxidative capacity, and oxygen
consumption (Hoppeler et al., 1987; Hoppeler, and Kayar, 1988; Howlett et al., 2003; Hudlicka et
al., 1987; Poole and Mathieu-Costello, 1996). For instance, Howlett et al. (2003) reported a strong
correlation between skeletal muscle capillary density and muscle oxygen conductance in rats

selectively bred for running endurance (Howlett et al., 2003).

Skeletal muscle capillarization and the concept of muscle angio-adaptation.

The capillary density in a muscle section can vary in response to various environmental,
physiological, or pathological conditions. An increase in muscle capillary density is usually
observed in human subjects and animal models in response to prolonged endurance training or
high-altitude sojourn (Breen et al., 2008; Hudlicka, 2011; Hudlicka et al., 1992). Conversely,
skeletal muscle capillary rarefaction has been described in response to physical deconditioning as
well as in the context of some pathologies such as chronic obstructive pulmonary disease, chronic
heart failure, or diabetes (Aiken et al., 2019; Gouzi et al., 2013; Olfert et al., 2015; Roudier et al.,
2010).

Skeletal muscle angio-adaptation refers to the complex and dynamic processes of capillary
formation, stabilization, or regression in response to acute and chronic physiological or
pathological conditions. These processes are regulated at the molecular level by a plethora of pro-
and anti- angiogenic molecules (Breen et al., 2008; Egginton, 2009; Egginton and Birot, 2014;
Hoppeler, 1999; Olfert et al., 2015; Olfert and Birot, 2011). At the cellular level, endothelial cells
proliferate, migrate, and assemble to form new capillaries in the context of angiogenesis, or
conversely, undergo apoptosis during capillary regression. Myofibers can represent an important
source of production and release of angio-regulatory molecules such as the well-described pro-
angiogenic Vascular Endothelial Growth Factor-A (VEGF-A).
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Importantly, changes in capillary density can also be a direct consequence of alterations in the size
of myofibers (hypertrophy or atrophy) without any true capillary loss or formation. Also, no
change in capillary density is not necessarily synonymous of an absence of angio-adaptive activity.
For example, during myofiber hypertrophy, a formation of new capillaries might occur simply to
prevent a decrease in the capillary density that would result from the increase in the myofibers
surface area. It is also important to note that some angio-adaptive molecules, such as the pro-
angiogenic VEGF-A, are not only required for the growth of capillaries but also to maintain
existing ones. Evidence suggests an autocrine expression of VEGF-A being important for
endothelial cell survival and vascular homeostasis (Domigan et al., 2015; Lee et al., 2007). Finally,
the skeletal muscle could also be seen as an endocrine organ releasing “angio-adaptive myokines”

in circulation, potentially affecting distant tissues.

Skeletal muscle hypoxia: Impact of altitude and exercise.

Hypoxia, defined as a lack of oxygen supply to a given tissue, is a powerful pro-angiogenic
stimulus for various cell types and tissues including skeletal muscle (Breen et al., 2008; Favier et
al., 2015; Fraisl et al., 2009; Hoppeler and Vogt, 2001; Semenza, 2001). Ambient hypoxia is a
hallmark of the altitude environment and results from a drop in the oxygen pressure in the
atmosphere with elevation. However, the impact of ambient hypoxia per se on skeletal muscle
angio-adaptive responses and capillarization still remains a source of scientific debate. A hypoxic
stress can also be generated locally at the muscle tissue level in response to intense exercise if
oxygen delivery cannot match the metabolic needs of contracting myofibers (Figure 3).

Several studies have aimed at determining the oxygen partial pressure (PO2) cascade in human and
animal models using different techniques such as proton magnetic resonance spectroscopy, surface
electrodes, microcatheter, and more recently phosphorescence quenching. The intramuscular PO>
at rest is estimated around 27 mmHg with some variations (10-34 mmHg) among studies (different
species, muscles and techniques), below the microvascular PO2 but well above the intra-myocyte
PO: (1-3 mmHg) (Boegehold and Johnson, 1988; Colburn et al., 2020; Hirai et al., 2019, 2018;
Hutter et al., 1999; Johnson et al., 2005; Kindig et al., 2003; Liu et al., 2012; Lombard et al., 2000;
Molé et al., 1999; Poole et al., 2021, 2020; Prewitt and Johnson, 1976; Richardson, 2000, p. 200;
Richardson et al., 2006, 1995; Richmond et al., 1999, 1997).
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A few of these studies have investigated the impact of ambient hypoxia on skeletal muscle PO,. A
modest reduction in PO2 (from 34 mmHg under normoxia to 23 mmHg under hypoxia) was
observed in human quadriceps muscle following an exposure to an inspired O> fraction of 10%
(FiO2 0.10), equivalent to an altitude of about 5,800 m. (Richardson et al., 2006). In another study,
the interstitial POy in rat cremaster muscles was reduced from 26 to about 10 mmHg following
one minute exposure to an inspired O fraction of 7% (FiO2 0.07), equivalent to an altitude of about
8,300 m. (Johnson et al., 2005). However, the physiological relevance of this conditioning (1
minute of exposure at FiO> 0.07) can be questioned. These few studies suggest that ambient
hypoxia exposure might not alter muscle PO> to a large extent. Conversely, the impact of physical
exercise on the muscle POz seems much more important. One bout of exercise, even at moderate
intensity (50% maximal leg O uptake) was shown to decrease muscle PO> to values around 3-5
mmHg (Angleys and @stergaard, 2020; Molé et al., 1999; Richardson et al., 2006, 1995). This
exercise-induced hypoxic stress could be further exacerbated (muscle PO2 down to 2 mmHg) when
exercise was performed in a hypoxic environment (Richardson et al., 2006).

At a molecular level, the Hypoxia Inducible Factor-1 (HIF-1) is a transcription factor widely
recognized as a hallmark of the hypoxia signaling pathway (Semenza, 2001; Semenza and Wang,
1992). HIF-1 is a heterodimeric complex formed of two subunits alpha and beta. Whereas the
expression of the beta subunit remains stable under both normoxic and hypoxic conditions, the
alpha subunit (HIF-1o) confers on HIF-1 most of its regulation. Under normoxia, the HIF-1a
protein is constantly synthesized in the cytoplasm, and rapidly undergoes proteosomal degradation
within a few minutes. This involves HIF-1o hydroxylation on certain proline residues by HIF
prolyl hydroxylases (PHD1-3) (Ke and Costa, 2006; Lindholm et al., 2014). If the PO> drops
enough to generate a hypoxic stress at the cellular level, the function of PHD1-3 is inhibited, HIF-
1o is stabilized and can translocate into the nucleus to dimerize with the beta subunit. HIF-1 binds
to hypoxia responsive elements (HRE) in the promoter regions of target genes to regulate their
transcription. Both the erythropoietin (EPO) and pro-angiogenic VEGF-A genes possess HRE sites
in their promoters (Semenza, 2001).

Whether ambient hypoxia exposure results in an increased expression of HIF-1a protein in skeletal
muscle remains largely understudied. Stroka et al. (2001) have observed a strong HIF-1a protein
expression level in mouse skeletal muscle even under normoxic conditions (Stroka et al., 2001).

In the same study, one hour exposure to extreme normobaric hypoxia (FiO2 0.06, equivalent to
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9,100 m) did not seem to increase the expression level much further. As noted previously, the
physiological relevance of conditionings combining very short exposures (1 min. to 1 hour) and
extreme hypoxia levels (FiO2 0.06-0.07) are questionable (Johnson et al., 2005; Stroka et al., 2001).
Intense physical exercise can be at the origin of a local hypoxic stress in the muscle tissue. In an
elegant study, Ameln et al. (2005) quantified HIF-1o protein expression in response to one single
bout of moderate intensity exercise in human vastus lateralis muscle biopsies (Ameln et al., 2005).
HIF-1a protein levels were increased immediately after exercise and remained elevated for up to
6h post-exercise. An increased nuclear staining for HIF-1a. was also observed as well as an
increased DNA binding to HRE binding sites. mMRNA levels for HIF-1 target genes EPO and
VEGF-A were also higher post-exercise. These results suggest that HIF-1 expression and activity
were both increased post-exercise in human skeletal muscle.

An increase in HIF-1o protein expression could result from the inhibition of HIF-1o protein
degradation but also from an increased expression of HIF-1ao mMRNA and protein translation. VVogt
et al. (2001) have measured HIF-1oo mMRNA in human vastus lateralis muscle biopsies before and
after an endurance training program conducted at low or high intensity either under normoxia or
normobaric hypoxia (simulated altitude of 3,850 m) (Vogt et al., 2001). HIF-1oo MRNA expression
was increased after hypoxia training regardless of the training intensity whereas training under
normoxia had no effect. Interestingly, VEGF-A mRNA levels were also measured and found to be
increased only in the high-intensity hypoxia training group but not under low exercise training
conditions. This could reveal a synergetic effect of combining ambient hypoxia and exercise-
induced local hypoxia. Here, biopsies were performed at least 24h post-exercise to assess the effect
of prolonged training on HIF-1a basal levels. In line with this study, Lundby et al. (2006) have
evaluated the impact of prolonged exercise training on HIF-1a acute response to one single bout
of exercise (Lundby et al., 2006). HIF-1o. mRNA levels were increased in vastus lateralis biopsies
at 6 hours post-exercise only in the untrained group. Whether exercise training could blunt the
acute HIF-1o response to one single bout of exercise was then questioned by Lindholm and
colleagues who showed that several inhibitors of HIF-1a expression and HIF-1 activity were
increased in trained muscles (Lindholm et al., 2014; Lindholm and Rundqvist, 2016). The analysis
of trained muscle biopsies indeed revealed higher expression levels of prolyl hydroxylases (PHD1-
3), Factor Inhibiting HIF-1 (FIH) and Sirtuin-6 (SIRT6) (Lindholm et al., 2014). By catalyzing
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hydroxylation on specific prolyl residues, PHD1-3 target HIF-1a for proteasomal degradation.
FIH, a HIF-1a-specific asparagine hydroxylase, can inhibit HIF-1 transactivation. SIRT6, a
histone deacetylase, can act as an epigenetic co-repressor of HIF-1. Another explanation to the
results from Lundby et al. could be an increased level of muscle capillarization post-training
(Lundby et al., 2006). Angiogenesis is a well-described tissular adaptation of the skeletal muscle
tissue to endurance training. This would result in a better capillary-to-myofiber interface and
oxygen delivery to contracting myofibers, and as such, a reduced exercise-induced hypoxic stress
in trained muscles.

In addition to inducing a local cellular hypoxic stress, exercise combines other pro-angiogenic
stimuli such as increased shear stress on endothelial cells due to enhanced muscle blood flow,
mechanical tissue stretch, and oxidative stress (Breen et al., 2008; Egginton, 2009; Egginton and
Birot, 2014; Haas and Nwadozi, 2015; Hellsten and Hoier, 2014; Hoier et al., 2012; Hudlicka et
al., 1992; Milkiewicz et al., 2001; Olfert et al., 2015). The increase in muscle blood flow results
from active vasodilation, and the resultant increase in shear stress represents a well-described pro-
angiogenic stimulus for skeletal muscle endothelial cells, mediating the production of angio-
adaptive molecules such as nitric oxide, metalloproteinases, and VEGF-A (Egginton, 2011, 2009;
Haas and Nwadozi, 2015; Hellsten and Hoier, 2014; Hudlicka and Brown, 2009; Milkiewicz et
al., 2011, 2011, 2001). If local cellular hypoxia and shear stress are often presented side by side as
exercise-induced pro-angiogenic stimuli, passive exposure to ambient hypoxia also stimulates
vasodilation and increases blood flow in skeletal muscle (Casey and Joyner, 2012, 2011; Dinenno,
2016; Joyner and Casey, 2014). Therefore, ambient hypoxia could then represent an upstream
stimulus of muscle shear stress. The degree of vasodilation observed seems linked to the degree
of ambient hypoxia, at least for acute exposures. Interestingly, the combination of ambient hypoxia
exposure and exercise seems to synergistically induce greater vasodilation and muscle blood flow
than what could be expected by simply adding their respective contributions (Casey and Joyner,
2012, 2011; Joyner and Casey, 2014). Finally, to add more complexity, HIF-1a expression can
also be stimulated under normoxic conditions in skeletal muscle in response to increased shear

stress or mechanical tissue stretch (Milkiewicz et al., 2007).
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Altitude, exercise, and skeletal muscle hypoxia: Key points.

e Exercise is a more powerful stimulus than ambient hypoxia to decrease muscle PO..

e Combining ambient hypoxia and exercise might further decrease muscle PO..

e HIF-1is a well-established hallmark of hypoxia signaling.

o Skeletal muscle angio-adaptive activity can locally change the level of muscle capillarization
and can also release angio-adaptive myokines in the circulation for distant effects.

Increased muscle capillarization in response to exercise training and ambient hypoxia.

We previously discussed how increasing the capillary-to-myofiber interface could be beneficial
for maintaining or improving muscle function when oxygen delivery becomes a challenge. The
capillary density (CD), which represents the number of capillaries per surface unit of tissue, is
often used to assess the level of muscle capillarization (Andersen, 1975; Hudlicka et al., 1992).
The CD can however be influenced both by changes in the number of capillaries and alterations in
the size of myofibers. Changes in CD might therefore not always be representative of angiogenesis
or capillary regression. Conversely, the capillary-to-fiber ratio (C/F) represents one of the best
histological parameters to truly appreciate capillaries formation or rarefaction.

Exercise training is a powerful and well-established pro-angiogenic stimulus for the skeletal
muscle tissue (Andersen, 1975; Andersen and Henriksson, 1977; Egginton, 2009; Hudlicka et al.,
1992). Human and animal studies have shown that one single bout of exercise leads to the
production and release of several angio-adaptive molecules both in the muscle microenvironment,
for example to stimulate skeletal muscle endothelial cells (Aiken et al., 2016; Roudier et al., 2012),
and in the circulation as myokines (Egginton, 2009; Egginton and Birot, 2014; Hoier et al., 2012;
Hudlicka et al., 1992; Olfert and Birot, 2011; Vogt et al., 2001). During prolonged exercise
training, the chronic repetition of these exercise-induced angiogenic responses can ultimately lead
to the formation of new capillaries. This increase in muscle capillarization will usually be reflected
by higher C/F and CD in trained muscles (Andersen, 1975; Andersen and Henriksson, 1977;
Egginton, 2009; Hudlicka et al., 1992). As previously mentioned, the exercise stimulus combines
several stressors such as local tissue hypoxia, increased shear stress, tissue stretch, and oxidative
stress. The exact contribution of hypoxia per se during exercise remains difficult to study and still

unclear. Conversely to regular exercise, muscle hypokinesia or deconditioning can lead to capillary
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regression (Egginton, 2009; Fujino et al., 2005; Malek et al., 2010; Olfert and Birot, 2011; Roudier
etal., 2010).

The effect of passive exposure to ambient hypoxia on skeletal muscle capillarization is less clear
than the impact of exercise training. A well-established consensus of the literature is that prolonged
exposure to field or simulated high altitude hypoxia results in improved skeletal muscle
capillarization and increased capillary density. This alteration in capillary density seems however
mainly due to the atrophy of myofibers rather than a true angiogenic response. Several studies
have indeed reported an increase in CD concomitantly to a decrease in the myofiber surface area,
with no change in the C/F ratio (Green et al., 1989; Hoppeler et al., 1990b; Kayser et al., 1996;
MacDOUGALL et al., 1991; Oelz et al., 1986).

This should be taken with a certain caution since there are in fact almost as many original studies
reporting an increase in muscle CD as studies showing no change (Figure 4A) (Banchero et al.,
1976; Bigard et al., 1991; Green et al., 1992; Hoppeler et al., 1990b; Kayser et al., 1996; Levett et
al., 2012; Lundby, 2004; Mizuno et al., 2008; Oelz et al., 1986; Olfert et al., 2001; Poole and
Mathieu-Costello, 1989; Sillau and Banchero, 1977). We searched the PubMed database for
original research studies that analyzed skeletal muscle CD and C/F in animals or human subjects
passively exposed to normobaric or hypobaric hypoxia. Studies combining ambient hypoxia and
exercise interventions were included only if they had all the required experimental groups to assess
the impact of passive hypoxia exposure independently of the exercise training stimulus. We
identified a total of 22 original research studies (Figure 4). Interestingly, 55% reported a significant
increase or a trend for an increase in CD by at least 10% whereas 45% showed no change (Figure
4A).

The lack of change in CD could be attributed to an absence of muscle atrophy, and some authors
have in fact observed no reduction in myofiber size at high altitude (D’Hulst et al., 2016; Green et
al., 1992; Levett et al., 2012; Lundby, 2004). It was then suggested that both the exposure duration
and the altitude level could determine whether myofibers would atrophy or not, leading to the
notion of hypoxic dose (D’Hulst and Deldicque, 2017; Millet et al., 2017). Some conditionings
were indeed performed at moderate altitude (3000-4000 m) over 2-3 weeks only, as opposed to
longer exposures (8-10 weeks) at higher altitudes (>5200 m) (Green et al., 1992, 1989; Hoppeler
etal., 1990b; Levett et al., 2012; Lundby, 2004; MacDOUGALL et al., 1991; Mizuno et al., 2008;
Oelz et al., 1986).
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It is difficult to identify the source of discrepancy between these studies regarding myofiber size
and CD. In rodent studies for example, the age of the animals can be a confounding factor if they
are still growing (Banchero, 1985; Snyder et al., 1992). Calorie intake can also influence body
and muscle weights. Prolonged mountaineering expeditions at high-altitude can involve logistical
constraints for proper nutrition and gastroenteritis disorders are often described (Swenson and
Bartsch, 2013; West, 2012). Hypophagia has been well observed in rodents exposed to prolonged
hypoxia, usually requiring the use of pair-fed control animals (Daneshrad et al., 2003, 2001).
Muscle atrophy could also result from reduced physical activity and muscle deconditioning,
particularly during prolonged and passive exposure in hypoxic chambers. For example, when
maintaining an isocaloric state and matching physical activity levels, Green and colleagues did not
observe any atrophy in their study (Green et al., 1992). There is however still a lack of consensus
around the contribution of physical activity or the notion of a hypoxic dose on muscle atrophy.
This can nicely be illustrated by two studies from Mizuno and Levett (Levett et al., 2012; Mizuno
et al., 2008). Both compared very active versus less active subjects during similar conditions of
prolonged exposure (66-75 days) to high altitude (>5000 m). Whereas the less active participants
remained moderately active at the Everest Base Camp (5250-5300 m), active subjects were
repeating climbing sessions at higher altitudes. In Levett’s study, climbers reached Camp 2 (6400
m) and some even summited the Mount Everest (8848 m) (Levett et al., 2012). Mizuno et al. (2008)
observed a significant increase in muscle CD (+14%) associated with a reduction in muscle
circumferences and myofiber size (Mizuno et al., 2008). Conversely, Levett et al. (2012) did not
observe any significant myofiber atrophy or change in CD (Levett et al., 2012).

Some authors have also concluded that ambient hypoxia alone might not be sufficient to stimulate
skeletal muscle angiogenesis and that a combination of cold and hypoxia stressors might be
required (Banchero, 1985; Hoppeler, 1999; Jackson et al., 1987; Snyder et al., 1992). Interestingly,
cold per se was recently identified as a pro-angiogenic stimulus in rodent skeletal muscle (Deveci
and Egginton, 2003; Egginton, 2002; Sillau et al., 1980).

An increase in muscle CD can also result from the formation of new capillaries via the process of
angiogenesis. The capillary-to-fiber ratio (C/F) is often used to assess capillary formation. Some
earlier studies in species adapted to high altitude, including deer mice, gooses, finches or pigeons
have reported increased C/F values compared to sea level animals (Hepple, 2000; Hepple et al.,
1998; Lui et al., 2015; Mathieu-Costello and Agey, 1997; Scott et al., 2015). Yet, as previously
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mentioned, a general interpretation is that the increase in CD in response prolonged exposure to
hypoxia results from tissue remodeling and myofiber atrophy without any angiogenesis.
Methodological artefacts in tissue preparation for histology procedures, such as variation in the
sarcomere length, were pointed out (Banchero, 1985; Banchero et al., 1985; Hoppeler et al., 1990b;
Hoppeler, and Kayar, 1988; Hudlicka et al., 1992; Mathieu-Costello, 1994; Poole and Mathieu-
Costello, 1989, 1989; Sillau et al., 1980; Sillau and Banchero, 1977). The impact of prolonged
hypoxia on muscle C/F was however revisited by Deveci and colleagues in rats passively exposed
to 3 or 6 weeks of hypoxia (FiO2 0.12, equivalent to 4400 m) (Deveci et al., 2002, 2001). The effect
of hypoxia on C/F could vary accordingly to muscle and fiber types as well as exposure duration.
After 3 weeks of conditioning, CD and C/F were increased in the diaphragm and soleus muscles
without any significant myofiber atrophy, suggesting a true angiogenic response to ambient
hypoxia. No indication of angiogenesis was observed in the tibialis anterior and extensor digitorum
longus muscles (Deveci et al., 2001). At 6 weeks, an increase in C/F was observed all muscles
(Deveci et al., 2002). Interestingly, the analysis of different areas from each muscle also suggested
that angiogenesis might occurs predominantly around larger and glycolytic myofibers (Deveci et
al., 2002, 2001).

When re-analyzing our 22 original research studies that measured the C/F ratio in animal and
human skeletal muscles in response to prolonged exposure to hypoxia, we found that about 64%
mentioned no change and only 13% reported a significant increase or a trend for it (Figure 4B).
Interestingly, 23% indicated a significant or a trend for a decrease in C/F (Green et al., 1989;
Hoppeler et al., 1990b, 1990a; Lundby, 2004; MacDOUGALL et al., 1991). For example, in the
study from Hoppeler and colleagues, the significant decrease in C/F (-10%) is of the same
magnitude as the increase in CD (+11%) (Hoppeler et al., 1990b).

Based on the current literature, the understanding of the effect of prolonged exposure to hypoxia
on skeletal muscle capillarization is still unclear and difficult to generalize. Responses can vary
between species, muscles, and fiber types, and can be different when combining different stressors
such as cold or physical activity. The idea of CD increasing because of myofiber atrophy can be
seen as an interesting and economic way to improve the capillary-to-myofiber interface without
the need of angiogenesis. However, having smaller myofibers might represent a disadvantage

when it comes to muscle performance.

28



Divergent from passive exposure to ambient hypoxia, the utilization of hypoxia in conjunction
with exercise has gained popularity as a possible training avenue for improving sea-level exercise
performance (Brocherie et al., 2018; Chapman, 2013; Girard et al., 2020, 2013; Girard and
Chalabi, 2013; Levine, 2002; Levine and Stray-Gundersen, 2006; Lundby et al., 2012; Millet et
al., 2010). As discussed earlier, exercise can generate a local hypoxic stress in the skeletal muscle
tissue. It is therefore appealing to consider how the combination of ambient hypoxia and exercise
training would affect muscle capillarization.

Several rodent and human studies suggest that skeletal muscle capillarization might improve to a
larger extent when exercise training is performed under ambient hypoxia compared to sea level
conditions (Bigard et al., 1991; Desplanches et al., 1996, 1993; Olfert et al., 2001; Terrados et al.,
1988; van Ekeren et al., 1992; Vogt et al., 2001). To assess the impact of ambient hypoxia on the
angiogenic effect of training, some authors trained their animals or subjects at the same relative
intensity, for example at a similar percentage of VO2max determined under hypoxia and normoxia,
thus expecting similar endurance times. Conversely, some authors utilized training protocols with
the same absolute intensity, which then can represent a higher stimulus in hypoxic conditions.
Bigard et al. (1991) observed a greater increase in C/F ratio in the plantaris, extensor digitorum
longus and soleus muscles of rats housed and trained in a hypobaric chamber at an altitude
equivalent to 4,000 m compared to animals trained under normoxic conditions (Bigard et al.,
1991). Yet, in the same study C/F values were not different when comparing sedentary normoxic
and hypoxic animals, suggesting that hypoxia alone is insufficient to promote muscle
angiogenesis. Similarly, Olfert et al. (2001) trained rats for 8 weeks under ambient hypoxia (FiO2
0.12) or normoxia. The C/F ratio was only increased in muscles from animals trained under
hypoxia (Olfert et al., 2001).

Interestingly, Vogt et al. (2001) have also evaluated the effect of exercise intensity during hypoxia
training in human subjects (Vogt et al.,, 2001). They reported a significant increase in
capillarization only in the vastus lateralis muscles of subjects trained at high intensity for 12 weeks
under hypoxia (simulated altitude of 3,850m). Training under normoxia, even at high intensity,
did not improve significantly muscle capillarization.

Overall, these laboratory and well-controlled studies indicate a greater angio-adaptive response of

the skeletal muscle tissue when exercise training is performed in ambient hypoxia. This reflects
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into a higher level of muscle capillarization. Yet, it remains unknow whether muscle angio-
adaptation occurs faster.

Field studies in humans for prolonged sojourn to altitude focusing on exercise and muscle
angiogenic activity have provided mixed results. Mizuno et al. (1990) reported a significant
increase in the triceps C/F of competitive cross-country skiers after 2 weeks of training at an
altitude of 2,700m (Mizuno et al., 1990). However, because of the absence of proper control groups
(sedentary and trained subjects in normoxia and hypoxia) it cannot really be discerned that these
results were simply a response to exercise training. No change in C/F ratio was described in the
rectus femoris or biceps brachii of climbers regularly engaged into intense climbing, walking,
carrying activities at altitudes above 5,250 m (Levett et al., 2012; Mizuno et al., 2008).

Finally, the use of exercise training in hypoxia for improving certain health outcomes
(biomechanical limitations, obesity, hypertension, ageing) is also gaining a high interest (Burtscher
et al., 2004; Camacho-Cardenosa et al., 2020, 2019, 2018; Jung et al., 2021; Kong et al., 2017;
Millet et al., 2016; Pramsohler et al., 2017; Ramos-Campo et al., 2019; Verges et al., 2015;
Wiesner et al., 2010). In regard to skeletal muscle blood flow, capillarization and angio-adaptation,
we and others have shown in rodent models and human patients that exercise interventions could
represent a powerful therapeutic avenue to prevent, delay or improve alterations in chronic
conditions such as peripheral limb ischemia, diabetes, obesity, chronic obstructive pulmonary
diseases (Aiken et al., 2019; Amouzou et al., 2016; Armstrong et al., 1986; Gardner and Poehlman,
1995; Gouzi et al., 2013; Hudlicka et al., 1994; McDermott et al., 2009; Roudier et al., 2009). Yet,
to the best of our knowledge the impact of hypoxia training as a therapeutic or preventive approach
specifically for conditions affecting muscle capillarization and angio-adaptive activity remains to

be investigated.
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Muscle capillarization, exercise training and ambient hypoxia: Key points.

e Prolonged exposure to hypoxia can improve skeletal muscle capillary density likely because of
myofiber atrophy. Yet the implication of a true angiogenic response cannot be ruled out.

e Combining training and ambient hypoxia can result in a higher muscle angiogenic response
than training alone. Yet whether it could also result in an earlier response remains unknown.

e The existing literature obviously shows non-negligible discrepancy imputable sometimes to a
lack of proper controls in early studies and to uncontrolled confounding factors such as activity

level and training status, cold exposure, restriction in calory intake, animal growth.

Skeletal muscle capillarization in high-altitude native populations.

As mentioned previously, a classical idea is that prolonged exposure of lowlanders to high altitude
could result in increased skeletal muscle CD often attributed to myofiber atrophy. Could this
represent a phenotypic transition towards highlanders’ muscles (Gilbert-Kawai et al., 2014)?
Interestingly, CD measured in highlanders’ muscles do not seem to differ much from lowlanders.
Kayser et al. (1991) have compared the CD from Tibetan Sherpas’ muscles with average CD values
from sedentary lowlanders or active climbers before and after a high altitude expedition (Kayser
et al., 1991). The average CD was significantly higher (+20%) in Sherpas’ muscles than in
sedentary lowlanders' muscles. However, the training status of the subjects was not taken into
consideration. In fact, there was no difference between Sherpas and active climbers before
expedition, and a trend for a lower CD (-13%) was even observed in Sherpas’ muscles when
compared with post-expedition lowlander climbers’ muscles (Kayser et al., 1991). It is also
important to note that the CD values measured in Sherpas’ muscles in this study (Kayser et al.,
1991) were compared with CD obtained from different studies (Hoppeler et al., 1990b, 1973; Oelz
etal., 1986). In another study, Kayser et al. (1996) have compared muscles from second-generation
Tibetans living at low altitude with Nepalese controls: No difference was observed for muscle CD
despite smaller fibers in Tibetans (Kayser et al., 1996).

In an interesting study, Lundby et al. (2004) have compared muscle CD from Aymara subjects,
who live permanently around 3,800-4,100m altitude in Bolivia, with CD values from lowlanders’
muscles before and an 8-weeks sojourn at 4,100 m (Lundby, 2004). Aymara muscle CD was 12%
(trend) and 15% (significant) lower than lowlanders’ CD respectively measured before and after

the altitude sojourn. This apparent lower CD is intriguing given that high-altitude natives had 25-
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30% smaller myofibers. The C/F ratio was in fact significantly 40% lower in Aymara’s muscles
compared to lowlanders.

Altogether, these results suggest that skeletal muscles from high-altitude residents, although
presenting smaller fibers, do not have a higher CD than lowlanders’ muscles. The observation of
a much lower C/F ratio in high-altitude natives reminds the few studies reporting a tendency for a
decreased C/F in lowlanders following a prolonged exposure to hypoxia (Green et al., 1989;
Hoppeler et al., 1990b; Lundby, 2004; MacDOUGALL et al., 1991). It is then tempting to conclude
this section by questioning whether a long-term angio-adaptation of the skeletal muscle to hypoxia
could in fact result in some capillary regression. Angio-adaptation ensures an optimal match
between the muscle capillarization and the metabolic needs of myofibers. If prolonged hypoxia
results in an increased CD and smaller myofibers with decreased mitochondria volume density
(Favier et al., 2015; Horscroft et al., 2017; Horscroft and Murray, 2014; Murray and Horscroft,

2016), some existing capillaries might at some point become unnecessary.

Molecular aspect of skeletal muscle angio-adaptive responses to hypoxia.

The skeletal muscle capillary network possesses a remarkable plasticity and whether capillaries
regress, stabilize or grow in response to a stimulus is largely determined by an intricate balance of
pro- and anti-angiogenic molecules (Breen et al., 2008; Egginton and Birot, 2014; Hoppeler, 1999;
Olfert et al., 2015; Olfert and Birot, 2011). Among the plethora of angio-adaptive molecules
described in the literature, the use of transgenic animal models identified two of them as key
regulators of skeletal muscle angio-adaptation: The pro-angiogenic Vascular Endothelial Growth
Factor-A (VEGF-A) (Baum et al., 2017; Olfert et al., 2010, 2009; Tang et al., 2004); and the anti-
angiogenic thrombospondin-1 (THBS-1) (Malek and Olfert, 2009; Slopack et al., 2014). Different
methodological approaches have been used, some targeting VEGF-A in the whole muscle tissue,
some targeting it specifically in myofibers (Baum et al., 2017; Breen et al., 2008; Malek and Olfert,
2009; Olfert et al., 2010; Tang et al., 2004). VEGF-A deletion results in (1) decreased basal level
of muscle capillarization, (2) blunted exercise-induced angiogenic response, (3) severely reduced
exercise capacity. Targeting the anti-angiogenic THBS-1 has somehow opposite consequences:
Better vascularized muscles and greater exercise capacity (Breen et al., 2008; Malek and Olfert,

2009; Olfert et al., 2015, 2009). In the context of the present review on skeletal muscle angio-
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adaptive responses to hypoxia, it is therefore important to recapitulate the response of VEGF-A
and THBS-1 to exercise and ambient altitude (Figure 5).

Most of studies in exercise and altitude physiology have essentially focused on measuring VEGF-
A mRNA and protein expression levels. However, how hypoxia can influence VEGF-A expression
and activity is in fact very complex (Breen et al., 2008; Semenza, 2001). The VEGFA gene can be
considered as a hypoxia-sensitive gene since it possesses several Hypoxia Responsive Elements
(HRE) recognized by the transcription factor HIF-1. Under hypoxic conditions, the stabilization
of HIF-1a and HIF-1 enhanced transcriptional activity lead to increased VEGF-A mRNA levels
(Hoppeler et al., 2003). VEGF-A mRNA can then be stabilized via interaction between its 3'
untranslated region and the Human antigen R (HuUR protein) (Amadio et al., 2008; Morfoisse et
al., 2015; Osera et al., 2015). Interestingly, Tang et al. (2002) have described such interaction
between HuR and VEGF-A mRNA in rat ischemic gastrocnemius muscles (Tang et al., 2002).
VEGF-A mRNA translation into proteins can also be affected by hypoxia. Indeed, whereas the
classical mechanism of mRNA cap-dependent translation can be inhibited under hypoxia, some
proteins such as VEGF-A can still be translated by using an alternative translational mechanism
where cap-independent translation is initiated via internal ribosome entry sites (IRESs) (Huez et
al., 1998; Miller et al., 1998; Stein et al., 1998). The endoplasmic reticulum chaperone Oxygen
Regulated Protein-150 (ORP-150) can finally facilitate VEGF-A protein secretion, and an increase
in ORP-150 has been reported in rat plantaris muscles following an acute bout of running exercise
(Birot et al., 2003; Ozawa et al., 2001a, 2001b). Finally, hypoxia can also stimulate the expression
of VEGF-A receptors (Gerber et al., 1997).

A stimulatory effect of exercise on VEGF-A expression has been well described in human and
rodent studies. Both mRNA and protein levels are transiently increased after one bout of exercise
(Aiken et al., 2016; Ameln et al., 2005; Birot et al., 2003; Breen et al., 2008, 1996; Croley et al.,
2005; Gavin et al., 2007, 2006; Gustafsson et al., 2005, 2002; Gustafsson and Kraus, 2001;
Hoppeler and Vogt, 2001; Roudier et al., 2012). A study from Breen et al. (1996) has shown that
increases in MRNA in rat skeletal muscle were higher and lasted longer when exercise was
performed at a higher intensity (Breen et al.,, 1996). An attenuation of VEGF-A mRNA
responsiveness to exercise stimulus has be observed after short-term (few days) training (Gavin
and Wagner, 2001; Kraus et al., 2004; Olfert et al., 2001; Vogt et al., 2001).
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The effect of acute or chronic exposure to ambient hypoxia itself on VEGF-A expression are less
conclusive. Most of the studies that have assessed VEGF-A expression in the muscle tissue have
measured mRNA levels only, whereas the protein was essentially quantified in the plasma or serum
by ELISA (Asano et al., 1998; Bahtiyar et al., 2007; Boos et al., 2018; Brinkmann et al., 2017;
Ding et al., 2012; Dorward et al., 2007; Gunga et al., 2003, 1999; Hanaoka et al., 2003; Kasai et
al., 2019; Kasperska and Zembron-Lacny, 2020; Morici et al., 2013; Oltmanns et al., 2006;
Schobersberger et al., 2000). Results from the literature remain largely inconsistent, reporting
some increase in mMRNA or protein (Breen et al., 1996; Gavin et al., 2006), some attenuation (Boos
et al., 2018; Morici et al., 2013; Olfert et al., 2001; Oltmanns et al., 2006), or no change (Bahtiyar
etal., 2007; Gungaetal., 2003; Lundby, 2004). Additionally, circulating VEGF-A levels measured
by ELISA do not necessarily reflect skeletal muscle VEGF-A production.

Finally, some studies have analyzed VEGF-A responsiveness when combining exercise and
ambient hypoxia (Asano et al., 1998; Breen et al., 1996; Brocherie et al., 2018; Gunga et al., 2003;
Kasperska and Zembron-Lacny, 2020; Nagahisa et al., 2016; Olfert et al., 2001; Vogt et al., 2001,
Zoll et al., 2006). Breen et al. (1996) have shown that VEGF-A mRNA expression in rat skeletal
muscle was higher and last longer when exercise was performed in ambient hypoxia compared to
a normoxic environment (Breen et al., 1996). Brocherie et al. (2018) have compared the effect of
different modalities of exercise training combined with hypoxia exposure (Brocherie et al., 2018).
VEGF-A mRNA levels were only increased in human skeletal muscle in their model of Live High-
Train Low and High (LHTLH) that combined passive exposure to ambient hypoxia and exercise
training session at maximal intensity under hypoxia, and no change in VEGF-A was observed in
the other two models (Live High-Train Low, LHTL, and Live Low-Train Low, LLTL).This study
is in line with previous results reported by Vogt and colleagues (2001) who analyzed VEGF-A
MRNA expression in response to a training program realized either at high or low intensity and
either in normoxia or hypoxia (6 weeks at an equivalent of 3,850 m) (Vogt et al., 2001). Whereas
training at high intensity in normoxia and training at low intensity in hypoxia only led to a trend
for an increase in VEGF-A mRNA (respectively, +13 and +17%), only the combination of training
at high intensity in hypoxia resulted in significant increase (+72%). These studies support the idea
that combining exercise and ambient hypoxia could exacerbate the angio-adaptive response of the
skeletal muscle tissue. If the duration, nature and intensity of the training program are key

parameters, all these studies also point out the importance of the duration and intensity of hypoxia
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exposure. This has recently led to the notion of hypoxic dose (D’Hulst and Deldicque, 2017; Girard
et al., 2020; Lundby et al., 2012, 2009; Millet et al., 2017).

Thrombospondin-1 has been identified as a potent anti-angiogenic factor in the skeletal muscle
tissue (Hellsten and Hoier, 2014; Malek and Olfert, 2009). Similar to VEGF-A, one bout of
exercise stimulates the expression of THBSImMRNA and protein in skeletal muscle (Malek and
Olfert, 2009; Olfert et al., 2006; Slopack et al., 2014) whereas short-term training is accompanied
by a progressive loss of responsiveness of THBS1 to exercise stimulus (Hoier et al., 2020; Olfert
et al., 2006; Slopack et al., 2014) (Figure 5). This responsiveness however appears to be restored
with long-term training (Hoier et al., 2012; Olfert et al., 2006; Slopack et al., 2014). The decreased
responsiveness of THBS1 during training could in fact contribute to shifting the skeletal muscle
angio-adaptive balance towards its pro-angiogenic side, reflected at the tissue level by a pro-
angiogenic microenvironment prone to capillary formation. This has led to the hypothesis that
exercise-induced angiogenesis might in fact be more controlled by a decrease in anti-angiogenic
factors rather than an increase in pro-angiogenic ones (Hellsten and Hoier, 2014; Olfert, 2016;
Olfert et al., 2015; Olfert and Birot, 2011). This could apply to capillary regression, as during
detraining or muscle hypokinesia, with an increase expression of anti-angiogenic factors shifting
the angio-adaptive balance the opposite way (Kishlyansky et al., 2010; Olenich et al., 2014; Olfert
and Birot, 2011; Roudier et al., 2010, 2009).

Long-term training does not seem to alter the basal expression level of THBS1 in rodent and human
healthy skeletal muscles (Gliemann et al., 2015; Hoier et al., 2012; Olfert et al., 2006) although
Yoshioka et al. (2003) have reported higher THBS1 gene expression in skeletal muscles from
endurance athletes compared to sedentary subjects (Yoshioka et al., 2003). Interestingly, Gouzi et
al. (2013) have shown that muscle THBS1 protein levels could be reduced in response to prolonged
training in patients with chronic obstructive pulmonary disease (Gouzi et al., 2013). This reinforces
the idea of using exercise training as a therapeutic avenue for clinical conditions with skeletal
muscle microvascular alterations. THBS1 expression was indeed found to be increased in rodent
skeletal muscles in the context of diabetes, pre-diabetes and hindlimb ischemia (Aiken et al., 2019;
Dunford et al., 2017; Kiveld et al., 2008, 2006; Roudier et al., 2013).

The effect of hypoxia alone on THBS1 expression has provided mixed results essentially from in-

vitro experiments. Phelan et al., (1998) have described an increased expression of THBS1 mRNA
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and protein in endothelial cells exposed to severe hypoxia (1%02) (Phelan et al., 1998).
Conversely, Yadav et al., (2014) have observed a decrease in THBS1 expression in differentiated
murine C2C12 myotubes in response to hypoxia (Yadav et al., 2014). Finally, THBS1 expression
was found to be increased both in rodent and human ischemic skeletal muscles (Roudier et al.,
2013).

To our knowledge, there is very limited data regarding THBS1 expression in skeletal muscle when
combining exercise stimulus and ambient hypoxia. Olfert et al. (2006) have analyzed THBS1
MRNA expression in skeletal muscles from rats kept sedentary or enrolled into a 8-weeks
endurance running program (Olfert et al., 2006). At the end of the training program, animals were
performing one bout of intense running exercise. Data suggests that endurance training did not
alter the basal expression level of THBS1. However, chronic hypoxia exposure resulted in lower
basal expression level (-44%) as well as THBS-1 expression in response to one bout of exercise (-
48%).

As a conclusion to this section, it is important to keep in mind that VEGF-A and THBSL1 are only
two members of the large family of angio-adaptive molecules susceptible to influence the skeletal
muscle angio-adaptive responses to exercise and ambient hypoxia. The expression levels of some
other angio-adaptive molecules have been measured in skeletal muscle tissue in the context of
exposure to ambient hypoxia, such as basic Fibroblast Growth Factor (bFGF), Transforming
Growth Factor-f3 (TGF-), VEGF receptors, leptin (Breen et al., 1996; Morici et al., 2013; Olfert
et al., 2001; Patitucci et al., 2009). However, these measurements remain very anectodical, and
more research in this area is needed.

Here, we have also essentially reviewed VEGF-A and THBS1 expression levels, which do not
reflect the functionality of these molecules, their interaction between each other’s and their
receptors.

As illustrated in Figure 5, the angio-adaptive response to a given stimulus is a complex and
dynamic process that involves molecular, cellular, and tissular responses. There is for example a
lack of knowledge regarding cross-talks between muscle cells. For instance, how angio-adaptive
signals originating from a contractile myofiber will stimulate neighboring endothelial cells to
proliferate and migrate to form new capillaries.

Ideally, evaluating the muscle angio-adaptive response to hypoxia should be integrative. For

example, an absence of significant change in capillarization does not rule out any angio-adaptive
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responses at a cellular or molecular level. Finally, the interpretation of results from the literature
is very complex with a certain discrepancy between studies. Such divergence can obviously have
several origins: Animal versus human studies; healthy versus pathological conditions; training
status; exercise protocols; hypoxia level and duration; confounding environmental stressors (cold,
air pollution); time of sample collection; methodology (northern blotting, gPCR, western blotting,
ELISA, histochemistry).

The skeletal muscle as an endocrine organ and the role of angio-adaptive myokines.

As previously mentioned, many studies studying angiogenic responses to hypoxia and exercise
have quantified circulating VEGF-A protein levels by ELISA. Several studies have aimed to link
changes in circulating VEGF-A levels with the susceptibility to develop acute or chronic mountain
sickness (Dorward et al., 2007; Espinoza et al., 2014; Nilles et al., 2009; Schommer et al., 2011;
Tissot van Patot et al., 2005). Regarding THBS1, this anti-angiogenic molecule seems to be
involved in the pathophysiology of hypoxia-induced pulmonary hypertension and right ventricular
hypertrophy (Bauer et al., 2012; Ochoa et al., 2010; Rogers et al., 2017). Kaiser et al. (2016) have
reported elevated serum THBSL1 levels and strong correlations of serum THBS1 to mean
pulmonary artery pressure and pulmonary vascular resistance in patients suffering from pulmonary
hypertension (Kaiser et al., 2016).

Interestingly, many circulating angio-adaptive molecules, either pro- or anti-angiogenic, could
therefore represent valuable biomarkers to evaluate for example the response of athletes to a
specific training program in hypoxia or the impact of a therapeutic exercise intervention in a group
of patients. More research in identifying the patho-physiological relevance of circulating angio-
adaptive biomarkers would be exciting and essential.

The quantification of circulating angio-adaptive molecules also points out the role of the skeletal
muscle as an endocrine organ secreting myokines to act on distant organs such as bones, brain, fat,
and liver (Delezie and Handschin, 2018; Fabel et al., 2003; Gomarasca et al., 2020; Kim et al.,
2019; Schnyder and Handschin, 2015). Fabel et al. (2003) have demonstrated that peripherally-
produced VEGF-A seems necessary for running-induced improvements in hippocampal
neurogenesis (Fabel et al., 2003). Rich et al. (2017) confirmed that VEGF-A produced by skeletal
myofibers plays an important role in hippocampal neurogenesis (Rich et al., 2017). Interestingly,

it was also suggested that VEGF-A meditated neurogenesis could provide a neuroprotective effect
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and could be essential for attenuating decrements to cognitive function experienced with ambient

hypoxia during high altitude exposure (Koester-Hegmann et al., 2019).

Molecular aspect of skeletal muscle angio-adaptive responses to hypoxia: Key Points.

Skeletal muscle angio-adaptation is a complex and dynamic process combining molecular
and cellular responses that will ultimately alter muscle capillarization.

Several angio-adaptive molecules have been described in the skeletal muscle tissue in the
context of exercise-induced angio-adaptation. Yet, their characterization in the context of
exposure to ambient hypoxia remains largely unknown.

There is a current lack of consensus in the literature largely due to confounding
experimental variables regarding the expression of muscle VEGF-A and circulating
VEGF-A in response to ambient hypoxia alone and to training in hypoxia.
Anti-angiogenic molecules, such as THBS1, could in fact impact skeletal muscle
capillarization to a greater extent than VEGF-A. Their contribution in skeletal muscle
angio-adaptive responses to exercise and hypoxia is however understudied.

The patho-physiological relevance of circulating angio-adaptive molecules as biomarkers
remains poorly documented.

The role of the skeletal muscle tissue as an endocrine organ secreting angio-adaptive
myokines to act on distant organs in the context of exercise and hypoxia is an exciting

research avenue.

Skeletal muscle angio-adaptive responses to hypoxia: Do normobaric and hypobaric

conditions differ?

The research studies discussed in our review were conducted in three types of environments: Field

experiments with real altitude exposure versus hypoxic chambers simulating altitude. Chambers

where the barometric pressure and partial oxygen pressure are decreased represent a hypobaric

environment, closer to the physics of real altitude, whereas normobaric chambers generate a

hypoxic environment by decreasing the fraction of oxygen in the inspired air. Whether normobaric

and hypobaric hypoxia are equivalent and then interchangeable has been an intense source of

scientific debate, particularly with regards to their impact on exercise performance and various

physiological parameters. Systematic reviews and ‘“points-counterpoints” discussions have
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however not enable researchers to reach any consensus (Coppel et al., 2015; Debevec and Millet,
2014; DiPasquale et al., 2016; Faiss et al., 2013; Girard et al., 2012; Millet et al., 2013, 2012a,
2012b; Mounier and Brugniaux, 2012a, 2012b; Richalet, 2020a, 2020b; Richard et al., 2014).
Discrepancy between studies can be attributable to many cofounding factors: Different degrees of
hypoxia, themselves determined either by barometric pressure, inspired PO2, oxygen fraction;
seasonal and geographical differences in barometric pressure; air temperature and humidity;
additional environmental stressors such as cold exposure; duration of exposure; presence or not of
exercise interventions, and if so different exercise protocols; characteristics of subjects; animal
versus human studies.

To the best of our knowledge, whether normobaric and hypobaric hypoxia could differently affect
the angio-adaptive responses of the skeletal muscle has never been investigated. We have therefore
revisited the original research studies cited in our review that analyzed CD, C/F, or the expression
levels of angio-adaptive molecules (MRNA or protein levels, tissue or circulating levels) in
response to ambient hypoxia exposure. This represents 49 original studies (Figure 6). We separated
them accordingly to the hypoxic environment used: Field studies (hypobaric), hypobaric chambers,
combined field and hypobaric chambers (both hypobaric environments), and normobaric
chambers. Studies involving physical activity (comparing active versus less active subjects,
including one bout of exercise or prolonged training) were considered only if they possessed all
required control groups enabling the evaluation of the impact of ambient hypoxia per se. We also
distinguished studies conducted in animal models or human subjects. Finally, we determined in
each category the percentage of studies reporting significant changes (increase or decrease) in
capillarization (CD and/or C/F) and expression of angio-adaptive molecules.

Unfortunately, the information presented in Figure 6 does not really help in answering the question
on whether normobaric and hypobaric hypoxia could differently affect the angio-adaptive
responses of the skeletal muscle. Indeed, when considering only the studies reporting significant
changes in capillarization, a distinction could be made between those conducted in normobaric
chambers (70% presenting significant changes) versus studies run in a hypobaric environment
(33% for field studies, 56% for hypobaric chambers, and 44% for combined hypobaric
environments). However, no such distinction could be made when considering only the studies
reporting significant changes in angio-adaptive molecules (67% for field studies, 70% for

combined hypobaric environments, and 77% for studies conducted in normobaric chambers).
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Finally, when looking at “overall” changes (capillarization and angio-adaptive molecules), it
seems that a larger proportion of studies conducted in hypoxic chambers, whether normobaric or
hypobaric, report significant changes (respectively 74% and 67%) compared to field studies
(53%). As mentioned earlier, a possible explanation could be that field studies often present
cofounding factors. Another interesting observation from Figure 6 is that these conditionings in
hypoxic chambers were mainly performed in animal models whereas field studies were essentially
involving human subjects (respectively 33% and 48% of human studies involving hypobaric and
normobaric chambers versus 88% for field studies). Similar durations of exposure to hypoxia will
obviously not represent the same proportion of a lifespan between rodents and humans.

Based on this analysis, we do not believe that any strong consensus can be established regarding

the impact of hypobaric versus normobaric hypoxia on skeletal muscle angio-adaptive responses.

Conclusion.

Hypoxia, defined as a reduction of oxygen availability can occur in the skeletal muscle tissue of
an individual exposed to ambient hypoxia as well as during physical exercise if the oxygen supply
to contracting myofibers cannot match their increased metabolic needs. The superimposition of
these two stressors, ambient hypoxia exposure and exercise-induced local hypoxia, can lead to an
exacerbation of the hypoxic stress experienced by the skeletal muscle. The capillary-to-myofiber
interface serves as the site for the exchange of oxygen, nutrients, metabolic heat, and waste
between the blood and myofibers. As such, the capillary microvasculature is tightly related to the
functional capacity of the skeletal muscle. The capillary microvasculature is a highly adaptive
tissue with remarkably plasticity that can grow or regress to various physiological, pathological,
and environmental stressors, a process named angio-adaptation. Skeletal muscle angio-adaptation
involves complex and dynamic molecular and cellular responses. Given the relevance of skeletal
muscle angio-adaptation in response to hypoxia to mountaineers, athletes, and clinical populations,
this review aimed to delineate the existing literature and identify current gaps in the knowledge of

this field of environmental and exercise physiology (Figure 7).
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Figure 3. Contribution of ambient hypoxia and exercise to induce a hypoxic stress in skeletal
muscle. A drop in the partial pressure of oxygen (POz) in the muscle tissue can result from a
decrease in ambient PO (e.g., altitude) as well as an unbalanced between blood supply to the
muscle cells and their increase metabolic needs during exercise. In response to muscle hypoxia
angio-adaptive responses will take place to maintain an optimal oxygen supply to myofibers and
to preserve muscle function. This is of particular relevance in the context of mountaineering
activity as well as exercise training strategies using ambient hypoxia for athletes or clinical
populations. As discussed in the text, the impact of ambient hypoxia on skeletal muscle PO seems
rather modest (+) compared to the impact of exercise in generating a local hypoxic stress (++).
The combination of ambient hypoxia exposure and exercise might exacerbate this hypoxic stress

(+++).
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Figure 4. Twenty-two research articles analyzing changes in skeletal muscle capillary density
(CD) (Panel A) or capillary-to-fiber ratio (C/F) (Panel B) in response to prolonged exposure to
ambient hypoxia were surveyed. (¥) indicates human studies. () indicates the use of animal
models (not restricted to rodents). (*) indicates significant finding. Red coloration indicates an
increase in magnitude by 10% or greater. Blue coloration indicates a decrease in magnitude by
10% or greater. Black coloration indicates no change. Y- and X-axis respectively reflect the level
of altitude (real or simulated) and the duration exposure. Corresponding references: (1) Banchero
et al., 1976; (2) Banchero et al., 1985; (3) Basset et al., 2006 ; (4) Bigard et al., 1991 ; (5) Cassin
etal., 1971 ; (6) Deveci et al., 2001 ; (7) Deveci et al., 2002 ; (8) Green et al., 1989 ; (9) Green et
al., 1992 ; (10) Hoppeler et al., 1990a ; (11) Hoppeler et al., 1990b ; (12) Levett et al., 2012 ; (13)
Lundby et al., 2004 ; (14) MacDougall et al., 1991 ; (15) Mathieu-Costello & Agey, 1997 ; (16)
Mizuno et al., 2008 ; (17) Olfert et al., 2001 ; (18) Panisello et al., 2008 ; (19) Poole & Mathieu-
Costello, 1989 ; (20) Sillau & Banchero, 1977 ; (21) Sillau et al., 1980b ; (22) van Ekeren et al.,
1992.
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FIGURE 5
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Figure 5. Skeletal muscle angio-adaptation is a complex and dynamic process in which much
earlier molecular and cellular events lead to eventual changes observed at the tissular level through
modifications in the skeletal muscle’s capillarization. In response to a given stimulus, whether it
be the growth, regression, or stabilization of skeletal muscle capillaries, the process is dictated by
an intricate balance of pro- and anti-angiogenic factors. Among the plethora of angio-adaptive
factors two have been identified as central in the regulation of skeletal muscle capillarization: the
pro-angiogenic VEGF-A; and the anti-angiogenic THBS1. Majority of current literature
concerning hypoxic muscle angio-adaptation has focused on the regulation of VEGF-A and as
such there are current gaps in knowledge concerning the hypoxic regulation of THBSI.
Additionally, there is a lack of consensus regarding the impact of ambient hypoxia eliciting

changes at the tissular level concerning CD and C/F.
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FIGURE 6
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Figure 6. Characterization of the impact of hypobaric and normobaric hypoxia on skeletal muscle
angio-adaptive responses. Original research studies cited in the review and analyzing capillary
density (CD), capillary-to-fiber ratio (C/F), and expression levels of angio-adaptive molecules in
skeletal muscle tissue in response to ambient hypoxia exposure were characterized based on the
nature of their hypoxic environment: Hypobaric or normobaric. Studies reporting significant
changes in capillarization (CD or C/F), in molecular expression, or in both (“Overall”) are
highlighted in colour. Studies involving a physical activity component are identified by an asterisk.
The mouse and human silhouette symbols distinguish studies conducted in animal models or

human subjects.
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FIGURE 7
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Figure 7. Gap of knowledge and future research directions for a better understanding of the
molecular, cellular and tissular angio-adaptive responses of the skeletal muscle tissue to hypoxia,
particularly in the context of ambient hypoxia and exercise-induced local hypoxia. Refer to the

different text sections for details.
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3.STUDY 2

Angiogenic move or angiostatic freeze? Evaluating the angio-adaptive impact of acute cold
stress exposure on cultured murine skeletal muscle myotubes and endothelial cells.

Lemieux, P., Roudier, E., Birot, O., 2022. Angiogenic move or angiostatic freeze? Evaluating the
angio-adaptive impact of acute cold stress exposure on cultured murine skeletal muscle
myotubes and endothelial cells. Manuscript in preparation for submission to Frontiers in
Physiology.
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relationship between mouse skeletal muscle endothelial cells and differentiated C2C12
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3.1. Abstract.

Skeletal muscle tissue adapts to various stressors with remarkable plasticity, cold-stress is
no exception to eliciting these adaptations. Indeed, prolonged cold-stress exposure improves
muscle capillarization. Skeletal muscle angio-adaptation refers to molecular and cellular processes
that influence the remodeling of the muscle microvasculature. Two cell types are central to these
processes, the myocyte representing a source of angiokines, and the skeletal muscle endothelial
cell (SMECs), a target of these angiokines and the main constituent of muscle capillaries.
Furthermore, cold-stress influences the expression and functionality of proteins and genes related
to the microvasculature in the myocyte and whole muscle. It is largely unknown however the
influence of cold-stress on skeletal muscle angio-adaptation with respect to myocyte-specific
angiokines or endothelial cell angio-adaptive responses. Here, we used an in-vitro model to
investigate the impact of cold-stress (28 C) on C2C12 myotubes or SMECs. Our objectives were
to evaluate: (1) the impact of cold-stress on the expression of angiokines from C2C12 myotubes;
(2) the indirect impact of cold-stress on SMECs migration via these C2C12-derived angiokines;
(3) the effect of cold-stress on SMECs angio-adaptive responses (migration, proliferation,
Vascular endothelial growth factor receptor-2 (VEGFR2) activation). Cold-stress reduced the
expression of angiokines in C2C12 myotubes culture media irrespective if pro- or anti-angiogenic.
SMECs exposed to cold-stress had an abrogated proliferative capacity. A reduced activation of
VEGFR2 was also observed in cold-stressed SMECs despite a greater expression of VEGFR2.
Finally, SMECs pre-conditioned to cold stress displayed an enhanced migratory response when
migration was stimulated in re-warming conditions. Our findings suggest that cold-stress may be
angiostatic overall. This is supported by the fact that cold-stress attenuated the capacity of the
myocyte to release angiokines in addition to reducing SMECs proliferation and VEGFR2
activation. Cold-stress accompanied by re-warming however may be seen as an angiogenic stressor
for SMECs. These results can question the efficacy for the use of cold-stress in sport-performance
or therapeutic settings to improve muscle capillarization (i.e cold water immersion). Moreover, it
would be intriguing to investigate in future works whether pre-cooling could be used as a strategy

to prime endothelial cells for an enhanced angiogenic response.
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3.2. Scientific context of the study.

Skeletal muscle displays a remarkable plasticity by adapting to physiological, pathological,
and environmental conditions. In the context of high altitude, | have mentioned in Study 1 that
cold stress was reported as a potential confounding factor of ambient/environmental hypoxia,
capable of affecting skeletal muscle angio-adaptation. Yet, in comparison to ambient hypoxia, the
effect of cold stress on skeletal muscle angio-adaptation has been much less investigated.

From people working or exercising in cold environments, from low ambient temperatures
to high winds to immersion in cold water, from therapeutic uses to an occupation hazard, cold
stress is an environmental stressor that can be encountered in various circumstances. Furthermore,
cold stress is unique in that it can be experienced differently from person to person based on
individual circumstances and subjective evaluations. For example, when Dr. Mike Tipton stated,
“a man in the cold is not necessarily a cold man”, he was referring to the fact that despite being in
a cold environment additional factors such as metabolic heat production, layers of clothing,
anthropometric differences, sex, and fitness status may all contribute to how an individual
subjectively experiences cold (The Physiological Society, 2016). Therefore, with cold stress
having a high degree of individual subjectivity the question arises, how can the degree of cold

stress be measured?

With respect to skeletal muscle, temperature provides a quantitative index for describing
the degree of cold stress. In resting conditions, skeletal muscle temperature has been reported to
be about 34-36 C, yet during instances of local muscle cooling can be reduced to as low as 18-
22°C (Barcroft and Edholm, 1946; Clarke et al., 1958). However, factors such as the muscle
analyzed, or the depth of the thermal probe can influence muscle temperature measurements.
Furthermore, whether cold stress is applied in the form of ambient air cooling or cold-water
immersion can also affect the degree to which muscle temperature is reduced with water having a

thermal conductivity that is 25x that of air (Castellani and Young, 2016).

Regarding skeletal muscle capillary remodelling, evaluating the impact of cold stress on
angio-adaptive processes can be valuable for the following reasons. First, skeletal muscle functions
as a thermogenic organ through both shivering and non-shivering mechanisms. Given that the
capillary-to-myofiber interface is involved in the exchange of substrates and metabolites and the

circulation of muscle produced heat, an improved muscle capillary density may enhance skeletal
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muscle thermogenesis. Second, local muscle cooling post-exercise has gained recent popularity
as an ergogenic aid to improving performance outcomes with exercise. Whilst initial uses of
muscle cooling was to reduce soft tissue injury to improve subsequent training session
performance, recent evidence has suggested cooling post-exercise to improve the angiogenic
response of exercise training (D’Souza et al., 2018). Finally, as stated above, cold stress has been
cited as a confounding factor influencing skeletal muscle angio-adaptative responses observed
with ambient hypoxia (Banchero et al., 1985), however unlike ambient hypoxia is largely
understudied.

With respect skeletal muscle angio-adaptation, many studies have characterized the impact
of cold stress by examining changes in muscle capillarization (Bae et al., 2003; Banchero et al.,
1985; Bonaterra et al., 2016; Deveci et al., 2002; Deveci and Egginton, 2003; D’Souza et al., 2018;
Duchamp et al., 1992; Egginton et al., 2001; Heroux and St. Pierre, 1956; Herpin et al., 2002;
Mathieu-Costello et al., 1998; Santocildes et al., 2021; Sillau et al., 1980; Snyder et al., 1992;
Suzuki et al., 1997b, 1997a; Wickler, 1981). Between each of these studies there are obvious
sources of discrepancy that can influence results such as temperature, duration of exposure,
experimental model (human vs. animal/ hibernator vs. non-hibernator), age (juvenile vs. adult),
muscle phenotype, and activity level. When categorizing these 17 articles in a similar manner as |
did in my hypoxia review (Figure 4), | observed that cold stress led to an improved muscle CD in
88% of articles (Figure 8). However, with respect to C/F ratio, an indicator of true angiogenesis,
things are less clear with 53% of articles reporting an increase while 47% reported no change
(Figure 8). Interestingly, this suggest that parallels can be drawn between the effect of cold stress
and ambient hypoxia with respect to their impact on skeletal muscle capillarization. It appears that
like classical dogma associated with ambient hypoxia, cold stress improves muscle CD, yet

whether this is due to myofiber atrophy or true muscle angiogenesis can be debated.

At the molecular level, studies have primarily attempted to characterize the influence of
cold stress on angio-adaption by measuring the expression of VEGF-A with few studies
investigating THBS1 (Al-horani et al., 2019; D’Souza et al., 2018; Thsan et al., 2014; Joo et al.,
2016; Kim et al., 2005; Krapf et al., 2021; Magalhaes et al., 2020; Nascimento et al., 2020; Opichka
et al., 2019; Shute et al., 2020; Sugasawa et al., 2016; Wagatsuma et al., 2006; Zak et al., 2017;
Zieger et al., 2011) (Figure 8). In these studies, cold stress is applied in the form of ambient air
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cooling or cold-water immersion, both passively and with an exercise stimulus. With respect to
VEGF-A, itis difficult to determine if cold stress leads to an increased expression with only 62.5%
of studies reporting a significant increase (Figure 8). Within these studies majority have measured
VEGF-A mRNA expression from vastus lateralis biopsies taken after cold-water immersion post-
exercise. Thus, like with ambient hypoxia, the effect of cold stress per se on VEGF-A expression
can be difficult to parse from confounding variables such as the effect of exercise, implication of
the nervous system, or the contribution of circulating factors. Moreover, like with ambient
hypoxia, the methodological approach of measuring VEGF-A mRNA can be questioned, given
that increased mMRNA does not necessarily reflect greater biological activity of VEGF-A. At the
in-vitro level, only two studies have shown cold stress per se to influence VEGF-A expression in
muscle cells (Krapf et al., 2021; Sugasawa et al., 2016) (Figure 8). In comparison, only a single
study performed in-vitro has shown THBS1 expression to be influenced by cold stress per se, yet

these results were observed in human coronary endothelial cells (Zieger et al., 2011) (Figure 8).
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Figure 8. The effect of cold stress on tissular and molecular aspects of skeletal muscle angio-

adaptation.

(A) The effect of cold stress, both ambient air cooling and cold-water immersion, on tissular

adaptations of skeletal muscle capillary density (left table) and skeletal muscle capillary to fiber

ratio (right table), in 17 original research articles. s#— and T represent if animal or human models
were used in the study, respectively. #¥ represents if exercise was involved in the study both acute
and/or training. The colours , and BLACK, represent if there was an increase (>10%
increase) or no change (less than a 10% increase), respectively. *represents if the increase was
significant. CD and C/F represent capillary density or capillary to fiber ratio, respectively. (B) The
effect of cold stress on changes in molecular expression of the pro-angiogenic vascular endothelial
growth factor-A (VEGF-A) and anti-angiogenic thrombospondin-1 (THBS1) in-vitro and in-vivo,
in ambient air cooling or cold-water immersion in 13 original research articles. The colours :

and , represent if the study measured VEGF-A or THBS1, respectively. <o~ #— and

'ﬁ, represent if the model used was in-vitro or in animals or humans, respectively. #¥ represents

if exercise was involved in the study both acute and/or training. *represents a significant change.

Thus, with respect to skeletal muscle angio-adaptation, many similarities can be drawn between

ambient hypoxia and cold stress.

(1) Both cold stress and ambient hypoxia lead to an improved muscle CD, however whether this

is due to myofiber atrophy or true muscle angiogenesis is debated.

(2) Both cold stress and ambient hypoxia have gained recent popularity as ergogenic aids to

improving the angiogenic effect of exercise.

(3) Many studies have sought to describe the effect of cold stress and ambient hypoxia on skeletal
muscle angio-adaptation in-vivo through measuring VEGF-A mRNA from vastus lateralis biopsy

samples.

(4) THBS1 and VEGF-A have been described as key regulators of skeletal muscle angio-
adaptation, however THBSL1 is largely understudied in the context of both cold stress and ambient

hypoxia.
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(5) Due to confounding variables in both laboratory and field studies such as nutritional status,
physical activity levels, muscle innervation, contribution of circulating factors, duration and
intensity of exposure, experimental model used (animal vs human, hibernator vs. non-hibernator)
and altered photoperiods, it is difficult to elucidate the contribution of cold stress or ambient

hypoxia per se on skeletal muscle angio-adaptation.

Therefore, in Study 2, for the first time an in-vitro approach will be taken to elucidate the impact
of cold stress per se on angio-adaptive processes. In particular, the effect of in-vitro cold stress on
myotubes, skeletal muscle endothelial cells, and myofiber-to-endothelial cell communication.

Study 2 serves as the original research component of the thesis.

3.3. Research question.

What is the impact of cold stress in-vitro on skeletal muscle angio-adaption?

3.4. Hypothesis.

In-vitro cold stress exerts anti-angiogenic effects on muscle cells and endothelial cells.

Rationale. My hypothesis may sound contrary to what | have been describing in my literature
review, that cold stress leads to an improved skeletal muscle capillarization. Yet, these in-vivo
studies (Figure 8) have various confounding variables such as exercise training, photoperiod,
hypoxia, and muscle innervation, to name a few. As a result, it is difficult to demonstrate that cold
per se stimulated improvements in muscle capillarization. Furthermore, it is important to note that
within these studies it is unclear whether the improved skeletal muscle capillarization is a result of
myofiber atrophy or true angiogenesis. In comparison, two studies have been performed in-vitro
to allow for the elucidation of cold stress per se. First, Krapf and colleagues (Krapf et al., 2021)
have demonstrated that 18h of cold stress culture (18 C) significantly reduces VEGF-A protein
secretion by primary human myotubes. Second, Zieger and colleagues (Zieger et al., 2011) have
shown 72h of culture in cold stress conditions (25C) to significantly increased THBS1 protein
expression in human coronary endothelial cells. Certainly, myotubes are not necessarily reflective
of whole muscle tissue, and endothelial cells from coronary origin are not necessarily reflective of
those from skeletal muscle tissue. However, these two limited examples in-vitro suggest that cold
stress per se is anti-angiogenic in myotubes and endothelial cells, by decreasing the secretion of
VEGF-A, and stimulating the expression of THBS1, respectively.
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3.5. Research aims.

(1) Assess how cold stress exposure influences the expression of angiogenic molecules in
differentiated C2C12 myotubes.

(2) Assess if cold stress can indirectly affect the migration of primary skeletal muscle endothelial
cells by modulating the secretion of angiogenic myokines from cold-exposed differentiated
C2C12 myotubes.

(3) Assess the direct effect of cold stress exposure on primary murine skeletal muscle endothelial
cells.

(4) Assess the angio-adaptive effect of cold stress on ex-vivo vastus lateralis biopsy samples from
C57BL/6 mice.

3.6. Detailed research aims.

(1) Assess how cold stress exposure influences the expression of angiogenic molecules in
differentiated C2C12 myotubes.

a) Objectives. The effect of cold stress on the expression of THBS1 and VEGF-A, along with a
wider screening of angiogenic molecules, will be assessed in the intra- and extracellular lysates of
differentiated C2C12 myotubes. As stated in the above sections, THBS1 and VEGF-A have been
identified as key angiogenic molecules, however associating the angio-adaptive milieu to these
two molecules is a reductionist audit. Therefore, THBS1 and VEGF-A protein expression will be
assessed by immunoblotting and ELISA, respectively, whereas 52 additional angiogenic

molecules will be assessed by a mouse angiogenesis proteome profiler array.

b) Expected results. Based on previous literature in-vitro (Krapf et al., 2021; Zieger et al., 2011),
| expect cold stress to lead to an increased expression of THBS1 and a decreased expression of

VEGF-A, in both intra- and extracellular lysates.

c) Limitations to this approach. Time points selected may limit a full appreciation of the effect of
cold stress on the expression of angiogenic molecules based on kinetic differences in molecular

expression.
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(2) Assess if cold stress can indirectly affect the migration of primary skeletal muscle endothelial
cells by modulating the secretion of angiogenic myokines from cold-exposed differentiated
C2C12 myotubes.

a) Objectives. The indirect effect of cold stress on primary skeletal muscle endothelial cells
(SMECs) migration will be assessed by treating SMECs with cold conditioned extracellular lysate

from C2C12 myotubes in a Boyden chamber chemotaxis assay.

b) Expected results. Treatment of SMECs with cold conditioned C2C12 myotube extracellular
lysate will stimulate migration to a lesser extent than that of control conditioned extracellular
lysate. | would expect this based on the expression of THBS1 and VEGF-A in C2C12 extracellular

lysates (see above, Detailed research aims (1) b).)

c) Limitations to this approach. Placing conditioned C2C12 myotube extracellular lysate in the
lower chamber of the Boyden chamber may circumvent the direct interaction of SMECs with

molecules in the extracellular lysate that are relevant to angio-adaptation.

(3) Assess the direct effect of cold stress exposure on primary murine skeletal muscle endothelial
cells.

a) Objectives. The direct effect of cold stress on the expression and activation of VEGF-receptor
2 (VEGFR2) in SMECs will be assessed, in addition to SMECs proliferation and migration. As
stated in the literature review, VEGFR2 activation promotes endothelial cell proliferation and
migration, yet represents an avenue through which THBS1 antagonizes VEGF-A signalling. Thus,
basal and phosphorylated VEGFR2 expression will be assessed by immunoblotting in SMECs
treated with or without recombinant VEGF-A. SMECs proliferation will be assessed by measuring
cellular DNA content through fluorescence emission. SMECs migration will be assessed by a

Boyden chamber chemotaxis assay.

b) Expected results. Current literature demonstrates cold stress in-vitro to attenuate proliferation
and migration of various cell type (Fujita, 1999; Fulbert et al., 2019; Zhang et al., 2012). Therefore,
| would expect direct cold stress to reduce SMECs proliferation and migration, furthermore, this

will coincide with reduced VEGFR2 expression and activation.
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¢) Limitations to this approach. As stated in the literature review, a plethora of molecules affect
endothelial cell angiogenic responses, thus assessing VEGFR2 expression alone limits the breadth

of this study.

(4) Assess the angio-adaptive effect of cold stress on ex-vivo vastus lateralis biopsy samples from
C57BL/6 mice.

a) Objectives. Vastus lateralis biopsy samples from C57BL/6 mice will be exposed to cold stress
and screened at the intra- and extracellular levels for a wide range of angiogenic molecules. While
myocytes make up a large portion of muscle tissue, a plethora of other cell types are also present
in whole muscle such as neurons, macrophages, pericytes and tenocytes, to name a few. Thus, a
mouse angiogenesis proteome profiler array will be used to assess if cold stress leads to whole
muscle producing a different angiogenic microenvironment from that of C2C12 myotubes exposed

to cold.

b) Expected results. |1 would expect whole muscle exposed to cold stress to produce a different

angiogenic microenvironment from that of C2C12 myotubes exposed to cold stress.

c) Limitations to this approach. If differences in proteomic results are observed between whole
muscle and C2C12 myotubes exposed to cold, it would not be feasible to delineate the specific cell

type(s) in whole muscle responsible.
3.7. Methods.
Cell cultures.

Mouse skeletal muscle myoblasts (C2C12) (ATCC, Cat. CRL-1772, Cedarlanes, Burlington, ON,
Canada) were cultured in low glucose (1g/L) Dulbecco’s modified eagle medium (DMEM)
containing L-glutamine and sodium pyruvate (Cat. 319-005-CL, Wiesent Bioproducts, St Bruno,
QC, Canada) and supplemented with 1X penicillin-streptomycin solution (Cat. 450-201-EL,
Wiesent Bioproducts, St Bruno, QC, Canada) and 10% Performance fetal bovine serum (FBS)
(Cat. 098-150, lot 185717, Wiesent Bioproducts, St Bruno, QC, Canada). Upon reaching about 90-
95% cell confluence, myoblast differentiation into myotubes was induced within 7 days by
replacing 10% FBS with 2% horse serum (Cat. 065-105, lot 52659, Wiesent Bioproducts, St
Bruno, QC, Canada).
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Mouse C57BL/6 primary skeletal muscle microvascular endothelial cells (SMECSs) (Cell Biologics
Inc., Cat. C57-6220, Cedarlanes, Burlington, ON, Canada) were plated on gelatin-coated dishes
(1.5% Gelatin Type A (BioShop, Cat. Gel771.500, BioShop Canada Inc, Burlington, ON,
Canada)) and cultured in complete endothelial cell medium (Cell Biologics Inc., Cat. M1168,
Cedarlanes, Burlington, ON, Canada). Cells were used between passages P4 and P8 at a density
of about 350,000 cells/60-mm dish.

Rationale. Differentiated C2C12 myotubes were selected as an in-vitro model of myofibers for
this study for the follow reasonings. First, differentiated C2C12 myotubes have been shown to be
a source of production of the key angiogenic molecules, VEGF-A and THBS1 (Kosmidou et al.,
2001; Yadav et al., 2014). Second, Little and Seebacher (Little and Seebacher, 2016) have cultured
C2C12 myoblasts and differentiated C2C12 myotubes for 10 and 5 days, respectively, at 32C,
suggesting these cells are robust for prolonged durations of in-vitro cold stress. Third,
differentiated C2C12 myotubes have a predominantly fast-twitch glyolytic phenotype based on
myosin heavy chain expression (Abdelmoez et al., 2020; Meissner et al., 2007). Given that Type
I1x fibers have been shown to be the largest source of VEGF-A production (Birot et al., 2003),
using differentiated C2C12 myotubes may potentiate the possibility of observing an effect of cold
stress on VEGF-A production. Finally, electrostimulation of C2C12 myotubes is a well-
established model of in-vitro exercise (Evers-van Gogh et al., 2015). Thus, C2C12 myotubes can
serve as an in-vitro model to investigate the effect of cold stress superimposed with exercise or

post-exercise muscle cooling.

Primary murine skeletal muscle endothelial cells were chosen in comparison to other endothelial
cell types for two reasons. First, like C2C12, they both are derived from mouse origin. Second,
because this study aims to investigate the effect of cold stress on skeletal muscle angio-adaptation

in-vitro, endothelial cells derived from skeletal muscle origin would be most appropriate.
Cold stress conditioning of skeletal muscle endothelial cells and myotubes.

Differentiated C2C12 myotubes and SMECs were cultured under control (37°C) or cold stress
(28°C) conditions from 6h up to 48h depending on subsequent experiments. In each independent
experiment, the analysis of the impact of cold exposure was always made by comparing
differentiated C2C12 myotubes obtained from the same original myoblast batch, or by comparing

SMECs from the same original SMEC batch, same passage, and same cell seeding density.
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C2C12 conditionings. A first C2C12 cold conditioning was performed, composed of three
independent experiments where cells were exposed for 6h and 24h to 37°C or 28°C (n=6 cell
culture dishes per condition). These samples were used for characterizing the impact of 6h and 24h
of cold exposure on intracellular and extracellular THBS1 protein expression levels as well as on
THBS1 mRNA levels.

A second C2C12 cold conditioning was performed to further characterize the impact of cold
exposure on THBSL1 protein expression, particularly by analyzing the impact of successive
cooling, re-warming and re-cooling. This conditioning was composed of two independent
experiments, each of them with 4 conditions (n=6 cell culture dishes per condition). First
condition: 36h exposure at 37°C (normothermic control condition); second condition: 24h at 37°C
followed by 12h of cold exposure at 28°C (cold exposure, 36h of cell culture); third condition: 12h
at 37°C followed by 12h of cold exposure (28°C) followed by 12h of re-warming at 37°C (re-
warming, 36h of cell culture); fourth condition: 12h of cold exposure (28°C) followed by 12h of
re-warming (37°C) followed by 12h of re-cooling at 28°C (re-cooling, 36h of cell culture).

A third C2C12 cold conditioning was performed where C2C12 were exposed to 37°C or 28°C for
24h (n =6 cell culture dishes per condition). Intracellular and extracellular proteins were isolated
to measure THBS1 and VEGF-A protein expression levels, to run a mouse angiogenesis proteome

profiler array, and to evaluate the impact of secreted muscle proteins on SMECs migratory activity.

SMEC conditioning. A first SMECs cold conditioning was performed to assess the impact of direct
cold exposure on endothelial cell migratory activity. SMECs were exposed to 16h pre-conditioning
at 37°C or 28°C before 6h cell migration at 37°C in the Boyden chamber chemotaxis assay. Five
independent assays were performed with n=6 migration well per condition. Cell proliferation was
analyzed in these SMECs by quantifying proliferation at 24h and 48h at 37°C and 28°C (3
independent experiments with n=4-8 samples per condition).

A second SMECs cold conditioning was performed to assess the expression of VEGF receptor-2
(VEGFRZ2) and its responsiveness to stimulation with murine recombinant VEGF-A1ss (MVEGF-
A165, Peprotech, Cat. 450-32-10UG, lot. 031199 K1621, Cedarlanes, Burlington, ON, Canada).
SMECs were pre-conditioned at 37°C or 28°C for 23h (12h in complete endothelial cell media and
11h in starved media with 1% FBS only) before being incubated with mVEGF-A165 (100ng/ml)
for 1h.
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Rationale. As a model of in-vitro cold stress, 28 C was selected based on muscle temperature
recorded in response to cold-water immersion. Average ice-bath temperature and duration during
cold water immersion for sport performance is 10-15C for 5-15mins (Broatch et al., 2018; Versey
et al., 2013). At this temperature and exposure, specific limb cooling reduces muscle temperature
in brachioradialis and vastus lateralis has been recorded at roughly 27.5C and 28 C, respectively
(Barcroft and Edholm, 1946; Clarke et al., 1958; lhsan et al., 2014). Furthermore, these examples
of muscle temperature in response to specific limb cooling were used instead of muscle
temperature during whole body cooling. This is because during whole body cooling core
temperature is challenged (Kiley et al., 1984), and as such may elicit a shivering response
(Castellani and Young, 2016), representing a potential confounding variable influencing muscle

temperature.

The time points of 6h to 24h were selected based on preliminary data showing 2h of cold stress to
have a lack of influence on angiogenic proteins (THBS1) in differentiated C2C12 myotubes. In

comparison, at 6h a modest increase in expression was observed and a strong increase at 24h.

Stimulation of SMECs with 100ng/ml of recombinant VEGF-A for 1h was based off previous
publications from the lab (Aiken et al., 2016) showing this concentration and duration to induce

phosphorylation of targets related to VEGFR2 signalling.
Ex vivo skeletal muscle cold conditioning.

Vastus lateralis muscles were collected from sedentary 11-weeks old C57BL6 female mice
(027C57BI/6, Charles River Laboratory, Senneville, QC, Canada) accordingly to the guidelines of
the Canadian Council on Animal Care and York University Committee on Animal Care (Approval
#2020-05). These muscles were extra samples from a separate research project that were kindly
provided by my second reader, Dr.Roudier, who has Animal Care Committee approval (Approval
#2020-05). Both myself and my supervisor, Dr.Birot, have been listed on this separate approved
research project. Animals were kept in a 12:12 light:dark cycled, temperature-controlled
environment with water and diet ad libitum in order to acclimatize to the animal facility. Mice
were fasted for 2 hours before anesthesia with isoflurane. Vastus lateralis muscles were collected,
weighted, and divided into two smaller portions of about 40-60 milligrams. Mice were euthanized
by heart removal. Ex vivo muscle incubation (EMI) assay was adapted from Aiken et al. (Aiken

et al., 2016). Briefly, portions of vastus lateralis muscles were rinsed three times in cold PBS
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before incubation for 24h at 37°C or 28°C in low glucose (1g/L) DMEM (Cat. 319-005-CL,
Wiesent Bioproducts, St Bruno, QC, Canada) with 10% Performance FBS (Cat. 098-150, lot
185717, Wiesent Bioproducts, St Bruno, QC, Canada), 1X penicillin-streptomycin solution (Cat.
450-201-EL, Wiesent Bioproducts, St Bruno, QC, Canada). Following incubation, muscle biopsies
were rinsed in cold phosphate buffered saline (PBS), homogenized with a MM400 tissue lyser (30
pulse/sec., 4°C, Retsch GmbH, Haan, Germany). Following centrifugation (12,000 g, 4°C, 15 min.)
protein lysates were concentrated on 3kDa molecular weight cut-off (MWCO) protein
concentrators (Pierce, Cat. 88512, ThermoFisher Scientific, Burlington, ON, Canada), and stored

at -80°C until further analysis.

Rationale. In addition to myocytes, whole muscle tissue contains various cell types such as
fibroblasts, pericytes, macrophages, satellite cells, and nerve cells, to name a few. Therefore,
exposing whole muscle vastus lateralis biopsies samples to cold stress ex-vivo provides a closer
representation to whole muscle exposed to cold in-vivo than exposing C2C12 myotubes alone to

cold stress.
Isolation of intracellular and secreted proteins, and total protein concentration determination.

C2C12 and SMECs intracellular protein extracts were collected after cell lysis in a buffer
containing 50 mM Tris-base, 100 mM sodium chloride (NaCl), 5 mM ethylenediaminetetraacetic
acid (EDTA), 1% sodium deoxycholate, 1% triton X-100, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM sodium fluoride (NaF), 1 mM sodium orthovanadate (Na3VO4), protease inhibitor
cocktail (Roche Complete Mini, Cat. 04906845001, Sigma-Aldrich, Oakville, ON, Canada),
phosphatase inhibitor cocktail (Roche PhosSTOP, Cat. 11836153001, Sigma-Aldrich, Oakville,
ON, Canada), pH 8. After 20 minutes lysis incubation at 4°C, homogenates were centrifugated at

16,000 g and 4°C for 15 minutes, and supernatants were collected.

Secreted proteins from C2C12 myotubes were collected from cell medium. Protein extracts were
concentrated by loading 100 kDa and 3kDa MWCO protein concentrators (Pierce, Cat. 88503 and
88512, ThermoFisher Scientific, Burlington, ON, Canada) with 500 pl of cell medium. 100 kDa
and 3 kDa concentrators were centrifugated at 12,000 g for 10 and 30 minutes, respectively.
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Total protein concentration was determined in intracellular and secreted samples by bicinchoninic
acid assay (Sigma-Aldrich, Cat. B9643, Oakville, ON, Canada) as previously described (Aiken et
al., 2016; Lam et al., 2021; Roudier et al., 2012, 2010).

Immunoblotting of intracellular and secreted proteins.

Immunoblotting for intracellular proteins was carried out on protein extracts from differentiated
C2C12 myotubes, SMECs, and ex vivo muscle incubation (EMI) cultured at 37°C or 28°C from
6h up to 24h. After protein isolation and determination of total protein concentration, 30 pug of
intracellular C2C12 proteins, 100 pg of extracellular C2C12 proteins, 30 pg of intracellular
SMECs proteins, or 30 pg of intracellular EMI proteins were diluted in a 1/5 vol./vol. ratio in 2.69
mM sucrose, 0.28 M sodium dodecyl sulfate (SDS), 2.84 M b-mercaptoethanol, 14 uM
bromophenol blue, 0.5 M Tris-base pH 6.8, separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and then blotted onto nitrocellulose membranes (Whatman Cat.
BA95; Sigma-Aldrich, Oakville, ON, Canada). Inter-gels comparison was done by using inter-gels
lane average comparison. Quality of the transfer was controlled by Ponceau S Red staining. After
blocking with 5% fat-free milk in 0.1% tween tris-buffered saline buffer, membranes were probed
with the following primary antibodies: mouse monoclonal anti-thrombospondin-1 (1:200, clone
A6.1, Invitrogen, Cat. MA513398, ThermoFisher Scientific, Burlington, ON, Canada); rabbit
monoclonal anti-thrombospondin-1 (1:1000, clone D7E5F, Cell Signaling, Cat. 37879, New
England Biolabs, Whitby, ON, Canada); rabbit monoclonal anti-Phospho-VEGF Receptor-2
(Tyr1175) (1:1000, clone D5B11, Cell Signaling, Cat. 3770, New England Biolabs, Whitby, ON,
Canada); rabbit monoclonal anti-VEGF Receptor-2 (1:1000, clone D5B1, Cell Signaling, Cat.
9698, New England Biolabs, Whitby, ON, Canada); rabbit monoclonal anti-RBM3 (1:1000, clone
EPR6061(2), Cat. ab134946, Abcam, Toronto, ON, Canada); rabbit monoclonal anti-
thrombospondin-4 (1:1000, clone EPR22922-232, Cat. ab263898, Abcam, Toronto, ON, Canada);
rabbit polyclonal anti-ATF6 (1:1000, Cat. ab37149, Abcam, Toronto, ON, Canada); rabbit
polyclonal anti-Grp78 (1:1000, Cat. ab21685, Abcam, Toronto, ON, Canada). B-actin and o/p-
tubulin were detected as protein loading controls for the analysis of intracellular proteins (mouse
monoclonal anti-b-actin, 1:1000, clone C4, Cat. sc-47778, Santa-Cruz Biotechnology, Santa-Cruz,
CA, USA,; rabbit polyclonal anti-a/b-tubulin, 1:1000, Cell Signaling, Cat. 2148, New England
Biolabs, Whitby, ON, Canada). For extracellular proteins, the Ponceau S staining was used as a
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loading control. Membranes were then incubated with the following secondary horseradish
peroxidase (HRP) conjugated antibodies: goat anti-rabbit 1gG (1:1000, Cell Signaling, Cat. 7074,
New England Biolabs, Whitby, ON, Canada), rabbit anti-mouse 1gG (1:1000, Dako, Cat. P0260).
Proteins were visualized with enhanced chemiluminescence (Pierce enhanced luminol-based
chemiluminescence (ECL) Western Blotting Substrate, Cat. 32106, ThermoFisher Scientific,
Burlington, ON, Canada; SuperSignal West Atto Ultimate Sensitivity Chemiluminescent
Substrate, Cat. A38554, ThermoFisher Scientific, Burlington, ON, Canada; SuperSignal West
Dura Extended Duration Substrate, Cat. 34075, ThermoFisher Scientific, Burlington, ON, Canada)
on an imaging station (Kodak 4000MM Pro; Carestream Health, Concord, ON, Canada). Images

were analyzed and protein expression levels quantified using NIH Image J imaging software.
Total RNA isolation and real-time gPCR.

Total RNAs were isolated from C2C12 myotubes cell lysate following 6h and 24h exposure to
37°C or 28°C (n=3 independent experiments with n=6 samples per condition) using the QIAzol
Lysis Reagent (Qiagen, Cat. 79306, Toronto, ON, Canada) as previously described (Lam et al.,
2021). RNA concentration was determined by measuring absorbance at 260 and 280 nm. RNA
was then reverse-transcribed using the High-Capacity RNA-to-cDNA kit (Applied Biosystems,
Cat. 4387406, ThermoFisher Scientific, Burlington, ON, Canada). Semi-quantitative real-time
PCR was performed for each sample in triplicate using TagMan® Gene Expression assay probes
and TagMan® Universal Master Mix 1l (Applied Biosystems, Cat. 4440042, ThermoFisher
Scientific, Burlington, ON, Canada) for 40 cycles of denaturation at 95°C for 3 seconds, followed
by annealing and extension at 60°C for 30 seconds. Thrombospondin-1 (THBS-1) was measured
and the AACt method was used to express the relative changes. mMRNA changes were normalized

to HPRT gene. Data and expressed as 2 44¢¢,
VEGF-A protein determination by ELISA.

VEGF-A protein concentration was quantified in intracellular and secreted protein samples from
C2C12 myotubes cultured for 24h at 37°C or 28°C (n=1 independent experiments with n=6
samples per condition) with a mouse VEGF Quantikine ELISA kit (R&D Systems, Cat. MMV0O0,
Cedarlanes, Burlington, ON, Canada) accordingly to the manufacturer’s instructions and using

respectively 20 ug and 75 pg of total intracellular and secreted proteins.
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Mouse angiogenesis proteome profiler array.

C2C12 myotubes and vastus lateralis biopsies from the ex vivo muscle incubation (EMI) were
exposed for 24h to either 37°C or 28°C. Intracellular and extracellular proteins were isolated as
previously described (n=6 per conditions: Intracellular or secreted, 37°C versus 28°C). Samples
from each group were pooled and total protein concentrations of each pool were assessed by BCA
assay. The assay was run accordingly to the manufacturer's instructions (R&D Systems, Cat.
ARY015, Cedarlanes, Burlington, ON, Canada) and as previously described (Roudier et al., 2012).
An amount of 250-300 pg and 400 pg of total protein from C2C12 myotubes and EMI,
respectively, were incubated with the array nitrocellulose membranes pre-probed with primary
antibodies against 53 pro- or anti- angiogenic molecules. Target protein spots were visualized by
incubating each membrane with a cocktail of biotinylated secondary antibodies and streptavidin-
HRP and using an enhanced chemiluminescence procedure (SuperSignal West Dura Extended
Duration Substrate, Cat. 34075, ThermoFisher Scientific, Burlington, ON, Canada). Protein spots
were quantified using a Kodak Imaging station 4000MM Pro with Carestream software and

analyzed using NIH Image J Software.
Boyden chamber migration assay.

Endothelial cell migratory response was assessed by performing Boyden chamber chemotaxis
assays as previously described (Aiken et al., 2016). Following trypsinization, SMECs were loaded
in the upper chamber at a density of 500 cells/pl. Cells migrated through an 8-um polycarbonate
membrane filter (NeuroProbe, Inc., Cat. PFB8, Cedarlanes, Burlington, ON, Canada) coated with
50 pg/ml collagen (Gibco, Cat. A10438-01, ThermoFisher Scientific, Burlington, ON, Canada) in
0.02 M acetic acid (Sigma-Aldrich # 320099). In each Boyden chamber experiment, the basal level
of SMECs migration was assessed by loading the bottom chamber with 28 ul of DMEM
supplemented with 1% FBS. A positive control for migration was incorporated on each assay by
loading the bottom chamber with 28 ul of DMEM supplemented with 10% FBS and 5%
endothelial cell growth supplement (ECGS 100x, ScienCell, Cat.1052, Cedarlanes, ON, Canada).
SMECs migration was then assessed in response to stimulation by C2C12-secreted proteins
collected after 24h exposure to 37°C or 28°C (indirect C2C12-mediated impact of cold) or by pre-
conditioning SMECs for 16h at 37°C or 28°C (direct impact of cold on SMEC). For indirect and

direct evaluation of cold exposure, 6 and 5 independent Boyden chamber experiments were run,
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respectively (n=6 migration wells per condition). After 6 hours of migration time at 37°C, the
nitrocellulose membrane filter was washed with cold PBS, fixed in cold methanol, stained with
10% Giemsa stain diluted in water (Cat. R03055-74, Sigma-Aldrich, Burlington, ON, Canada),
and mounted on a glass microscope slide. For each experiment, four individual fields of view per
well were counted under 40X magnification, and results were presented as the average of all fields

of view.
Skeletal muscle endothelial cell proliferation.

SMECs were seeded on a 96-wells plate at 1,000 cells/well density at day 0 and cultured at 37°C
or 28°C. Cell proliferation was quantified at days 0, 1 and 2 by using the cyQUANT® NF Cell
proliferation Assay kit (Invitrogen, Cat. C35007, ThermoFisher Scientific, Burlington, ON,
Canada) accordingly to the manufacturer’s instructions. Briefly, the assessment of cell
proliferation is based on quantifying the fluorescence emitted at 485 nm by a cell-permeant DNA-
binding dye. Two independent cell conditionings were performed n=8 cell culture wells per

condition (37°C versus 28°C) and per time-point (days 0, 1, and 2).
Statistical analysis.

Statistical analyses were performed using un-paired t-test, 1-way or 2-way ANOVA using Prism9
(GraphPad software), Tukey multiple comparison post-tests for ANOVA analyses. P<0.05 was
considered to be statistically significant.

3.8. Results.

Cold stress induces an increased expression of RNA-binding motif 3 expression in differentiated
C2C12 myotubes.

The cold shock protein, RNA-binding motif 3 (RBM3), was measured as a positive control for
cold-stress in differentiated C2C12 myotubes exposed to 6h and 24h of cold stress or control
conditions (Figure 9A). No significant change in expression was observed after 6h. However, a
strong and significant increased expression was observed following 24h of cold stress (Figure 9A:
+75% (P<0.0001) and +90% (P<0.0001) in two independent experiments).
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Cold stress stimulates a robust increase in thrombospondin-1 expression in differentiated
C2C12 myotubes.

Thrombospondin-1 (THBS1) intracellular protein expression showed a modest trend for an
increase after 6h of cold stress (Figure 9B: +54% (n.s), +39% (P=0.0249), and +42% (n.s) in three
independent experiments). In comparison, 24h of cold stress exposure led to a strong and
significant increase in intracellular THBS1 protein expression (Figure 9B: +79% (P=0.0023),
+126% (P<0.0001), and +102% (P=0.0003) in three independent experiments). With regards to
THBS1 mRNA expression, the shortest cold exposure duration (6h) had no effect, whereas mMRNA
levels were significantly increased after 24h (Figure 9C: +72% (P=0.0412), +110% (P<0.0001),
and +28% (P=0.0003) in three independent experiments). | then questioned if the increase in
THBSL1 intracellular protein was a physiological response or simply the reflect of a deleterious
effect of cold on C2C12 myotubes. This was answered by exposing C2C12 myotubes to four
different experimental conditions (Figure 9D). Condition #1: 37 Control, C2C12 myotubes were
cultured for 36h at 37 C. Condition #2: 28 Control, C2C12 myotubes were cultured for 24h at 37 C
followed by 12h of culture at 28 'C. Condition #3: Re-warming, C2C12 myotubes were cultured
for 12h at 37 C followed by 12h of culture at 28 T followed by 12h of culture at 37 ‘C. Condition
#4: Re-cooling, C2C12 myotubes were cultured for 12h at 28 C followed by 12h of culture at 37 C
followed by 12h of culture at 28 'C. Regardless of experimental condition, all cell lysates were
collected following 36h of culture (Figure 9D). First, 12h of cold stress exposure led to an
increased intracellular THBS1 protein expression (Figure 9D: +34% (P=0.0167) and +52%
(P=0.0077) in two independent experiments). This response was completely reversed when cells
were re-warmed for an equal amount of time (Figure 9D: -37% (P=0.0006) and -36% (P=0.0047)
in two independent experiments). Finally, re-cooling the cells after a period of re-warming resulted
in a re-stimulation of THBS1 protein expression (Figure 9D: +43% (P=0.0092) and +27% (n.s) in
two independent experiments). Therefore, the increased expression in intracellular THBS1 protein

following cold exposure is a reversible and re-inducible response.

Cold stress reduces the expression of thrombospondin-1 protein in differentiated C2C12

myotube extracellular lysate.

With respect to skeletal muscle angio-adaptation, THBS1 protein has been described as a secreted

myokine influencing muscle capillarization. Thus, despite the increase in intracellular THBS1
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protein observed with cold stress, more relevant to skeletal muscle angio-adaptation is extracellular
THBSL1 protein expression. Therefore, THBS1 protein expression was assessed in the extracellular
lysates of the same differentiated C2C12 myotubes used to describe intracellular THBS1 protein
following 24h of cold stress (Figure 9B). When immunoblotting for extracellular THBS1 protein,
three bands were observed in comparison to a single band intracellularly (C2C12 Intra. on Figure
10A). Contrary to the previous results obtained on intracellular lysates, 24h of cold stress exposure
led to a significant reduction in extracellular THBS1 protein expression overall (Figure 10A: -
21%, (P=0.0243) when quantifying all bands), and to an even more pronounced reduction when
quantifying specifically the lower band alone (Figure 10A: -50%, P=0.0065). These results were
surprising given the robust increase in intracellular THBS1 protein previously observed (Figure
9). Therefore, another anti-THBS1 antibody (clone D7E5F versus A6.1 previously) was used to
confirm my observations (Figure 10B). Like with the A6.1 clone (Figure 9), 24h of cold stress
exposure led to a significant increase in intracellular THBS1 protein expression when
immunoblotting was performed with the D7E5F clone (Figure 10B: +171%, P<0.0001). To
investigate why immunoblots for THBS1 showed a single band in the intracellular lysate but three
bands in the extracellular lysate, THB1 protein expression was assessed qualitatively in 5 different
conditions (Figure 10C). Condition #1: C2C12 intra., differentiated C2C12 myotube intracellular
lysate. Condition #2: C2C12 extra., differentiated C2C12 myotube extracellular lysate. Condition
#3: Diff media., basal differentiation media. Condition #4: Horse Serum., horse serum. Condition
#5: DMEM., basal DMEM without supplemental growth factors. A general background of THBS1
in the differentiation media used to culture differentiated C2C12 myotubes was observed when
using both antibodies (Figure 10C). More specifically, this background seemed to be due to the
2% horse serum used for myotube differentiation since no band was detected in DMEM alone
(Figure 10C). Based on these results, differentiation media alone (no cells) was then incubated for
24h at 37°C or 28°C (Figure 10D). Cold stress did not alter the general background of THBS1
extracellular protein found in the differentiation media. Furthermore, immunoblotting of
differentiation media alone revealed only two distinct THBS1 bands (upper and middle) (Figure
10CD). This is of particular importance. Indeed, this suggests that the lower band is likely a
contribution exclusively arising from C2C12 secretion. More relevant, this lower band was the

only one to be significantly reduced by cold stress exposure. In conclusion, despite a robust
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increase in C2C12 intracellular THBS1 expression, cold stress significantly reduced the amount

of THBS1 protein in the extracellular lysate.

Differential intra- and extracellular protein expression induced by cold stress is not exclusive to

thrombospondin-1.

THBSL1 is a member to a larger family of four additional thrombospondin proteins. To investigate
if the differential intra- and extracellular protein expression of THBS1 was exclusive to THBS1,
the effect of cold stress on intra- and extracellular THBS4 protein expression in the same C2C12
cells used for Figure 9 and Figure 10 was assessed. THBS4 was selected based on its membership
as a thrombospondin family member, and a larger size and molecular weight relative to THBSL1.
Like THBS1, 24h of cold stress led to a significant increase in intracellular THBS4 protein
expression (Figure 11A: respectively +61% (P=0.0068), +116% (P<0.0001), and +78%
(P=0.0118) in three independent experiments). This increased expression also showed a trend to
be reversible with re-warming (Figure 11B: -20% (n.s) and -23% (n.s) in two independent
experiments) and re-inducible with re-cooling (Figure 11B: +29% (n.s) and +28% (n.s) in two
independent experiments). When investigating THBS4 protein in the extracellular lysate, 24h of
cold stress significantly reduced total THBS4 protein (Figure 11C: -14%, P=0.0068). Furthermore,
THBS4 protein was unchanged in differentiation media alone (no cells) that was incubated for 24h
in either cold stress or control conditions (Figure 11D). Together these results indicate that the
cold stress induced differential intra- and extracellular pattern of expression for THBS1 are also
observed with THBS4 and are therefore not THBS1 specific. Based on these observations
(increased intracellular and decreased extracellular, THBS1 and -4 protein), | hypothesized that
THBSL1 and -4 could be serving an intracellular function. Cold stress has been shown to stimulate
the upregulation of endoplasmic reticulum-stress (ER-stress) related protein, glucose regulated
protein 78 (Grp78), in skeletal muscle (Storey and Storey, 2019). In cardiac muscle, both THBS1
and -4 have been shown to promote the increased expression of ER-stress related proteins, such
as Grp78, by facilitating the shuttling of activating transcription factor 6 (ATF6) from the
endoplasmic reticulum to the golgi and nucleus. (Brody et al., 2016; Doroudgar and Glembotski,
2013; Lynch et al., 2012). To assess if the cold stress induced increase in intracellular THBS1 and
-4 expression was to facilitate an ER-stress response, intracellular ATF6 and Grp78 were
immunoblotted (Supplemental Figure 1). Cold stress, for 6h and 24h, did not alter differentiated
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C2C12 myotube intracellular protein expression of either ATF6 (Supplemental Figure 1A) or
Grp78 (Supplemental Figure 1B).

Cold stress exposure leads to a reduced expression of vascular endothelial growth factor-A in

extracellular lysate of differentiated C2C12 myotubes.

THBS1 and VEGF-A have both respectively been described as key anti- and pro- angiogenic
molecules for skeletal muscle angio-adaptation (Breen et al., 2008; Lemieux and Birot, 2021;
Olfert and Birot, 2011). To further elucidate whether cold stress alters myokine expression to
favour a pro- or anti- angiogenic response, the expression of VEGF-A protein was characterized
in the intra- and extracellular lysates of differentiated C2C12 myotubes. Cold stress had no effect
on intracellular VEGF-A protein (Figure 12A). However, cold stress significantly reduced VEGF-
A protein expression in the extracellular lysate (Figure 12B: -37%, P=0.0001). | also confirmed in
these samples that cold stress altered THBS1 intra- and extracellular protein expression as
previously described in Figure 9 and Figure 10 (Supplemental Figure 2). Cold stress both
significantly increased and decreased, intra- (Supplemental Figure 2A: +123% (P<0.0001) and
extracellular (Supplemental Figure 2B: -20% (P=0.0524; n.s) in all bands and -51% (P=0.0019)
in the lower band) THBSL1 protein expression, respectively.

Screening for 53 angiogenic molecules in differentiated C2C12 myotubes is inconclusive.

Whether cold stress leads to a pro- or anti- angiogenic microenvironment in the extracellular lysate
of differentiated C2C12 myotubes could not be answered based on THBS1 and VEGF-A results.
Thus, in these same samples (Figure 12 and Supplemental Figure 2), a mouse angiogenesis
proteome profiler array was used to screen for 53 angiogenic proteins in both intra- and
extracellular lysates (Figure 13A). Of a possible 53 proteins, a total of 22 and 28 proteins were
identified in the intra- and extracellular lysate, respectively (Figure 13B, Table 1). Of these
proteins, 17 were found to be expressed both in intra- and extracellular lysates (Figure 13B, Table
1). When categorizing these 17 proteins into pro- and anti- angiogenic categories, cold stress led
to a mixed intracellular expression of pro-angiogenic molecules with 23% increasing, 31%
decreasing, and 46% showing no change (Figure 13C). In comparison, cold stress led to an
increased intracellular expression of all anti-angiogenic molecules (Figure 13C). However, in the
extracellular lysate, cold stress decreased the expression of all proteins regardless of if pro- or anti-

angiogenic (Table 1, Figure 13C). Thus, screening of 53 angiogenic proteins provided no clear
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consensus regarding if cold stress induces differentiated C2C12 myotubes myokine expression

towards a pro- or anti- angiogenic microenvironment.

The extracellular lysate from cold-conditioned differentiated C2C12 myotubes does not

stimulate nor attenuate skeletal muscle endothelial cell migration.

Proteomic results provided no consensus whether the effect of cold stress on C2C12 secreted
proteins would lead to a pro- or anti- angiogenic microenvironment. Thus, a Boyden chamber
chemotaxis assay was performed to determine if cold-conditioned C2C12 extracellular lysates
could preferentially stimulate skeletal muscle endothelial cell (SMECs) migration. A total of six
independent Boyden chamber experiments were performed, each with their own internal positive
control of cell migration (Figure 14A). In each independent experiment, my positive control
stimulation (10% FBS, 5% ECGS) of SMECs significantly increased cell migration relative to
non-stimulatory conditions (1% FBS, no ECGS) (Figure 14A: +93% (P<0.0001), +92%
(P<0.0001), +116% (P=0.0002), +60% (P<0.0001), +83% (P<0.0001), and +122% (P<0.0001) in
six independent experiments). This validated each assay. The stimulation of SMECs with cold-
conditioned extracellular lysate brought no clear consensus (Figure 14B). Cold conditioned
extracellular lysate randomly increased or decreased cell migration relatively to SMEC stimulated
with warm-conditioned extracellular lysates (Figure 14B).

Direct exposure to cold stress increases the migratory responsiveness of skeletal muscle

endothelial cells.

Since my previous results from C2C12 exposure to cold stress provided no consensus regarding if
cold stress is pro- or anti- angiogenic on SMECs, | decided to evaluate the impact of a direct
exposure of SMECs to cold stress. Here, SMECs were preconditioned to cold stress or control
conditions for 16h prior to a Boyden chamber chemotaxis assay (Figure 15). In all five experiments
performed, regardless of thermal preconditioning SMECs migratory activity was increased with
stimulation (10% FBS, 5% ECGS) relative to non-stimulation conditions (1% FBS, no ECGS)
(Figure 15A: 37 C, +76% (P<0.0001), +195% (P<0.0001), + 159% (P<0.0001), +97%
(P<0.0001), +103% (P<0.0001); 28 C, +105% (P<0.0001), +341% (P<0.0001), +251%
(P<0.0001), +185% (P<0.0001), +129% (P<0.0001), in five independent experiments). More
importantly, when assessing SMECs stimulated migration as a fold-increase relative to respective

non-stimulatory conditions (37 Stim/Non-stim vs. 28 Stim/Non-stim), a significant effect of cold
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stress to stimulate SMECs migration is observed (Figure 15B: +30% (P=0.007), +146%
(P<0.0001), +92% (P=0.0003), +88% (P=0.0002), +26% (P=0.0548) (n.s), in five independent
experiments). Given that the cells are counted at the cessation of the Boyden chamber assay, such
count may be influenced by cell migration and/or cell proliferation. SMECs were therefore
cultured in cold stress or control conditions for up to two days and assessed for proliferation.
SMECs cultured in cold stress conditions showed a drastic attenuation in proliferation (Figure
15C). In comparison, cells cultured in control conditions maintained their proliferation (Figure
15C). Based on these observations, it can be assumed that the greater migratory responsiveness of

cold-preconditioned SMECs (Figure 15B) is independent of cell proliferation.
Cold exposure increases skeletal muscle endothelial cells expression of VEGF receptor-2.

VEGF receptor 2 (VEGFR2) is the cognate receptor primarily responsible for facilitating the
VEGF-A downstream signalling that promotes endothelial cell proliferation and migration (Wang
etal., 2020). VEGFR2 protein was assessed by immunoblotting (Figure 16A). Three distinct bands
were observed. Previous reported observations have identified these three forms of VEGFR2 as
follows: a 230 kDa fully glycosylated and mature form; a 200 kDa glycosylated intermediate form;
and a 150 kDa non-glycosylated form (Takahashi et al., 2001; Takahashi and Shibuya, 1997).
Amongst these three forms, only the 230 kDa form is expressed on the cell membrane surface and
can be phosphorylated following stimulation with VEGF-A (Takahasi and Shibuya, 1997). In my
study, cold stress exposure significantly increased VEGFR2 protein expression, regardless of
stimulation with recombinant VEGF-A (MVEGFAL65). The effect was particularly significant for
the 230k Da and 200 kDa forms (Figure 16A: 230 kDa, + 55% (P=0.0230) and +124% (P=0.0134);
200 kDa, +157% (P=0.0018) and +129% (P=0.0004), in - mVEGF-A165 and +mVEGF-A165
conditions, respectively). The cold-induced increase in the 150 kDa form was significant only in
the context of stimulation with recombinant VEGF-A (Figure 16A). Interestingly, the expression
of the 230 kDa form was significantly decreased with recombinant VEGF-A stimulation regardless
of the temperature (Figure 16A). Such a reduction in the 230 kDa form could reflect the
internalization and degradation of VEGFR2, an important process in regulating its signal
transduction (Ewan et al., 2006; Lampugnani et al., 2006). Next, VEGFR2 responsiveness to
mVEGF-A165 stimulation was assessed by measuring the phosphorylation of the receptor on
residue tyrosine 1175 (p-Y1175-VEGFR2) (Figure 16B). Among the numerous phosphorylation
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sites described on VEGFR2, Y1175 is critical for VEGFR2 activation and downstream signalling
involved in cell proliferation, migration, and survival (Takahashi et al., 2001; Wang et al., 2020).
When assessing VEGFR2 activation as a ratio of p-Y1175-VEGFR2 / 230 kDa VEGFR2, a
significantly reduced responsiveness to mVEGF-A165 stimulation is observed in SMECs pre-
conditioned to cold stress relative to control cells (Figure 16B: -70%, P=0.0085). However, this is
not surprising given that cold stress led to a significant increase in the total expression level of the
230 kDa form (Figure 16A). When assessing p-Y1175-VEGFR2 expression relative to a loading
control, stimulation of SMECs with recombinant mVEGF-A165 significantly increased the
expression of p-Y1175-VEGFR2 protein in cell maintained in control conditions (Figure 16B:
+108%, P=0.0367), whereas a trend for increase was observed in cells maintained in cold stress
(Figure 16B: +146%, P=0.0537, n.s). Like with C2C12 myotubes (Figure 9A), RBM3 was used
as a positive control of cold stress in SMECs cultured in cold stress or control conditions. Cold
stress induced a significant increase in RBM3 in SMECs cultured for 24h (Supplemental Figure
3A: +23% (P=0.0041) and +14% (P=0.0303) in two independent experiments).

Proteomic screening of skeletal muscle biopsies differs from differentiated C2C12 myotubes.

To gain more insight to the angiogenic impact of cold stress exposure on the skeletal muscle tissue,
an angiogenesis proteome profiler array was performed on mouse vastus lateralis biopsies
incubated in-vitro at 37°C or 28°C for 24h (ex vivo muscle incubation (EMI) assay). A total of 52
out of the 53 proteins present in the assay were detected both in intracellular and extracellular
lysates (Figure 17AB, Table 2). At the intracellular level, a mixed distribution was observed with
30% of proteins showing an increase or no change, and 70% showing a decrease (Figure 17B). A
mixed distribution was even more obvious at the extracellular level with 23% of proteins
increasing, 25% decreasing, and 52% showing no change (Figure 17B). This contrasts with the
results of the proteome array previously reported in C2C12 myotubes where 100% of secreted
proteins were decreased (Figure 13B, Table 1). This difference between C2C12 and skeletal
muscle tissue protein expression pattern was confirmed when comparing the distribution of the
same 28 extracellular proteins detected in both C2C12 and EMI samples (Figure 17C). To ensure
the effect of my cold stress conditioning in the vastus lateralis EMI model, intracellular protein
levels for RBM3 was qualitatively assessed (Supplemental Figure 4A). Finally, THBS-1 is not
present on the proteome array. Quantification of intracellular THBS1 protein expression in EMI
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samples by immunoblotting showed an 100% (P=0.029) increase in cold-conditioned muscle

biopsies (Supplemental Figure 4B).
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FIGURE 9
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Figure 9. Cold stress increases intracellular RNA-binding motif 3 protein and

thrombospondin-1 protein and mMRNA expression in differentiated C2C12 myotubes.

(A) Representative immunoblots and densitometry analyses for intracellular cold-shock RNA-
binding motif 3 (RBM3) protein expression in differentiated C2C12 myotubes exposed to 6h and
24h of control (37) or cold stress (28) conditions. B-actin was used as a loading control. Data
shown is a single representative experiment of two independently conducted experiments with n=6
samples per condition of exposure time and temperature (represented as means + standard error of
the mean (SEM)). Significant difference between groups: **** P<0.0001. (B) Representative
immunoblots and densitometry analyses for intracellular thrombospondin-1 (THBS1) protein
expression in differentiated C2C12 myotubes exposed to 6h and 24h of control (37) or cold stress
(28) conditions. B-actin was used as a loading control. Data shown is a single representative
experiment of three independently conducted experiments with n=6 samples per condition of
exposure time and temperature (represented as means + SEM). Significant difference between
groups: **, P<0.01; ***, P<0.001. (C) THBSL1 gene expression in differentiated C2C12 myotubes
exposed to 6h and 24h of control (37) or cold stress (28) conditions.
Hypoxanthinephosphoribosyltransferase-1 (HPRT) is used as a housekeeping gene. Data shown is
a combined representation of three independently conducted experiments each with n=6 samples
per condition of exposure time and temperature (represented as means + SEM). Significant
difference between groups: **** P<0.0001. (D) Representative immunoblots and densitometry
analyses for intracellular THBS1 protein expression in differentiated C2C12 myotubes exposed to
four independent experimental conditions: (1) 37 Control: 36h of culture at 37°C; (2) 28 Control:
24h of culture at 37°C followed by 12h of culture at 28°C; (3) Re-warming:12h of culture at 37°C
followed by 12h of culture at 28°C followed by 12h of culture at 37°C; (4) Re-cooling:12h of
culture at 28°C followed by 12h of culture at 37°C followed by 12h of culture at 28°C. All cell
lysates were collected following 36h of culture regardless of experimental condition. B-actin was
used as a loading control. Data shown is a single representative experiment of two independently
conducted experiments with n=6 samples per condition (represented as means = SEM). Significant
difference between groups: *, P<0.05; **, P<0.01; *** P<0.001.
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FIGURE 10
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Figure 10. Extracellular thrombospondin-1 protein expression in differentiated C2C12

myotubes.

(A) Representative immunoblots and densitometry analyses for thrombospondin-1 (THBS1)
protein expression in extracellular lysate from differentiated C2C12 myotubes exposed to control
(37) or cold stress (28) conditions for 24h. Ponceau S Red staining was used to ensure equal protein
loading. C2C12 intracellular lysate (C2C12 Intra.) was loaded to visualize discrepancy between
band patterns for intra- and extracellular THBS1. Data shown is a combined representation of three
independently conducted experiments with n=3 samples per condition (represented as means +
SEM). Significant difference between groups: *, P<0.05; ** P<0.01. (B) Representative
immunoblots and densitometry analyses for THBS1 protein expression in differentiated C2C12
myotubes exposed to control (37) or cold stress (28) conditions for 24h. Immunoblotting was
carried out with D7E5F clone. B-actin was used as a loading control. Data shown is from a single
conducted experiment with n=6 samples per condition (represented as means + SEM). Significant
difference between groups: ****, P<0.0001. (C) Immunoblots of THBS1 protein expression in:
differentiated C2C12 myotube intracellular lysate (C2C12 Intra.); differentiated C2C12 myotube
extracellular lysate (C2C12 Extra.); differentiation media alone (no cells) (Diff. Media); horse
serum alone (no cells) (Horse Serum); and DMEM alone (no cells). THBS1 protein expression
was identified using the clone A6.1 in the top panel, and clone D7ES5F in bottom panel. (D)
Representative immunoblots of THBS1 protein expression in differentiation media alone (no cells)
that was incubated for 24h in either control (37) or cold stress (28) conditions. Ponceau S Red stain

was used to ensure equal protein loading.
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Figure 11. Effect of cold stress on thrombospondin-4 protein expression in intra- and

extracellular lysates from differentiated C2C12 myotubes.

(A) Representative immunoblots and densitometry analyses for intracellular thrombospondin-4
(THBS4) protein expression in differentiated C2C12 myotubes exposed to 6h and 24h of control
(37) or cold stress (28) conditions. B-actin was used as a loading control. Data shown is a single
representative experiment of three independently conducted experiments with n=6 samples per
condition of exposure time and temperature (represented as means £ SEM). Significant difference
between groups: **, P<0.01. (B) Representative immunoblot and densitometry analyses for
intracellular THBS4 protein expression in differentiated C2C12 myotubes exposed to four
independent experimental conditions: (1) 37C Control, 36h of culture at 37°C; (2) 28C Control,
24h of culture at 37°C followed by 12h of culture at 28°C; (3) Re-warming (RW), 12h of culture
at 37°C followed by 12h of culture at 28°C followed by 12h of culture at 37°C; (4) Re-cooling
(RC), 12h of culture at 28°C followed by 12h of culture at 37°C followed by 12h of culture at 28°C.
Cells were collected at the same time, following 36h of culture regardless of experimental
condition. B-actin was used as a loading control. Data shown is a single representative experiment
of two independently conducted experiments with n=6 samples per condition (represented as
means £ SEM). (C) Representative immunoblots and densitometry analyses for THBS4 protein
expression in extracellular lysate from differentiated C2C12 myotubes exposed to control (37) or
cold stress (28) conditions for 24h. Ponceau S Red staining was used to ensure equal protein
loading. C2C12 intracellular lysate (C2C12 Intra.) was loaded to visualize discrepancy between
banding pattern for intra- and extracellular THBS4. Data shown is a combined representation of
three independently conducted experiments with n=3 samples per condition (represented as means
+ SEM). Significant difference between groups: **, P<0.01. (D) Representative immunoblots of
THBS4 protein expression in differentiation media alone (no cells) that was incubated for 24h in
either control (37) or cold stress (28) conditions. Ponceau S Red stain was used to ensure equal

protein loading.
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Figure 12. Effect of cold stress on vascular endothelial growth factor-A protein expression

in intra- and extracellular lysates from differentiated C2C12 myotubes.

(A) Representative histogram of intracellular vascular endothelial growth factor-A (VEGF-A)
protein expression in differentiated C2C12 myotubes exposed to control (37) or cold stress (28)
conditions for 24h. Protein expression was quantified by enzyme linked immunodetection
sandwich assay (ELISA). Data shown is from a single conducted experiment with n=6 samples
per condition (represented as means £ SEM). (B) Representative histogram of VEGF-A protein
expression in extracellular lysate from differentiated C2C12 myotubes exposed to control (37) or
cold stress (28) conditions for 24h. Protein expression was quantified by ELISA. Data shown is
from a single conducted experiment with n=6 samples per condition (represented as means +
SEM). Significant difference: ***, P<0.001.
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Figure 13. Effect of cold stress on 53 angiogenic molecules in intra- and extracellular lysates
from differentiated C2C12 myotubes.

(A) Representative proteome profiler immunoblotting membranes for intra- and extracellular
lysates from differentiated C2C12 myotubes exposed to control (37) or cold stress (28) conditions
for 24h. The anti-angiogenic endostatin and thrombospondin-2 (THBS2) and the pro-angiogenic
vascular endothelial growth factor-A (VEGF-A) and basic fibroblast growth factor (bFGF) are
highlighted. Each highlighted square shows duplicate spots for a given protein. (B) Distribution in
percentage of cold-induced alterations in proteins detected in the proteome profiler array in
intracellular and extracellular C2C12 lysates. (C) Specific distribution in percentage of cold-
induced alterations in pro- and anti- angiogenic proteins detected in the proteome profiler array in

intracellular and extracellular C2C12 samples.
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Figure 14. Skeletal muscle endothelial cell migratory activity in response to extracellular

lysate from cold stress conditioned differentiated C2C12 myotubes.

(A) Representative images and histogram for skeletal muscle endothelial cell (SMECs) migration
in Boyden chamber chemotaxis assay in response to no stimulation (1% FBS, no ECGS) or
stimulation (10% FBS, 5% ECGS) for 6h. Migration is expressed as a percentage (%) of migrating
cells in stimulatory conditions relative to non stimulatory conditions. Data presented is a single
experiment representative of six independent experiments conducted each with n=6 samples per
condition (represented as means £ SEM). Significant difference between groups: ****, P<0.0001.
(B) Graphical representation comparing SMECs migratory activity in six independent Boyden
chamber chemotaxis experiments in response stimulation with extracellular lysate from control
(37) or cold stress (28) conditioned differentiated C2C12 myotubes. Data is represented as means
+ SEM with n=6 samples per condition. Each experiment is compared statistically by un-paired t-

test. Significant difference between groups: **, P<0.01.
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Figure 15. Effect of cold stress preconditioning on skeletal muscle endothelial cell migratory

activity.

(A) Representative images and histogram for skeletal muscle endothelial cells (SMECs) migration
in Boyden chamber chemotaxis assay in response to non-stimulation (1% FBS, no ECGS) or
stimulation (10% FBS, 5% ECGS) for 6h following 16h of thermal preconditioning (37 or 28).
Migration is expressed as number of cells counter per field of view. Data presented is a single
representative experiment of five independent experiments each with n=6 counts per condition
(represented as means = SEM). Significant difference between groups: ****, P<0.0001. (B)
Graphical representation comparing stimulated SMECs migratory activity from respective thermal
preconditioning (37 or 28) in five independent experiments conducted. Data is expressed as a fold
increase in stimulated migration relative to non-stimulatory conditions (Stim migration / Non-stim
migration) (represented as means + SEM with n=6 samples per condition). Each experiment is
compared statistically by un-paired t-test. Significant difference between groups: **, P<0.01; ***,
P<0.001; **** P<0.0001. (C) Representative histogram of SMECs proliferation for up to two
days (Day 0-2) in either control (37) or cold stress (28) conditions. Data presented is a single
conducted experiment that is representative of three independent experiments each with n=4-8
samples per condition and exposure (represented as means + SEM). Significant difference between
groups: **, P<0.01; **** P<0.0001. Significant difference in comparison to Day 0: ####,
P<0.0001.
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Figure 16. Effect of cold stress on vascular endothelial growth factor-receptor 2 expression

and responsiveness to recombinant vascular endothelial growth factor-A stimulation.

(A) Representative immunoblots and densitometry analysis for protein expression of VEGF-
receptor 2 (VEGFR2) in skeletal muscle endothelial cells preconditioned to control (37) or cold
stress (28) conditions for 24h prior to stimulation with recombinant murine VEGF-A (mVEGF-
A165) for 1h (100ng/ml). o/p-tubulin was used as a loading control. Data shown is a combined
representation of three independent experiments conducted each with n=3 samples per condition
of temperature and stimulation (represented as means + SEM). Significant difference between
groups: *, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001. Significant effect of mVEGF-A165
stimulation: #, P<0.05; ##, P<0.01. (B) Representative immunoblots and densitometry analysis for
protein expression of phosphorylated VEGFR2 at tyrosine 1175 (p-Y1175-VEGFR2) in SMECs
preconditioned to control (37) or cold stress (28) conditions for 23h prior to stimulation with
recombinant murine VEGF-A (mVEGF-A165) for 1h (100ng/ml). o/B-tubulin was used as a
loading control. Left panel shows p-Y1175-VEGFR2 protein expression when normalized to
respective 230 kDa VEGFR2 band intensity. Right panel shows p-Y1175-VEGFR2 protein
expression when normalized to o/B-tubulin intensity. Data shown is a combined representation of
three independent experiments conducted each with n=3 samples per condition of temperature and
stimulation (represented as means = SEM). Significant difference between groups: **, P<0.01.
Significant effect of MVEGF-A165 stimulation: #, P<0.05; ##, P<0.01.
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INTRACELLULAR PROTEIN DETECTION

FIGURE 17
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Figure 17. Effect of cold stress on 53 angiogenic molecules in intra- and extracellular lysates

from mouse vastus lateralis muscle biopsies following muscle ex-vivo incubation.

A) Representative proteome profiler immunoblotting membranes for intra- and extracellular
lysates from mouse vastus lateralis muscle biopsies incubated for 24h in control (37) or cold stress
(28) conditions (EMI model). The anti-angiogenic endostatin and thrombospondin-2 (THBS2) and
the pro-angiogenic vascular endothelial growth factor-A (VEGF-A) and basic fibroblast growth
factor (bFGF) are highlighted. Each highlighted square shows duplicate spots for a given protein.
(B) Distribution in percentage of cold-induced alterations in proteins detected in the proteome
profiler array in intracellular and extracellular EMI muscle lysates. (C) Distribution in percentage
of cold-induced alterations in the 28 proteins detected in both C2C12 (Figure 13) and EMI muscle

extracellular lysates.
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Table 1

::’:;';'jn‘::::l‘lel:a’: Cold-induced changes ‘Z;g :s e:::?;:,;: Cold-induced changes
lysate (in % versus 37) lysate (in % versus 37)
ADAMTS-1 -7.01 Angiopoietin-1
Angiopoietin-1 Angiopoietin-3
Angiopoietin-3 CXCL16
Coagulation factor-3 -0.80 Endostatin
Cyré1 +6.81 Endothelin-1
Endostatin bFGF
Endothelin-1 -7.46 CX3CL1
bFGF +0.08 HGF
HB-EGF IGFBP-2
IGFBP-2 IGFBP-3
NOV IL-1a
Osteopontin -0.73 MCP-1
PDGF-A/A -6.45 MMP-8
PDGF-A/B MMP-9
PIGF-2 NOV
CXCL12 Osteopontin
Serpin E1 PDGF-A/A
Serpin F1 PDGF-A/B
THBS2 PIGF-2
TIMP-1 Prolactin
VEGF-A Proliferin
VEGF-B CXCL12
Serpin E1
Colour coding Serpin F1
Change <10% THBS2
TIMP-1
VEGF-A
VEGF-B
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Table 2

Proteins detected in Proteins detected in
vastus lateralis c°'g":’;‘6"",§°,gu°sh;';)9°s vastus lateralis “’g:’g‘:c;gu‘;hgg)m
intracellular lysate extracellular lysate ’
ADAMTS-1 ADAMTS-1 +34.64
Amphiregulin Amphiregulin +6.79
Angiogenin Angiogenin -1-13.25
Angiopoietin-1 Angiopoietin-1 +1.11
Angiopoietin-3 _ Angiopoietin-3 +3.28
Coagulation Factor3 | +20.35 | Coagulation Factor 3 +6.01
CXCL16 CXCL16 -5.19
CyeticrBPA0 | A48 | Gyt ioree0 638
DLL4 DLL4 +7.58
EGF EGF +6.95
Endostatin +5.95 Endostatin -8.27
Endothelin-1 Endothelin-1 -1.58
aFGF aFGF :
bFGF bFGF +21.22
KGF, FGF-7 KGF, FGF-7 +12.91
Fractalkine, CX3CL1 Fractalkine, CX3CL1 +2.24
HB-EGF HB-EGF +7.29
HGF HGF +4.21
IGFBP-1 IGFBP-1 +4.86
IGFBP-2 IGFBP-2 +15.82
IGFBP-3 IGFBP-3 -1.69
IL-1a IL-1a -6.06
IL-10 IL-10 -2.39
IP-10, CXCL10 +8.88 IP-10, CXCL10 _
KC, CXCL1 -3.23 KC, CXCL1 +12.92
Leptin Leptin +21.51




Table 2

MCP-1

MIP-1a

MMP-3

MMP-8

MMP-9

NOV

Osteopontin

PD-ECGF

PDGF-AA

PDGF-AB / PDGF-EB

Pentraxin-3

Platelet Factor-4

PIGF-2

Prolactin

Proliferin

SDF-1, CXCL12

Serpin E1, PAI-1

Serpin F1, PEDF

THBS2

TIMP-1

TIMP-4

VEGF-A

VEGF-B

Colour coding

Change <10%

MCP-1

MIP-1a

MMP-3

MMP-8

MMP-9

NOV
Osteopontin
PD-ECGF

PDGF-AA

PDGF-AB /| PDGF-BB

Pentraxin-3

Platelet Factor-4

PIGF-2

Prolactin

Proliferin

SDF-1, CXCL12

Serpin E1, PAI-1

+0.26
-6.63
+6.77
+3.29
+1.22
-3.51
+2.85
-2.34

Serpin F1, PEDF

THBS2

TIMP-1

TIMP-4

VEGF-A

VEGF-B +0.74
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3.9. Discussion.

Cold stress has been identified as a pro-angiogenic stimulus enhancing the formation of
novel muscle capillaries (Bae et al., 2003; Banchero et al., 1985; Deveci and Egginton, 2003, 2002;
D’Souza et al., 2018; Duchamp et al., 1992; Heroux and St. Pierre, 1956; Santocildes et al., 2021;
Sillau et al., 1980). At the molecular level, studies on skeletal muscle tissue have essentially
focused on VEGF-A with discrepancy in reported results (Al-horani et al., 2019; D’Souza et al.,
2018; lhsan et al., 2014; Joo et al., 2016; Kim et al., 2005; Magalhaes et al., 2020; Opichka et al.,
2019; Shute et al., 2020; Zak et al., 2017). However, these studies present many confounding
variables (aerobic versus resistance exercise, training status, photoperiod, nutritional status, local
versus circulating signals, implication of the nervous system) making difficult to parse the exact
contribution of cold stress per se. In-vitro studies conducted on skeletal myoblasts or myotubes
have also been limited to VEGF-A (Krapf et al., 2021; Sugasawa et al., 2016). Although muscle
cells represent with no doubt a major source of angiogenic molecules within the skeletal muscle
tissue, endothelial cells are the building elements of new vessels. It is therefore surprising that no
studies have investigated how cold stress could affect skeletal muscle endothelial cells. Therefore,
for the first time in the field of vascular biology, | have used here an in-vitro approach to determine
the influence of cold stress per se on skeletal muscle angio-adaptation. | have focused on the direct
effect of cold stress on muscle cells and endothelial cells, respectively, as well as on the indirect
impact of cold on endothelial cells via the release of myotube-derived angiogenic molecules.
Furthermore, my in-vitro approach has ensured the mitigation of possible confounding in-vivo
variables elicited by cold stress on other tissues such as motoneuron innervation, arteriolar
vasomotricity, or circulating factors. Finally, 1 used an ex-vivo muscle incubation assay to
determine if the results | observed in-vitro were reproduced in whole muscle vastus lateralis biopsy

samples.

As mentioned previously, majority of studies have focused on describing the effect of cold
stress on VEGF-A in muscle tissue and cells despite both THBS1 and VEGF-A being respectively
identified as key anti- and pro- angiogenic factors. Due to this discrepancy, | have focused on
describing the effect of cold stress on THBS1 expression in myotubes. During my thesis, | have
for the first time described cold stress to stimulate both THBS1 mRNA and intracellular protein in
myotubes. When exposing differentiated C2C12 myotubes to 24h of cold stress | observed a strong
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and significant increase in THBS1 mRNA and intracellular protein expression. To my knowledge,
only two studies have documented an increase of THBS1 mRNA (Nascimento et al., 2020) and
protein (Zieger et al., 2011) to cold stress, in human muscle biopsy samples and human coronary
endothelial cells, respectively. These studies were however very exploratory in nature with the use
of transcriptomics and proteomics. Furthermore, by re-warming and re-cooling myotubes, | have
shown that cold stress stimulated THBS1 protein expression is a physiological, reversible, and re-
inducible response. This is similar to the reversible and re-inducible effect of hypoxia on THBS1
gene expression described by Phelan and colleagues (Phelan et al., 1998).

Several studies have shown cold stress to stimulate VEGF-A gene and protein expression
(Al-horani et al., 2019; Ihsan et al., 2014; Joo et al., 2016; Kim et al., 2005). However, because
these studies were performed in-vivo, most often investigating the use of cold-water immersion as
an ergogenic aid to exercise, it cannot be discerned whether these results are due to cold stress per
se or confounding physiological responses known to stimulate VEGF-A production. Such
confounding factors are an acute bout of exercise, increased shear stress, or elevated metabolic
activity (Birot et al., 2003; Leick et al., 2009; Milkiewicz et al., 2001; Uchida et al., 2015;
Zwetsloot et al., 2008). In comparison, the effect of cold stress in-vitro on VEGF-A protein in
myotubes yet remains to be characterized. In my study, | observed cold stress to have no effect on
intracellular VEGF-A protein expression in differentiated C2C12 myotubes both quantitatively
and qualitatively, by ELISA and proteomics, respectively.

In previous work from our lab, we have used the VEGF-A / THBS1 ratio as a rudimentary
indicator of the directionality of an angiogenic response (Aiken et al., 2019, 2016; Roudier et al.,
2012, 2010). Whilst my intracellular results suggested cold stress to stimulate a preferentially anti-
angiogenic molecular expression in differentiated C2C12 myotubes, my extracellular results did
not reflect intracellular observations. When analyzing the extracellular lysates from differentiated
C2C12 myotubes conditioned to cold stress for 24h, | observed a significant reduction in both
THBS1 and VEGF-A protein. While cold stress was previously reported to reduce human myotube
secretion of VEGF-A protein, in-vitro (Krapf et al., 2021), | was perplexed to observe a reduction
in secreted THBS1 protein given the robust cold stress stimulated intracellular response. However,
my proteomics results demonstrated that this differential intra- and extracellular expression was

not exclusively THBS1-related. |1 have identified six additional proteins (Angiopoietin-1,
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Endostatin, insulin like growth factor binding protein 2 (IGFBP2), C-X-C motif chemokine ligand
12 (CXCL12), THBS2, and tissue-inhibitor of metalloproteinases-1(TIMP-1)), that upon exposure
to cold stress were upregulated at the intracellular level but decreased extracellularly. Similar
results have been reported when exposing human primary myotubes to cold stress (18h at 18 C).
Krapf and colleagues (Krapf et al., 2021) reported cold stress to stimulate a significant increase in
intracellular interlukin-8 (IL-8) expression that was significantly reduced at the extracellular level.
This would lead one to presume that the observed intracellular expression of these proteins may
be due to retention. However, my data showing cold stress to increase THBS1 mRNA expression
may refute this. Furthermore, | observed cold stress to reduce the expression of all twenty-eight
proteins | detected in the extracellular lysate of differentiated C2C12 myotubes via proteomic
screening. Of these twenty-eight proteins, six and five respectively, had no change or a reduction
in expression at the intracellular level. Thus, the selective retention of specific proteins in response

to cold stress seems unlikely, yet also intriguing for further research directions.

As mentioned above, endothelial cells are the primary constituents of novel capillaries,
thus it is surprising that to my knowledge the effect of cold stress on SMECs angiogenic responses
has yet to be described. When | preconditioned SMECs to 16h of cold stress, the magnitude of
their migratory response in the chemotaxis assay was significantly greater in comparison to
SMECs preconditioned at 37°C. I also observed a complete attenuation of the proliferative capacity
of cold conditioned SMECs in addition to an elevated expression of VEGFR2. The cold shock
responsive protein RBM3 has been linked to mediating F-actin organization necessary for the
adoption of cell polarity and has been shown to enhance cell migration (Mardakheh et al., 2015;
Pilotte et al., 2018, 2009). Therefore, when | observed RBM3 and VEGFR?2 to be elevated in cold
stressed SMECs along with a reduced proliferation, | inferred that the possible mechanism for
improved SMECs migration with cold stress preconditioning was due to an induction of a tip cell
phenotype in SMECs. While this may suggest that cold stress is a pro-angiogenic stimulus by
enhancing a migratory endothelial cell phenotype, | caution against this conclusion. For example,
when | conditioned SMECs to cold stress | observed a reduction in phosphorylation of VEGFR2
at residue Y1175 when stimulating with recombinant VEGF-A. VEGFR2 phosphorylation at
Y1175 is a key step for downstream MAPK/ERK cascades involved in endothelial cell
proliferation (Takahashi et al., 2001; Wang et al., 2020). While endothelial cell migration is
important, it is the proliferative action of stalk cells that drives the elongation of a vessel sprout.
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Therefore, while cold stress enhances the migratory aspect of sprouting angiogenesis, without a
concomitant improvement in cell proliferation, it cannot be stated that cold stress would enhance
sprouting angiogenesis relative to control conditions based on my observations in-vitro.
Furthermore, it is important to note that in my study when assessing SMECs p-VEGFR2-Y1175
expression and proliferation, SMECs were maintained in constant cold stress. In comparison, when
assessing SMECs migratory activity via the Boyden chamber chemotaxis assay. SMECs were
preconditioned to cold stress and then challenged for their migratory capacity in normothermic
conditions. This would then suggest that in fact it is cooling accompanied by a transient rewarming
in which SMECs migration is enhanced. This begs the possibility of then using pre-cooling prior
to acute exercise to enhance the angiogenic response of exercise. For example, an enhanced rate
of VEGF-A secretion has been described in human myotubes preconditioned to cold stress with
accompanied rewarming (Krapf et al., 2021). | have shown cold stress to elevated SMECs
expression of VEGFR2 in conjunction with precooling to enhance the migratory responsiveness
of SMECs. Therefore, pre-cooling prior to acute exercise may lead to an increased rate of VEGF-
A secretion of the skeletal muscle post exercise; to a greater opportunity for this VEGF-A to
interact with SMECs given their elevated VEGFR2 expression; and then to an enhanced ability of
these SMECs to migrate towards angiogenic cues. In this sense, it would be intriguing to evaluate
the possible use of localized muscle cooling prior to acute exercise to be used as an ergogenic aid

to improve the angiogenic response of exercise training.

Finally, in my study | observed some discrepancy between the cold-induced expression of
secreted proteins from C2C12 myotubes and those secreted from whole muscle vastus lateralis
biopsies. Unlike with C2C12 myotubes, whole muscle biopsies exposed to cold do not have a
complete attenuation of their secretory activity, with respect to angiogenic proteins. | have
identified four proteins that were increased both in intracellular and extracellular lysates from
whole muscle biopsies exposed to cold. Of these four proteins (a disintegrin and metalloproteinase
with thrombospondin motif (ADAMTS-1), Angiogenin, Platelet factor -4, Thrombospondin-2),
three have anti-angiogenic activity. ADAMTS-1 is a secreted metalloproteinase that enhances
THBS1 cleavage and subsequent anti-angiogenic activity in addition to directly binding to VEGF-
A and dampening VEGFR2 signalling (Hohberg et al., 2011; Iruela-Arispe et al., 2003). Platelet
factor -4 directly interferes with both VEGF-A, bFGF, and their respective receptors, reducing
endothelial cell proliferation, adhesion, and migration (Bikfalvi, 2004; Maurer et al., 2006; Wang

102



and Huang, 2013). Finally, thrombospondin-2 (THBS2), has been shown to be a potent anti-
angiogenic factor with similar functionality to THBS1 (Lawler and Lawler, 2012; Volpert et al.,
1995). Furthermore, | have also shown that like with myotubes, THBSL1 intracellular protein
expression is stimulated by cold stress in whole muscle biopsy samples. Taken together these
results may suggest that cold stress influences an anti- angiogenic microenvironment in whole

muscle tissue.

In conclusion, 1 have used for the first time an original in-vitro approach to elucidate the
influence of cold stress on skeletal muscle angio-adaptation. | have shown that cold stress
stimulates the expression of the potent anti-angiogenic THBS1 in both differentiated C2C12
myotubes and whole muscle vastus lateralis biopsies. Yet, | was unable to come to a consensus
regarding the angiogenic microenvironment produced by cold conditioned differentiated C2C12
myotubes due to an attenuation of their secretion of both pro- and anti- angiogenic factors. In
comparison, | have identified that direct cold stress exposure improved skeletal muscle endothelial
cells migratory response, thus suggesting a possible pro- angiogenic effect of cold on these cells.
However, | have described cold stress to stimulate the production and release of potent anti-
angiogenic factors in whole muscle tissue biopsies, raising the question of the participation of
additional cell types such as pericytes for example. Altogether, my results demonstrate the
complexity of skeletal muscle angio-adaptation in response to cold stress and opens the door to

future research.
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Supplemental FIGURE 1
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Supplemental Figure 1. Effect of cold stress on activating transcription factor 6 and glucose

regulated protein 78 in differentiated C2C12 myotubes.

(A) Representative immunoblots and densitometry analysis for intracellular protein expression of
activating transcription factor 6 (ATF6) in differentiated C2C12 myotubes exposed to control (37)
or cold stress (28) conditions for 6h and 24h. B-actin was used as a loading control. Data shown is
a single representative experiment of three independently conducted experiments with n=6
samples per condition of exposure time and temperature (represented as means = SEM). (B)
Representative immunoblots and densitometry analysis for intracellular protein expression of
glucose regulated protein 78 (Grp78) in differentiated C2C12 myotubes exposed to control (37) or
cold stress (28) conditions for 6h and 24h. B-actin was used as a loading control. Data shown is a
single representative experiment of three independently conducted experiments with n=6 samples

per condition of exposure time and temperature (represented as means + SEM).
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Supplemental FIGURE 2
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Supplemental Figure 2. Effect of cold stress on intra- and extracellular thrombospondin-1
expression in differentiated C2C12 myotubes used to characterize vascular endothelial

growth factor-A protein expression.

(A) Representative immunoblots and densitometry analyses for thrombospondin-1 (THBS1)
protein expression in differentiated C2C12 myotubes exposed to control (37) or cold stress (28)
conditions for 24h. B-actin was used as a loading control. Data shown is from a single conducted
experiment with n=6 samples per condition (represented as means + SEM). Significant difference
between groups: ****, P<0.0001. (B) Representative immunoblots and densitometry analyses for
THBSL1 protein expression in extracellular lysate from differentiated C2C12 myotubes exposed to
control (37) or cold stress (28) conditions for 24h. Ponceau S Red staining was used to ensure
equal protein loading. Data shown is from a single conducted experiment with n=6 samples per

condition (represented as means £ SEM). Significant difference between groups: **, P<0.01.

107



Supplemental FIGURE 3
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Supplemental Figure 3. Effect of cold stress on RNA-binding motif 3 protein expression in

skeletal muscle endothelial cells.

(A) Representative immunoblots and densitometry analyses for intracellular cold-shock RNA-
binding motif 3 (RBM3) protein expression in SMECs exposed to 24h of control (37) or cold stress
conditions (28). B-actin was used as a loading control. Data shown is a single representative
experiment of two independently conducted experiments with n=6 samples per condition

(represented as means + SEM). Significant difference between groups: **, P<0.01.
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Supplemental FIGURE 4
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Supplemental Figure 4. Effect of cold stress on RNA-binding motif 3 and thrombospondin-

1 protein expression in ex-vivo muscle incubation mouse vastus lateralis muscle biopsy.

(A) Representative immunoblots for the cold-shock RNA-binding motif 3 protein (RBM3) in
mouse vastus lateralis muscle biopsies incubated for 24h in-vitro in control (37) or cold stress (28)
conditions (EMI assay). B-actin was used as a loading control. (B) Representative immunoblots
and densitometry analysis of thrombospondin-1 (THBS1) protein expression in mouse vastus
lateralis muscle biopsies incubated for 24h in-vitro in control (37) or cold stress (28) conditions
(EMI assay). B-actin was used as a loading control. Data shown is from a single conducted
experiment with n=6 samples per condition (represented as means = SEM). Significant difference
between groups: *, P<0.05.
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4. CONCLUSION

Perturbations in skeletal muscle blood flow demand elicit functional adaptations in the
muscle capillary microvasculature. These adaptations can either include the growth (angiogenesis)
or the rarefaction of capillaries. Skeletal muscle angio-adaptation refers to dynamic and

coordinated processes at molecular and cellular levels that influence muscle capillary remodelling.

The use of the environmental stressors such as ambient hypoxia or cold stress (mainly via
cold-water immersion protocols) has gained popularity in both sport performance and therapeutic
settings in order to potentiate exercise-induced adaptations to skeletal muscle (Broatch et al., 2018;
Girard et al., 2020; Girard and Chalabi, 2013; Girard and Pluim, 2013; Ihsan et al., 2021; Millet et
al., 2016, 2010; Verges et al., 2015). In the case of hypoxia, the main goal is the superimposition
of an ambient hypoxic stress and exercise-induced tissular hypoxia to exacerbate the level of
hypoxic stress experienced by the skeletal muscle (Favier et al., 2015). In the context of cold-water
immersion, cold stress stimulation is often used post-exercise to attenuate training-induced
decrements in muscle strength, aerobic performance, muscle damage, inflammation, muscle
soreness, and perceptions of fatigue, in hopes of improving subsequent training performance
(Broatch et al., 2018; Ihsan et al., 2021). Furthermore, high altitude represents a unique situation

in which there is a combination of the stressors.

Interestingly, both environmental stressors display the capability to affect skeletal muscle
angio-adaptive processes and in turn the plasticity of the muscle capillaries both with and without
a concomitant exercise stressor. Through this thesis, | have identified many similarities with
respect to gaps of knowledge and controversies between ambient hypoxia and cold stress regarding
skeletal muscle angio-adaptation. First, both environmental stressors lead to an improved muscle
capillary density, however it is debated whether this occurs due to the formation of novel
capillaries. Second, in both fields many studies have measured VEGF-A mRNA from vastus
lateralis biopsies and have concluded changes in VEGF-A expression to be synonymous with a
comprehensive angio-adaptive response. Third, despite THBS1 being identified as a key anti-
angiogenic molecule, there is much less original research describing the effect of either

environmental stressor on its expression, relative to VEGF-A.

Of the two components of this thesis, study 1 was a comprehensive review of the literature

regarding the effect of ambient, and exercise-induced hypoxia, both respectively and combined,
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on skeletal muscle angio-adaptation. After completing the review, a lack of consensus was found
regarding the impact of ambient hypoxia to stimulate the formation of novel muscle capillaries.
However, ambient hypoxia per se does influence skeletal muscle capillarization by inducing
myofiber atrophy. In comparison, ambient hypoxia combined with exercise potentiates the
angiogenic effect of exercise on muscle angiogenesis leading to greater improvements in skeletal
muscle capillarization than exercise alone. Finally, majority of studies assessing the impact of
ambient hypoxia with or without exercise on molecular aspects of skeletal muscle angio-adaptation
focused on the characterization of VEGF-A. Yet, due to differences in methodological approach
it was difficult to synthesize these studies into a concise take-home message. Furthermore, the
focus of existing literature on VEGF-A highlighted a true discrepancy in original research
concerning the sensitivity of other molecules relevant to skeletal muscle angio-adaptation and
demonstrated current gaps of knowledge in the field.

In study 2, a novel in-vitro approach was taken to assess the influence of cold stress per se
on skeletal muscle angio-adaptation. Specifically, the impact of cold stress on differentiated
C2C12 myotubes and their paracrine activity, as well as the effect of cold on murine skeletal
muscle endothelial cells (SMECs) and whole muscle biopsy samples were investigated. In this
study it was identified that cold stress stimulates the production of the potent anti-angiogenic
THBSL1 in differentiated C2C12 myotubes. Yet, proteomic and Boyden chamber migration results
together did not enable me to reach any consensus on whether cold stress stimulated a pro-
angiogenic microenvironment. In comparison, cold stress appeared as a potential pro-angiogenic
stressor in SMECs by influencing their migratory response. Furthermore, cold stress stimulated an
increased expression of VEGF-receptor 2 (VEGFR2) in these cells. In conjunction, these two
observations in cold-conditioned SMECs led to the postulation of muscle pre-cooling prior to
exercise to potentiate the angiogenic effect of exercise. Finally, whole muscle biopsy samples
exposed to cold stress via an ex-vivo muscle incubation assay showed cold stress to potentially

promote an anti-angiogenic microenvironment as evidenced by proteomic results.

In conclusion, my thesis has sought to evaluate the impact of environmental stressors on
skeletal muscle angio-adaptation, specifically ambient hypoxia, and cold stress. With the
comprehensive review, valuable skills to a young researcher were learned by synthesizing existing

literature into written, and graphical, un-biased evaluations. In comparison, the original research
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component of this thesis allowed for the generation of novel observations based on a scientific
question. However, these novel observations have cultivated more scientific questions left
unanswered. For example, what is the influence of extracellular lysate from electro-stimulated
differentiated C2C12 myotubes that undergo recovery in cold stress conditions on the migratory
activity of cold pre-conditioned SMECs? Or what is the effect of cold stress in-vivo, on the
angiogenic microenvironment produced by skeletal muscle and are these conditions altered in
diseased states such as obesity and type 1 or type 2 diabetes? Regardless, it is clear there are many
gaps of knowledge and existing opportunities for future research directions in the field of
environmental muscle physiology. | am excited by the opportunity to continue to pursue these

future research directions at the PhD level in Dr.Birot’s lab.
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Altitude, Exercise, and Skeletal
Muscle Angio-Adaptive Responses
to Hypoxia: A Complex Story

Pierre Lemieux and Olivier Birot*
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Hypoxia, defined as a reduced oxygen availability, can be observed in many tissues
in response to various physiological and pathological conditions. As a hallmark of the
altitude environment, ambient hypoxia results from a drop in the oxygen pressure in the
atmosphere with elevation. A hypoxic stress can also occur at the cellular level when
the oxygen supply through the local microcirculation cannot match the cells’ metabolic
needs. This has been suggested in contracting skeletal myofibers during physical
exercise. Regardless of its origin, ambient or exercise-induced, muscle hypoxia triggers
complex angio-adaptive responses in the skeletal muscle tissue. These can result in
the expression of a plethora of angio-adaptive molecules, ultimately leading to the
growth, stabilization, or regression of muscle capillaries. This remarkable plasticity of the
capillary network is referred to as angio-adaptation. It can alter the capillary-to-myofiber
interface, which represent an important determinant of skeletal muscle function. These
angio-adaptive molecules can also be released in the circulation as myokines to act
on distant tissues. This review addresses the respective and combined potency of
ambient hypoxia and exercise to generate a cellular hypoxic stress in skeletal muscle.
The major skeletal muscle angio-adaptive responses to hypoxia so far described in
this context will be discussed, including existing controversies in the field. Finally, this
review will highlight the molecular complexity of the skeletal muscle angio-adaptive
response to hypoxia and identify current gaps of knowledges in this field of exercise
and environmental physiology.

Keywords: skeletal muscle, capillary, angiogenesis, VEGF-A, thrombospondin, hypoxia, altitude, exercise

INTRODUCTION

Our review aims to revisit the complexity of the skeletal muscle angio-adaptive response to hypoxia,
particularly when combining exposure to ambient hypoxia and exercise-induced tissue hypoxia.
Indeed, in the context of high-altitude expeditions, mountaineers usually engage into prolonged
periods of intense physical activity over several weeks or months (West, 2006, 2012). In the context
of sport performance at sea level, hypoxia training has become a complex and very specialized area
of research (Millet et al., 2010; Lundby et al., 2012; Girard and Chalabi, 2013; Girard and Pluim,
2013; Girard et al., 2013). Finally, the use of exercise training under hypoxia has recently emerged as
a new and promising therapeutic avenue to improve some metabolic and cardiovascular conditions
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(obesity, type-2 diabetes, hypertension) as well as for the training
of elderly subjects (Verges et al, 2015; Millet et al, 2016;
Figure 1).

Skeletal muscles represent one of our largest tissues,
accounting for about 40% of human body weight. Skeletal
muscles adapt to environmental, physiological, and pathological
conditions with a remarkable plasticity. This can include
changes in muscle mass, in the size of myofibers and their
metabolic and contractile phenotype, as well as changes in muscle
capillarization (Booth and Thomason, 1991; Hudlicka et al., 1992;
Hudlicka, 2011).

Since August Krogh's pioneering work about a century ago
(Krogh, 1919a,b,c), our understanding of the regulation of muscle
blood flow and oxygen delivery to muscle cells has considerably
evolved and was recently revisited in great review articles
(Angleys and Ostergaard, 2020; Poole et al., 2020, 2021; Kissane
et al,, 2021). The oxygen cascade from skeletal muscle arterioles
to capillaries, interstitial tissue, sarcolemma, and mitochondria
can be influenced at several levels: The vasomotricity of upstream
arterioles and the subsequent regulation of capillary blood flow;
the content and velocity of red blood cells; the hemoglobin
and myoglobin concentrations; the tortuosity and number of
capillaries; and the surface area of myofibers.

The capillary-to-myofiber interface plays a crucial role for
muscle function. Indeed, it represents the site of exchange for
oxygen, nutrients, metabolic heat and waste between the blood
and the myofibers. The density of capillaries within a given area
of muscle tissue will greatly contribute to matching the delivery
of oxygen and nutrients with the myofibers’ metabolic needs,
particularly during contractile activity (Hudlicka et al.,, 1987;
Hoppeler and Kayar, 1988; Mathieu-Costello, 1994; Hudlicka,
2011). The capillary network can therefore be considered as
a key determinant of skeletal muscle function and several
studies have reported strong correlations between the level
of muscle capillarization and mitochondria volume density,
muscle oxidative capacity, and oxygen consumption (Hoppeler
et al., 1987; Hudlicka et al., 1987; Hoppeler and Kayar, 1988;
Poole and Mathieu-Costello, 1996; Howlett et al., 2003). For
instance, Howlett et al. (2003) reported a strong correlation
between skeletal muscle capillary density and muscle oxygen
conductance in rats selectively bred for running endurance
(Howlett et al., 2003).

SKELETAL MUSCLE CAPILLARIZATION
AND THE CONCEPT OF MUSCLE
ANGIO-ADAPTATION

The capillary density in a muscle section can vary in response to
various environmental, physiological, or pathological conditions.
An increase in muscle capillary density is usually observed in
human subjects and animal models in response to prolonged
endurance training or high-altitude sojourn (Hudlicka et al,
1992; Breen et al., 2008; Hudlicka, 2011). Conversely, skeletal
muscle capillary rarefaction has been described in response
to physical deconditioning as well as in the context of some
pathologies such as chronic obstructive pulmonary disease,

chronic heart failure, or diabetes (Roudier et al., 2010; Gouzi et al.,
2013; Olfert et al., 2015; Aiken et al., 2019).

Skeletal muscle angio-adaptation refers to the complex
and dynamic processes of capillary formation, stabilization,
or regression in response to acute and chronic physiological
or pathological conditions. These processes are regulated at
the molecular level by a plethora of pro- and anti-angiogenic
molecules (Hoppeler, 1999; Breen et al., 2008; Egginton, 2009;
Olfert and Birot, 2011; Egginton and Birot, 2014; Olfert
et al., 2015). At the cellular level, endothelial cells proliferate,
migrate, and assemble to form new capillaries in the context of
angiogenesis, or conversely, undergo apoptosis during capillary
regression. Myofibers can represent an important source of
production and release of angio-regulatory molecules such as
the well-described pro-angiogenic Vascular Endothelial Growth
Factor-A (VEGF-A).

Importantly, changes in capillary density can also be a direct
consequence of alterations in the size of myofibers (hypertrophy
or atrophy) without any true capillary loss or formation. Also,
no change in capillary density is not necessarily synonymous
of an absence of angio-adaptive activity. For example, during
myofiber hypertrophy, a formation of new capillaries might occur
simply to prevent a decrease in the capillary density that would
result from the increase in the myofibers surface area. It is also
important to note that some angio-adaptive molecules, such
as the pro-angiogenic VEGF-A, are not only required for the
growth of capillaries but also to maintain existing ones. Evidence
suggests an autocrine expression of VEGF-A being important
for endothelial cell survival and vascular homeostasis (Lee et al.,
2007; Domigan et al., 2015). Finally, the skeletal muscle could
also be seen as an endocrine organ releasing “angio-adaptive
myokines” in circulation, potentially affecting distant tissues.

SKELETAL MUSCLE HYPOXIA: IMPACT
OF ALTITUDE AND EXERCISE

Hypoxia, defined as a lack of oxygen supply to a given tissue,
is a powerful pro-angiogenic stimulus for various cell types
and tissues including skeletal muscle (Hoppeler and Vogt, 2001;
Semenza, 2001; Breen et al., 2008; Fraisl et al., 2009; Favier et al.,
2015). Ambient hypoxia is a hallmark of the altitude environment
and results from a drop in the oxygen pressure in the atmosphere
with elevation. However, the impact of ambient hypoxia per se on
skeletal muscle angio-adaptive responses and capillarization still
remains a source of scientific debate. A hypoxic stress can also be
generated locally at the muscle tissue level in response to intense
exercise if oxygen delivery cannot match the metabolic needs of
contracting myofibers (Figure 1).

Several studies have aimed at determining the oxygen
partial pressure (PO;) cascade in human and animal models
using different techniques such as proton magnetic resonance
spectroscopy, surface electrodes, microcatheter, and more
recently phosphorescence quenching. The intramuscular PO,
at rest is estimated around 27 mmHg with some variations
(10-34 mmHg) among studies (different species, muscles, and
techniques), below the microvascular PO, but well above the
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ure and exercise might exacerbate this hypoxic stress (+++).

intra-myocyte PO, (1-3 mmHg) (Prewitt and Johnson, 1976;
Boegehold and Johnson, 1988; Richardson et al., 1995, 2006;
Richmond et al, 1997, 1999; Hutter et al., 1999; Molé et al,
1999; Lombard et al., 2000; Richardson, 2000; Kindig et al., 2003;
Johnson et al., 2005; Liu et al., 2012; Hirai et al., 2018, 2019;
Colburn et al., 2020; Poole et al., 2020, 2021).

A few of these studies have investigated the impact of
ambient hypoxia on skeletal muscle PO,. A modest reduction
in PO, (from 34 mmHg under normoxia to 23 mmHg under
hypoxia) was observed in human quadriceps muscle following
an exposure to an inspired O, fraction of 10% (F;iO, 0.10),
equivalent to an altitude of about 5,800 m (Richardson et al.,
2006). In another study, the interstitial PO, in rat cremaster
muscles was reduced from 26 to about 10 mmHg following

one minute exposure to an inspired O, fraction of 7% (F;O,
0.07), equivalent to an altitude of about 8,300 m (Johnson et al.,
2005). However, the physiological relevance of this conditioning
(I min of exposure at F;O, 0.07) can be questioned. These
few studies suggest that ambient hypoxia exposure might not
alter muscle PO, to a large extent. Conversely, the impact
of physical exercise on the muscle PO, seems much more
important. One bout of exercise, even at moderate intensity
(50% maximal leg O, uptake) was shown to decrease muscle
PO, to values around 3-5 mmHg (Richardson et al., 1995, 2006;
Molé et al., 1999; Angleys and Ostergaard, 2020). This exercise-
induced hypoxic stress could be further exacerbated (muscle PO,
down to 2 mmHg) when exercise was performed in a hypoxic
environment (Richardson et al., 2006).
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At a molecular level, the Hypoxia Inducible Factor-1 (HIF-1)
is a transcription factor widely recognized as a hallmark of the
hypoxia signaling pathway (Semenza and Wang, 1992; Semenza,
2001). HIF-1 is a heterodimeric complex formed of two subunits
alpha and beta. Whereas the expression of the beta subunit
remains stable under both normoxic and hypoxic conditions, the
alpha subunit (HIF-1a) confers on HIF-1 most of its regulation.
Under normoxia, the HIF-1a protein is constantly synthesized in
the cytoplasm, and rapidly undergoes proteosomal degradation
within a few minutes. This involves HIF-1a hydroxylation on
certain proline residues by HIF prolyl hydroxylases (PHD1-3)
(Ke and Costa, 2006; Lindholm et al., 2014). If the PO, drops
enough to generate a hypoxic stress at the cellular level, the
function of PHD1-3 is inhibited, HIF-1a is stabilized and can
translocate into the nucleus to dimerize with the beta subunit.
HIF-1 binds to hypoxia responsive elements (HRE) in the
promoter regions of target genes to regulate their transcription.
Both the erythropoietin (EPO) and pro-angiogenic VEGF-A
genes possess HRE sites in their promoters (Semenza, 2001).

Whether ambient hypoxia exposure results in an increased
expression of HIF-1a protein in skeletal muscle remains largely
understudied. Stroka et al. (2001) have observed a strong HIF-
la protein expression level in mouse skeletal muscle even under
normoxic conditions (Stroka et al., 2001). In the same study, 1 h
exposure to extreme normobaric hypoxia (F;O; 0.06, equivalent
to 9,100 m) did not seem to increase the expression level
much further. As noted previously, the physiological relevance of
conditionings combining very short exposures (1 min to 1 h) and
extreme hypoxia levels (F;O, 0.06-0.07) are questionable (Stroka
et al., 2001; Johnson et al., 2005).

Intense physical exercise can be at the origin of a local hypoxic
stress in the muscle tissue. In an elegant study, Ameln et al. (2005)
quantified HIF-1a protein expression in response to one single
bout of moderate intensity exercise in human vastus lateralis
muscle biopsies (Ameln et al., 2005). HIF-1a protein levels were
increased immediately after exercise and remained elevated for
up to 6 h post-exercise. An increased nuclear staining for HIF-
la was also observed as well as an increased DNA binding to
HRE binding sites. mRNA levels for HIF-1 target genes EPO and
VEGEF-A were also higher post-exercise. These results suggest that
HIF-1 expression and activity were both increased post-exercise
in human skeletal muscle.

An increase in HIF-1a protein expression could result from
the inhibition of HIF-1a protein degradation but also from an
increased expression of HIF-lo mRNA and protein translation.
Vogt et al. (2001) have measured HIF-la mRNA in human
vastus lateralis muscle biopsies before and after an endurance
training program conducted at low or high intensity either under
normoxia or normobaric hypoxia (simulated altitude of 3,850 m)
(Vogt et al, 2001). HIF-la mRNA expression was increased
after hypoxia training regardless of the training intensity whereas
training under normoxia had no effect. Interestingly, VEGF-A
mRNA levels were also measured and found to be increased
only in the high-intensity hypoxia training group but not under
low exercise training conditions. This could reveal a synergetic
effect of combining ambient hypoxia and exercise-induced local

hypoxia. Here, biopsies were performed at least 24 h post-
exercise to assess the effect of prolonged training on HIF-
la basal levels. In line with this study, Lundby et al. (2006)
have evaluated the impact of prolonged exercise training on
HIF-1a acute response to one single bout of exercise (Lundby
et al, 2006). HIF-loo. mRNA levels were increased in vastus
lateralis biopsies at 6 h post-exercise only in the untrained
group. Whether exercise training could blunt the acute HIF-1a
response to one single bout of exercise was then questioned by
Lindholm et al. (2014), Lindholm and Rundqvist (2016) who
showed that several inhibitors of HIF-1a expression and HIF-
1 activity were increased in trained muscles. The analysis of
trained muscle biopsies indeed revealed higher expression levels
of prolyl hydroxylases (PHD1-3), Factor Inhibiting HIF-1 (FIH)
and Sirtuin-6 (SIRT6) (Lindholm et al., 2014). By catalyzing
hydroxylation on specific prolyl residues, PHD1-3 target HIF-1a
for proteasomal degradation. FIH, a HIF-1a-specific asparagine
hydroxylase, can inhibit HIF-1 transactivation. SIRT®6, a histone
deacetylase, can act as an epigenetic co-repressor of HIF-1.
Another explanation to the results from Lundby et al. (2006)
could be an increased level of muscle capillarization post-
training. Angiogenesis is a well-described tissular adaptation of
the skeletal muscle tissue to endurance training. This would result
in a better capillary-to-myofiber interface and oxygen delivery to
contracting myofibers, and as such, a reduced exercise-induced
hypoxic stress in trained muscles.

In addition to inducing a local cellular hypoxic stress, exercise
combines other pro-angiogenic stimuli such as increased shear
stress on endothelial cells due to enhanced muscle blood flow,
mechanical tissue stretch, and oxidative stress (Hudlicka et al.,
1992; Milkiewicz et al., 2001; Breen et al., 2008; Egginton, 2009;
Hoier et al., 2012; Egginton and Birot, 2014; Hellsten and Hoier,
2014; Haas and Nwadozi, 2015; Olfert et al., 2015). The increase
in muscle blood flow results from active vasodilation, and the
resultant increase in shear stress represents a well-described
pro-angiogenic stimulus for skeletal muscle endothelial cells,
mediating the production of angio-adaptive molecules such as
nitric oxide, metalloproteinases, and VEGF-A (Milkiewicz et al.,
2001, 2011; Egginton, 2009, 2011; Hudlicka and Brown, 2009;
Hellsten and Hoier, 2014; Haas and Nwadozi, 2015). If local
cellular hypoxia and shear stress are often presented side by side
as exercise-induced pro-angiogenic stimuli, passive exposure to
ambient hypoxia also stimulates vasodilation and increases blood
flow in skeletal muscle (Casey and Joyner, 2011, 2012; Joyner and
Casey, 2014; Dinenno, 2016). Therefore, ambient hypoxia could
then represent an upstream stimulus of muscle shear stress. The
degree of vasodilation observed seems linked to the degree of
ambient hypoxia, at least for acute exposures. Interestingly, the
combination of ambient hypoxia exposure and exercise seems to
synergistically induce greater vasodilation and muscle blood flow
than what could be expected by simply adding their respective
contributions (Casey and Joyner, 2011, 2012; Joyner and Casey,
2014). Finally, to add more complexity, HIF-1a expression can
also be stimulated under normoxic conditions in skeletal muscle
in response to increased shear stress or mechanical tissue stretch
(Milkiewicz et al., 2007).

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 735557



Lemieux and Birot

Skeletal Muscle Angio-Adaptation to Hypoxia

ALTITUDE, EXERCISE, AND SKELETAL
MUSCLE HYPOXIA: KEY POINTS

e Exercise is a more powerful stimulus than ambient hypoxia
to decrease muscle PO,.

e Combining ambient hypoxia and exercise might further
decrease muscle PO,.

e Hypoxia Inducible Factor-1 is a well-established hallmark
of hypoxia signaling.

e Skeletal muscle angio-adaptive activity can locally
change the level of muscle capillarization and can also
release angio-adaptive myokines in the circulation for
distant effects.

INCREASED MUSCLE
CAPILLARIZATION IN RESPONSE TO
EXERCISE TRAINING AND AMBIENT
HYPOXIA

We previously discussed how increasing the capillary-to-
myofiber interface could be beneficial for maintaining or
improving muscle function when oxygen delivery becomes a
challenge. The capillary density (CD), which represents the
number of capillaries per surface unit of tissue, is often used
to assess the level of muscle capillarization (Andersen, 1975;
Hudlicka et al., 1992). The CD can however be influenced
both by changes in the number of capillaries and alterations
in the size of myofibers. Changes in CD might therefore not
always be representative of angiogenesis or capillary regression.
Conversely, the capillary-to-fiber ratio (C/F) represents one of
the best histological parameters to truly appreciate capillaries
formation or rarefaction.

Exercise training is a powerful and well-established pro-
angiogenic stimulus for the skeletal muscle tissue (Andersen,
1975; Andersen and Henriksson, 1977; Hudlicka et al., 1992;
Egginton, 2009). Human and animal studies have shown that
one single bout of exercise leads to the production and
release of several angio-adaptive molecules both in the muscle
microenvironment, for example to stimulate skeletal muscle
endothelial cells (Roudier et al., 2012; Aiken et al., 2016), and
in the circulation as myokines (Hudlicka et al, 1992; Vogt
et al., 2001; Egginton, 2009; Olfert and Birot, 2011; Hoier
et al, 2012; Egginton and Birot, 2014). During prolonged
exercise training, the chronic repetition of these exercise-induced
angiogenic responses can ultimately lead to the formation of new
capillaries. This increase in muscle capillarization will usually be
reflected by higher C/F and CD in trained muscles (Andersen,
1975; Andersen and Henriksson, 1977; Hudlicka et al., 1992;
Egginton, 2009). As previously mentioned, the exercise stimulus
combines several stressors such as local tissue hypoxia, increased
shear stress, tissue stretch, and oxidative stress. The exact
contribution of hypoxia per se during exercise remains difficult
to study and still unclear. Conversely to regular exercise, muscle
hypokinesia or deconditioning can lead to capillary regression

(Fujino et al., 2005; Egginton, 2009; Malek et al., 2010; Roudier
et al., 2010; Olfert and Birot, 2011).

The effect of passive exposure to ambient hypoxia on skeletal
muscle capillarization is less clear than the impact of exercise
training. A well-established consensus of the literature is that
prolonged exposure to field or simulated high altitude hypoxia
results in improved skeletal muscle capillarization and increased
capillary density. This alteration in capillary density seems
however mainly due to the atrophy of myofibers rather than a
true angiogenic response. Several studies have indeed reported
an increase in CD concomitantly to a decrease in the myofiber
surface area, with no change in the C/F ratio (Oelz et al., 1986;
Green et al., 1989; Hoppeler et al., 1990a,b; MacDougall et al,,
1991; Kayser et al., 1996).

This should be taken with a certain caution since there are
in fact almost as many original studies reporting an increase
in muscle CD as studies showing no change (Figure 2A;
Banchero et al., 1976; Sillau and Banchero, 1977; Oelz et al.,
1986; Poole and Mathieu-Costello, 1989; Hoppeler et al., 1990a,b;
Bigard et al, 1991; Green et al, 1992; Kayser et al, 1996;
Olfert et al.,, 2001; Lundby, 2004; Mizuno et al., 2008; Levett
et al, 2012). We searched the PubMed database for original
research studies that analyzed skeletal muscle CD and C/F in
animals or human subjects passively exposed to normobaric
or hypobaric hypoxia. Studies combining ambient hypoxia and
exercise interventions were included only if they had all the
required experimental groups to assess the impact of passive
hypoxia exposure independently of the exercise training stimulus.
We identified a total of 22 original research studies (Figure 2).
Interestingly, 55% reported a significant increase or a trend for
an increase in CD by at least 10% whereas 45% showed no
change (Figure 2A).

The lack of change in CD could be attributed to an absence
of muscle atrophy, and some authors have in fact observed
no reduction in myofiber size at high altitude (Green et al,
1992; Lundby, 2004; Levett et al., 2012; D’Hulst et al., 2016).
It was then suggested that both the exposure duration and the
altitude level could determine whether myofibers would atrophy
or not, leading to the notion of hypoxic dose (D'Hulst and
Deldicque, 2017; Millet et al., 2017). Some conditionings were
indeed performed at moderate altitude (3,000-4,000 m) over 2-
3 weeks only, as opposed to longer exposures (8-10 weeks) at
higher altitudes (>5,200 m) (Oelz et al., 1986; Green et al., 1989,
1992; Hoppeler et al., 1990a,b; MacDougall et al., 1991; Lundby,
2004; Mizuno et al., 2008; Levett et al., 2012).

It is difficult to identify the source of discrepancy between
these studies regarding myofiber size and CD. In rodent studies
for example, the age of the animals can be a confounding
factor if they are still growing (Banchero, 1985; Snyder
et al, 1992). Calorie intake can also influence body and
muscle weights. Prolonged mountaineering expeditions at
high-altitude can involve logistical constraints for proper
nutrition and gastroenteritis disorders are often described
(West, 2012; Swenson and Birtsch, 2013). Hypophagia
has been well observed in rodents exposed to prolonged
hypoxia, usually requiring the use of pair-fed control animals
(Daneshrad et al., 2001, 2003).
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Muscle atrophy could also result from reduced physical
activity and muscle deconditioning, particularly during
prolonged and passive exposure in hypoxic chambers. For
example, when maintaining an isocaloric state and matching
physical activity levels, Green et al. (1992) did not observe
any atrophy in their study. There is however still a lack of
consensus around the contribution of physical activity or the
notion of a hypoxic dose on muscle atrophy. This can nicely be
illustrated by two studies from Mizuno et al. (2008), Levett et al.
(2012). Both compared very active versus less active subjects
during similar conditions of prolonged exposure (66-75 days) to
high altitude (>5,000 m). Whereas the less active participants
remained moderately active at the Everest Base Camp (5,250-
5,300 m), active subjects were repeating climbing sessions at
higher altitudes. In Levett’s study, climbers reached Camp 2

(6,400 m) and some even summited the Mount Everest (8,848 m)
(Levett et al., 2012). Mizuno et al. (2008) observed a significant
increase in muscle CD (+414%) associated with a reduction in
muscle circumferences and myofiber size. Conversely, Levett
et al. (2012) did not observe any significant myofiber atrophy
or change in CD.

Some authors have also concluded that ambient hypoxia alone
might not be sufficient to stimulate skeletal muscle angiogenesis
and that a combination of cold and hypoxia stressors might be
required (Banchero, 1985; Jackson et al., 1987; Snyder et al., 1992;
Hoppeler, 1999). Interestingly, cold per se was recently identified
as a pro-angiogenic stimulus in rodent skeletal muscle (Sillau
et al., 1980b; Egginton, 2002; Deveci and Egginton, 2003).

An increase in muscle CD can also result from the
formation of new capillaries via the process of angiogenesis.
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The capillary-to-fiber ratio (C/F) is often used to assess capillary
formation. Some earlier studies in species adapted to high
altitude, including deer mice, gooses, finches or pigeons have
reported increased C/F values compared to sea level animals
(Mathieu-Costello and Agey, 1997; Hepple et al., 1998; Hepple,
20005 Lui et al,, 2015; Scott et al., 2015). Yet, as previously
mentioned, a general interpretation is that the increase in CD
in response prolonged exposure to hypoxia results from tissue
remodeling and myofiber atrophy without any angiogenesis.
Methodological artifacts in tissue preparation for histology
procedures, such as variation in the sarcomere length, were
pointed out (Sillau and Banchero, 1977; Sillau et al., 1980b;
Banchero, 1985; Banchero et al., 1985; Hoppeler and Kayar,
1988; Poole and Mathieu-Costello, 1989; Hoppeler et al., 1990a,b;
Hudlicka et al.,, 1992; Mathieu-Costello, 1994). The impact of
prolonged hypoxia on muscle C/F was however, revisited by
Deveci et al. (2001, 2002) in rats passively exposed to 3 or 6 weeks
of hypoxia (FiO, 0.12, equivalent to 4,400 m). The effect of
hypoxia on C/F could vary accordingly to muscle and fiber types
as well as exposure duration. After 3 weeks of conditioning,
CD and C/F were increased in the diaphragm and soleus
muscles without any significant myofiber atrophy, suggesting a
true angiogenic response to ambient hypoxia. No indication of
angiogenesis was observed in the tibialis anterior and extensor
digitorum longus muscles (Deveci et al., 2001). At 6 weeks, an
increase in C/F was observed all muscles (Deveci et al., 2002).
Interestingly, the analysis of different areas from each muscle also
suggested that angiogenesis might occurs predominantly around
larger and glycolytic myofibers (Deveci et al., 2001, 2002).

When re-analyzing our 22 original research studies that
measured the C/F ratio in animal and human skeletal muscles in
response to prolonged exposure to hypoxia, we found that about
64% mentioned no change and only 13% reported a significant
increase or a trend for it (Figure 2B). Interestingly, 23% indicated
a significant or a trend for a decrease in C/F (Green et al., 1989;
Hoppeler et al., 1990a,b; MacDougall et al., 1991; Lundby, 2004).
For example, in the study from Hoppeler et al., 1990a,b, the
significant decrease in C/F (-10%) is of the same magnitude as
the increase in CD (4+11%).

Based on the current literature, the understanding of the
effect of prolonged exposure to hypoxia on skeletal muscle
capillarization is still unclear and difficult to generalize.
Responses can vary between species, muscles, and fiber types,
and can be different when combining different stressors such as
cold or physical activity. The idea of CD increasing because of
myofiber atrophy can be seen as an interesting and economic
way to improve the capillary-to-myofiber interface without the
need of angiogenesis. However, having smaller myofibers might
represent a disadvantage when it comes to muscle performance.

Divergent from passive exposure to ambient hypoxia, the
utilization of hypoxia in conjunction with exercise has gained
popularity as a possible training avenue for improving sea-
level exercise performance (Levine, 2002; Levine and Stray-
Gundersen, 2006; Millet et al, 2010; Lundby et al., 2012;
Chapman, 2013; Girard and Chalabi, 2013; Girard et al., 2013,
2020; Brocherie et al., 2018). As discussed earlier, exercise can
generate a local hypoxic stress in the skeletal muscle tissue. It is

therefore appealing to consider how the combination of ambient
hypoxia and exercise training would affect muscle capillarization.

Several rodent and human studies suggest that skeletal muscle
capillarization might improve to a larger extent when exercise
training is performed under ambient hypoxia compared to sea
level conditions (Terrados et al., 1988; Bigard et al, 1991;
van Ekeren et al., 1992; Desplanches et al., 1993, 1996; Olfert
et al., 2001; Vogt et al.,, 2001). To assess the impact of ambient
hypoxia on the angiogenic effect of training, some authors
trained their animals or subjects at the same relative intensity,
for example at a similar percentage of VO, max determined
under hypoxia and normoxia, thus expecting similar endurance
times. Conversely, some authors utilized training protocols with
the same absolute intensity, which then can represent a higher
stimulus in hypoxic conditions.

Bigard et al. (1991) observed a greater increase in C/F ratio
in the plantaris, extensor digitorum longus and soleus muscles
of rats housed and trained in a hypobaric chamber at an
altitude equivalent to 4,000 m compared to animals trained
under normoxic conditions (Bigard et al., 1991). Yet, in the same
study C/F values were not different when comparing sedentary
normoxic and hypoxic animals, suggesting that hypoxia alone
is insufficient to promote muscle angiogenesis. Similarly, Olfert
etal. (2001) trained rats for 8 weeks under ambient hypoxia (FiO,
0.12) or normoxia. The C/F ratio was only increased in muscles
from animals trained under hypoxia (Olfert et al., 2001).

Interestingly, Vogt et al. (2001) have also evaluated the effect
of exercise intensity during hypoxia training in human subjects.
They reported a significant increase in capillarization only in
the vastus lateralis muscles of subjects trained at high intensity
for 12 weeks under hypoxia (simulated altitude of 3,850 m).
Training under normoxia, even at high intensity, did not improve
significantly muscle capillarization.

Opverall, these laboratory and well-controlled studies indicate
a greater angio-adaptive response of the skeletal muscle tissue
when exercise training is performed in ambient hypoxia. This
reflects into a higher level of muscle capillarization. Yet, it
remains unknow whether muscle angio-adaptation occurs faster.

Field studies in humans for prolonged sojourn to altitude
focusing on exercise and muscle angiogenic activity have
provided mixed results. Mizuno et al. (1990) reported a
significant increase in the triceps C/F of competitive cross-
country skiers after 2 weeks of training at an altitude of 2,700 m
(Mizuno et al., 1990). However, because of the absence of proper
control groups (sedentary and trained subjects in normoxia
and hypoxia) it cannot really be discerned that these results
were simply a response to exercise training. No change in C/F
ratio was described in the rectus femoris or biceps brachii
of climbers regularly engaged into intense climbing, walking,
carrying activities at altitudes above 5,250 m (Mizuno et al., 2008;
Levett et al., 2012).

Finally, the use of exercise training in hypoxia for improving
certain health outcomes (biomechanical limitations, obesity,
hypertension, aging) is also gaining a high interest (Burtscher
et al., 2004; Wiesner et al., 2010; Verges et al., 2015; Millet
et al,, 2016; Kong et al., 2017; Pramsohler et al., 2017; Camacho-
Cardenosa et al.,, 2018, 2019, 2020; Ramos-Campo et al., 2019;
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Jung et al, 2021). In regard to skeletal muscle blood flow,
capillarization and angio-adaptation, we and others have shown
in rodent models and human patients that exercise interventions
could represent a powerful therapeutic avenue to prevent, delay
or improve alterations in chronic conditions such as peripheral
limb ischemia, diabetes, obesity, chronic obstructive pulmonary
diseases (Armstrong et al., 1986; Hudlicka et al., 1994; Gardner
and Poehlman, 1995; McDermott et al, 2009; Roudier et al,
2009; Gouzi et al, 2013; Amouzou et al., 2016; Aiken et al,
2019). Yet, to the best of our knowledge the impact of hypoxia
training as a therapeutic or preventive approach specifically for
conditions affecting muscle capillarization and angio-adaptive
activity remains to be investigated.

MUSCLE CAPILLARIZATION, EXERCISE
TRAINING, AND AMBIENT HYPOXIA:
KEY POINTS

e Prolonged exposure to hypoxia can improve skeletal
muscle capillary density likely because of myofiber
atrophy. Yet the implication of a true angiogenic response
cannot be ruled out.

e Combining training and ambient hypoxia can result in
a higher muscle angiogenic response than training alone.
Yet whether it could also result in an earlier response
remains unknown.

e The existing literature obviously shows non-negligible
discrepancy imputable sometimes to a lack of proper
controls in early studies and to uncontrolled confounding
factors such as activity level and training status, cold
exposure, restriction in calory intake, animal growth.

SKELETAL MUSCLE CAPILLARIZATION
IN HIGH-ALTITUDE NATIVE
POPULATIONS

As mentioned previously, a classical idea is that prolonged
exposure of lowlanders to high altitude could result in increased
skeletal muscle CD often attributed to myofiber atrophy. Could
this represent a phenotypic transition towards highlanders’
muscles (Gilbert-Kawai et al., 2014)?

Interestingly, CD measured in highlanders’ muscles do not
seem to differ much from lowlanders. Kayser et al. (1991) have
compared the CD from Tibetan Sherpas’ muscles with average
CD values from sedentary lowlanders or active climbers before
and after a high altitude expedition (Kayser et al.,, 1991). The
average CD was significantly higher (+-20%) in Sherpas’ muscles
than in sedentary lowlanders’ muscles. However, the training
status of the subjects was not taken into consideration. In fact,
there was no difference between Sherpas and active climbers
before expedition, and a trend for a lower CD (-13%) was
even observed in Sherpas’ muscles when compared with post-
expedition lowlander climbers’ muscles (Kayser et al., 1991). It
is also important to note that the CD values measured in Sherpas’
muscles in this study (Kayser et al., 1991) were compared with

CD obtained from different studies (Hoppeler et al., 1990a,b; Oelz
etal,, 1986). In another study, Kayser et al. (1996) have compared
muscles from second-generation Tibetans living at low altitude
with Nepalese controls: No difference was observed for muscle
CD despite smaller fibers in Tibetans (Kayser et al., 1996).

In an interesting study, Lundby (2004) have compared muscle
CD from Aymara subjects, who live permanently around 3,800-
4,100 m altitude in Bolivia, with CD values from lowlanders’
muscles before and an 8-weeks sojourn at 4,100 m (Lundby,
2004). Aymara muscle CD was 12% (trend) and 15% (significant)
lower than lowlanders’ CD, respectively, measured before and
after the altitude sojourn. This apparent lower CD is intriguing
given that high-altitude natives had 25-30% smaller myofibers.
The C/F ratio was in fact significantly 40% lower in Aymara’s
muscles compared to lowlanders.

Altogether, these results suggest that skeletal muscles from
high-altitude residents, although presenting smaller fibers, do not
have a higher CD than lowlanders’ muscles. The observation of a
much lower C/F ratio in high-altitude natives reminds the few
studies reporting a tendency for a decreased C/F in lowlanders
following a prolonged exposure to hypoxia (Green et al., 1989;
Hoppeler et al., 1990a,b; MacDougall et al., 1991; Lundby, 2004).
It is then tempting to conclude this section by questioning
whether a long-term angio-adaptation of the skeletal muscle
to hypoxia could in fact result in some capillary regression.
Angio-adaptation ensures an optimal match between the muscle
capillarization and the metabolic needs of myofibers. If prolonged
hypoxia results in an increased CD and smaller myofibers with
decreased mitochondria volume density (Horscroft and Murray,
2014; Favier et al., 2015; Murray and Horscroft, 2016; Horscroft
et al, 2017), some existing capillaries might at some point
become unnecessary.

MOLECULAR ASPECT OF SKELETAL
MUSCLE ANGIO-ADAPTIVE
RESPONSES TO HYPOXIA

The skeletal muscle capillary network possesses a remarkable
plasticity and whether capillaries regress, stabilize or grow in
response to a stimulus is largely determined by an intricate
balance of pro- and anti-angiogenic molecules (Hoppeler, 1999;
Breen et al., 2008; Olfert and Birot, 2011; Egginton and Birot,
2014; Olfert et al.,, 2015). Among the plethora of angio-adaptive
molecules described in the literature, the use of transgenic
animal models identified two of them as key regulators of
skeletal muscle angio-adaptation: The pro-angiogenic Vascular
Endothelial Growth Factor-A (VEGF-A) (Tang et al., 2004; Olfert
et al.,, 2009, 2010; Baum et al.,, 2017); and the anti-angiogenic
thrombospondin-1 (THBS-1) (Malek and Olfert, 2009; Slopack
et al., 2014). Different methodological approaches have been
used, some targeting VEGF-A in the whole muscle tissue, some
targeting it specifically in myofibers (Tang et al., 2004; Breen
et al.,, 2008; Malek and Olfert, 2009; Olfert et al., 2010; Baum
et al,, 2017). VEGF-A deletion results in: (1) decreased basal
level of muscle capillarization, (2) blunted exercise-induced
angiogenic response, (3) severely reduced exercise capacity.
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Targeting the anti-angiogenic THBS-1 has somehow opposite
consequences: Better vascularized muscles and greater exercise
capacity (Breen et al., 2008; Malek and Olfert, 2009; Olfert et al.,
2009, 2015). In the context of the present review on skeletal
muscle angio-adaptive responses to hypoxia, it is therefore
important to recapitulate the response of VEGF-A and THBS-1
to exercise and ambient altitude (Figure 3).

Most of studies in exercise and altitude physiology have
essentially focused on measuring VEGF-A mRNA and protein
expression levels. However, how hypoxia can influence VEGF-
A expression and activity is in fact very complex (Semenza,
2001; Breen et al., 2008). The VEGFA gene can be considered

as a hypoxia-sensitive gene since it possesses several Hypoxia
Responsive Elements (HRE) recognized by the transcription
factor HIF-1. Under hypoxic conditions, the stabilization of
HIF-la and HIF-1 enhanced transcriptional activity lead to
increased VEGF-A mRNA levels (Hoppeler et al., 2003). VEGF-
A mRNA can then be stabilized via interaction between its 3’
untranslated region and the Human antigen R (HuR protein)
(Amadio et al., 2008; Morfoisse et al., 2015; Osera et al., 2015).
Interestingly, Tang et al. (2002) have described such interaction
between HuR and VEGF-A mRNA in rat ischemic gastrocnemius
muscles (Tang et al., 2002). VEGF-A mRNA translation into
proteins can also be affected by hypoxia. Indeed, whereas the

Skeletal muscle angio-adaptive responses to exercise and ambient hypoxia
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FIGURE 3 | Skeletal muscle angio-adaptation is a complex and dynamic process in which much earlier molecular and cellular events lead to eventual changes
observed at the tissular level through modifications in the skeletal muscle’s capillarization. In response to a given stimulus, whether it be the growth, regression, or
stabilization of skeletal muscle capillaries, the process is dictated by an intricate balance of pro- and anti-angiogenic factors. Among the plethora of angio-adaptive
factors two have been identified as central in the regulation of skeletal muscle capillarization: the pro-angiogenic VEGF-A; and the anti-angiogenic THBS1. Majority of
current literature concerning hypoxic muscle angio-adaptation has focused on the regulation of VEGF-A and as such there are current gaps in knowledge
concerning the hypoxic regulation of THBS1. Additionally, there is a lack of consensus regarding the impact of ambient hypoxia eliciting changes at the tissular level

concerning CD and C/F.
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classical mechanism of mRNA cap-dependent translation can
be inhibited under hypoxia, some proteins such as VEGF-A
can still be translated by using an alternative translational
mechanism where cap-independent translation is initiated via
internal ribosome entry sites (IRESs) (Huez et al., 1998; Miller
et al, 1998; Stein et al, 1998). The endoplasmic reticulum
chaperone Oxygen Regulated Protein-150 (ORP-150) can finally
facilitate VEGF-A protein secretion, and an increase in ORP-150
has been reported in rat plantaris muscles following an acute bout
of running exercise (Ozawa et al., 2001a,b; Birot et al., 2003).
Finally, hypoxia can also stimulate the expression of VEGF-A
receptors (Gerber et al., 1997).

A stimulatory effect of exercise on VEGF-A expression has
been well described in human and rodent studies. Both mRNA
and protein levels are transiently increased after one bout of
exercise (Breen et al., 1996, 2008; Gustafsson and Kraus, 2001;
Hoppeler and Vogt, 2001; Gustafsson et al., 2002, 2005; Birot
et al, 2003; Ameln et al., 2005; Croley et al., 2005; Gavin
et al., 2006, 2007; Roudier et al., 2012; Aiken et al., 2016).
A study from Breen et al. (1996) has shown that increases in
mRNA in rat skeletal muscle were higher and lasted longer when
exercise was performed at a higher intensity (Breen et al., 1996).
An attenuation of VEGF-A mRNA responsiveness to exercise
stimulus has be observed after short-term (few days) training
(Gavin and Wagner, 2001; Olfert et al., 2001; Vogt et al., 2001;
Kraus et al., 2004).

The effect of acute or chronic exposure to ambient hypoxia
itself on VEGF-A expression are less conclusive. Most of the
studies that have assessed VEGF-A expression in the muscle
tissue have measured mRNA levels only, whereas the protein
was essentially quantified in the plasma or serum by ELISA
(Asano et al, 1998; Gunga et al., 1999, 2003; Schobersberger
et al., 2000; Hanaoka et al., 2003; Oltmanns et al., 2006; Bahtiyar
et al., 2007; Dorward et al., 2007; Ding et al., 2012; Morici et al,,
2013; Brinkmann et al., 2017; Boos et al., 2018; Kasai et al., 2019;
Kasperska and Zembron-Lacny, 2020). Results from the literature
remain largely inconsistent, reporting some increase in mRNA or
protein (Breen et al., 1996; Gavin et al., 2006), some attenuation
(Olfert et al., 2001; Oltmanns et al., 2006; Morici et al., 2013; Boos
et al,, 2018), or no change (Gunga et al., 2003; Lundby, 2004;
Bahtiyar et al., 2007). Additionally, circulating VEGF-A levels
measured by ELISA do not necessarily reflect skeletal muscle
VEGF-A production.

Finally, some studies have analyzed VEGF-A responsiveness
when combining exercise and ambient hypoxia (Breen et al,
1996; Asano et al., 1998; Olfert et al., 2001; Vogt et al., 2001;
Gunga et al, 2003; Zoll et al., 2006; Nagahisa et al., 2016;
Brocherie et al., 2018; Kasperska and Zembron-Lacny, 2020).
Breen et al. (1996) have shown that VEGF-A mRNA expression
in rat skeletal muscle was higher and last longer when exercise
was performed in ambient hypoxia compared to a normoxic
environment (Breen et al., 1996). Brocherie et al. (2018) have
compared the effect of different modalities of exercise training
combined with hypoxia exposure (Brocherie et al., 2018). VEGF-
A mRNA levels were only increased in human skeletal muscle
in their model of Live High-Train Low and High (LHTLH)
that combined passive exposure to ambient hypoxia and exercise

training session at maximal intensity under hypoxia, and no
change in VEGF-A was observed in the other two models (Live
High-Train Low, LHTL, and Live Low-Train Low, LLTL).This
study is in line with previous results reported by Vogt et al.
(2001) who analyzed VEGF-A mRNA expression in response
to a training program realized either at high or low intensity
and either in normoxia or hypoxia (6 weeks at an equivalent of
3,850 m) (Vogt et al., 2001). Whereas training at high intensity
in normoxia and training at low intensity in hypoxia only led
to a trend for an increase in VEGF-A mRNA (respectively, +13
and +17%), only the combination of training at high intensity
in hypoxia resulted in significant increase (+72%). These studies
support the idea that combining exercise and ambient hypoxia
could exacerbate the angio-adaptive response of the skeletal
muscle tissue. If the duration, nature and intensity of the training
program are key parameters, all these studies also point out the
importance of the duration and intensity of hypoxia exposure.
This has recently led to the notion of hypoxic dose (Lundby
etal., 2009, 2012; D’'Hulst and Deldicque, 2017; Millet et al., 2017;
Girard et al., 2020).

Thrombospondin-1 has been identified as a potent anti-
angiogenic factor in the skeletal muscle tissue (Malek and
Olfert, 2009; Hellsten and Hoier, 2014). Similar to VEGF-A,
one bout of exercise stimulates the expression of THBSImRNA
and protein in skeletal muscle (Olfert et al., 2006; Malek and
Olfert, 2009; Slopack et al., 2014) whereas short-term training is
accompanied by a progressive loss of responsiveness of THBS1
to exercise stimulus (Olfert et al., 2006; Slopack et al., 2014;
Hoier et al., 2020; Figure 3). This responsiveness, however,
appears to be restored with long-term training (Olfert et al.,
2006; Hoier et al., 2012; Slopack et al., 2014). The decreased
responsiveness of THBS1 during training could in fact contribute
to shifting the skeletal muscle angio-adaptive balance towards
its pro-angiogenic side, reflected at the tissue level by a pro-
angiogenic microenvironment prone to capillary formation. This
has led to the hypothesis that exercise-induced angiogenesis
might in fact be more controlled by a decrease in anti-angiogenic
factors rather than an increase in pro-angiogenic ones (Olfert
and Birot, 2011; Hellsten and Hoier, 2014; Olfert et al., 2015;
Olfert, 2016). This could apply to capillary regression, as during
detraining or muscle hypokinesia, with an increase expression
of anti-angiogenic factors shifting the angio-adaptive balance the
opposite way (Roudier et al., 2009, 2010; Kishlyansky et al., 2010;
Olfert and Birot, 2011; Olenich et al., 2014).

Long-term training does not seem to alter the basal expression
level of THBSI in rodent and human healthy skeletal muscles
(Olfert et al., 2006; Hoier et al., 2012; Gliemann et al., 2015)
although Yoshioka et al. (2003) have reported higher THBS1 gene
expression in skeletal muscles from endurance athletes compared
to sedentary subjects (Yoshioka et al., 2003). Interestingly, Gouzi
et al. (2013) have shown that muscle THBS1 protein levels could
be reduced in response to prolonged training in patients with
chronic obstructive pulmonary disease (Gouzi et al., 2013). This
reinforces the idea of using exercise training as a therapeutic
avenue for clinical conditions with skeletal muscle microvascular
alterations. THBS1 expression was indeed found to be increased
in rodent skeletal muscles in the context of diabetes, pre-diabetes
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and hindlimb ischemia (Kivela et al., 2006, 2008; Roudier et al.,
2013; Dunford et al., 2017; Aiken et al., 2019).

The effect of hypoxia alone on THBS1 expression has
provided mixed results essentially from in vitro experiments.
Phelan et al. (1998) have described an increased expression
of THBS1 mRNA and protein in endothelial cells exposed to
severe hypoxia (1%0;) (Phelan et al., 1998). Conversely, Yadav
et al. (2014) have observed a decrease in THBS1 expression in
differentiated murine C2C12 myotubes in response to hypoxia
(Yadav et al., 2014). Finally, THBS1 expression was found to be
increased both in rodent and human ischemic skeletal muscles
(Roudier et al., 2013).

To our knowledge, there is very limited data regarding THBS1
expression in skeletal muscle when combining exercise stimulus
and ambient hypoxia. Olfert et al. (2006) have analyzed THBS1
mRNA expression in skeletal muscles from rats kept sedentary
or enrolled into a 8-weeks endurance running program (Olfert
et al., 2006). At the end of the training program, animals were
performing one bout of intense running exercise. Data suggests
that endurance training did not alter the basal expression level
of THBS1. However, chronic hypoxia exposure resulted in lower
basal expression level (-44%) as well as THBS-1 expression in
response to one bout of exercise (-48%).

As a conclusion to this section, it is important to keep in
mind that VEGF-A and THBSI are only two members of the
large family of angio-adaptive molecules susceptible to influence
the skeletal muscle angio-adaptive responses to exercise and
ambient hypoxia. The expression levels of some other angio-
adaptive molecules have been measured in skeletal muscle tissue
in the context of exposure to ambient hypoxia, such as basic
Fibroblast Growth Factor (bFGF), Transforming Growth Factor-
B (TGF-B), VEGF receptors, leptin (Breen et al., 1996; Olfert et al.,
2001; Patitucci et al., 2009; Morici et al., 2013). However, these
measurements remain very anectodical, and more research in
this area is needed.

Here, we have also essentially reviewed VEGF-A and THBSI
expression levels, which do not reflect the functionality of
these molecules, their interaction between each other’s and
their receptors.

As illustrated in Figure 3, the angio-adaptive response
to a given stimulus is a complex and dynamic process that
involves molecular, cellular, and tissular responses. There
is for example a lack of knowledge regarding cross-talks
between muscle cells. For instance, how angio-adaptive
signals originating from a contractile myofiber will stimulate
neighboring endothelial cells to proliferate and migrate to form
new capillaries.

Ideally, evaluating the muscle angio-adaptive response to
hypoxia should be integrative. For example, an absence of
significant change in capillarization does not rule out any angio-
adaptive responses at a cellular or molecular level. Finally, the
interpretation of results from the literature is very complex
with a certain discrepancy between studies. Such divergence
can obviously have several origins: Animal versus human
studies; healthy versus pathological conditions; training status;
exercise protocols; hypoxia level and duration; confounding
environmental stressors (cold, air pollution); time of sample

collection; methodology (northern blotting, qPCR, western
blotting, ELISA, histochemistry).

THE SKELETAL MUSCLE AS AN
ENDOCRINE ORGAN AND THE ROLE OF
ANGIO-ADAPTIVE MYOKINES

As previously mentioned, many studies studying angiogenic
responses to hypoxia and exercise have quantified circulating
VEGF-A protein levels by ELISA. Several studies have aimed to
link changes in circulating VEGF-A levels with the susceptibility
to develop acute or chronic mountain sickness (Tissot van
Patot et al.,, 2005; Dorward et al., 2007; Nilles et al., 2009;
Schommer et al., 2011; Espinoza et al., 2014). Regarding THBSI,
this anti-angiogenic molecule seems to be involved in the
pathophysiology of hypoxia-induced pulmonary hypertension
and right ventricular hypertrophy (Ochoa et al., 2010; Bauer et al.,
2012; Rogers et al.,, 2017). Kaiser et al. (2016) have reported
elevated serum THBSI levels and strong correlations of serum
THBS1 to mean pulmonary artery pressure and pulmonary
vascular resistance in patients suffering from pulmonary
hypertension (Kaiser et al., 2016).

Interestingly, many circulating angio-adaptive molecules,
either pro- or anti-angiogenic, could therefore represent
valuable biomarkers to evaluate for example the response of
athletes to a specific training program in hypoxia or the
impact of a therapeutic exercise intervention in a group of
patients. More research in identifying the patho-physiological
relevance of circulating angio-adaptive biomarkers would be
exciting and essential.

The quantification of circulating angio-adaptive molecules
also points out the role of the skeletal muscle as an
endocrine organ secreting myokines to act on distant organs
such as bones, brain, fat, and liver (Fabel et al, 2003;
Schnyder and Handschin, 2015; Delezie and Handschin, 2018;
Kim et al, 2019; Gomarasca et al., 2020). Fabel et al.
(2003) have demonstrated that peripherally produced VEGF-
A seems necessary for running-induced improvements in
hippocampal neurogenesis (Fabel et al., 2003). Rich et al. (2017)
confirmed that VEGF-A produced by skeletal myofibers plays
an important role in hippocampal neurogenesis (Rich et al,
2017). Interestingly, it was also suggested that VEGF-A meditated
neurogenesis could provide a neuroprotective effect and could
be essential for attenuating decrements to cognitive function
experienced with ambient hypoxia during high altitude exposure
(Koester-Hegmann et al., 2019).

MOLECULAR ASPECT OF SKELETAL
MUSCLE ANGIO-ADAPTIVE
RESPONSES TO HYPOXIA: KEY POINTS

o Skeletal muscle angio-adaptation is a complex and dynamic
process combining molecular and cellular responses that
will ultimately alter muscle capillarization.
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HYPOBARIC HYPOXIA NORMOBARIC HYPOXIA
Ambient hypoxia Hypobaric hypoxic chamber Normobaric hypoxic chamber

Studies reporting a significant change (increase or decrease) in capillary density (CD), capillary-to-fiber ratio (C/F), or
expression of angio-adaptive molecules (mRNA or protein, tissue or plasma/serum).

Studies reporting a significant effect of exercise or physical activity level (exercise intervention with acute exercise or
*  prolonged training, comparison between active and sedentary subjects) on CD, C/F, or expression of angio-adaptive
molecules.

* M Human or animal studies.

Asano et al., 1998 *f Banchero et al., 1976 #— Banchero et al., 1985 #—
Ding et al., 2012 f Bigard et al., 1991 * s— Boos et al., 2018 *f
Doward et al., 2007* Cassin et al., 1971 ¥~ Breen et al., 1996 * #—
Gunga et al., 1999 *§ Luietal., 2015 #8— Brinkmann et al, 2017 *§
Hoppeler et al., 1990a Panisello et al., 2008 s~ Brocherie et al., 2018 * §f
Hoppeler et al., 1990b Snyder etal, 1992 &8~ Desplanches et al., 1993 *§
Mizuno et al., 2008 * Green etal., 1989 * § Devecci et al., 2001 #—
Morici et al., 2013 * MacDougall et al., 1991 S
Schobersberger et al., 2000 * Terrados et al., 1988 * f D'Hulst et al., 2016
Desplanches et al., 1996 ** Kasperska et al., 2020 *f
Green et al., 1992 f Gavin et al., 2006 ¥~
Gunga et al., 2003 f Nagahisa et al., 2016 * #—
Hanaoka et al., 2003 § Offert et al., 2001 * M~
Levett et al., 2012 *‘ Olfert et al., 2006 * ¥~
Lundby et al., 2004 Oltmanns et al., 2006
Mathieu-CosteII.o and Agey, 1997 | vanEkeran et al., 1992 * M—
Poole and Mathieu-Costello, 1989 s~ Vogt et al., 2001 *f

Bahtiyar et al., 2007 4~
Basset et al., 2006

Kasai et al., 2019 *
Sillau et al., 1977 #—
Sillau et al., 1980 #—
Zoll et al., 2006 *

Proportion of studies reporting a significant change in CD, C/F, or expression of angio-adaptive molecules

Ambient Hypobaric ﬁ + Hypobaric Normobaric
Hypoxia Chamber Hypoxia Chamber Chamber
Overall (17 studies) Overall (9 studies) Overall (26 studies) Overall (23 studies)
9/17 (53%) 6/9 (67%) 15/26 (58%) 17123 (74%)
Change in capillarization Change in capillarization Change in capillarization Change in capillarization
(CD and/or C/F) (9 studies) (CD and/or C/F) (9 studies) (CD and/or C/F) (18 studies) (CD and/or C/F) (10 studies)
3/9 (33%) 5/9 (56%) 8/18 (44%) 7/10 (70%)
Change in angio-adaptive Change in angio-adaptive Change in angio-adaptive Change in angio-adaptive
molecules (9 studies) molecules (1 study) molecules (10 studies) molecules (13 studies)
6/9 (67%) 1/1 (100%) 7/10 (70%) 10/13 (77%)
* 88% of studies ' 33% of studies f 69% of studies f 48% of studies

FIGURE 4 | Characterization of the impact of hypobaric and normobaric hypoxia on skeletal muscle angio-adaptive responses. Original research studies cited in the
review and analyzing capillary density (CD), capillary-to-fiber ratio (C/F), and expression levels of angio-adaptive molecules in skeletal muscle tissue in response to
ambient hypoxia exposure were characterized based on the nature of their hypoxic environment: Hypobaric or normobaric. Studies reporting significant changes in
capillarization (CD or C/F), in molecular expression, or in both (“Overall”) are highlighted in color. Studies involving a physical activity component are identified by an
asterisk. The mouse and human silhouette symbols distinguish studies conducted in animal models or human subjects.
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e Several angio-adaptive molecules have been described in
the skeletal muscle tissue in the context of exercise-induced
angio-adaptation. Yet, their characterization in the context
of exposure to ambient hypoxia remains largely unknown.

o There is a current lack of consensus in the literature largely
due to confounding experimental variables regarding
the expression of muscle VEGF-A and circulating
VEGEF-A in response to ambient hypoxia alone and to
training in hypoxia.

e Anti-angiogenic molecules, such as THBS1, could in
fact impact skeletal muscle capillarization to a greater
extent than VEGF-A. Their contribution in skeletal muscle
angio-adaptive responses to exercise and hypoxia is
however, understudied.

e The patho-physiological relevance of
angio-adaptive molecules as biomarkers
poorly documented.

e The role of the skeletal muscle tissue as an endocrine
organ secreting angio-adaptive myokines to act on distant
organs in the context of exercise and hypoxia is an exciting
research avenue.

circulating
remains

SKELETAL MUSCLE ANGIO-ADAPTIVE
RESPONSES TO HYPOXIA: DO
NORMOBARIC AND HYPOBARIC
CONDITIONS DIFFER?

The research studies discussed in our review were conducted
in three types of environments: Field experiments with real
altitude exposure versus hypoxic chambers simulating altitude.
Chambers where the barometric pressure and partial oxygen
pressure are decreased represent a hypobaric environment,
closer to the physics of real altitude, whereas normobaric

chambers generate a hypoxic environment by decreasing the
fraction of oxygen in the inspired air. Whether normobaric and
hypobaric hypoxia are equivalent and then interchangeable has
been an intense source of scientific debate, particularly with
regards to their impact on exercise performance and various
physiological parameters. Systematic reviews and “points-
counterpoints” discussions have however, not enable researchers
to reach any consensus (Girard et al, 2012; Millet et al,
2012a,b, 2013; Mounier and Brugniaux, 2012a,b; Faiss et al,
2013; Debevec and Millet, 2014; Richard et al., 2014; Coppel
et al, 2015; DiPasquale et al, 2016; Richalet, 2020a,b).
Discrepancy between studies can be attributable to many
cofounding factors: Different degrees of hypoxia, themselves
determined either by barometric pressure, inspired PO,
oxygen fraction; seasonal and geographical differences in
barometric pressure; air temperature and humidity; additional
environmental stressors such as cold exposure; duration of
exposure; presence or not of exercise interventions, and if so
different exercise protocols; characteristics of subjects; animal
versus human studies.

To the best of our knowledge, whether normobaric and
hypobaric hypoxia could differently affect the angio-adaptive
responses of the skeletal muscle has never been investigated. We
have therefore revisited the original research studies cited in our
review that analyzed CD, C/E, or the expression levels of angio-
adaptive molecules (nRNA or protein levels, tissue or circulating
levels) in response to ambient hypoxia exposure. This represents
49 original studies (Figure 4). We separated them accordingly
to the hypoxic environment used: Field studies (hypobaric),
hypobaric chambers, combined field and hypobaric chambers
(both hypobaric environments), and normobaric chambers.
Studies involving physical activity (comparing active versus less
active subjects, including one bout of exercise or prolonged
training) were considered only if they possessed all required
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control groups enabling the evaluation of the impact of
ambient hypoxia per se. We also distinguished studies
conducted in animal models or human subjects. Finally,
we determined in each category the percentage of studies
reporting significant changes (increase or decrease) in
capillarization (CD and/or C/F) and expression of angio-
adaptive molecules.

Unfortunately, the information presented in Figure 4 does not
really help in answering the question on whether normobaric
and hypobaric hypoxia could differently affect the angio-adaptive
responses of the skeletal muscle. Indeed, when considering
only the studies reporting significant changes in capillarization,
a distinction could be made between those conducted in
normobaric chambers (70% presenting significant changes)
versus studies run in a hypobaric environment (33% for field
studies, 56% for hypobaric chambers, and 44% for combined
hypobaric environments). However, no such distinction could
be made when considering only the studies reporting significant
changes in angio-adaptive molecules (67% for field studies, 70%
for combined hypobaric environments, and 77% for studies
conducted in normobaric chambers). Finally, when looking at
“overall” changes (capillarization and angio-adaptive molecules),
it seems that a larger proportion of studies conducted in
hypoxic chambers, whether normobaric or hypobaric, report
significant changes (respectively, 74% and 67%) compared to
field studies (53%). As mentioned earlier, a possible explanation
could be that field studies often present cofounding factors.
Another interesting observation from Figure 4 is that these
conditionings in hypoxic chambers were mainly performed in
animal models whereas field studies were essentially involving
human subjects (respectively, 33% and 48% of human studies
involving hypobaric and normobaric chambers versus 88% for
field studies). Similar durations of exposure to hypoxia will
obviously not represent the same proportion of a lifespan
between rodents and humans.

Based on this analysis, we do not believe that any
strong consensus can be established regarding the impact
of hypobaric versus normobaric hypoxia on skeletal muscle
angio-adaptive responses.
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