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Abstract

The various functions of skeletal muscle (movement, respiration, thermogenesis, etc.) require the presence of oxygen (O3).
Inadequate O, bioavailability (ie, hypoxia) is detrimental to muscle function and, in chronic cases, can result in muscle
wasting. Current therapeutic interventions have proven largely ineffective to rescue skeletal muscle from hypoxic damage.
However, our lab has identified a mammalian skeletal muscle that maintains proper physiological function in an
environment depleted of O,. Using mouse models of in vivo hindlimb ischemia and ex vivo anoxia exposure, we observed
the preservation of force production in the flexor digitorum brevis (FDB), while in contrast the extensor digitorum longus
(EDL) and soleus muscles suffered loss of force output. Unlike other muscles, we found that the FDB phenotype is not
dependent on mitochondria, which partially explains the hypoxia resistance. Muscle proteomes were interrogated using a
discovery-based approach, which identified significantly greater expression of the transmembrane glucose transporter
GLUT1 in the FDB as compared to the EDL and soleus. Through loss-and-gain-of-function approaches, we determined that
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GLUT1 is necessary for the FDB to survive hypoxia, but overexpression of GLUT1 was insufficient to rescue other skeletal
muscles from hypoxic damage. Collectively, the data demonstrate that the FDB is uniquely resistant to hypoxic insults.
Defining the mechanisms that explain the phenotype may provide insight towards developing approaches for preventing

hypoxia-induced tissue damage.
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Introduction

Acute or extended bouts of hypoxia or anoxia can induce
and/or exacerbate a skeletal muscle myopathy. This myopathy
is characterized by the loss of muscle force-producing capac-
ity that contributes directly to overall muscle weakness and
potentially leads to reduced functional independence.’? Dur-
ing lengthy bouts of hypoxia, the inability of skeletal muscle
to survive and function becomes a major predictor of mortality
and associates with the development of a necrotic pathology.>*
Hypoxia detrimentally affects skeletal muscle in numerous dis-
eases, including various dystrophies, peripheral artery disease,
acute traumatic arterial injury/occlusion, and heart failure, as
well as elective surgeries such as total knee arthroplasty.>”
Thus, it is critical to define mechanisms and/or approaches
that can attenuate hypoxia-induced loss of skeletal muscle

function.

A critical gap in developing interventions and/or treatments
for hypoxic muscle injury is that the field currently lacks knowl-
edge of the properties reflective of hypoxia resistance. There-
fore, the available information is insufficient to reverse engi-
neer a muscle to survive without O,. This gap is attributable
to the fact that the most extensively studied skeletal muscles
are sensitive to hypoxia and exhibit damage within minutes of
a hypoxic insult.®® Irrespective of muscle fiber type, skeletal
muscle is dependent upon a maintained cellular O, tension. O,
serves as the terminal electron acceptor in the mitochondrial
electron transport system (ETS), which is a critical component
of meeting the energetic demand of the cell. The extensor digi-
torum longus (EDL) muscle, for example, is composed predomi-

nantly of fast glycolytic fibers (ie IIb or IIx fibers) and yet requires
0, to remain viable.?® Thus, O, dependency is a universal phe-
notype of skeletal muscle,

To induce hypoxia in vivo, we employ an animal model in
which the femoral artery in the lower limb is transected and lig-
ated, resulting in loss of O, tension to distal skeletal muscles. In
this model, we have documented a complete loss of force pro-
duction in the EDL and soleus muscles.!? Current dogma states
that tissues located most distal to the site of an arterial occlu-
sion suffer the greatest functional burden and necrotic pathol-
ogy.'? However, we surprisingly discovered that the flexor dig-
itorum brevis (FDB)—a muscle located at the bottom aspect of
the foot that is among the most distal from the site of artery
transection—exhibits a remarkable capacity to maintain func-
tion following the same hypoxic insult. Our in vivo findings
were confirmed using an ex vivo approach, during which mus-
cle anoxia exposure significantly impaired function in the EDL
and soleus but did not alter the force-producing capacity of the
FDB.

Here we reveal that, unlike any other skeletal muscle, the
FDB can function properly without O, for extended periods of
time. Importantly, the FDB provides a unique model system
from which the field can gain novel insight toward developing
approaches for promoting tissue survival during hypoxia. In this
study, we provide a complete characterization of the FDB’s abil-
ity to resist hypoxic insults and we present data concerning
our initial attempts to uncover the underlying mechanism(s).
We specifically hypothesized that the FDB relies on glycolytic
metabolism to maintain physiological function and meet ener-
getic demands during hypoxia.



Materials and Methods
Animals

The following mice were utilized in the described experiments:
10-12-wk-old male C57BL/6NJ mice (n = 88, Jackson Laborato-
ries) and 10-12-wk-old male and female muscle-specific GLUT1
knockout (KO) mice generously provided by Dr. Carol Witczak
(Indiana University) and Dr. E. Dale Abel (University of California,
Los Angeles). GLUT1 fl/fl mice were bred with muscle creatine
kinase Cre recombinase transgenic mice (MCK-Cre*; C57BL/6 J
strain #005 304; Jackson Laboratories), generating MCK-Cre*
(control), GLUT1 I/l (WT), or muscle-specific GLUT1 knockout
(GLUT1 KO). For these studies, both male and female GLUT1 KO
or GLUT1 fl/fl and their wild-type/control littermates (n = 6-
8/group) were utilized. Genetic deletion of GLUT1 specifically in
the skeletal muscle was confirmed previously by the Witczak
lab.’® Additionally, our lab confirmed the reduction of GLUT1
mRNA in single FDB muscle fibers via RT-PCR (PowerTrack SYBR
Green #A46109, ThermoFisher) in a similar fashion as previ-
ously described using primer sequences for GLUT1 (SLC2A1)
and HAGH.'® No differences were detected in the FDB muscles
between the MCK-Cre* (control) and GLUT1 fl/fl (WT) in a pre-
liminary investigation; thus, GLUT1 fl/fl were used as WT mice
for the present study.

Mice were housed in a temperature-controlled (22°C) and
light-controlled (12/12h light/dark) facility and allowed ad libi-
tum access to food and water. All animal procedures and usage
were approved by the Institutional Review Committee at East
Carolina University, and animal care complied with the Guide
for the Care and Use of Laboratory Animals, Institute of Labora-
tory Animal Resources, Commission on Life Sciences, National
Research Council (Washington: National Academy Press, 1996).

Model of Acute Hindlimb Ischemia

Acute hindlimb ischemia (HLI) was induced in the lower limb
as previously described.'? Briefly, to anesthetize the C57BL/6N]
mice, an intraperitoneal injection of ketamine at 90 mg/kg body
weight and xylazine at 10 mg/kg was administered. A small inci-
sion was made between the leftinguinal fat pad and peritoneum
to access the femoral artery, which was then isolated from the
femoral vein. Ligatures were placed on the femoral artery in the
region distal to the inguinal ligament and the region proximal
to the lateral circumflex branch. The femoral artery was sub-
sequently transected at the area between the ligatures. For pain
management, mice were administered a subcutaneous injection
of buprenorphine at 0.5mg/kg while recovering. Anesthetized
mice were euthanized at various time points following induc-
tion of HLI for subsequent analysis.

Histology

Muscle morphology was assessed in control and ischemic mus-
cles via standard hematoxylin and eosin staining methods.
Briefly, EDL, soleus, and FDB muscles were frozen in optimal
cutting temperature (OCT) media using isopentane submerged
in liquid Nj. Transverse cryosections (10 um) from the muscle
mid-belly were cut using a cryostat (Leica 3050S) and adhered to
charged glass slides. Sections were air-dried for 10 min prior to
standard staining procedures. Following staining, sections were
mounted, coverslipped, and imaged using an EVOS FL micro-
scope (Life Technologies) through a 10x objective lens.
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Blood Perfusion of the Limb and Paw

Blood perfusion to the lower limb was assessed using laser
Doppler perfusion imaging (LDPI), as previously described.*?
Briefly, mice were anesthetized with ketamine/xylazine and
placed on a heating pad at 37°C. Using a microshaver, fur was
removed from the lower limb, and both plantar paws (4 ms/pixel
scan rate) and medial thighs (10 ms/pixel scan rate) were imaged
using a LDI2-High Resolution System (830nm) (Moor Instru-
ments, Moor, Axminster, UK). LDPI was performed prior to HLI
surgery, immediately following surgery, and at 24 and 48 h fol-
lowing surgery, prior to sacrifice.

Perfused Vessel Labeling

Quantification of total vessel and perfused vessel content was
performed as previously described.?? Briefly, mice were admin-
istered a retro-orbital injection of Griffonia simplicolia isolectin-
B, Dylight 594 conjugate (Vector Labs, Burlingame, CA) (50 pL
of 1mg/mL) immediately following the induction of HLIL. At 6h
post-HLI, EDL and FDB muscles were dissected and frozen in
OCT compound (VWR). Transverse cryosections (10 um) taken
from the muscle midbelly were cut using a cryostat (Leica 3050S)
and mounted on charged glass slides. Slides were fixed in 1:1
ice-cold methanol/acetone and incubated for 10min at -20°C.
Following 10min of air drying, sections were rehydrated with
ice-cold 1x phosphate buffered saline (PBS) for 5 min. Phosphate
buffered saline was subsequently removed, and sections were
blocked with PBS-diluted 5% goat serum at room temperature
in the dark for 1h. After removing goat serum, sections were
incubated overnight with goat anti-rat CD31 (platelet endothe-
lial cell adhesion molecule) primary antibody (BioRad) (1:100)
and anti-dystrophin primary antibody (Abcam ab15277) (1:100)
at 4°C. The following day, primary antibodies were removed,
and sections were washed three times with ice-cold 1X PBS for
Smin. Secondary antibodies (Alexa Fluor 488 goat anti-rat IgG,
Thermo Fisher Scientific A-11006, and Alexa Fluor 647 goat anti-
rabbit IgG, Thermo Fisher Scientific A-21244) were subsequently
applied to sections (1:250) for incubation at room temperature in
the dark for 1h. Following removal of secondary antibodies and
a second round of washing at 3 x 5 min with ice-cold 1X PBS, sec-
tions were mounted with Vectashield (Vector Labs) and imaged
using an EVOS FL microscope (Life Technologies) through a 20X
objective lens. Image quantification was performed using the
Image]J software by measuring the percentage area of Dylight 594
and CD31 positive signal within each image and, representing
the data as a ratio of the signals.

Muscle Dissection for Contractile Measurements

EDL, soleus, and FDB muscles were dissected as previously
described.'* Briefly, mice were anesthetized via isoflurane (3%-—
4%) and muscles dissected, with the mouse euthanized after
the tissue was removed. During the dissection of the muscles,
4-0 silk suture was used to tie a double square knot at distal
and proximal tendons. Tendons were cut just above the knot,
and muscles were submerged in a bath of oxygenated (95%
0,/5% CO,) Krebs Ringer buffer (KRB) (119 mMm NaCl, 5mwm KCl,
Smm NaHCOs3, 1.25mm CaCly, 1 mM KHyPO,, 10 mM HEPES, and
1 mM MgSO,) at room temperature. To force the muscle to rely
on stored substrates, the KRB did not contain any metabolic
substrates (eg, glucose). The muscles were dissected from each
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animal as quickly as possible and immediately placed in oxy-
genated KRB. Muscles were affixed to a force transducer appa-
ratus (Aurora Scientific) and equilibrated in the oxygenated KRB
bath for 10 min. Following equilibration, optimal muscle length
(Lo) was determined by administering maximal twitch stimula-
tions every 30 s and incrementally adjusting muscle Lo until peak
twitch force was achieved.

Muscle Contractile Protocols

Following establishment of Ly, EDL, soleus, and FDB muscles
were subjected to either a force-frequency protocol as previ-
ously described,** or a 3-h protocol of isometric muscle contrac-
tion. We have published a detailed description of the protocol for
assessing the contractile function of the FDB, EDL, and soleus.**
Briefly, silk suture was tied to the proximal and distal tendons
of all muscles except for the FDB, where suture is secured to the
three medial toe tendons simutaneously. Force-frequency pro-
tocols were employed in the oxygenated (95% 0,/5% CO,) KRB
bath with isometric force measured via sequential administra-
tion of 200 ms pulse trains separated by 60s at 10, 20, 40, 60, 80,
100, and 120 Hz. For the 3-h protocol, isometric force was mea-
sured with the administration of 200ms pulse trains at 100 Hz
every 10 min over the course of 3h. To run the 3-h protocol, the
muscles were initially incubated in oxygenated KRB, and resting
Lo was determined as described above. The muscles were either
switched to a fresh solution of oxygenated (95% 0,/5% CO,) KRB
or nitrogenated (95% N,/5% CO,) KRB to simulate anoxia. Using
a Clark electrode (Innovative Instruments, Inc), measurable O,
concentration in the KRB was reduced to undetectable levels
~30s after the KRB was bubbled with N,. Following contrac-
tile protocols, Ly was measured using digital calipers. Muscles
were then removed from the force transducer, and tendons were
trimmed using micro-scissors. Muscles were blotted dry prior to
measuring wet weights. Finally, muscles were flash frozen in lig-
uid Ny. Specific muscle force (N/cm?) was determined as previ-
ously described? using predetermined equations.'*:16

Pharmacological Inhibition of Mitochondrial
Respiration and Glycolysis

To inhibit mitochondrial respiration, muscles were incubated
with potassium cyanide (KCN). Cyanide binds the heme-
containing subunit of complex IV in the ETS, inhibiting O, uti-
lization.” Following muscle isolation, determination of Ly, and
measurement of initial normoxic force production, either 2mm
KCN or the equivalent KRB vehicle was added to the bath.
Muscles were then subjected to anoxia (95% N,/5% CO) and
completed the 3-h contractile protocol described above. The
KCN concentration was determined based on previous work in
murine contractile function experiments.® We also confirmed
that this concentration completely abolished mitochondrial res-
piration in murine isolated fiber bundles (data not shown).

To inhibit glycolysis, muscles were incubated with bromopy-
ruvate (BrP). Bromopyruvate inhibits the activity of hexokinase
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).'® Fol-
lowing muscle isolation, determination of Ly, and measurement
of initial normoxic force production, either 500 um BrP or the
equivalent KRB vehicle was added to the bath. Muscles were
then subjected to anoxia (95% N»/5% CO,) and completed the 3-
h contractile protocol described above. A concentrations of BrP
were tested incrementally between 100 um and 1 mm based on

previous studies.?’:?! 500 um was the highest tolerable concen-
tration that did not result in immediate signs of muscle toxi-
city. Other cell types have been incubated with BrP concentra-
tions as low as 10 um?? and as high as 1000 um?? in previous
research.

Adenine Nucleotide Measurements

Adenine nucleotides (ATP), adenosine diphosphate (ADP), and
adenosine monophosphate (AMP) and inosine monophosphate
(IMP) concentrations in EDL, soleus, and FDB muscles were
determined using ultra-performance liquid chromatography
(UPLC) as previously described.?*?> Briefly, muscles were dis-
sected, incubated in oxygenated or nitrogenated KRB for 1h, and
flash frozen in liquid N,. Muscles were homogenized using a
glass-on-glass homogenizer in cold 3.5% perchloric acid (PCA),
and protein was removed via centrifugation. Homogenates were
neutralized with 1M potassium hydroxide (KOH), and adenine
nucleotides and IMP concentrations were determined using an
Acquity UPLC H class system (Waters, Milford, MA). IMP accu-
mulation is reflective of a mismatch between ATP synthesis and
degradation, while a decreased ATP/AMP ratio is indicative of
impaired cellular energy status.?®?’ Concentrations of adenine
nucleotides and IMP were normalized to muscle wet weights

(mg).

Muscle Proteomics

The proteomes of the EDL, soleus, and FDB muscles were charac-
terized using methods described previously?® with slight modi-
fications. Briefly, muscles from both limbs were dissected from
two different male C57BL/6N]J mice and combined to ensure ade-
quate protein yield. Four total muscles were added to 1mL of
urea-based lysis buffer (8 M urea, 50 mm Tris, 40 mM NaCl, 2mm
MgCl,, 10 mm NayP,07, 50 mm NaF, 50 uL Halt protease inhibitor
cocktail, and 1 PhosSTOP tab), and homogenized on ice using
a handheld homogenizer (Kinematica AG). This was repeated
four times resulting in four different biological samples per mus-
cle type. Samples were fractionated using the Pierce High pH
Reversed-Phase Peptide Fractionation Kit (ThermoFisher Scien-
tific, Cat # 84868), and fractions were frozen on dry ice and
lyophilized. Each fraction was resuspended in 0.1% formic acid
at a concentration of 0.25 ug/uL following peptide quantifica-
tion (ThermoFisher Scientific, Cat # 23275). Nano LC-MS/MS
analysis was performed as previously described.?®:?° For data
analysis, Proteome Discoverer 2.2 (PDv2.2) and MitoCarta 3.0
were used as previously described?® with significance set at
P < 0.05. A detailed description of these procedures is provided
in the Supplement. All raw data have been deposited in Pro-
teomeXchange (accession # PXD039811) and jPOST (accession #
JPST002018).3°

Muscle Glycogen Content

Glycogen content was determined by acid hydrolysis and an
enzyme-coupled assay to measure D-glucose concentrations, as
previously described.'? Briefly, segments (2-6 mg) of frozen EDL,
soleus, and FDB muscles were placed in 125 pL of 2M HCI for
acid hydrolysis and boiled on a heating block at 95°C for 2h.
Over the course of the 2h, samples were vortexed every 30 min.
Following acid hydrolysis, samples were neutralized with the
addition of 125 pL of 2 N NaOH, and 5 pL of Tris-HCl pH 7.0 was
added to act as a buffer. Samples were vortexed vigorously, and



10 pL of each sample was added to a clear 96-well plate along-
side 10 uL of a glucose calibrator (Cima Scientific) and 10 pL of
water to act as a blank. A volume of 200 pL of hexokinase reagent
(ATP—1.0mMm; glucose-6-phosphate dehydrogenase [G6PDH]—
3250 u/L; hexokinase [yeast]—1000 u/L; NAD—1.0 mm) (Cima Sci-
entific) was added to each welland samples incubated at room
temperature for 10min. During this incubation, hexokinase
used ATP to catalyze the phosphorylation of glucose to G6P,
which is then oxidized with the concomitant reduction of NAD
to NADH. Absorbance at 340nm was measured on a Cytation
5 microtiter plate reader (Biotek, Winooski, VT) to determine
the concentration of NADH, which is directly proportional to
the concentration of glucose. A linear standard curve (gener-
ated by the glucose calibrator) determined the D-glucose con-
centration in each sample, which was normalized to muscle wet
weight (mg).

Muscle Lactate Content

Lactate content was determined using a lactate assay kit
(Sigma). Briefly, segments (2-6mg) of frozen EDL, soleus, and
FDB muscles were submerged in 75 pL of 3M PCA maintained
on dry ice. Samples were placed on ice for 15min to allow the
PCA to thaw and penetrate the muscle. Next, samples were incu-
bated at 4°C for 5min, then refrozen on dry ice. Once the PCA
was frozen, 125 uL of 2M potassium bicarbonate was added to
each sample while on dry ice and samples were centrifuged
at 4000 x g for 1h (4°C). Caps were left open to prevent pres-
sure increases due to CO, buildup inside the centrifuge tubes.
Following centrifugation, 10 uL of each sample were added to
a 96-well plate alongside lactate standards (0, 2, 4, 6, 8, and
10 nmol/well). Lactate assay buffer (Sigma) was added to each
well to achieve a final volume of 50 uL. Next, 50 uL. of lactate
master mix (46 uL lactate assay buffer, 2 L lactate enzyme mix,
and 2 pL lactate probe, Sigma) was added to each well. The plate
was then covered for light protection and shaken for 30 min.
Absorbance at 570 nm was measured on a Cytation 5 microtiter
plate reader (Biotek, Winooski, VT). A linear standard curve (gen-
erated by the lactate standards) determined the lactate concen-
tration in each sample, which was normalized to muscle wet
weight (mg).

Muscle Ascorbate Content

A colorimetric enzyme-based assay kit (Abcam, ab65656) was
used to measure the ascorbate content of the EDL, soleus, and
FDB muscles. Briefly, muscles from GLUT1 KO (n = 16) and age-
matched WT littermates (n = 14) were dissected and snap-frozen
in liquid N». Muscles from two mice were combined to ensure an
adequate yield of muscle mass. Combined samples were resus-
pended in 20 uL of deionized H,0 per mg of tissue and homog-
enized using a glass-on-glass homogenizer for 10-15 passes.
Samples were then centrifuged at 500 x g for 5min (4°C) and
the supernatant was collected and transferred to a clean micro-
centrifuge tube. Following completion of the assay procedure,
ascorbate content was measured using a 96-well microplate at
593nm and normalized to total protein content determined by
a Pierce BCA Protein Assay Kit (ThermoFisher Scientific), which
was carried out in triplicate.
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GLUT1 Overexpression

GLUT1 overexpression in the EDL was achieved by injecting
GLUT1-GFP cDNA via AAV9 into the anterior compartment of
the lower limb of male GLUT1 KO mice (10-12wk age, n = 24
animals). We have previously shown this approach effectively
transduces both the TA and EDL muscles.?!:3? Briefly, animals
were anesthetized by isoflurane inhalation (3%—4% or to effect),
and after proper surgical depth was obtained, a 29-gauge nee-
dle was used to deliver 1.5 x 10! viral genome particles sus-
pended in 40 pL of sterile 1x PBS to the EDL. Contralateral limbs
were injected with an equivalent volume of a PBS vehicle to
serve as an internal control. We have previously found that AAV
delivery of GFP alone does not affect force production.!* At

3 wk post-injection, appropriate GLUT1 localization was deter-
mined via GFP signal colocalization with dystrophin staining.
We repeated the 3-h contractile protocol described above in
EDL muscles from GLUT1 KO mice under the following con-
ditions (n = 8/group): GLUT1 alone, GLUT1 + 5mwm glucose,
GLUT1 + 50 uMm ascorbate (Sigma #A4034), and GLUT1 + 50 um
ascorbate + 50 mU/mL ascorbate oxidase (Sigma #A0157). Glu-
cose, ascorbate, and ascorbate oxidase were added directly to
fresh KRB that replaced unsupplemented KRB at the time of the
experiments. The glucose concentration was based on circulat-
ing concentrations in a lean mouse, and ascorbate concentra-
tions were based on previously described cell culture experi-
ments.>

Statistical Analysis

All data are presented as mean + SEM. Statistical analyses were
performed using GraphPad Prism (Version 9.0; DotMatics). One-
way or two-way ANOVA with Tukey’s multiple comparisons test
was used for comparisons of group means when appropriate.
Two-tailed t-tests were used when appropriate. For all statistical
tests, P < 0.05 was considered statistically significant.

Results

Short Term HLI Does Not Cause Functional or
Structural Damage in the FDB

Ex vivo isometric force production and muscle histomorphology
were assessed in the EDL, soleus, and FDB following 48 h of HLI.
Previous work from our lab has demonstrated nearly a complete
loss of force-producing capacity in skeletal muscles distal to the
ligation site.’! In agreement, the EDL (Figure 1A, P < 0.00005)
and soleus (Figure 1B, P < 0.005) exhibited a significant loss in
specific force post-HLI compared to the muscles from the con-
tralateral control limb. In contrast, the FDB lacked any measur-
able loss in force output despite the same insult (Figure 1C).
Histological assessment revealed the presence of severe myopa-
thy in the ischemic EDL and soleus, as demonstrated by fibrotic
lesions within the interstitium and altered myofiber morphology
(Figure 1D). The FDB, however, did not exhibit typical signatures
of ischemia-induced myopathy at the same time point (Figure
1D).

Perfusion to the FDB Is Not Detectable in the HLI Model

Blood flow to the paw as assessed by LDPI in the ischemic
limb was reduced immediately after HLI surgery (Oh, Figure
2A) and remained depressed through the 48-h timepoint (Figure
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Figure 1. (A-C) In vivo HLI leads to functional and structural damage in the EDL and soleus, but not the FDB. Force-frequency curves from control (red) and ischemic
(blue) EDL (P < 0.00005 compared to contralateral control), soleus (P < 0.005 compared to contralateral control), and FDB muscles at 48h post-HLI. Muscles were
stimulated to contract over a range of increasing frequencies, and force output was plotted at each stimulation. (D) Representative cross-sectional images of the EDL,

soleus, and FDB stained with hematoxylin and eosin at 48h post-HLI.

2A-B). The paw, where the FDB is located, exhibited a sig-
nificant loss in blood flow at all timepoints (Figure 2B). We
have previously documented a complete loss of O, satura-
tion in skeletal muscles distal to the ligation site follow-
ing induction of HLL'? Individual vessel perfusion at the tis-
sue level was confirmed using GS-IB4 lectin delivery, which
labels actively perfused vessels.’? Hindlimb ischemia surgery
eliminated tissue level vessel perfusion in the ischemic EDL
and FDB but not within the contralateral control muscles
(Figure 2C; orange). Quantification of GS-IB4 signal and nor-
malization of GS-IB4 to the number of CD31" vessels (tissue
endothelial cells), demonstrated a consistent loss of perfusion
to the ischemic EDL and FDB in the HLI limb (Figure 2D-F,
P < 0.0005).

The FDB Retains Force Production During Ex Vivo
Anoxia Exposure

To further assess the FDB in a controlled environment, muscles
were surgically removed and placed in either a normoxic (Oy)
or anoxic (N;) Krebs-Ringer Buffer (KRB) within an ex vivo tissue
bath system. The EDL and soleus exhibited a rapid loss in force
output as early as 20min of anoxia exposure when compared
to oxygenated control conditions (Figure 3A-B). The FD*° (force
drop 50) represents the time at which the muscle loses 50% of
its initial normoxic force production and is a proxy of the mus-
cle’s sensitivity to hypoxia. The EDL and soleus muscles reached
the FD*° at a similar timepoint (66.8 and 61.8 min, respectively)
during anoxia (Figure 3D). Furthermore, a near-complete loss of
force-producing capacity in these muscles was evident at ~2h
following the onset of anoxia exposure (Figure 3A-B). In contrast,
the FDB did not lose force output during the first 2h of anoxia

and maintained a similar percentage of initial force production
between normoxic and anoxic conditions until 160 min of the
protocol (Figure 3C).

Nucleotide Concentrations Differ Across Anoxic
Skeletal Muscles

Mammalian skeletal muscle requires O, to derive chemical
energy in the form of ATP. The total amount of ATP in a cell
is not a driving factor of function, but rather the concentration
of ATP ([ATP]) relative to the concentration of ADP ([ADP]). A
lower [ATP]/[ADP] or [ATP]/[AMP] ratio is indicative of energetic
stress in the tissue.3* Higher [IMP] reflects energetic stress as
well. Minimal changes were detected in [ATP] after anoxia expo-
sure across muscles. However, the anoxic EDL and soleus exhib-
ited significantly lower [ATP]/[ADP] and [ATP]/[AMP] ratios com-
pared to contralateral oxygenated muscles (Table 1, P < 0.05).
Furthermore, IMP concentrations significantly increased in the
EDL and soleus following anoxia exposure (Table 1, P < 0.05).
Remarkably, no differences in either the [ATP]/[ADP] ratio, the
[ATP)/[AMP] ratio, or [IMP] were detected between normoxic and
anoxic conditions in the FDB ( Table 1).

Unlike Other Peripheral Skeletal Muscles, FDB Function
Is Not Dependent Upon Mitochondria

Preserved contractile function of the FDB under anoxic condi-
tions suggests either that the muscle uniquely maintains O,
tension or that the muscle is not dependent upon the mito-
chondria to regulate energetic charge. To test this question, we
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Table 1. Nucleotide (umol/g wet wt.) in Different Skeletal Muscles Following 1h of 95% 0,/5% CO, (Normoxia) or 95% N,/5% CO, (Anoxia)

Exposure
ATP ATP/ADP ATP/AMP IMP
EDL SOL FDB EDL SOL FDB EDL SOL FDB EDL SOL FDB
0O, 6.1+02 35+07 21+02 59+03 45+02 32+ 0.2 5058 + 93 121 £ 19 56.7 £ 14.8 0.07 &£ 0.02 0.03 &+ 0.01 0.02 &+ 0.001

Ny 6.1+1

30+ 08 22402 46 + 0.3 1.8 £ 0.3* 2.8 +£ 0.2 176.3 + 2.3* 16.6 + 4.6 51.5 £+ 12.7 0.19 + 0.04* 0.22 + 0.07* 0.01 + 0.003

*P < 0.05.

treated muscles with KCN in the ex vivo bath to inhibit mito-
chondrial respiration and simultaneously limit oxygen availabil-
ity during anoxia exposure. The addition of KCN increased the
rate of force loss in the anoxic EDL and soleus as evidenced by
a lower FD*° compared to anoxia exposure alone (Figure 4D).
Significant differences in EDL (Figure 4A, P < 0.005) and soleus
(Figure 4B, P < 0.05) force output between KCN-treated and
control conditions were observed as early as 10min of anoxia
exposure. In the FDB, the FD** did not occur until 150.2 min
after KCN treatment, whereas the FD*°s of KCN-treated EDL
and soleus muscles were 37.4 and 23 min, respectively (Figure
4D). Significant differences in FDB force output between condi-
tions were observed after 130 min of anoxia exposure (Figure 4C,
P < 0.05).

Pharmacological Inhibition of Glycolytic Enzymes
Decreases FDB Force Output During Anoxia

Since the FDB’s maintenance of energetic charge during anoxia
does not appear to rely on the mitochondria, our data would
suggest that glycolysis is a major contributor to the function
of the FDB. To test this hypothesis, we incubated FDBs with
the glycolytic inhibitor BrP, which has been shown to inhibit
multiple enzymes in the glycolytic pathway.3®> During the 3-
h contractile protocol described above, the FD*° was reached
at 38.7 min in BrP-treated FDBs, which was similar to the EDL
(30.2min) and soleus (23.4min) under the same conditions
(Figure 4H). Significant differences in force output of all three
BrP-treated muscles were observed after 10 min of anoxia expo-
sure (Figure 4E-G, P < 0.05). In untreated muscles, we found sig-
nificant differences in glycogen content between the FDB and
EDL, but not the soleus (Figure 5A, P = 0.005). To determine
if anoxia exposure altered glycogen stores, we compared the
glycogen content of BrP-treated and vehicle-treated EDL and
FDB muscles following anoxia exposure. However, glycogen con-
tent did not decrease in either muscle between conditions
(Figure 5B-C).

Comprehensive Analysis of the FDB Proteome
Compared to the EDL and Soleus Proteome

To further delineate the unique phenotype of the FDB, we com-
pared the proteome of the EDL, soleus, and FDB using TMT-
labeled mass spectrometry and identified differential expres-
sion patterns of over 2000 proteins across muscles at a signifi-
cance level of P < 0.05 [Figure 6A-B, Supplementary Table S1 (top
75 targets)]. Calculation of the mitochondrial enrichment factor
(MEF) found that the mitochondrial protein content detected in
the FDB was considerably less than that of the EDL and soleus
(MEF; Figure 6C). The MEF represents the number of mitochon-
drial proteins identified by MitoCarta normalized to the total
number of proteins identified by the Proteome Discoverer (>500
different mitochondrial proteins were identified and included in
this factor). Heatmap analysis of ETS complex-specific content

across muscles further suggests that mitochondrial respiratory
capacity is lower in the FDB than the EDL and soleus (Figure
6D). To characterize mitochondrial function in the FDB, respira-
tion rates were assessed under energetically clamped conditions
in permeabilized muscle fiber bundles (PMFB) and in isolated
mitochondria from EDL and FDB muscles (Supplementary Figure
S1A-B). Across a range of physiologically relevant [ATP]/[ADP]
ratios, mitochondrial respiration rates were significantly lower
in both PMFB and isolated mitochondria from the FDBs com-
pared to the EDL muscles. These data are consistent with previ-
ously published work from our lab.!* Mitochondrial membrane
potential (AW) was also significantly lower in mitochondria iso-
lated from the FDB compared to the EDL (Supplementary Figure
S1C). Finally, the efficiency of the ETS as assessed by plotting JO2
vs AV was lower in FDB than EDL mitochondria (Supplementary
Figure S1D). The data suggest collectively that relative to mito-
chondria from the EDL, FDB mitochondria are inefficient and are
not critical to overall function. Due to the FDB’s relatively low
MEF, we hypothesized that glycolytic protein abundance would
be greatest in the FDB as compared to the EDL and soleus. How-
ever, the number of identified glycolytic proteins normalized to
the total number of identified proteins was significantly higher
in the EDL than the FDB, although the FDB did contain more gly-
colytic proteins than the soleus (Figure 6E). These findings were
supported by a heatmap analysis of identified glycolytic enzyme
content across muscles (Figure 6F).

GLUT1 Is Necessary for the Anoxia-Resistant
Phenotype of the FDB

We further refined the proteomics data by examining proteins
that were ~2-fold greater and significantly higher in the FDB
compared to the EDL and soleus. Considering the deleterious
effect of BrP on the force output of the FDB, we focused on targets
that might influence glycolytic function. Thus, we selected the
transmembrane glucose transporter protein type 1 (GLUT1) as
our first target. GLUT1 content in the FDB was 1.9- and 2.1-fold
greater than the EDL (P = 9.4 x 10~°, Supplementary Table S1)
and soleus (P =4.5 x 107>, Supplementary Table S1), respectively.
To determine if GLUT1 plays a critical role in the FDB’s resistance
to anoxia, we employed a skeletal muscle-specific GLUT1 knock-
out mouse (GLUT1 KO). Skeletal muscle-specific loss of GLUT1
expression was confirmed via mRNA analysis of single fibers
from the FDBs of GLUT1 KO mice (Figure 7A, P < 0.05). However,
no differences in GLUT1 mRNA were found between whole mus-
cle homogenates of FDBs from GLUT1 KO and WT mice (Figure
7B), indicating that GLUT1 is expressed in non-muscle cells.®®
Our data confirm another lab’s demonstration of GLUT1 dele-
tion in the skeletal muscle of the GLUT1 KO mice.'®* To deter-
mine whether GLUT1 is necessary for the FDB to maintain force
output during anoxia, we repeated the 3-h contractile proto-
col described above in WT and GLUT1 KO muscles. Deletion of
GLUT1 in the FDB resulted in loss of force output, as the FD>°
in the KO group was reached at 135min of anoxia exposure,
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