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Key Point Summary

Angiogenesis, the process of microvascular bed expansion, may be initiated by several tissue-
level stimuli (e.g. haemodynamic, myogenic or metabolic in origin) which are typically
present during dynamic exercise.

There has been controversy about the structural (capillary) response of skeletal muscle to
altered O status, involving decreased supply (hypoxia) or increased demand (activity).

Here we demonstrate that seven days of activation of skeletal muscle by indirect electrical
stimulation led to significant expansion of the capillary bed. However, a similar adaptive
structural response was not observed following hypoxia. When combining indirect stimulation
and hypoxia, hypoxia appears to blunt structural remodelling.

Proximate metabolites of the glycolytic pathway were significantly reduced following
hypoxia, but not stimulation.

Together these observations suggest that mechanotransduction (via indirect stimulation)
triggers structural remodelling of muscle that preserves the metabolome of muscle tissue,
while chemotransduction (via hypoxia) inhibits the angiogenic response induced by

stimulation, possibly because of altered glycolytic metabolism.
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ABSTRACT

Delivery and utilisation of oxygen are critical determinants of skeletal muscle function, and therefore
aerobic performance. Angiogenesis, the process of microvascular bed expansion, may be initiated by
several tissue-level stimuli (e.g. haemodynamic, myogenic or metabolic in origin) which are typically
present during dynamic exercise. Understanding the relative contribution of these distinct physiological
stimuli to skeletal remodelling is needed to develop effective therapeutic strategies to alleviate impaired
tissue oxygen supply. In this study, we uncoupled the predominantly mechanotransductive (i.e. elevated
vascular shear stress and cyclical muscle activation) and predominantly chemotransductive (i.e. local tissue
hypoxia) stimuli present during exercise by exposing C57b6 mice to either indirect muscle stimulation
(10Hz; ST) or systemic hypoxia (10% oxygen; H), for seven days, respectively. Further, we combined these
stimuli (H+ST) to determine if the effects were additive. After seven days of intervention, the tibialis
anterior muscle was sampled for histological quantification of microvascular supply, and metabolomics
analysis. We showed that ST promoted a significant angiogenic response within the muscle, while H did not.
Interestingly, the combined H+ST group had a blunted angiogenic response. Branch-chain amino acid levels
were significantly decreased following ST, H and H+ST, consistent with an increased metabolic requirement
for ATP, i.e. an energy deficit. Proximate metabolites of the glycolytic pathway were significantly reduced
following hypoxia, but not stimulation. Together these observations are commensurate with
mechanotransduction triggering structural remodelling of muscle that preserves the metabolome of muscle
tissue, while chemotransduction inhibits the angiogenic response of induced by ST, possibly as a

consequence of altered glycolytic metabolism.
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INTRODUCTION

Skeletal muscle is highly plastic, able to differentially modulate the distribution of capillaries (oxygen supply
network) and mitochondrial composition (sites of oxygen demand) to accommodate function during
oncogenic growth (Young & Egginton, 2009), physiological (e.g. exercise; (Liu et al., 2022) and
pathophysiological remodelling (Warren et al., 2020). The ability of skeletal muscle to sustain function is
highly dependent on a complex interplay between supply and demand for O; (Tickle et al., 2020; Kissane et
al., 2021). Remodelling of microvascular supply vessels and muscle metabolome exhibit distinct temporal
responses, which depend on the underlying drivers (e.g. mechanotransductive vs. chemotransductive

stimuli) (Egginton, 2009; Kissane & Egginton, 2019; Kissane et al., 2023).

Exercise is one of the most common physiological remodelling stimuli used to expand the capillary bed (Liu
et al., 2022), and differentially modulate muscle metabolism (Smith et al., 2023). Yet, the relative
contribution of these stimuli to the adaptive remodelling process are difficult to separate. During exercise,
skeletal muscle is subjected to a range of mechanotransductive signals from elevated vascular shear stress
and transmural pressure, and cyclical muscle stretch (Egginton, 2009). Individually, these signals are potent
angiogenic stimuli (Williams et al., 2006a; Williams et al., 2006b), able to enhance muscle fatigue resistance
(Scott et al., 1985; Kissane et al., 2020; Tickle et al., 2020). Little, however, is known of the holistic
remodelling of the microvascular and metabolic systems in response to elevated mechanotransduction.
Indirect electrical stimulation (ST) of muscle has been utilised to differentially regulate the levels of
hyperaemia and muscle force recruitment (Kissane et al., 2023), and provides a unique opportunity to
explore the dynamic remodelling of both structural and metabolic characteristics. This approach increases
oxygen demand and expected to be consistent with estimates of intracellular PO, during exercise (Poole &

Musch, 2023) while avoiding volitional input or imposed stress.

Classic studies highlighted that chronic ST increased activity of muscle fibre succinate dehydrogenase
activity (Pette & Tyler, 1983) as well as citrate synthase and malate dehydrogenase (Buchegger et al.,
1984), implying enhanced muscle fatigue resistance is in part due to increased oxidative activity. Coupled
with decreased lactate dehydrogenase activity (Buchegger et al., 1984), this suggests a metabolic
realignment from glycolytic capacity towards a more oxidative phenotype. Further, chronic ST of skeletal
muscle led to hypertrophy of Type | and Type Il fibres, but also a transition from fast twitch to slow twitch
(oxidative) fibres (Gondin et al., 2011). More recently, we demonstrated that graded ST of skeletal muscle
in the rat resulted in a graded structural response, characterised by higher capillary density and lower
calculated regions of muscle hypoxia (Kissane et al., 2023). However, the metabolic response was not

graded, suggesting an incomplete transition to a new metabolic equilibrium.
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Hypoxia is potent modulatory signal across both central and peripheral systems (Deveci et al., 2001;
Nagahisa & Miyata, 2018; Warren et al., 2020; Doody et al., 2024), and the consequence of the pattern
(continuous vs. intermittent) and duration (acute vs. chronic) on adaptive remodelling is a continuing topic
of interest (Lemieux & Birot, 2021). Chronic hypoxia exposure (over three weeks) is able to significantly
enhance microvascular supply in slow phenotype muscles (e.g. soleus and diaphragm), while no
appreciable change was seen in fast phenotype muscles (e.g. extensor digitorum longus and tibialis
anterior) (Deveci et al., 2001). However, a caveat must be that skeletal muscle is heterogeneous in
myofibre phenotype and microvascular supply (Deveci & Egginton, 2001; Olfert et al., 2016; Kissane et al.,
2018; Kissane et al., 2019), and upon finer scale compartmental analysis the most glycolytic portions of the
tibialis anterior (TA) also showed an angiogenic expansion in response to hypoxia (Deveci et al., 2001).
Metabolomic analysis has suggested that hypoxia may lead to an insulin resistant-like phenotype within
skeletal muscle (Margolis et al., 2021), associated with decreased glucose clearance and increased branch
chain amino acid (BCAA) accumulation. This study utilised an acute exposure to an Fi0,=0.13, similar to that

encountered for COPD patients.

Accordingly, the next logical question is, how does the combination of these two divergent signalling
paradigms interact? Studies that comprehensively quantify these interactions are lacking, but necessary to
understand the integrated angiogenic response and metabolic profile changes. A combination of exercise
training with chronic hypoxia in rodents indicated no improvement in structural remodelling of
microvascular supply (Olfert et al., 2001). Similarly in human, exercising in normoxia significantly increased
muscle vascular endothelial growth factor (VEGF), while in hypoxia the same exercise stimulus led to a
reduced VEGF response, thus blunting the angiogenic response (Richardson et al., 2000). Further,
combining both stimuli led to decreased blood glucose concentrations, compared with hypoxia alone,
implying increased glucose utilisation (Katayama et al., 2018). Yet, four weeks of high intensity exercise in
hypoxia increased nitric oxide (NO) bioavailability and improved vascular function (Lavier et al., 2021). Early
experiments demonstrated that both ST and hypoxia led to increased glucose uptake, but the former
induced a greater response and exploited a different signalling pathway, implying a potential augmentation
of the metabolic contribution from glucose with combined stimuli (Friolet et al., 1994). However, acute
exercise under acute hypoxia increased muscle acetyl-CoA and free carnitine, coupled with decreased
esterified coenzyme A, implying utilisation of fatty acids to enhance acetyl-CoA production (Friolet et al.,
1994), which in turn fuels ATP production via oxidative phosphorylation and modulates the switch between

glucose and fatty acid oxidation.

Taken together, these observations imply that there are distinct structural and metabolic adaptations to
both stimuli individually. What is unclear is whether these effects are synergistic, and to what degree
hypoxia may potentiate the acute adaptive response to indirect stimulation (Lemieux & Birot, 2021).

Exploiting an integrated approach consisting of histological and metabolomic analysis for the TA muscle in
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mice, we determined the impact of indirect stimulation (ST; increasing oxygen consumption), and systemic
hypoxia (H; reducing oxygen delivery) on structural and metabolic adaptations to individual stimuli and the
combination of both stimuli. For the first time, we quantified the metabolic transition of the mouse TA in
response to these stimuli using two separate metabolomic platforms to detect a range of central energy
metabolites (reverse-phase LC-MS analysis) or primary and secondary amines (reverse-phase LC-MS
analysis of derivatised samples). We hypothesise that: (hyp 1) angiogenesis may be elicited by a range of
stimuli (ST, H, and the combination of the two); while (hyp 2) the metabolic profile of the skeletal muscles

will differ in response to these differential stimuli.
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METHODS
Ethical approval

All animal work was approved by the University of Birmingham and University of Leeds Animal and Welfare
Ethical Review Board and carried out in accordance with the Animals (Scientific Procedures) Act 1986
(under Home Office Project licence: 70/08674). This work conforms to the ethical requirements outlined by
the journal in accordance with guidelines for animal work (Grundy, 2015; Percie du Sert et al., 2020).
Twenty-six, twelve-week-old male C57/B6 mice (sourced from an in-house breeding colony) were housed in
groups of three or four on a 12 h light-dark cycle at 21°C with ad libitum access to food and water. Animals
were assigned to one of 4 groups (Appendix Fig. 1): control (CT, n=11), 7 days of indirect stimulation (ST,
n=9), 7 days of 10% hypoxia (H, n=6) or a combination of hypoxia and indirect stimulation (H+ST, n =6).
Note, the latter samples were sourced from the same animal, the mice received systemic hypoxia (i.e. both
limbs, with a contralateral H response) and unilateral indirect stimulation (giving an ipsilateral H+ST

response).
Surgical procedures

Animal surgery was conducted under aseptic conditions with inhalation anaesthetic (Isoflurane, IsoFlo®),
induction with 5% Isoflurane (2 L.min! O, flow). Following the loss of withdrawal reflex (toe pinch) and eye
blink response the surgical plane was maintained with 2.5% (2 L.min™ flow). Animals underwent indirect
electrical stimulation of the hind limb ankle flexors via stimulation of the deep lateral peroneal nerve.
Miniaturised, battery-powered electrical stimulators were coated with hypo-allergenic beeswax and placed
in a subcutaneous pouch on the mid-thoracic region of the back (Linderman et al., 2000). The stimulator
was inserted through a two-centimetre incision and sutured into place Stimulating electrodes made from
Teflon coated seven-strand braided stainless steel wires (A-M Systems) were tunnelled distally towards the
right hind limb under the skin, and a loose wire loop was sutured into place near the hip to minimise
tension in the wire during locomotion. Electrodes were passed through the vastus lateralis using a 23g
needle towards the peroneal nerve. Once in place, covering fascia across the superficial muscles were
closed with absorbable 6-0 suture (Ethicon/Johnson & Johnson Medical, New Brunswick, New Jersey) and
the skin closed with braided 4-0 silk suture (Ethicon/Johnson & Johnson Medical, New Brunswick, New
Jersey). Animals received s.c. injections of analgesic (30 pg kg Buprenorphine; Vetergesic®, Ceva Animal
Health Ltd, Amersham, UK) and antibiotic (2.5mg kg™ Enrofloxacin; Baytril®, Bayer, Reading, UK)
immediately after surgery, repeated for two days post-surgery. The animals were given 24 hours to recover
before the stimulators were activated (Appendix Fig. 1), allowing sufficient time for surgical
trauma/inflammation to subside and normal locomotion to resume. Control mice did not undergo a sham

surgery, as previous experiments showed no discernible difference.

Stimulation protocol
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Indirect electrical stimulation was delivered using a supramaximal voltage, pulse duration of 0.3ms, and
delivered at a preset stimulation frequency of 10Hz continuously for eight hours a day, delivered for seven
days. This stimulation paradigm was selected based on previous findings that this stimulation frequency
promotes the greatest active hyperaemia response at a submaximal force recruitment, leading to
significantly elevated microvascular composition across the core and cortex of the tibialis anterior (Kissane

etal., 2023).

Hypoxia

We exposed mice to chronic systemic hypoxia in a purpose-built chamber (with CO, scrubbing and moisture
control), to simulate levels of hypoxaemia reported in COPD patients with advanced respiratory
insufficiency (Davidsen et al., 2016). Following initiation of the gradual hypoxic insult (i.e. content was
gradually lowered to 10% O, over the first week to minimise physiological stress), PO, was kept at 10% for a

second week during which muscle stimulation was applied (Appendix Fig. 1).
Tissue Sampling

Mice were culled by Schedule 1 methods, through concussion, followed by cervical dislocation, in line with
the Animal Scientific Procedures Act (1986). Whole TA muscles were carefully dissected from the hind limb
of the animal and weighed. Muscle samples were split into three equal portions with the proximal and
distal portions frozen in liquid nitrogen for metabolomics analysis, while the mid portions were snap frozen
in liquid nitrogen-cooled isopentane for histological sampling. All tissue was stored at -80°C until further

use.
Histological analysis

Serial cryostat (-20°C) cross-sections (10um) were attached to polysine adhesion slides (VWR international),
then fixed with 2% paraformaldehyde for 2 minutes. Following 10 washes in PBS, sections were stained
with Griffonia simplicifolia lectin-1 (Vector Laboratories, UK; diluted 1:200 PBS) to identify capillaries
through its affinity to proteoglycans in the glycocalyx. Slides were incubated for one hour, then washed and
mounted in VectaShield (Vector, H-1400). Three regions of interest (0.145mm?) were imaged, spanning two
metabolically distinct regions within the TA: the oxidative core (x2 fields) and the glycolytic cortex (x2
fields). Capillary-to-fibre ratio (C:F), capillary density (CD, mm2) and average fibre cross-sectional area (CSA,
um?) were derived from histological cross-sections. These commonly used global indices describe gross
changes in capillary supply, but lack resolution for local spatial distribution of supply (Egginton, 1990;
Kissane et al., 2021). Therefore, we present further local capillary indices of tissue supply area (capillary
domain area; CDA, um?) and heterogeneity (through the standard deviation of the log-transformed CDA;

LogSD).
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Tissue oxygen status were modelled on the histologically-derived capillary distributions using capillary
domain boundaries as geometric constraints to estimate PO, using the open access ‘Oxygen Transport
Modeller’ (Al-Shammari et al., 2019). In our model we simulated high oxygen demand (~1-5 mmHg)
consistent with experimental estimates of intracellular PO, during exercise (Poole & Musch, 2023),
supporting its physiological validity (Al-Shammari et al., 2025). The overall tissue PO, was estimated as well
as the percentage of the tissue considered to be hypoxic, which we represented by tissue PO, <0.5mmHg

(Al-Shammari et al., 2019).

One potential limitation of this approach is tissue-wide coverage of metabolomics analysis whilst the
histological analysis possessed more regional focus to highlight any differential effects due to inherent
fibre-specific metabolic profile. Subdivision of muscle samples to discretely analyse the metabolome of
each histological sampling region yielded insufficient tissue to perform parallel analyses, therefore we also
provide histological analysis incorporating data from all regions of the muscle to facilitate comparison with

the metabolomics data.
Metabolomic analysis
Reversed phase LC-MS (underivatised)

Reversed-phase analysis of underivatised metabolite extracts was performed using a Thermo Utimate 3000
UHPLC system with a gradient elution program coupled directly to a Q-Exactive HF Hybrid Quadrupole-
Orbitrap mass spectrometer. A 5 ulL partial loop injection was used for all analyses with pre and post
injection wash program. A Waters CORTECS UPLC T3 1.6um (2.1x100mm) column was used with a flow rate
of 0.4mL/min. The total run time was 18 mins. Mobile phase A comprised milli-Q water with 0.1% formic
acid and mobile phase B was 100% methanol with 0.1% formic acid. The gradient elution program was as
follows: Omins, 5%B; 4min, 50%B; 12min, 99%B; 15mins, 99%B; 15.1min, 5%B; 18min, 5%B. The column
temperature was kept at 40°C throughout the experiment. Mass spectrometry analysis was performed in
positive and negative ion mode separately using a scan-range from m/z 60-900 and resolution set to
70,000. The tune file source parameters were set as follows: Sheath gas flow 60 mL/min; Aux gas flow 20
mL/min; Spray voltage 3.6v; Capillary temperature 320 °C; S-lens RF value 70; Heater temperature 350°C.
Full MS setting were AGC target 5e6 ions and the Max IT value was 120ms. Full scan data were acquired in
continuum mode. A data directed tandem mass spectrometry method was utilised (ddMS?) with no
inclusion list. The orbitrap detector and HCD setting for ddMS? were as follows: Microscans 2, resolution

17,500, AGC target 5e4 ions, maximum IT 80ms, loop count 10 and NCE 35.
Reversed phase LC-MS (derivatised)

The LC-MS method used a sample derivatisation protocol to label 1° and 2° amines followed by analysis
based on a modified version of the Waters AccQ-Tag method (Salazar et al., 2012). Reversed-phase LC-MS

analysis of derivatised samples was also performed using the Thermo Utimate 3000 UHPLC system coupled
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directly to a Q-Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer. A5 L partial loop injection
was used for all analyses with pre and post injection wash program. A Waters AccQ-Tag column
(2.1x100mm) was used with a flow rate of 0.5mL/min. The total run time was 9.5 mins. Mobile phase A and
B comprised commercially available AccQ-Tag reagents prepared as recommended by Waters (Waters PLC,
Elstree, UK). The gradient elution program was modified from the published AccQ-Tag method as follows:
Omins, 0.1%B; 0.54min, 9.1%B; 5.74min, 21.2%B; 7.74mins, 59.6%B; 8.04min, 90%B; 8.05min, 90%B;
8.64min, 0%B; 9.5min, 0.1%B. The column temperature was kept at 40°C throughout the experiment. Mass
spectrometry analysis was performed in positive ion mode separately using a scan-range from m/z 70-1050
and resolution set to 70,000. The tune file source parameters were set as follows: Sheath gas flow 60
mL/min; Aux gas flow 20 mL/min; Spray voltage 3.6v; Capillary temperature 320°C; S-lens RF value 70;
Heater temperature 350°C. Full MS setting were AGC target 3e6 ions and the Max IT value was 200ms. Full

scan data were acquired in continuum mode.
Data processing

Data processing was performed according to our previously published metabolomics protocols (Walsby-
Tickle et al., 2020; Williams et al., 2025). Briefly, metabolites were identified with reference to an in-house
database created from authenticated standards. Pure compounds were purchased from chemical suppliers
(e.g. Sigma-Aldrich, UK; Tocris UK; Tokyo Chemicals Industry, UK). These standards were then diluted in
solvent (80% methanol) and separated chromatographically by different methods. Each compound was
then examined using Q Exactive Mass Spectrometer (Thermo, UK). Each authenticated standard was
identified by collection of discrete data: this included chromatographic retention time, accurate mass (4
decimal places), and compound fragmentation thus allowing identification of isomers with reference to

differing fragmentation and retention characteristics.

Raw data files were processed using ProgenesisQl for small molecules (Waters, Elstree, UK). This process
included alignment of retention times, picking by identification of natural abundance isotope peaks,
characterising multiple adducts forms and identification of metabolites using our in-house database.
Retention times, accurate mass values, relative isotope abundances and fragmentation patterns were
compared between authentic standards and the samples measured. Identifications were accepted only
when the following criteria were met: <5ppm differences between measured and theoretical mass (based
on chemical formula), <30 seconds differences between authenticated standard and analyte retention
times, isotope peak abundance measurements for analytes were >90% matched to the theoretical value
generated from the chemical formula. Where measured, fragmentation patterns were matched to least the

base peak and two additional peak matches in the MS/MS spectrum to within 12ppm.

Statistical analysis
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Histological (C:F, CD, FCSA, CDA, LogSD, PO, and %hypoxia) and metabolomic data (fold-change; ratio of
metabolite concentration relative to the average CT concentration) were analysed using a linear mixed
model (LMM) split-plot design, with individual animal ID included as a random intercept. Data were
processed in R (version 4.2.1) with group effects evaluated using Type Il F-tests with Satterthwaite-
adjusted denominator degrees of freedom (via the ImerTest package). Post-hoc pairwise

comparisons between levels were performed using estimated marginal means (emmeans), with Benjamini—
Hochberg correction applied to control the false discovery rate. Principal component analysis (PCA) and
partial least-squares discrimination analysis (PLS-DA) were also used to analyse the patternsin
metabolomic profiles among treatments. All data are presented as Mean + SD. Statistical significance was

assigned at P<0.05.
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RESULTS
Histological analysis

The TA is a highly compartmentalised muscle homologous across mammals from mice, rats and humans.
This muscle generally presents with a highly oxidative core (posterior compartment, Fig. 1a) and a highly
glycolytic cortex (anterior compartment, Fig. 2a) (Deveci et al., 2002; Kissane et al., 2023). We determined
the structural remodelling induced across these two distinct compartments. Briefly, indirect stimulation
presents a greater stimulus for microvascular remodelling across the mouse tibialis anterior (Fig. 1-2) than
hypoxia, which induced no structural adaptations at this acute time point. The addition of hypoxia to
stimulation (H+ST group) appears to blunt some structural remodelling seen in the indirect ST only group

(Fig. 1-2).
Tibialis anterior (oxidative core)

Significant changes to the number of capillaries (C:F, LMM F3343=24.459, P,4=0.026, Fig. 1b) and density of
capillaries (CD, LMM F31=4.777, P.4=0.026, Fig. 1c) manifested after ST, with concomitant improvement in
tissue oxygen status. These global changes in microvascular supply occurred independent of changes in
FCSA (LMM F3,1=0.885, P.4=0.465, Fig. 1d). Specifically, indirect stimulation significantly increased C:F
compared to control levels (2.77 + 0.18 vs. 2.36 + 0.10, P<0.001, Fig. 1b), and in combination with hypoxia
(H+ST, 2.64 + 0.09, P=0.002, Fig. 1b). Significant changes were seen in some local capillary metrics, mainly
capillary domain area (LMM Fs5,1=4.806, P,4;=0.026, Fig. 1e), modelled estimates of tissue PO, (LMM
F321=4.155, P,4=0.033, Fig. 1h) and modelled estimates of tissue hypoxia (LMM F5,1=3.990, P,4;=0.033, Fig.
1i). Indirect stimulation significantly lowered CDA compared to control (613 + 105 vs. 867 + 99um?,
P=0.0115, Fig. 1e), resulting in a leftward shift in the CDA distribution (Fig. 1f), and a significant increase in
modelled tissue PO, (16.9 2.8 vs. 14.9 + 2.2mmHg, P=0.0158, Fig. 1h) and a significant decrease in the
estimates area of tissue considered to be hypoxic (0.003 + 0.003 vs. 0 + 0 mmHg, P=0.0231, Fig. 1i).

Tibialis anterior (glycolytic cortex)

Dynamic changes to the global supply of capillaries; C:F (LMM Fs3 16.667=5.086, P.4=0.026, Fig. 2b) and CD
(LMM F35104=10.128, P,4=0.026, Fig. 2c) were observed alongside no statistically significant change in FCSA
(LMM F35716=5.145, P,4=0.058, Fig. 2d). Here, a significant increase in CD was evident following indirect
stimulation compared to control (1110 + 248 vs. 774 + 27mm?, P=0.006, Fig. 2c) through a significant
increase in C:F (2.21 £ 0.24 vs. 1.90 £ 0.10, P=0.032, Fig. 2b). Subsequently, indirect stimulation had a
significantly higher CD compared to hypoxia alone (1307 + 250mm?, P=0.002, Fig. 2c) and the combined
stimuli (H+ST, 1453 + 163 mm?, P=0.0131, Fig. 2c). Changes at the local capillary supply level were also
evident in the cortex of the TA, with significant group affects seen in improved CDA (LMM F3537=6.993,
P44=0.026, Fig. 2e, g) and modelled estimates of tissue PO, (LMM F35115=7.077, P.g=0.04, Fig. 2h). Indirect
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stimulation induced a significantly reduced CDA compared to control (915 + 222 vs. 1232 + 62um?, P=0.009,
Fig. 2e, g), while combining hypoxia with stimulation appeared to blunt this response (H+ST, 1175 *
177um?, P=0.563). Subsequently, tissue PO, was only significantly elevated in the stimulation group (14.3 +
3.5vs. 9.6 £ 0.7mmHg, P=0.0055, Fig. 2h).

Untargeted metabolomics

Reverse phase LC-MS (underivatized) produced 15607 ion features with 8308 ions identified as clearly
defined features (CV <30%; 53.2%). Reverse phase LC-MS (derivatized), deteting primary and secondary
amines, led to 3682 ion-features with 1808 well-characterised ions (CV <30%, 49.1%). Untargeted analysis
of ion-features identified using underivatized and derivatised reverse phase LC-MS (Fig. 3a and Fig. 3b)
indicated overlap between all groups, indicating that metabolic perturbation induced by indirect
stimulation, hypoxia, or a combination of the two, share significant overlap in ion-features produced.
Partial least squares discrimination analysis (PLS-DA) for reverse phase LC-MS analysis indicated that
modelled data correlated strongly with measured data for the different experimental groups
(accuracy=0.929; R?=0.992; Q2=0.848; Fig. 3C). In addition, permutation analysis indicated a degree of
‘overfitting’ of data (P=0.073; Fig. 3c). PLS-DA for reverse phase LC-MS analysis (derivatised) indicated that
modelled data correlated strongly with measured data for the different experimental groups
(accuracy=0.857; R?=0.999; Q2=0.703; Fig. 3d) with modest separation between the experimental groups.
Permutation analysis again indicated a degree of ‘overfitting’ (P=0.643; Fig. 3d). To identify putative
metabolic pathway perturbations, metabolite enrichment analysis was undertaken exploiting binary
comparisons for ion features coupled with fold change and statistical analysis (Xia & Wishart, 2010). These
ion features were matched to identified compounds in the Mummichog database based on m/z value (Li et
al., 2013) and were linked with individual pathways to determine putative targets (Xia & Wishart, 2010)
(Fig. 4). Binary comparisons were undertaken to determine the effect of indirect stimulation (Fig. 4a), the
effect of hypoxia (Fig. 4b) and the impact of stimulation + hypoxia (Fig. 4c). Analysis of the muscle
metabolome demonstrated that indirect stimulation potentially affected unsaturated fatty acid synthesis
(P=1.47 x 10%), glycolysis (P=0.024) and linoleic acid metabolism (P=0.035). Exposure to chronic hypoxia
(Fig. 4b) significantly affected metabolic pathways including starch and sucrose metabolism (P=0.0032)
coupled with purine metabolism (P=0.041). Combining both stimuli induced significant differences in the
putative inositol phosphate pathway (P=8.32 x 10°®) and led to altered glycolysis/gluconeogenesis (P=7.21 x

10%), starch and sucrose metabolism (P=4.27 x 10*) and pentose phosphate metabolism (P=0.0015).
Targeted metabolomics
Muscle turnover

Mapping identified metabolites onto biochemical pathways highlighted muscle remodelling pathways, with

1-methyl histidine used as a marker for this process (Fig. 5a-g). Skeletal muscle carnosine (LMM
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F3,28=25.636, P,4;<0.001, Fig. 5b) and histidine (LMM Fs,5=29.238, P,4<0.001, Fig. 5f) levels were significantly
modified in response to ST, H, and the combined H+ST group. Carnosine levels were significantly decreased
in response to stimulation (0.66 + 0.13 FC, P<0.001, Fig. 5b), hypoxia (0.71 £ 0.11 FC, P<0.001, Fig. 5b) and
combined stimuli (0.43 £ 0.17 FC, P<0.001, Fig. 5b). However, combination (H+ST) levels of carnosine were
significantly lower than with individual stimuli of either indirect stimulation (P<0.001, Fig. 5b) or hypoxia
(P<0.001, Fig. 5b). Comparable trends exist in histidine levels, with significant decreases in the stimulation
(0.64 £ 0.13 FC, P<0.001, Fig. 5f), hypoxia (0.50 + 0.10 FC, P<0.001, Fig. 5f) and combination (0.42 + 0.16 FC,
P<0.001, Fig. 5f) groups, when compared to controls. Further, the combination of stimulation and hypoxia
had an added response, with significantly lower levels of histidine than that of the stimulation group
(P=0.003, Fig. 5f). Tibialis anterior muscle levels of beta-alanine (LMM F323=2.197, P.4=0.117, Fig. 5c),
anserine (LMM F375=3.199, P,4;=0.053, Fig. 5d), urocanic acid (LMM F35611=2.134, P,4;=0.169, Fig. 5e) and 1-
methyl histidine (LMM F3 556,=3.843, P.4=0.06, Fig. 5g) were not significantly altered in response to any of

the imposed interventions.
Glycolysis

All constituent metabolites within the glycolysis pathway (Fig. 6a) were significantly altered in response to
modulated oxygen status of skeletal muscle (Fig. 6b-i). Fructose-6-phosphate levels (LMM F3;.435=13.423,
P44=0.06, Fig. 6b) were not significantly downregulated by indirect electrical stimulation (0.85 + 0.17 FC,
P=0.085), although hypoxia produced a significant decrease (0.51 + 0.16 FC, P<0.001), with the combination
also showing a significant decrease compared to control (0.56 + 0.11 FC, P<0.001) and stimulation alone
(P=0.003). Fructose-1,6-bisphosphate was similarly affected (LMM Fs »2.112=7.417, P44=0.003, Fig. 6¢) with
H+ST significantly reducing levels compared to control (0.51 + 0.18 FC, P<0.001) and to ST alone (P=0.003).
Hypoxia modulated the next two stages in glycolysis: dihydroxyacetone phosphate (LMM F3743=8.404,
P44=0.009, Fig. 6d) and glyceraldehye-3-phosphate (LMM F3s637=10.271, P,4=0.017, Fig. 6e). Levels of
dihydroxyacetone phosphate were reduced compared to controls (0.46 + 0.08 FC, P=0.003) and ST (1.06 +
0.39 FC, P<0.001), with a comparable response in H+ST (Fig. 6d). Similarly, glyceraldehye-3-phosphate
levels were significantly reduced in the combination group compared to control levels (0.70 £ 0.10 FC,
P<0.001, Fig. 6e). Interestingly, elevated levels of 1,3-bisphosphoglycerate (LMM F324.241=14.525, P,4<0.001,
Fig. 6f) were present in the H+ST group (1.32 + 0.26 FC, P<0.001), while H resulted in a significant decrease
(0.79 £ 0.07 FC, P=0.015). A differential response in 3-phosphoglycerate (LMM F323=5.886, P.4=0.007, Fig.
6g) between ST and H (0.76 £ 0.33 vs. 1.25 + 0.48 FC, respectively, P=0.049) culminated in unmoderated
levels following H+ST (0.55 + 0.33 FC, P=1.03, Fig. 6g). Pyruvate remained unchanged (LMM F; 4615=5.842,
P44=0.059, Fig. 6h). Finally, acetyl-CoA (LMM F3,1695=5.744, P,4=0.012, Fig. 6i) levels were significantly
modified, with skeletal muscle exposed to H having significantly higher levels (2.97 +1.177 FC, P=0.005, Fig.
6i) compared to control, and to ST (1.13 = 0.88 FC, P=0.005); further H+ST also presented with significantly
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elevated levels of acetyl-CoA compared to control levels (H+ST, 2.59 +1.00 FC, P=0.016) and compared to ST
(P=0.016).

Branched chain amino acids

Branched amino acids can contribute to central energy metabolism through transamination reactions and
the formation of ketoacids (Fig. 7a). As seen above, there was significant modulation of fructose-6-
phosphate (Fig. 6b), fructose-1,6-bisphosphate (Fig. 6¢), pyruvate (Fig. 6h) and acetyl-CoA (Fig. 6i) within
this pathway. The product, citric acid, was significantly modulated overall (LMM F3 »3=4.084, P,4=0.024, Fig.
7b), largely due to a reduction following ST (0.70 + 0.22 FC, P=0.020). Skeletal muscle levels of valine (LMM
F3,26=14.403, P,<0.001, Fig. 7c), isoleucine (LMM Fs,,5=10.465, P,4<0.001, Fig. 7d) and leucine (LMM
F3,28=17.758, P.4<0.001, Fig. 7e) were all significantly modulated following oxygen kinetic manipulation.
Indirect stimulation (0.71 + 0.14FC, P<0.001), H (0.61 £ 0.15 FC, P<0.001) and H+ST (0.51 + 0.18, P<0.001)
significantly lowered levels of valine (Fig. 7c). Similarly, isoleucine presented with significantly decreased
levels in response to ST (0.69 £ 0.17 FC, P<0.001), H (0.61 £ 0.16 FC, P<0.001) and H+ST (0.58 + 0.20 FC,
P<0.001) compared to control (Fig. 7d). Leucine followed the same trend with significant decreases in ST
(0.67 £ 0.12 FC, P<0.001), H (0.53 £ 0.14 FC, P<0.001) and H+ST groups (0.49 £ 0.22 FC, P<0.001) relative to

control (Fig. 7e).
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DISCUSSION

There has been controversy about the structural (capillary) response of skeletal muscle to altered tissue O,
levels (Lemieux & Birot, 2021), involving decreased supply (hypoxia) or increased demand (activity), in part
due to methodological issues (Ahmed et al. 1997, Deveci et al. 2001, Kissane & Egginton 2019). The use of a
mouse model may help further this debate. We demonstrate that, as anticipated (hyp 1), activation of
skeletal muscle in mice by indirect electrical stimulation (ST) led to significant expansion of the capillary bed
in the TA. However, a similar adaptive structural response was not observed following hypoxia (H), and
when combined with ST, H appears to blunt the structural remodelling. Therefore, complementary
structural changes to muscle induced by increased activity and reduced O; availability are not observed. In
contrast, we hypothesised (hyp 2) that the mainly mechanotransductive (ST) and largely chemotransductive
(H) stimuli were able to independently manipulate the metabolic status of muscle. Specifically, H led to
changes in glycolytic metabolites, indicative of increased reliance of substrate level phosphorylation for the
synthesis of ATP. Interestingly, when both stimuli were combined (H+ST) there was a further decrease in
tissue fructose-1,6-bisphosphate levels, indicating that whilst no structural remodelling was evident to
facilitate supply of O, delivery and substrate mobilisation, metabolic realignment was observed.
Interestingly, ST alone showed no effect on glycolytic metabolite levels, suggesting that any structural
adaptation leading to greater capillary supply was sufficient to sustain the metabolic character of the

muscle.
Hypoxia blunts microvascular bed expansion

While ST is a potent angiogenic driver across the TA muscle, the core was affected to a greater extent than
the cortex, suggesting that the oxidative region is closer to functional supply capacity and hence required
structural adaptation to accommodate greater activity. This is the first time this ST paradigm has been used
in mice, but these data are consistent with much of the previous literature in rats (Linderman et al., 2000;
Kissane et al., 2023) highlighting the utility of low frequency stimulation as an angiogenic driver. The
current data suggest that one week of hypoxia is insufficient to drive microvascular remodelling, although
there is little agreement on the angiogenic potential of H alone (Lemieux & Birot, 2021). While we showed
that a compartmental adaptive response is present after three weeks of H in rat TA (Deveci et al., 2001),
others suggest that after eight (Olfert et al., 2001) or 12-weeks (Bigard et al., 1991) of chronic hypoxia there
was no change in C:F across many of the hindlimb muscles of the rat, while exercising for these lengths of
time did lead to significant increases in C:F. The combination of H+ST in our hands significantly blunted the
angiogenic response (specifically CD) seen across the TA compared to ST alone. By contrast, exercise
training in combination with H significantly improved microvascular composition in rats compared to the
levels achieved with exercise alone, with concomitant decreases in muscle VEGF abundance or receptor
MRNA expression (Flt-1 or FIk-1; (Olfert et al., 2001). This may in part explain why in our H+ST group there

was a reduced expansion of capillary supply, as inhibition of VEGF has been shown to blunt the angiogenic
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response of two of the main mechanotransductive pathways (Williams et al., 2006c; Hoier & Hellsten,

2014).
Mechanotransductive and chemotransductive pathways converge on histidine metabolism

Both ST and H significantly reduced levels of carnosine and histidine, which appears to be further
exacerbated when these stimuli are combined, suggesting that muscle tolerance of acidosis may be
decreased, as pH control has been associated with both metabolites (Abe, 2000). These data mirror findings
in humans following intense exercise that show decreased muscle buffering capacity and a low protein
buffering capacity involving histidine and carnosine (Bishop et al., 2009), which may directly impact shifts in
glycolysis pathway associated with increased lactic acid production. Further, given the proximity of the pK;
(pKa=6-7) for the imidazole residue on histidine or carnosine to muscle pH during intense exercise (pK,=6.8;
(Bangsbo et al., 1996; Street et al., 2001) this suggests the decreases in these amino acids may also
adversely affect rates of resynthesis for phosphocreatine and thus impair muscle endurance (McMahon &
Jenkins, 2002). However, haematopoiesis associated with chronic hypoxia may yield increased

haemoglobin-buffering of muscle pH changes, ameliorating effects of possible acidosis (Juel et al., 2003).
Hypoxia differentially modifies glycolysis metabolism

Proximate portions of the glycolytic pathway were impacted following hypoxia, suggesting that H had the
effect of decreasing overall metabolite levels, whereas the mechanotransductive signals had no such effect.
Therefore, H placed a significant metabolic burden on the TA for ATP production. Early human experiments
highlighted the potency of acute electrical stimulation of muscle to increase rates of glycolysis (Ren et al.,
1988). Similarly, rat ST experiments demonstrated a significant increase in CD in the absence of changes to
enzyme activities, including succinate dehydrogenase and cytochrome oxidase, for functions of central
energy metabolism (Egginton & Hudlicka, 2000). In hypoxia the terminal electron acceptor (i.e. O,) is
decreased, therefore limiting oxidative phosphorylation, so to sustain production of ATP increased reliance
on substrate level phosphorylation is necessary, yielding a decrease in glycolytic substrates. In humans,
chronic hypoxia led to increased expression of Complex Il and Complex IV of the electron transport chain,
thereby improving aerobic performance (Desplanches et al., 2014), although H led to diminished rates of
mitochondrial oxidation in skeletal muscle in vitro (Gamboa & Andrade, 2012) associated with decreased
aconitase activity (Magalhaes et al., 2005). This is consistent with increased acetyl-CoA following H in the
current study as C2 units are not moved on to the TCA cycle, hence TA muscle citrate levels were
unaffected by ST or H. We also showed decreased TA levels of fructose-6-phosphate, fructose-1,6-
bisphosphate and dihydroxyacetone phosphate, indicating increased utilisation of glucose metabolites,
leading to elevated tissue acetyl-CoA levels. Similarly in humans, high altitude hypoxia increased both

glycolytic and TCA cycle intermediate abundances, coupled with decreased abundances for BCAA (including
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leucine, isoleucine and valine) thus implicating BCAA breakdown in energy provision (Margolis et al., 2021),

consistent with our current observations.

The absence of an additive angiogenic effect for ST in combination with H may have a metabolic origin.
Previous experiments highlight that sprouting angiogenesis requires functional endothelial cell glycolysis
for the production of ATP, for which the rate-limiting step was production of fructose-1,6-bisphosphate (De
Bock et al., 2013), and inhibition of PFKFB3 led to blunting of the angiogenic response to H (Schoors et al.,
2014). We report a significant decline in muscle fructose-1,6-bisphosphate levels following the combination
of H+ST, again implying that availability of substrates for the synthesis of ATP through substrate level
phosphorylation may be limited, thus reducing angiogenic potential. However, it must be acknowledged
that the principal fate of fructose-1,6-bisphosphate is fuelling glycolysis; hence tissue concentrations are
subject to fluctuation based on muscle activity, and thus direct effects on angiogenesis may be limited in

Vivo.
Exercise enhances branch chain amino acid metabolism

Both exercise-simulated mechanotransduction (via indirect stimulation) and chemotransduction (response
to hypoxia) elevated skeletal muscle BCAA metabolism, which was sustained in the combination treatment
group. Both exercise and hypoxia have the potential to decrease muscle free amino acid concentrations
(Gabrys et al., 2003), with our data consistent with both stimuli alone increasing requirements for BCAAs
and thus increased protein synthesis (Kimball et al., 2002; Shimomura et al., 2004). An anabolic response
would be needed for structural remodelling, and possibly metabolic realignment. However, it may also
reflect an increased metabolic requirement for ATP, and hence an energy deficit (She et al., 2010). Our data
extends such observations and imply that BCAAs contributed to central energy metabolism, likely due to
relative energy deprivation for the synthesis of ketoacids and acyl-CoA to support metabolism (Bailey et al.,
2001). BCAAs may augment energy production with the incorporation of keto-acids to the distal portions of
the glycolytic cycle to increase acetyl-CoA flux through the TCA cycle and maintain ATP production
(Mikalayeva et al., 2021). Interestingly, cell culture experiments have demonstrated that for glioblastoma
cells hypoxia increased expression of branched-chain amino acid transporter proteins (BCAT) in a HIF-1a
dependent manner (Zhang et al., 2021), suggesting a mechanism facilitating increased BCAA uptake in
muscle. HIF-1a also plays a key role in differentially regulating angiogenesis during physiological
remodelling (Egginton 2009). A role for amino acids in the control of angiogenesis may also contribute to
the lack of change in capillarity observe following combining H and ST, where for example, free glycine is

required for VEGF-induced angiogenesis (Guo et al., 2017).
Scaling of oxygen supply and metabolic pathways, a tale of caution?

Rodents are often the first-choice experimental animal in physiology research, owing to their substantially

well characterised genome, and capacity to genetically modify for experimental research. Yet, these
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animals are not always an ideal surrogate for human physiological and pathophysiological research. For
example, the guinea pig presents with the greatest similarity in transcriptional and muscle wasting
response in a smoking induced chronic obstructive pulmonary disease (COPD) model (Davidsen et al.,
2014), yet rats and mice still dominate this particular research sphere. In a similar vein, the scaling of
oxygen supply and muscle phenotype must be considered in our interpretations of the data presented for
mice, when comparing to larger species like rats and humans, where orders of magnitude greater diffusion
distances are involved (Egginton, 1990; Kissane & Egginton, 2019; Queeno et al., 2023). We have compared
our previously published data on rat TA that have undergone an identical indirect stimulation paradigm

(Kissane et al., 2023), to highlight the differences across scales (Appendix Figs. 2-4).

Firstly, our data show that both mice and rats respond to ST in the same adaptive directions (e.g. both
present with increases in CD, C:F and reduced CDA) across the oxidative core (Appendix Fig. 2) and
glycolytic cortex (Appendix Fig. 3). Despite mice having inherently smaller intramuscular and intracellular
diffusion distances (higher CD and lower FCSA, respectively), and greater oxidative phenotype (Queeno et
al., 2023), they still present with an increased oxygen supply network. Where there is evidence of
angiogenesis (increased C:F), the functionally relevant index of supply capacity (CD) is influenced by FCSA.
This is most evident in the glycolytic cortex, where the extent of hypoxia during exercise is estimated to be
greater, reflecting the larger fibre size. Interestingly, despite similarities in structural remodelling across
these two species, the metabolic adaptation to ST differed (specifically the histidine/methyl-histidine
pathway; Appendix Fig. 4). Mice demonstrated a significant reduction in levels of histidine and carnosine,
potentially impacting muscle tolerance of acidosis, which may directly impact shifts in glycolysis pathway.
Rats did not display such a reduction in carnosine or histidine, rather a distinct elevation of methyl-histidine
levels may reflect the degree of transition during ST, implying muscle remodelling may be incomplete
(Kissane et al., 2023) and suggesting that a more sustained stimulus is required to reach equilibrium in the

rat skeletal muscle.

Caution is needed in extrapolating findings across scales, our previous experiments manipulating levels of
mechanotransduction in rats (Kissane et al., 2023) supports a graded metabolic response for individual
metabolites, likely linked to tissue oxygen gradients (Walenta et al., 2001). This may be a consequence of
species differences, involving varying metabolic rates and oxygen diffusion distances (Schmidt-Nielsen &
Pennycuik, 1961). Additionally, species-specific responses to angiogenic stimuli have been presented
previously (Norrby et al., 1989), with rats showing greater vascular remodelling for lung vasculature in

response to chronic hypoxia compared with mice (Hoshikawa et al., 2003).
Limitations and future direction

While there is evidence that the chronic combination of exercise and hypoxia (3+ weeks) may drive greater

adaptive structural remodelling of the microvasculature, compared to training at normoxia, it is not known
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if this combined training response may happen earlier (Lemieux & Birot, 2021). Here we have provided
insight at a single, acute timepoint, suggesting that hypoxia may in fact blunt the training adaptive
response. These observations imply that a metabolic response to physiological challenge, normally
assumed to be relatively quick, may lag other compensatory mechanisms. However, if insufficient this may
subsequently drive structural adaptations to facilitate an adequate holistic response. To further validate
this assertion, it is necessary to undertake more refined acute-to-chronic timepoint measurements to

clarify such interaction.

Further, we have used ST as an exercise surrogate. Firstly, for its reproducible muscle workloads, and
secondly, indirect stimulation at 10Hz has been shown to promote the greatest active hyperaemia response
at a submaximal force recruitment, leading to significantly elevated microvascular composition across the
TA (Kissane et al., 2023). In this model we expect the intracellular PO, during muscle activity to be close to
estimates during exercise (~1-5mmHg) (Poole & Musch, 2023), supporting its physiological validity and
surrogacy for traditional exercise interventions in rodents. The impact of a cyclic (transient) muscle
activation pattern, and therefore the potential for a transient tissue hypoxia cannot be ruled out. However,
a transient decrease in PO, is likely accommodated by physiological capacitance, i.e. resistance to normal
fluctuations in supply and demand, whereas hypoxia-induced responses require some (often

indeterminate) period of exposure before triggering an adaptive response.

Conclusion

In this study we have demonstrated functionally relevant skeletal muscle adaptation to
mechanotransduction-driven angiogenesis through acute indirect stimulation. However, counter to our
hypothesis (hyp 1), hypoxia did not promote a similar structural remodelling that would facilitate greater
local oxygen supply. Interestingly, opposed to our second hypothesis (hyp 2) whilst ST led to structural
remodelling it preserved metabolite levels, H led to greater metabolic realignment in the absence of
complementary structural changes. Understanding the temporal sequence of these events may lead to
better muscle interventions to prevent surgical- or disease-induced muscle insult and may be best

exploited combining strategies to incorporate both transcriptomics and metabolomics.
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569  Figure 1. Angiogenic response of the mouse tibialis anterior core region. The posterior compartment of
570  the mouse tibialis anterior contains smaller and more oxidative fibres (a). Changes in capillary-to-fibre ratio
571 (b), capillary density (c), fibre cross-sectional area (d), capillary domain area (e), standard deviation of the
572 logged capillary domain area (f-g). Model estimates of tissue PO> (h) and hypoxia (i) for the core region of
573 the tibialis anterior when simulated at high oxygen consumption rates (Al-Shammari et al., 2019). Data

574 presented as mean * SD, * P<0.05, ** P<0.01, *** P<0.001, colour-coded to show groups compared.

575  Control (CT, n=4), indirect stimulation (ST, n=5), hypoxia (H, n=6) and combination indirect stimulation and

576  hypoxia (H+ST, n=6).



577

578
579
580
581
582
583
584

Capillary Domain Area (pmz)

a [F s 20 =5.086, P,,=0.026]
Cross-section of tibialis anterior 3.0
2.5
; i
20t [P ¢ %
® * . g =
U
" O 1.0
Glycolytic Cortex
0o % (larger CSA) 0.5 —
PO: (mmHg)
0 T T
cT ST H H+ST
d [Frsr165.145, P,,;=0.058) [Fa»,=6.993, P,,=0.026]
3500 1800 —
3000 — o] .
s ? ¥ T : T
— k4 —

g 2t I * 7] o 1200 T I |
Z 2000 I s f 1
< ; 900 —

» 1500 — a 1
4 O 600 —
L 1000 —
500 — 300 —
! et Vst T on Ty 9 I T
+ST cT ST H H+ST
g h [Fas1s=7.077, P,4=0.04]

0.002 — 20
: T
‘@ 15—
3 7
S : N -
£0.001 E 101 . I I
b—3 N ON 1
e} \ ! .
g / \\ o
< \\ 5—

/4
o / \
e
0 T | 0 T T
cT ST H H+ST
0 1000 2000 3000

[Fos10y=10.128, P,;=0.026]

2000 —
1500 —
o«
£ I
£ 1000 J_ 2
1
o A ° 1 52
) s
500
¢ CT I ST ! H H+ST I
[Fis1326=1.152, P,4=0.393]
0.20
2 1 I
05— T I T
a
7
S 0.10 -
o
i
0.05
g CT I ST T H H I
+ST
[F512665=3.025, P,4=0.081]
0.08
~ 0.06 .
g
8 *
x —
X 0.04
0.02 — 1 . l
o | .| I |
CT I ST I H H+ST I

Figure 2. Angiogenic response of the mouse tibialis anterior cortex region. The anterior compartment of

the mouse tibialis anterior contains larger and more glycolytic fibres (a). Changes in capillary-to-fibre ratio

(b), capillary density (c), fibre cross-sectional area (d), capillary domain area (e), standard deviation of the

logged capillary domain area (f-g). Model estimates of tissue PO, (h) and hypoxia (i) for the cortex region of

the tibialis anterior when simulated at high oxygen consumption rates (Al-Shammari et al., 2019). Data

presented as mean * SD, * P<0.05, ** P<0.01, *** P<0.001. Control (CT, n=4), indirect stimulation (ST, n=5),

hypoxia (H, n=6) and combination indirect stimulation and hypoxia (H+ST, n=6).
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586  Figure 3. Multivariate analysis for all ion features detected by mass spectrometry. Untargeted

587  metabolomics analysis for reverse-phase LC-MS (underivatized) (a, c) and derivatised reverse-phase LC-MS
588  (derivatised) (b,d) chromatographic analysis. Data analysed by Principal Component Analysis (a-b) and

589 Partial Least Squares Discrimination Analysis (PLS-DA) (c-d) to determine the similarity between measured
590 and modelled data (data represents n=6-9 samples/group). Data for PLS-DA represents direct comparison
591 of experimental data with modelled data, exploiting permutation analysis to determine the integrity of the
592  data.
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Figure 4. Pathway analysis for unidentified ion-features from reverse-phase chromatography LC-MS to
determine putative targets for pathway investigation. All ion-features were included and fold change (‘t’
score) and statistical significance (‘p value’) were calculated. Data was analysed using MetaboAnalyst 5.0.
For further details see methods. Significance threshold was set at P<0.05; species selection was for mouse
(Mus musculus) using the KEGG pathways; pathway Identification threshold was set at 3 metabolites within
pathway with a mass cut-off for putative identification=5ppm. Abbreviations; control (CT), indirect

stimulation (ST), hypoxia (H) and combination indirect stimulation and hypoxia (H+ST).
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Figure 5. The effect of differential manipulation of local tissue oxygen levels on the metabolism of
histidine and 1-methyl histidine in the tibialis anterior. Metabolite mapped onto the metabolic pathway
(a). While no significant modulation of B-alanine (c), anserine (d), urocanate (e) and 1-methyl histidine (f)
were present, there was a significant reduction in carnosine (b) and histidine (f) across treatment groups.
Data presented as mean * SD, * P<0.05, ** P<0.01, *** P<0.001. Control (CT, n=7), indirect stimulation (ST,

n=9), hypoxia (H, n=6) and combination indirect stimulation and hypoxia (H+ST, n=6).
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Figure 6. The effect of differential manipulation of local tissue oxygen levels on glycolysis metabolism.
Metabolite mapped onto the glycolysis metabolic pathway with linear mixed model statistics (a).
Differential regulation occurred throughout the glycolysis pathway with significant differences seen in
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n=9), hypoxia (H, n=6) and combination indirect stimulation and hypoxia (H+ST, n=6).

3-phosphate (e), 1,3-bisphosphoglycerate (f), 3-phosphoglycerate (g), pyruvate (h) and acetyl-CoA (i) levels.
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894 Figure Al. Oxygen levels across the experimental groups. Overview of the experimental timeframe and
895  the oxygen levels of the mice used in this study. The hypoxia group of mice were gradually lowered over
896  the course of one-week (Davidsen et al., 2016). Surgery to implant stimulators were completed and turned
897  on 24 hours later. Therefore, mice received hypoxia (10%) for seven days (hypoxia group; H) on their
898  contralateral limb, while the ipsilateral limb received hypoxia and indirect stimulation (H+ST). A control

899  group of mice underwent no surgery (CT) while the stimulation only mice received seven days of indirect
900 stimulation (ST).
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902  Figure A2. Angiogenic response of the tibialis anterior core region across scales. The posterior

903 compartment of the tibialis anterior contains smaller and more oxidative fibres in both mice and rats (a).
904  Changes in capillary-to-fibre ratio (b), capillary density (c), fibre cross-sectional area (d), capillary domain
905 area (e), standard deviation of the logged capillary domain area (f-g), modelled tissue PO2 (h) and

906  estimated hypoxia (i) for the core region of the tibialis anterior in response to indirect electrical stimulation.

907 Data presented as mean + SD, * P<0.05, ** P<0.01, *** P<0.001. Control (CT; mouse n=4, rat n=4), indirect

908 stimulation (ST, mouse n=5, rat n=5).
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910  Figure A3. Angiogenic response of the tibialis anterior cortex region across scales. The anterior

911 compartment of the tibialis anterior contains larger and more glycolytic fibres in both mice and rats (a).

912  Changes in capillary-to-fibre ratio (b), capillary density (c), fibre cross-sectional area (d), capillary domain
913  area (e), standard deviation of the logged capillary domain area (f-g), modelled tissue PO2 (h) and

914  estimated hypoxia (i) for the core region of the tibialis anterior in response to indirect electrical stimulation.
915 Data presented as mean + SD, * P<0.05, ** P<0.01, *** P<0.001. Control (CT; mouse n=4, rat n=4), indirect

916 stimulation (ST, mouse n=5, rat n=5).
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Figure A4. The differential effect of indirect electrical stimulation on the metabolism of histidine and 1-

methyl histidine across mice and rats. Metabolite mapped onto the metabolic pathway (a). Mice

predominantly presented with modified levels of carnosine (b) and histidine (f), while rat skeletal presented

with increased anserine (d) and 1-methyl histidine (g). Across both species 3-alanine (c) and urocanate (e)
were not significantly different. Data presented as mean + SD, * P<0.05, ** P<0.01, *** P<0.001 vs. species

specific control. Control (CT; mouse n=7, rat n=5) and indirect stimulation (ST; mouse n=9, rat n=5).



