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ABSTRACT

Deep-Tissue Heating as a Therapeutic Intervention to
Prevent Skeletal Muscle Atrophy in Humans

Paul S. Hafen
Department of Exercise Sciences, BYU
Doctor of Philosophy

Skeletal muscle is a highly adaptable tissue that comprises approximately 40% of total
body weight while accounting for up to 90% of whole-body oxygen consumption and energy
expenditure during exercise. The loss of skeletal muscle protein and subsequent decrease in
muscle mass (atrophy) that accompanies disuse results primarily from a decrease in intracellular
protein synthesis combined with an increase in proteolytic activity. Interestingly, these processes
of skeletal muscle atrophy are amplified by changes in mitochondrial capacity, with evidence
suggesting that the maintenance of mitochondria during periods of disuse protects skeletal
muscle against atrophy. Remarkably, rodents with denervated muscle are protected against
muscle atrophy following whole-body heat stress. The mechanism of protection appears to be
tied to the observed increases in heat shock protein (HSP) and PGC-1a, which accompany the
heat stress. Without any published observations as to whether such heat-induced protection
against muscle atrophy would translate to human muscle, the aim of this project was to
determine the extent to which deep tissue heating (via pulsed shortwave diathermy) might
provide protection against skeletal muscle atrophy.

Keywords: muscle atrophy, human skeletal muscle, immobilization, heat stress, heat shock,
mitochondrial respiration
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Introduction

Skeletal muscle is a highly adaptable tissue that comprises approximately 40% of total
body weight, while accounting for up to 90% of whole-body oxygen consumption and energy
expenditure during exercise (5, 20). Furthermore, a substantial amount of research has shown
that an adequate amount of muscle mass can prevent the development of several chronic diseases
(e.g., type II diabetes and obesity) and is necessary to maintain work capacity throughout the
lifespan (66, 86). While improvements in metabolic capacity, structure, and function of skeletal
muscle occur in response to regular exercise training, these same characteristics are
compromised during periods of physical inactivity or muscle disuse (33, 46).

The loss of skeletal muscle protein and subsequent decrease in muscle mass (atrophy)
that accompanies disuse results primarily from a decrease in intracellular protein synthesis
combined with an increase in proteolytic activity (33). Interestingly, these processes of skeletal
muscle atrophy are amplified by changes in mitochondrial capacity, with evidence suggesting
that the maintenance of mitochondria during periods of disuse protects skeletal muscle against
atrophy (64). Remarkably, rodents with denervated muscle are protected against muscle atrophy
following whole-body heat stress. The mechanism of protection appears to be tied to the
observed increases in heat shock proteins (HSPs) and peroxisome proliferator-activated receptor
gamma, coactivator-1 alpha (PGC-1a), which accompany the heat stress (75). While the
increased HSPs provide more structural protection by preventing the breakdown of protein
structures, PGC-1a maintains metabolic capacity by maintaining mitochondrial function. These
potential mechanisms of protection are supported by transgenic animal research that has shown
significant reductions in muscle atrophy with the overexpression of either PGC-1a (68), HSP27

(16), or HSP70 (70).



Heat-induced protection against muscle atrophy has not yet been shown in human
skeletal muscle, as there is some controversy as to whether surface heating modalities (e.g.,
heating pad, hot water immersion, sauna) can raise muscle temperature sufficiently. For example,
the use of superficial heating pads lead to robust temperature increases at a depth of 1 cm below
the skin (~4°C), but only small increases (< 1°C) at depths approaching those of the deeper
skeletal muscles (17). In order to address the limitations related to heating depth, we will use a
common therapeutic modality of deep tissue heating called pulsed-shortwave diathermy. Pulsed-
shortwave diathermy uses nonionizing electromagnetic waves to produce significant temperature
changes (~3 to 4°C) at greater depths (~3 to 3.5 cm) than superficial heating pads (18).

With the ability to change intramuscular temperatures deep within skeletal muscle, we
will test the concept of heat-induced protection against muscle atrophy in human skeletal muscle.
It has been shown that 10 days of immobilization is sufficient to decrease muscle cross-sectional
area (12%) and muscle strength (—40%) in human skeletal muscle (78). Therefore, to assess the
effect of heat stress on skeletal muscle function and structure in the face of muscle wasting, we
employed daily deep tissue heating during a 10-day immobilization timeline.

Specific Aims and Hypotheses

Specific Aim I. To determine the effect of daily deep tissue heating (2 hours/day) on the
maintenance of metabolic capacity in response to 10 days of unilateral lower limb
immobilization.

1. We hypothesized that repeated deep tissue heating would attenuate the loss of
mitochondrial respiratory capacity (OXPHOS and ETS) in skeletal muscle subjected to

immobilization.



il. We hypothesized that repeated deep tissue heating would attenuate the loss of
mitochondrial respiratory chain complex proteins (Complexes I, I1, III, IV, and V) in skeletal
muscle subjected to immobilization.

Specific Aim II. To determine the effect of deep tissue heating (2 hours/day) on the maintenance
of muscle size in response to 10 days of unilateral limb immobilization.

1. We hypothesized that deep tissue heating would lead to decreased levels of the
intracellular proteins (MAFbx, Murf1) involved in the muscle atrophy processes. Specifically,
we expected to observe lower changes in MAFbx and Murfl expression in skeletal muscle
treated with deep tissue heating.

il. We hypothesized that deep tissue heating would attenuate the muscle atrophy
from 10 days of immobilization as measured by whole muscle (magnetic resonance imaging) and
fiber (immunohistochemistry) cross-sectional area.

Study 1
Repeated Exposure to Heat Stress Induces Mitochondrial Adaptation in Human Skeletal Muscle
Abstract

The heat stress response is associated with several beneficial adaptations that promote
cell health and survival. Specifically, in vitro and animal investigations suggest that repeated
exposures to a mild heat stress (~40°C) elicits positive mitochondrial adaptations in skeletal
muscle comparable to those observed with exercise. To assess whether such adaptations translate
to human skeletal muscle, we produced local, deep tissue heating of the vastus lateralis via
pulsed shortwave diathermy in 20 men (n = 10) and women (n = 10). Diathermy increased
muscle temperature by 3.9°C within 30 minutes of application. Immediately following a single

2-hour heating session, we observed increased phosphorylation of AMPK and ERK1/2, but not



of p38 MAPK nor JNK. Following repeated heat exposures (2 hours daily for 6 consecutive
days), we observed a significant cellular heat stress response, as heat shock protein 70 and 90
increased 45% and 38%, respectively. In addition, the expression of PGC-1a and mitochondrial
respiratory protein Complexes I and V were increased after heating. These increases were
accompanied by augmentation of maximal coupled and uncoupled respiratory capacity measured
via high-resolution respirometry. Our data provide the first evidence that mitochondrial
adaptation can be elicited in human skeletal muscle in response to repeated exposures to mild
heat stress.
Introduction

Mitochondria are responsible for the aerobic transformation of cellular energy, and their
optimal function is vital to human health. Declines in mitochondrial content and function are
central to the pathophysiology of many of the 21 century’s most prominent health burdens
including cardiovascular disease and type II diabetes (29, 66). Maintenance of skeletal muscle
mitochondrial function through the lifespan is dependent on adaptations to repeated perturbations
in cell homeostasis. The most studied of these perturbations is physical activity, which provides
many well-documented benefits to both skeletal muscle and whole-body health (30, 31).
Unfortunately, many diseased states that are associated with mitochondrial deficits (e.g., COPD,
type II diabetes, cancer cachexia, sarcopenia) also demonstrate a concomitant intolerance to
exercise, making it more difficult to correct any underlying mitochondrial deficiencies. Thus,
development of complementary interventions aimed at eliciting the beneficial adaptations
associated with exercise training are needed (66, 67).

During physical exercise, working muscles are exposed to many stresses resulting from

increased muscle contractile activity and greater energetic demand. One of these stresses is a



change in temperature, which increases with both work intensity and metabolic rate (8, 67). As
opposed to being a mere byproduct of increased muscle activity, the production of heat may
represent an exercise-associated stress capable of eliciting beneficial muscular adaptations. For
instance, exposure of cultured muscle cells to a moderate heat stress (~40°C) increases the
expression of both the protective heat shock proteins (HSPs) and the transcriptional coactivator
peroxisome proliferator-activated receptor gamma, coactivator-1 alpha (PGC-1a), a key
regulator of mitochondrial biogenesis. Consequently, daily heat treatments administered to
cultured muscle cells increases mitochondrial content in as little as one week (44). Similarly,
rodents subjected to daily, whole-body heat stress express higher mitochondrial enzyme activity
and protein content within their skeletal muscle. Moreover, when whole-body heat stress is
administered immediately following exercise training, the adaptations are even more pronounced
(76). Thus, repeated heat stress appears to be a possible strategy to increase mitochondrial
content in skeletal muscle for those who are either limited in their exercise capacity or who are
unable to exercise.

Despite the growing body of evidence from in vitro and animal research, heat-induced
mitochondrial adaptations have yet to be confirmed in human skeletal muscle. Therefore, our
primary objective was to determine whether repeated exposure to heat stress (REHS), much like
repeated bouts of exercise, would be sufficient to stimulate mitochondrial adaptation in human
skeletal muscle. Further, we explored potential cellular mechanisms that may mediate heat-
induced mitochondrial adaptive mechanisms in human skeletal muscle.

Methods
Study description. Twenty healthy, sedentary volunteers (10 male, 10 female)

participated in the study. Characteristics of the participants are provided in Table 1.1. Subjects



were considered healthy, as they reported no signs/symptoms of cardiovascular or metabolic
disease. Additionally, the subjects had not been actively participating in regular exercise training
during the preceding 3 months. The Brigham Young University Institutional Review Board
approved this study. Each volunteer was informed of the purpose of the study, experimental
procedures, and potential risks associated with the study before written consent was obtained.
Muscle heating and study design. A schematic representation of this study protocol is
provided in Figure 1.1. The leg of each volunteer was randomly assigned to serve as either the
control or heat-assigned limb for the duration of the study. On the first visit, a 20-gauge, 1.88-in
catheter (BD Medical, Sandy UT) was inserted approximately 3.5 cm into the vastus lateralis
muscle of the heat-assigned quadriceps. A small thermocouple (IT-21; Physitemp Instruments,
Clifton NJ) was inserted through the catheter, after which the catheter was removed and
intramuscular temperature was relayed from the thermocouple to an Iso-Thermex
electrothermometer (Columbus Instruments, Columbus OH). The thermocouple was only
inserted into the muscle of the heat assigned leg in order to confirm changes in muscle
temperature. The insertion was approximately 3 to 4 cm below the location marked for the first
biopsy in order to minimize any confounding effects of the needle insertion from our biopsy
sample. Furthermore, the thermocouple was only inserted on the initial heating visit to avoid any
potential perturbations from repeated needle sticks. Following the insertion of the thermocouple,
the quadriceps were heated for 2 hours using pulsed shortwave diathermy (Megapulse 11,
Accelerated Care Plus, Reno NV) at 800 pulses per second and with a pulse duration of 400
usec. Immediately following (~10 to 15 minutes) the acute heating session, muscle biopsies were
obtained from the vastus lateralis of both the control and heated quadriceps muscles. Each

participant was given 3 days to allow the incision sites of the biopsies to close, after which the 6-



day heat treatment program was initiated (2 hours per day/6 consecutive days). Twenty-four
hours following the final heating session, biopsies were taken from the vastus lateralis of both
the control and heated quadriceps.

Muscle biopsy protocol. Percutaneous needle biopsies were taken from the vastus
lateralis muscle of the quadriceps of both legs. The first biopsies were taken from both the
control and heated legs on day 1, then again 24 hours after the completion of a 6-day heat
treatment program. Under local anesthesia (2% lidocaine with epinephrine), a small incision was
made into the skin and fascia. A Bergstrom biopsy needle was inserted into the muscle and, with
the use of manual suction, a small 80 to 100 mg sample of tissue was withdrawn. Samples were
then separated from fatty tissue and divided into 20 to 40 mg portions. Portions designated for
protein and enzymatic analyses were frozen immediately in liquid nitrogen and stored at —80°C.
Smaller portions (8 to 10 mg), designated for respirometry, were placed in ice-cold buffer X (60
mM K-MES; 35 mM KCI; 7.23 mM K2EGTA; 2.77 mM CaK>EGTA; 20 mM imidazole; 0.5
mM DTT; 20 mM taurine; 5.7 mM ATP; 15 mM PCr; and 6.56 mM MgCl). These portions
were kept on ice, and respiration analyses were completed within 1 to 2 hours after collection.

Mitochondrial respiration. Measurements of skeletal muscle mitochondrial respiration
were performed on permeabilized fibers using a Clarke oxygen electrode high-resolution
respirometer (Oxygraph O2k, Oroboros Instruments, Innsbruck AUT). Using fine-tipped forceps,
fibers were gently separated (teased) from one another to maximize surface area of the fiber
bundle with only small portions connected to ensure that fibers were not disconnected or lost
during permeabilization. Following teasing, fibers were carefully dried on fresh filter paper and
weighed before being placed in ice-cold buffer X. The measurement of sample dry weight

allowed respiratory measures to be normalized between runs and accounted for potential



differences in chamber loading. Fibers (3 to 6 mg) were then permeabilized with the addition of
saponin to a final concentration of 50 pg/ml. To assess mitochondrial respiratory capacity, we
followed a standard substrate-uncoupler-inhibition-titration (SUIT) protocol, allowing us to
assess individual components of the respiratory chain (25). All respiratory experiments were
carried out in MiROS5 buffer (110 mM sucrose; 60 mM potassium lactobionate; 2 mM
magnesium Chloride; 20 mM taurine; 10 mM potassium phosphate; 0.5 mM EGTA; 20 mM
HEPES; and 1 g/L BSA) at 25°C with spinning at 750 rpm. Oxygen concentrations were
maintained between 500 and 200 uM throughout each experiment.

The SUIT protocol began with the addition of glutamate (10 mM) and malate (2 mM).
After allowing for steady-state reading of oxygen uptake in the presence of glutamate and malate
(leak), ADP (2.5 mM) was added to drive respiration through Complex I (Py; CI). Following the
measurement of CI-mediated respiration, cytochrome ¢ (10 uM) was added to confirm integrity
of the outer mitochondrial membrane. Stimulation of respiration by added cytochrome ¢ would
indicate injury to the membrane. We did not observe a positive cytochrome ¢ response in any of
our samples permeabilized with saponin. Following confirmation of intact mitochondrial
membranes, succinate (10 mM) was added to stimulate respiration through Complex II (Py+1;
CII). Thus, we were able to measure maximal coupled respiration (OXPHOS) as both CI and CII
were contributing to the total oxygen flux. Maximal uncoupled respiratory capacity (E; ETS) was
then assessed with the addition of the uncoupler FCCP (2 to 3 steps of 0.125 uM FCCP). The
response following the addition of FCCP demonstrates the limits of the phosphorylation system
observed from OXPHOS. After measuring ETS, rotenone (0.5 uM) was added to inhibit CI, so
that only CII could be contributing to the uncoupled respiration processes. Finally, residual

oxygen consumption (ROX) was measured following the addition of Antimycin A (2.5 uM) to



inhibit Complex III. ROX was subtracted from oxygen flux as a baseline for all respiratory
states.

Protein immunoblotting. Whole muscle was homogenized in chilled Mitochondria
Lysis Buffer (EMD Millipore, Bedford MA), with added phosphatase and protease inhibitors
(Thermo Fisher Scientific), at a volume of 9 ul per 1 mg tissue. Homogenates were centrifuged
at 600g, and the supernatants were transferred to clean tubes and stored at —80°C. Protein
concentration was determined using a Pierce™ Bicinchonic Acid (BCA) Kit (Thermo Fisher
Scientific, Waltham MA) and spectrophotometer (Victor3™, Perkin Elmer, Waltham MA),
according to the manufacturer’s specifications. Samples were diluted with 2x loading buffer to a
concentration of 1 pg/ul (20 ug total) and ran on a 4 to 15% graded SDS-polyacrylamide gel
(Bio-Rad, Hercules CA) at 200 V for 50 minutes at room temperature. All samples from each
subject were run on the same gel to avoid any variability between gels. Following
electrophoresis, proteins were transferred to a PVDF membrane at 100 V for 60 minutes at 4°C.
Membranes were blocked in 5% milk diluted in tris-buffered saline with Tween (TBST) for 60
minutes at room temperature. Following blocking, membranes were incubated in primary
antibodies diluted in 5% bovine serum albumin (BSA) in TBST for either pAMPK (1:5000; Cell
Signaling, Danvers MA), or PGC-1a (1:1000; EMD Millipore, Bedford MA) overnight at 4°C.
Each membrane was then washed in TBST and probed with either anti-mouse or anti-rabbit
secondary antibodies (1:10,000; Santa Cruz Biotech). The bands of interest were then exposed
through chemiluminescence (ECL) and imaged using ChemiDoc XRS (Bio-Rad, Hercules CA)
CCD high-resolution, high-sensitivity technology. Following imaging, the pAMPK membranes
were incubated in stripping buffer (0.2 M glycine, 10% tween, 0.1% SDS, 2.2 pH) and NaOH

(0.2 M), then re-blocked in 5% milk in TBST for 60 minutes at room temperature. The stripped



membranes were reprobed with secondary antibody, exposed using ECL, and viewed using a
ChemiDoc XRS camera to confirm stripping. The membranes were then rewashed, and
reincubated in primary antibodies for total AMPK (1:4000; Cell Signaling, Danvers MA), the
bottom portion of the PGC-1a membranes were incubated in antibody against Glyceraldehyde 3-
phosphate Dehydrogenase (GAPDH; 1:2000; Santa Cruz Biotech, Dallas TX) overnight at 4°C.
Each membrane was washed in TBST and probed with either anti-mouse or anti-rabbit
secondary antibodies (1:10,000; Santa Cruz Biotech, Dallas TX). Imaging proceeded as
described for the pAMPK and PGC-1a membranes. Data were normalized to account for
potential variations in loading by using the ratios for pAMPK/total AMPK and PGC-
1o/GAPDH.

Magnetic bead multiplex. The Magpix (Luminex, EMD Millipore, Burlington MA)
multiplexing platform was used to assess MAPK phosphorylation, HSP and mitochondrial
protein content of biopsy sample homogenates. All samples from each subject were measured on
the same plate in order to account for any variability that might be present between different
plates. MAPK phosphorylation was measured using a 9-plex multipathway total magnetic bead
kit (EMD Milliplex® MAP, Cat. # 48-680MAG, Burlington MA). Specifically, 25 ug of protein
homogenate were incubated in antibody-conjugated magnetic beads overnight at 4°C. The bead
complex was then washed, followed by a 1-hour incubation at room temperature (RT) on a plate
shaker in biotinylated detection antibody. Streptavidin-phycoerythrin was subsequently added
and samples were incubated for an additional 30 minutes on a plate shaker at RT.

HSP content was measured using a 5-plex HSP magnetic bead kit in compliance with
manufacturer’s parameters (EMD Milliplex® MAP, Cat. # 48-61SMAG, Burlington MA).

Specifically, 150 ng of protein homogenate were incubated overnight at 4°C with antibody-

10



conjugated magnetic beads. The bead-complex was then washed, followed by a 1-hour
incubation at RT on a plate shaker in biotinylated detection antibody. Streptavidin-phycoerythrin
was subsequently added and samples were incubated for an additional for 30 minutes on a plate
shaker at RT.

Mitochondrial protein content was measured using a human oxidative phosphorylation
magnetic bead panel (EMD Milliplex® MAP, Cat. # HOXPSMAG-16K, Burlington MA).
Specifically, 20 pug of protein homogenate were incubated in antibody-conjugated magnetic
beads for 2 hours at RT. The bead-complex was then washed, followed by a 1-hour incubation in
biotinylated detection antibody. Streptavidin-phycoerythrin was added for an additional 30-
minute incubation period.

A Magpix (Luminex Corporation, Austin, TX) system was used to quantify bead-
complexes for each of the 3 multiplex protocols. Data analyses were completed using median
fluorescence values for each of the bead-complexes.

Citrate synthase (CS) maximal activity. Citrate synthase activity was measured via
spectrophotometric enzyme analysis, according to the procedures developed by Spinazzi et al.
(74). Briefly, frozen muscle samples were homogenized at a concentration of 1:20 in ice-cold
sucrose muscle homogenization buffer (250 mM). Following homogenization, samples were
centrifuged and the supernatant was transferred into a new Eppendorf tube for the CS analysis. A
10-ul aliquot was used to measure total protein concentration for each sample, via BCA analysis
as previously described. All analyses were completed on the same day as homogenization. For
the measurement of CS activity, each well of a 96-well plate was loaded with 184 ul of 200 mM
Tris buffer (0.2% Triton-X), 2 pul of supernatant, 2 ul 10 mM DTNB, and 2 pl of 30 mM acetyl-

CoA. Triplicate measures were taken for each sample. Baseline absorbance was measured every
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30 seconds for 2 minutes at 412 nm. After attaining baseline absorbance, 10 pl of x10 mM
oxaloacetic acid was added and the measurement process repeated (every 30 seconds for 2
minutes at 412 nm).

Statistics. A mixed-models analysis of variance (ANOVA) was used in order to examine
the main effects of time (pre vs post) and condition (treatment vs control) on the dependent
variables. With a significant time x condition interaction, individual comparisons over time, or
between conditions, were explored using student ¢-tests. When analyzing acute phosphorylation,
only dependent ¢-tests were performed as there was not a time component when comparing these
events between the acute tissue samples. Analyses were completed using JMP® Pro SAS
statistical software, version 13.0. Alpha was set a priori at p < 0.05. Data are expressed as means
+ SEM.

Results

Intramuscular temperature. Muscle temperature during pulsed shortwave diathermy
increased 3.9 = 0.31°C (p < 0.0001) by 30 minutes, where it plateaued, and remained elevated
over the remaining 1.5-hour heating duration (Figure 1.2).

Cellular signaling. We first sought to determine whether the change in temperature was
associated with acute phosphorylation events related to cellular stress and mitochondrial
biogenesis. For this we compared differences between the heat-assigned leg and the nonheated
control leg immediately following a single 2-hour heating session. We observed a decrease in the
phosphorylation of HSP27 (25 + 7.8%, p = 0.0012, Figure 1.3) relative to the control leg. The
total concentrations of other HSP proteins were unaltered immediately following the first heating
session (Figure 1.4), most likely due to the early sampling period (immediately following the

heating session) of the initial biopsies.
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While a variety of stresses appear capable of initiating mitochondrial biogenesis (31, 66),
heat exposure in vitro has been associated with increases in AMP-activated protein kinase
(AMPK) activity (44), whereas whole-body heat stress in rodents appears to increase PGC-1a
expression via activation of p38 mitogen-activated protein kinase (p38 MAPK) (76). Based on
these reported observations, we explored the potential of heat stress to induce changes in the
phosphorylation state of AMPK and several well-studied MAPKSs. Immediately following the
acute 2-hour heating session, significant elevations were observed in the phosphorylation of
AMPK (32 + 15.8%, p = 0.0365) and extracellular signal-regulated kinase 1/2 (ERK1/2) (205 +
74.8%, p = 0.0246) relative to the control leg. No significant changes in the phosphorylation of
p38 or INK were observed (Figure 1.3).

HSP expression. Protein expression of HSPs were not changed immediately following a
single bout of heating (Figure 1.4). However, following REHS, expression of the major heat-
inducible HSP70 increased 45 + 18.8% (p = 0.0003). In addition, HSP90 content increased 38 +
13.4% (p < 0.0001). In contrast, REHS did not affect total protein expression HSP27 or HSP60
(Figure 1.4).

Mitochondrial biogenesis. To ascertain whether the heating intervention resulted in de
novo synthesis of mitochondria, we assessed mitochondrial biogenesis using a multiparameter
approach (40). We measured the concentrations of the 5 mitochondrial respiratory chain proteins
(Complex I, 11, 111, IV, and V), PGC-1a protein content, and maximal enzymatic activity of
citrate synthase (CS). Following REHS, increases in the expression of mitochondrial protein
Complex 1 (37 + 19.0%, p=0.0281) and V (39 + 22.4%, p = 0.0461) were observed in the

muscle from the heated leg (Figure 1.5). In addition, PGC-1a protein content was 10 = 3.3%
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higher in the heated muscle (Figure 1.6, p =0.0461). However, maximal CS activity did not
change in response to REHS (Figure 1.6).

Mitochondrial function. Respiratory capacity was not changed immediately following
an acute bout of heating (Figure 1.7). However, following REHS, Cl-mediated respiration
(GMSp) was 28 + 10.3% higher, OXPHOS was 28 + 10.7% higher (p =0.0175) and ETS
increased in similar magnitude (29 + 10.6%, p = 0.0084). ClI-mediated uncoupled respiration
(S[Rot]e) was not changed following heating (Figure 1.7).

To determine whether this effect could be attributed to changes in mitochondrial
respiratory efficiency, we examined the relationship between absolute changes in OXPHOS
relative to changes in ETS. The observed changes in OXPHOS correlated very strongly (r = 0.94,
p <0.0001) to changes in ETS. Also, the P/E coupling control ratio (OXPHOS/ETS), which
estimates the limitation of the phosphorylation system on maximal respiratory capacity, was not
affected by REHS (p = 0.1979, Figure 1.7), despite the increased maximal respiratory capacity.
Thus, the higher capacity observed in the heated muscle appeared to be the result of increased
capacity within both the phosphorylation and electron transfer systems as opposed to alterations
in mitochondrial efficiency.

Discussion

Nearly 2 decades ago Hooper (32) showed that 10 days of repeated whole-body heating
improved mean plasma glucose and glycosylated hemoglobin levels in type II diabetics,
providing one of the first proof-of-principle studies on the potential clinical benefits of repeated
whole-body heat stress. More recently, rodent studies have shown that repeated whole-body heat
stress is capable of inducing mitochondrial biogenesis in skeletal muscle (76). Further, animals

that overexpress heat shock proteins (HSP72) have an increased mitochondrial number, oxidative
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capacity and improved insulin sensitivity (27). In this study, we hypothesized that a repeated,
muscle-targeted heating approach would induce expression of heat shock proteins, drive the
cellular signaling events associated with mitochondrial biogenesis, and improve mitochondrial
respiratory capacity in human vastus lateralis. Indeed, our data indicate that repeated exposure to
heat stress (REHS) increases both coupled and uncoupled mitochondrial respiratory capacity.
Though others have used surrogate measures of mitochondrial function following heat stress
(e.g., citrate synthase, Mt DNA copy number) in animals, these are the first data to report
significant increases in mitochondrial function in human skeletal muscle following REHS.
Complementary to these data, we also found increased protein content of Complex I, Complex V
and PGC-1a, which suggest that in addition to improving function, REHS increased
mitochondrial content in human skeletal muscle. However, we were unable to measure a change
in citrate synthase (CS) activity, a common surrogate marker of mitochondrial content. Previous
studies have shown that it is not uncommon to measure altered mitochondrial capacity and/or
function in the absence of changes in CS activity (51, 61). Furthermore, it is highly unlikely that
CS is limiting for mitochondrial function in healthy skeletal muscle, as its maximal activity is
10-fold higher than the maximal Krebs cycle rate (4). While the CS data do raise the question of
whether the REHS protocol employed by this study actually altered mitochondrial content, our
observed increases in respiratory chain proteins and respiratory capacity provide strong evidence
that repeated heat stress is capable of improving muscle mitochondrial function.

Our REHS protocol (2 hours/day for 6 days) was based loosely on the minimum dose of
submaximal exercise necessary to measure changes in muscle respiratory capacity (73). In a
thermal neutral environment, quadriceps muscle temperature rises rapidly (~10 to 20 minutes)

after initiation of submaximal exercise and plateaus at approximately 39°C (67). To mimic the
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effects of exercise-induced muscle heating, we sought to achieve similar temperature changes
using an externally applied modality. We found that pulsed shortwave diathermy, used at a
wavelength of 27.12 MHz and at 800 bursts per second, very effectively mimicked the
temperature changes observed during exercise, at the approximate depth of our muscle biopsy
procedure (~3 to 3.5 cm). Further, pulsed shortwave diathermy has been previously shown to
increase intramuscular HSP expression 24 hours posttreatment in human muscle (80). We show
that a single, 2-hour diathermy treatment was sufficient to alter the phosphorylation of HSP27,
yet we did not detect increases in HSP protein expression at our sampling point immediately
postheating. However, it is not likely that we would be able to measure changes at the protein
level so soon following the heating intervention. On the other hand, HSP70 and HSP90 protein
content were markedly increased in the muscle at the end of the REHS protocol. Because our
biopsies were taken 24 hours following the final heating session, it is impossible to say whether
this was a chronic increase due to repeated heating or an acute effect brought about by a single
heating session. While robust increases in HSP expression have been described extensively in
skeletal muscle following both exercise and heating (38, 70, 81), there is limited evidence of
their role in mediating mitochondrial adaptations. Barone et al. (3) showed that overexpression
of HSP60 (not changed in our study) in cultured myoblasts induces PGC-1a expression, and
HSP70 overexpressing mice appear resistant to age-related muscle dysfunction (48) and
exercise-induced fatigue (43). Nevertheless, a mechanistic link between HSP70 or HSP90
expression and mitochondrial adaptation in muscle has yet to be fully characterized.

To further interrogate the potential mechanisms whereby heating may promote
mitochondrial adaptation, we also assessed the cell signaling response to a single heat treatment.

Several signaling pathways have been shown to influence mitochondrial biogenesis in humans
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following exercise, the most well-studied being Ca**/calmodulin-dependent kinases (CaMKs)
(58), p38 MAPK (2) and AMP-activated protein kinase (84). As our heat treatments did not
involve active muscle contractions, and rodent studies have shown that whole-body heat
treatments do not affect CaMKII phosphorylation (76), we focused on activity of AMPK and the
MAPKSs. Phosphorylation of AMPK increased significantly following 2 hours of muscle heating.
This result confirms in vitro findings (44), but is in contrast to rodent whole-body heating, which
appears to decrease AMPK activity in skeletal muscle (76). However, whole-body heating likely
involves a greater systemic response than would be present with our targeted approach, making
comparisons of these distinct models difficult. Nevertheless, it is relevant to point out that
skeletal muscle AMPK activity is sensitive to a variety of tissue stressors including: hypoxia
(47), calorie restriction (9), oxidative stress (88), and cold exposure (54). Thus, AMPK
represents a potentially important intracellular mediator of heat-induced mitochondrial
adaptation in humans. Quite unexpectedly, we found that phosphorylation of ERK1/2, but not
p38 MAPK, was elevated in response to the 2-hour heat treatment in the heated leg, relative to
the nonheated control leg. In nonmuscle cells, heat shock (42°C) has been shown to activate
ERK MAPKSs in a potent and sustained manner (57). Whether or not ERK1/2 phosphorylation is
an important event for heat-induced mitochondrial biogenesis remains to be seen. Nevertheless,
studies in cultured muscle cells suggest that translocation of ERK to mitochondria are important
in mitochondrial stabilization during oxidative stress (65). Further work to determine the cellular
mechanism for heat-induced skeletal muscle mitochondrial adaptation will provide important
insights into the regulation of mitochondrial adaptation and vitality, which may have clinical

significance.
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Lastly, we found that an acute bout of muscle heating decreased phosphorylation of
HSP27. Phosphorylation of HSP27 has not been particularly well-studied in the context of
skeletal muscle adaptation, yet it has well-defined roles in assisting protein folding, actin
cytoskeleton remodeling, oxidative stress reduction and inhibition of apoptosis in a host of other
tissues (28, 83). In muscle, Kim et al. (37) showed that phosphorylation of HSP27 was
significantly increased in the atrophied gastrocnemius of cast immobilized rats and serum starved
L6 myotubes. In line with these data, transgenic cardiomyocytes with nonphosphorylatable
HSP27 display much lower levels of oxidative stress (72). As heat stress, much like exercise,
alters redox balance in skeletal muscle (50), it is possible that the increase in nonphosphorylated
HSP27 observed in our study plays a role in redox balance during acute heat stress.

While the design of the study allowed us to assess both acute cellular signaling and
chronic adaptation to REHS, there remain several limitations to the study that may hopefully be
addressed with continued research on this topic. First, we did not take any measurements of core
temperature to confirm the presence, or lack thereof, of a systemic response to the heating
protocol. However, based on the consistency of our control measures between time points, it is
unlikely that a systemically driven mechanism contributed to our observations. Second, we did
not record temperature in the control leg. Although we did not gather temperature data from the
control leg, we did attempt to minimize any confounding effect of the needle insertion by
inserting the probe 3 to 4 cm distally from the marked biopsy site (see Methods). Finally, as part
of our investigation into changes in protein expression, we analyzed the data to identify changes
from pre-REHS to post-REHS. The timing of our premeasures was chosen to provide us with
acute cellular signaling data, while also serving as the baseline assessment for potential

adaptations following REHS. Our justification for this was our belief that the early timing of our
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biopsies (taken immediately after a single heating session) would be sufficient to assess changes
in acute cellular signaling while not affecting expression of the proteins of interest. In support,
we found no differences in protein expression or respiratory capacity between legs following the
initial 2-hour heating session (Acute).

In conclusion, we showed that repeated exposure to heat stress was sufficient to improve
human skeletal muscle mitochondrial function and increase markers of mitochondrial biogenesis.
Further, we showed that heat stress acutely increased AMPK and ERK1/2 phosphorylation,
providing evidence that they may be involved in mediating heat-induced mitochondrial
adaptation. The results of the study have clear and potentially far-reaching clinical implications.
While exercise interventions currently represent the most effective strategy to prevent and treat
metabolic disorders and improve fitness, many patients for whom exercise-based therapy would
be most beneficial are either unable to exercise (i.e., immobilization postsurgery, on bed rest) or
have very low tolerance for exercise (i.e., aged, obese, diseased populations). Importantly, pulsed
shortwave diathermy is a safe and reliable modality that has been used as an injury recovery tool
in humans for over a century. Our data provide evidence to support further research into the
mechanisms of heat-induced mitochondrial adaptations and optimization of heating dose and
duration. Given that such units can already be found in many rehabilitation settings, clinical

translation of our findings is not difficult to envision.
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Table 1.1. Subject Characteristics

Male Female

(n=10) (n=10)
Age (yrs) 21.8 £ 0.67 20.1 £ 0.60
Height (cm) 179.8 + 1.58 164.9 + 2.99
Mass (kg) 75.0 £ 2.51 55.0 £ 2.40

Thigh Skinfold Thickness (mm) 16.1 = 2.80 19.7 £ 2.28

All volunteers were considered healthy, free of any signs/symptoms of cardiovascular and/or metabolic
disease. Data are expressed as means = SEM, n = 20.
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Figure 1.1. Study design. A leg of each volunteer was randomly selected to either receive pulsed
shortwave diathermy treatments (HEAT) or serve as control (CON). Following randomization, heating
was administered on days 1 and 5 to 10. Biopsies were taken from the vastus lateralis of both legs
immediately following the 2-hour heating session on day 1 and again after the completion of the 6 day, 2

hours/day heating protocol on day 11.
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Figure 1.2. Muscle temperature. Intramuscular temperature was recorded during the first treatment with
pulsed shortwave diathermy at a depth of ~3 to 3.5 cm. Data are expressed as means = SEM, n = 20.
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Figure 1.3. Cell signaling. Phosphorylation events immediately following a single, 2-hour heating session
(Acute) and after 6 days of repeated exposure to heat stress (REHS). Magnetic-bead immunoassay panel
results for differences in (A) HSP27 Phosphorylation (B) JNK phosphorylation, (C) p38 MAPK
phosphorylation, and (D) ERK 1/2 phosphorylation. (E) AMPK phosphorylation. (F) Representative
protein immunoblot for pAMPK (CON = Control, HEAT = Heat assigned limbs). *p < 0.05, significant
difference compared to control. Data are expressed as means + SEM, n = 12-18.
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days of repeated exposure to heat stress (REHS). Magnetic-bead immunoassay panel results for (A) Total
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*p < 0.05, significant difference from baseline. Data are expressed as means = SEM, n = 17-19.
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Figure 1.5. Mitochondrial respiratory protein expression. Magnetic-bead immunoassay panel results for
changes in protein expression of the five mitochondrial respiratory proteins (I-NADH oxidase, 1I-
succinate dehydrogenase, IlI-cytochrome ¢ reductase, [V-cytochrome c oxidase, V-ATP synthase). (A)
Summary of change observed between Acute and REHS time points. Protein expression immediately
following an acute heat exposure (Acute) and after 6 days of repeated heat exposure (REHS) for (B)
Complex I, (C) Complex II, (D) Complex III, (E) Complex IV, and (F) Complex V. *p < 0.05, significant
increase following REHS. Data are expressed as means £ SEM, n = 15-18.
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Figure 1.6. Additional markers of mitochondrial adaptation. (A) Expression of peroxisome proliferator-
activated receptor gamma, coactivator-1 alpha (PGC-1a) relative to GAPDH (B) Representative protein
immunoblot for PGC-1a and GAPDH (C) Maximal citrate synthase (CS) activity. *p < 0.05, significant
increase following REHS. Data are expressed as means + SEM, n = 14-18.
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Figure 1.7. Mitochondrial respiratory capacity. Measures taken immediately following a single heat
exposure (Acute) and again after 6 days of repeated exposure to heat stress (REHS). Oxygen flux for (A)
Leak (B) Complex I-mediated respiration (C) Maximal coupled respiration (D) Maximal uncoupled
respiration (E) Complex II- linked uncoupled respiration. (F) P/E coupling control ratio represents the
limitation of respiratory capacity by the phosphorylation system. *p < 0.05, significant increase with
REHS. Data are expressed as means = SEM, n = 15-18.
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Study 2

Repeated Exposure to Heat Stress Protects Respiratory Capacity and Attenuates Muscle Atrophy
in Human Skeletal Muscle Subjected to Immobilization
Abstract

Skeletal muscle immobilization leads to atrophy, decreased metabolic health and
substantial losses in function. Animal models suggest that heat stress is capable of providing
protection against atrophy in skeletal muscle. This study investigated the effects of daily heat
therapy on human skeletal muscle subjected to 10 days of immobilization. Muscle biopsies were
collected from the vastus lateralis of 23 healthy volunteers (11 females, 12 males) before and
after either 10 days of immobilization with a daily sham treatment (Imm), or with a targeted
daily 2-hour heat treatment using pulsed shortwave diathermy (Imm + H). Diathermy increased
intramuscular temperature 4.2 £ 0.29°C (p < 0.0001), with no change in the sham group. As a
result, HSP70 and HSP90 increased (p < 0.05) following Imm + H (25 £+ 6.6 and 20 + 7.4%,
respectively), but were unaltered (p > 0.05) with Imm only. Heat treatment prevented the
immobilization-induced loss of coupled (—27 = 5.2% vs. =8 £ 6.0%, p = 0.0041) and uncoupled
(—25 £ 7.0% vs. —10 = 3.9%, p = 0.0302) myofiber respiratory capacity. Likewise, heat treatment
prevented the loss of proteins associated with all 5 mitochondrial respiratory complexes (p <
0.05). Furthermore, decreases in muscle cross-sectional area following Imm were greater than
Imm + H at both the level of the whole-muscle (—7.6 £ 0.96% vs. —4.5 £ 1.09%, p = 0.0374) and
myofiber (—10.8 £ 1.52% vs. —5.8 £ 1.49%, p = 0.0322). Our findings demonstrate that daily
heat treatments, applied during 10 days of immobilization, prevent the loss of mitochondrial

function and attenuate atrophy in human skeletal muscle.
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Introduction

Skeletal muscle is a highly adaptable tissue that comprises approximately 40% of total
body weight, while accounting for up to 90% of whole-body oxygen consumption and energy
expenditure during exercise (5, 20). Furthermore, a substantial amount of research has shown
that an adequate amount of muscle mass can prevent the development of several chronic diseases
(e.g., type II diabetes and obesity) and is necessary to maintain work capacity throughout the
lifespan (66, 86). While improvements in metabolic capacity, structure, and function of skeletal
muscle occur in response to regular exercise training, these same characteristics are
compromised during periods of physical inactivity or muscle disuse (33, 46).

The loss of skeletal muscle mass (atrophy) that accompanies disuse, results primarily
from a decrease in intracellular protein synthesis combined with an increase in proteolytic
activity (33). Interestingly, these processes appear to be affected by changes in muscle
mitochondrial capacity, with evidence suggesting that the maintenance of mitochondria during
periods of disuse protects skeletal muscle against atrophy (64). Remarkably, rodents with
denervated muscle are protected against muscle atrophy following whole-body heat stress. The
mechanism of protection appears to be tied to the observed increases in heat shock proteins
(HSPs) and peroxisome proliferator-activated receptor gamma, coactivator-1 alpha (PGC-1a),
which accompany the heat stress (75). These potential mechanisms of protection are supported
by transgenic animal research that has shown significant reductions in muscle atrophy with the
overexpression of either PGC-1a (68), HSP27 (16), or HSP70 (70).

Heat-induced protection against muscle atrophy has not yet been shown in human
skeletal muscle. A significant barrier to testing this hypothesis in human muscle is finding a

suitable modality to significantly increase intramuscular temperatures. There is some controversy

29



as to whether surface heating modalities (e.g., heating pad, hot water immersion, sauna) can raise
muscle temperature sufficiently. For example, the use of superficial heating pads leads to robust
temperature increases at a depth of 1 cm below the skin (~4°C), but only small increases (< 1°C)
at depths approaching those of the deeper skeletal muscles (17). We have shown previously that
pulsed shortwave diathermy results in significant increases in intramuscular temperature (~3 to
4°C), increasing both HSP and PGC-1a expression in human skeletal muscle (preliminary
study). Thus, the aim of this study was to test whether daily heat stress would be capable of
maintaining mitochondrial function and providing protection against muscle atrophy in human
skeletal muscle subjected to 10 days of single-leg immobilization.
Methods

Twenty-four young adults (12 male, 12 female; 18 to 39 years) were recruited for this
study. From these 24, one female participant was unable to complete the study due to personal
commitments (not related to the study) that arose. Therefore, her data are not included in the
analyses. Inclusion criteria included positive responses to the health screening questionnaire and
participation in a regular exercise training program (>3 hours/week). We included trained
volunteers with the rationale that leg immobilization would present a larger disuse effect
compared to their higher daily activity, as opposed to the little activity that would be expected
within a sedentary group. Subject characteristics are available in Table 2.1. Exclusion criteria for
subjects included known cardiac or peripheral vascular disease and/or a high body mass index
(BMI > 25). The study protocol was approved by the Brigham Young University Institutional
Review Board and conformed to the standards set by the Declaration of Helsinki.

The sample size estimate was calculated from data on previous reports of changes in

muscle cross-sectional area (CSA) following short-term immobilization (78). The proposed
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number of subjects was deemed appropriate to detect meaningful differences in muscle CSA
with sufficient power (0.80) at alpha 0.05. This number of subjects also aligned with the number
of subjects that had previously been used to show changes in gene expression and muscle CSA
following short-term immobilization (13), sex-related differences in muscle atrophy (87), and
therapeutic prevention of muscle atrophy (15).

Design. This study was a single-blinded, sham-controlled assessment on the effect of heat
therapy on skeletal muscle subjected to immobilization. After providing written informed
consent, the participants of the study reported to the laboratory to be fitted for the therapeutic
knee brace (Bledsoe Revolution 3, Grand Prairie TX) and to receive instruction for the use of
standard medical arm crutches. On the first scheduled day of the study, the left quadriceps
muscle group of each participant was scanned using magnetic resonance imaging (MRI), after
which muscle biopsies were collected. To allow adequate healing time for the muscle biopsy
sites, we did not initiate the immobilization and heating protocol until 5 days following the first
muscle biopsy.

For the immobilization protocol, the left leg of all participants was selected for
immobilization and each participant was randomly assigned, in a counterbalanced fashion, to
either the control (Imm; diathermy placed over the muscle but not emitting waves) or treatment
(Imm + H; diathermy placed over muscle and emitting waves) group. The counterbalanced
assignment of participants to these groups was done to ensure the balance of BMI and self-
reported participation in exercise training between groups (characteristics are provided in Table
2). All participants reported to the lab for 2 hours per day over the 10 consecutive days of
immobilization to receive their heating or sham treatment. We did not inform individuals which

group they belonged to (heat vs sham). As the subjects were unfamiliar with the sensations
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associated with diathermy treatment, we believed that the contact of the heating drum on the skin
for 2 hours would provide a superficial sensation of warming without resulting in deep tissue
heating. For confirmation of intramuscular temperature during treatments, a small sterile
temperature microprobe was inserted approximately 3.5 cm into the muscle during the first
treatment session in order to confirm intramuscular temperatures. The microprobe was inserted
perpendicular to the muscle using a small 20-gauge sterile catheter. Additionally, all subjects
reported their sensations of heat during the first treatment visit using a 10 cm visual analog scale
with sensations ranging from ‘no warmth’ to ‘extremely hot.” The area of heating was marked
with a black marker to ensure proper placement of the diathermy drum for all subsequent
treatments.

Participants reported to the laboratory 24 hours after their last heating session for the final
MRI scan and muscle biopsies, according to the procedures used for the baseline measures
(Figure 2.1). The immobilization brace was removed and participants were able to reload their
leg following these final measures.

Magnetic resonance imaging. Before each MRI scan, volunteers completed a safety
survey sheet to confirm that it was safe for them to complete the scanning procedure. For each
scan (pre and post), volunteers lay supine in a 3.0 Tesla MRI scanner (Siemens Healthineers,
Erlangen DEU). The leg was aligned with the toes pointed upward to ensure consistency
between measures. A stock Siemens 2-D multislice gradient-recalled echo (GRE) MRI pulse
sequence was used for this study. The images were taken in slices, every 5 mm, resulting in a
total sequence time of approximately 2 minutes. This provided cross-sectional images of the
thigh from the base of the femur (distal condyles) up to the groin. In addition, a thin silicon

mold, the size of the diathermy heating drum, was placed over the area marked for heating. This
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area was on the lower one-half to one-third portion of the vastus lateralis, depending on the size
of the volunteer. Thus, slices from the treatment area could be confirmed and images compared
before and after the immobilization period.

Muscle biopsies. Percutaneous needle biopsies were taken from the vastus lateralis
muscles of the left leg for assessment of mitochondrial respiratory capacity, fiber cross-section
area, and protein analyses. Biopsies were taken on the first visit (pre) and upon conclusion of the
immobilization protocol (post). A small area on the skin over the vastus lateralis was shaved and
then cleaned with the antiseptic chlorhexidine. After sterilization, injection of a local anesthesia
(1% lidocaine with epinephrine) was used to numb the area. After the participant reported no
sensation in the area, a small incision was made into the skin and fascia and the biopsy needle
was inserted into the muscle. Using manual suction, approximately 75 to 150 mg of tissue was
withdrawn. Muscle samples were separated from any fatty tissue and divided into 25 to 50 mg
portions. A small 5 to 10 mg portion was immediately placed in a cell buffer solution for analysis
of respiratory capacity. Other portions of tissue designated for protein analysis were frozen in
liquid nitrogen, while portions designated for immunohistochemistry were mounted on a cork
with tragacanth gum and frozen in isopentane cooled in liquid nitrogen. All frozen samples were
stored at —80°C for analysis following completion of the study. Follow-up biopsies that were
performed on the same leg following immobilization were taken approximately 5 cm proximal to
the first incision site to minimize potential confounding effects from previous biopsies.

Mitochondrial respiration. Measurements of skeletal muscle mitochondrial respiration
were performed on permeabilized fibers using a Clarke oxygen electrode high-resolution
respirometer (Oxygraph O2k, Oroboros Instruments, Innsbruck AUT). Using fine-tipped forceps,

fibers were gently separated (teased) from one another to maximize surface area of the fiber
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bundle with only small portions connected to ensure that fibers were not disconnected or lost
during permeabilization. Following teasing, fibers were carefully dried on fresh filter paper and
weighed before being placed in ice-cold buffer X (60 mM K-MES; 35 mM KClI; 7.23 mM
KoEGTA; 2.77 mM CaK;EGTA; 20 mM imidazole; 0.5 mM DTT; 20 mM taurine; 5.7 mM
ATP; 15 mM PCr; and 6.56 mM MgCl,). The measurement of sample dry weight allowed
respiratory measures to be normalized between runs and accounted for potential differences in
chamber loading. Fibers (3 to 6 mg) were then permeabilized with the addition of saponin to a
final concentration of 50 pg/ml. To assess mitochondrial respiratory capacity, we followed a
standard substrate-uncoupler-inhibition-titration (SUIT) protocol, allowing us to assess
individual components of the respiratory chain (25). All respiratory experiments were carried out
in MiROS5 (110 mM sucrose; 60 mM potassium lactobionate; 2 mM magnesium Chloride; 20
mM taurine; 10 mM potassium phosphate; 0.5 mM EGTA; 20 mM HEPES; and 1 g/L BSA) at
25°C with spinning at 750 rpm. Oxygen concentrations were maintained between 500 and 200
uM throughout each experiment.

The SUIT protocol began with the addition of glutamate (10 mM) and malate (2 mM).
After allowing for steady-state reading of oxygen uptake in the presence of glutamate and malate
(leak), ADP (2.5 mM) was added to drive respiration through Complex I (Py; CI). Following the
measurement of CI-mediated respiration, cytochrome ¢ (10 uM) was added to confirm integrity
of the outer mitochondrial membrane. Stimulation of respiration by added cytochrome ¢ would
indicate injury to the membrane. We did not observe a positive cytochrome ¢ response in any of
our samples permeabilized with saponin. Following confirmation of intact mitochondrial
membranes, succinate (10 mM) was added to stimulate respiration through Complex II (Py+1;

CII). Thus, we were able to measure maximal coupled respiration (OXPHOS) as both CI and CII
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were contributing to the total oxygen flux. Maximal uncoupled respiratory capacity (E; ETS) was
then assessed with the addition of the uncoupler FCCP (2 to 3 steps of 0.125 uM FCCP). The
response following the addition of FCCP demonstrates the limits of the phosphorylation system
observed from OXPHOS. After measuring ETS, rotenone (0.5 uM) was added to inhibit CI, so
that only CII could be contributing to the uncoupled respiratory processes. Finally, residual
oxygen consumption (ROX) was measured following the addition of Antimycin A (2.5 uM) to
inhibit Complex III. ROX was subtracted from oxygen flux as a baseline for all respiratory
states.

Muscle protein measures. Muscle tissue was homogenized in chilled homogenization
buffer (50 mM Tris-HCI, pH 7.4; 250 mM mannitol; 50 mM NaF; 5 mM Sodium Pyrophosphate;
I mM EDTA; 1 mM EGTA; 1% Triton X-100; 50 mM B-glycerophosphate), with added
protease inhibitors (1% Halt™ Protease Inhibitor Cocktail, Thermo Fisher Scientific, Waltham
MA), at a volume of 10 pl per 1 mg tissue. Homogenates were centrifuged at 600g for 10
minutes at 4°C, and the supernatants were transferred to clean tubes and stored at —80°C. Protein
concentration was determined using a Pierce™ Bicinchoninic Acid (BCA) Kit (Thermo Fisher
Scientific, Waltham MA) and spectrophotometer (Victor3™, Perkin Elmer, Waltham MA),
according to the manufacturer’s specifications. Samples were diluted with 2x loading buffer (125
mM Tris, pH 6.8; 4% SDS; 20% glycerol; 5% BME; 0.01% bromophenol blue) to a
concentration of 1 pg/ul (20 pg total) and ran on a 4 to 15% graded SDS-polyacrylamide gel
(Bio-Rad, Hercules CA) at 200 V for 50 minutes at room temperature. Both samples from each
subject were run on the same gel to avoid any variability between gels. Following
electrophoresis, proteins were transferred to a PVDF membrane at 100 V for 60 min at 4°C.

Following transfer, membranes were immersed in a Ponceau Red staining solution for 1 minute,
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rinsed in dH>O for 5 minutes, and imaged for total protein. Membranes were then blocked in 5%
milk diluted in tris-buffered saline with Tween (TBST) for 60 minutes at room temperature.
Following blocking, membranes were incubated in primary antibodies diluted in 5% bovine
serum albumin (BSA) in TBST overnight at 4°C. The primary antibodies used in this study were
for HSP70 (1:1000, Enzo Life Sciences #ADI-SPA-811-D, Farmingdale NY), HSP90 (1:3000,
Enzo Life Sciences #ADI-SPA-831/050, Farmingdale NY), PGC-1a (1:1000; EMD Millipore
#AB3242, Burlington MA), MAFbx (1:1000, Santa Cruz Biotech #sc-166806, Dallas TX),
Murf1 (1:3000, Abcam #ab96857, Cambridge UK), and Total Oxphos Human Cocktail (1:1000,
Abcam #ab110411, Cambridge UK). The Total Oxphos Human Cocktail consisted of 5
antibodies, 1 each against Complex I subunit NDUFBS8 (#ab110242), Complex II subunit 30 kDa
(#ab14714), Complex III subunit Core 2 (#ab14745), Complex IV subunit II (#ab110258), and
ATP synthase subunit alpha (#ab14748). Following the primary antibody incubation, each
membrane was washed in TBST and probed with either anti-mouse or anti-rabbit secondary
antibodies (1:5,000; Santa Cruz Biotech). The bands of interest were then exposed through
chemiluminescence (ECL) and imaged using ChemiDoc XRS (Bio-Rad, Hercules CA) CCD
high-resolution, high-sensitivity technology. Data were normalized to total protein (Ponceau
Red) to account for potential variations in loading.

Muscle fiber morphology. Tissue sections were immunostained for dystrophin, myosin
heavy chain I, and DAPI. Dystrophin allowed visualization of the muscle fiber membranes to
increase accuracy of CSA measures, while myosin heavy chain staining was used to differentiate
between Type I and Type II fibers. For the determination of CSA, 8 um transverse sections were
cut at —25°C, placed on slides, and fixed in 2% paraformaldehyde. Following fixation and

rinsing, samples were blocked for 1 hour at room temperature in a PBS blocking solution (5%
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goat serum and 2% BSA). Samples were then incubated overnight at 4°C in a covered,
humidified chamber with primary antibodies for dystrophin (1:100, Abcam #ab15277 rabbit
host, Cambridge UK) and myosin heavy chain I (1:100, DSHB, #BA-D5 mouse host, lowa City
IA). Following incubation with primary antibodies, samples were rinsed in PBS and incubated
for 60 minutes at 37°C in a covered, humidified chamber in the secondary solution containing
DAPI (1:1000, Thermo Fisher Scientific #D1306, Waltham MA), and secondary antibodies
(Rhodamine Red anti-mouse, 1:100, Jackson IR, and Alexa Fluor 488 anti-rabbit, 1:100, Jackson
IR, West Grove PA, respectively). Samples were then mounted in fluoroshield mounting
medium before the application of a cover slip. Imaging was done using an Olympus 1X73
microscope and Olympus XM 10 camera (Olympus Corp, Tokyo JPN). Images were taken at 10
and 20X magnifications. Approximately 80 to 100 fibers were traced for each Type (I and II) in
order to calculate mean myofiber CSA before and after immobilization.

Data analysis. A mixed models analysis of variance (ANOVA) was used to examine the
effects of time (pre vs. post) and group (Imm vs. Imm + H) on our dependent variables
(mitochondrial respiration, protein content, CSA). In the case of a significant [time x group]
interaction, individual comparisons were made using student #-tests with Bonferroni corrections
for multiple comparisons. JMP® Pro 13.0.0 (OSAS Institute, 2016) statistical software was used
for all statistical analyses with alpha set a priori at 0.05. Data are presented as Mean + SEM.
Results

Subject characteristics. Twenty-three young adults (12 male, 11 female; 18 to 39 years)
completed this study. Descriptive data for each of the 2 groups (Imm and Imm + H), further
divided into sex categories, are provided in Table 2.1. There were no statistical differences

observed between groups for age, height, weight, body mass index (BMI), or self-reported
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weekly exercise volume. However, the female subjects displayed significantly lower measures of
body height (p < 0.0001) and weight (p = 0.0010) compared to their male counterparts. As both
height and weight were lower in females on average, this resulted in similar BMI values between
sexes (p = 0.5819). Furthermore, the changes in our dependent variables did not display any
significant sex effects, so the data were pooled (males and females) within groups.

Intramuscular temperature and HSP expression. Diathermy treatment resulted in a
significant increase (4.2 = 0.29°C, p < 0.0001) in intramuscular temperature, while there was no
change observed in the sham group during the 2-hour sham treatment (Figure 2.2). Reported
sensations of warmth from the 10 cm visual analog scale increased during the 2-hour diathermy
treatment session in both groups (p < 0.0001 and p = 0.004, respectively). Additionally, the
heating group (Imm + H) reported higher levels of warmth than the sham (Imm) group (3.6 +
0.16 vs. 1.7 £ 0.15 cm, respectively, p < 0.0001; Figure 9). Following the 10-day treatment
period, the Imm + H group displayed increases in HSP70 (25 + 5.2%, p = 0.0002) and HSP90
(20 = 7.4%, p = 0.0059) protein expression. With Imm only, HSP70 and HSP90 were unchanged
following the 10-day immobilization period (p = 0.5024 and p = 0.0798, respectively; Figure
2.2).

Mitochondrial respiratory capacity. In response to immobilization, mitochondrial
respiratory dynamics were significantly altered (Figure 2.3). The Imm group displayed increased
leak (GM; 5.39 + 0.49 vs. 7.69 + 0.97 pmolOz-sec’!'mg™!, p = 0.0136). In the absence of ADP,
this increased leak with Imm suggests greater intrinsic uncoupled respiration when oxygen flux
is elevated to compensate for the proton leak as opposed to active phosphorylation of ADP to
ATP. In addition, Imm resulted in decreased respiratory capacity when measured as CI-mediated

(GMp; 32.6 +£2.92 vs. 21.0 = 2.00 pmolO>-sec’!-mg™!, p = 0.0003), maximal coupled (GMSp;
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51.3 +£3.62 vs. 36.3 £ 2.45 pmolOz-sec’!-mg’!, p = 0.0001), maximal uncoupled (GMSe; 65.5 +
5.84 vs. 46.8 = 3.65 pmolOz-sec’!'mg’!, p <0.0001), and ClI-mediated uncoupled (S[Rot]e; 28.4
+2.55vs. 21.4 £ 1.50 pmolOz-sec!-mg™!, p = 0.0001) respiration. However, with daily heat
therapy (Imm + H), mitochondrial respiratory dynamics were maintained following the
immobilization protocol, as there were no changes in GM (p = 0.5184), GMp (p = 0.5116),
GMSp (p = 0.6553), GMSe (p = 0.0884), or S[Rot]e (p = 0.0655). Furthermore, with Imm only,
these alterations resulted in decreased OXPHOS coupling efficiency (0.88 = 0.017 vs. 0.77 £+
0.038, p =0.0003) and ETS coupling efficiency (0.91 + 0.016 vs. 0.83 + 0.024, p < 0.0001),
while neither OXPHOS or ETS coupling efficiency was changed following Imm + H (p = 0.8723
and p = 0.7407, respectively). We observed no changes in the OXPHOS control ratio (P/E
coupling control ratio) within either group (Figure 2.3).

Mitochondrial respiratory proteins. In conjunction with decreased respiratory capacity,
Imm resulted in decreases in the expression of proteins for all 5 of the respiratory protein
complexes. Specifically, we observed decreases in Complex I subunit NDUFBS8 (—10 + 2.3%, p
=0.0056), Complex II subunit 30 kDa (—15 £ 3.5%, p = 0.0043), Complex III subunit Core 2 (—8
+ 2.3%, p=0.0133), Complex IV subunit II (—22 + 8.6%, p =0.0106), and ATP synthase
subunit alpha (—9 + 1.5%, p = 0.0020). However, Imm + H prevented the decrease in protein
expression (Figure 2.4). Moreover, we observed decreases in the expression of PGC-1a with
Imm (0.54 £ 0.039 vs. 0.50 + 0.037 AU, p = 0.0284). Conversely, with Imm + H, PGC-1a
expression was increased following the 10-day immobilization period (0.49 £ 0.056 vs. 0.54 +
0.064 AU, p = 0.0337; Figure 2.4).

Muscle cross-sectional area. Whole-muscle CSA decreased 7.3% with Imm (2304 +

197 vs. 2143 £ 196 mm?, p <0.0001). The decrease in vastus lateralis CSA was significantly
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larger (p = 0.0256) than the 4.5% decrease observed with Imm + H (2089 + 149 vs. 1995 + 150
mm?, p = 0.0010).

Similarly, myofiber CSA decreased by 10.8% with Imm (5631 + 445 vs. 5035 =400, p <
0.0001). This decrease was significantly larger (p = 0.0359) than the 5.8% decrease following
Imm + H (6120 £ 434 vs. 5766 = 441, p = 0.0008). In addition, while Type I fibers were
significantly smaller than Type II fibers (p = 0.0051), fiber type did not demonstrate an
interactive (p = 0.9340) effect on changes in CSA between groups over time. Thus, the degree of
atrophy appeared to be independent of fiber type (Figure 2.5).

E3 ubiquitin ligases. Among the most studied ubiquitin ligases, we explored whether
heating would affect changes in either MAFbx and Murfl. We did not observe any main effects
of time (p = 0.3665 and p = 0.4214, respectively) or group (p = 0.2384 and p = 0.0774) on these
2 proteolytic markers. Furthermore, we were unable to identify an interactive (time x group)
effect (p =0.1014 and p = 0.3888, respectively) on these markers, suggesting that neither the
immobilization or heating protocols affected changes in their expression at the 2 time points used
in this study (Figure 2.6).

Discussion

This study provides the first evidence that deep-tissue heating in human skeletal muscle
subjected to immobilization is capable of maintaining mitochondrial function and attenuating
muscle atrophy. These findings are consistent with previous explorations using whole-body heat
stress as a means to combat disuse atrophy in rodents. For example, Naito et al. (55) showed that
a single, 60-minute exposure to heat in an environmental chamber could protect against short-
term atrophy of rat skeletal muscle. In addition, Tamura et al. (75) provided evidence that daily,

30-minute exposure to similar environmental thermal stress (40°C) could not only attenuate
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muscle atrophy, but also suppress mitochondrial clearance and maintain oxidative capacity in rat
skeletal muscle. Our findings in humans add to a growing body of literature that suggests heat
treatment as a potential countermeasure for the metabolic and functional consequences that
accompany muscle disuse.

We observed significant alterations in mitochondrial respiratory capacity with Imm. First,
we observed a significant increase in leak respiration, which, in the absence of ADP, suggests
that oxygen flux is increased through intrinsic uncoupling. While we did not measure changes in
uncoupling proteins in our study, research in rodents shows that skeletal muscle denervation
results in large increases in uncoupling protein mRNA expression (12). It was proposed that
increases in uncoupling proteins under such conditions might facilitate tissue-specific
temperature homeostasis as a result of the associated metabolic perturbations. Second, with Imm
we observed significant decreases in both coupled and uncoupled respiratory capacity that were
accompanied by decreased expression of proteins for all 5 mitochondrial respiratory complexes.
These findings reinforce previous observations that 2 weeks of leg immobilization results in
substantial losses of respiratory proteins and mitochondrial respiratory capacity in both the
young and elderly (26). Loss of mitochondrial function has been widely implicated in the
pathogenesis of skeletal muscle atrophy. In mice, interventions targeting the improvement of
mitochondrial function, including repeated heat stress, prior to or during disuse have been
effective at reducing the extent of muscle atrophy (49, 53, 75). Further, transcriptomic and
proteomic studies have demonstrated profound decreases in metabolic- and mitochondrial-
related proteins, which precede human muscle atrophy during periods of disuse (7). Thus, the
preservation of mitochondrial function observed here appears to be an important mechanism for

heat-induced muscle sparing. Remarkably, though, we show that daily muscle heating is capable
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of preventing the loss of the respiratory proteins and preserving mitochondrial respiratory
capacity.

We have previously shown that 6 consecutive days of heating increases intramuscular
PGC-1a expression in human skeletal muscle. Given that overexpression of PGC-1a in rodents
results in protection against disuse atrophy (6, 68), increases in PGC-1a may be an underlying
mechanism to explain the metabolic and muscle-sparing effects of heat therapy. Thus, the
decreased respiratory capacity observed with Imm may, in part, be explained by the concomitant
decrease in PGC-1a expression. While Imm resulted in a significant decrease in PGC-1a
expression, our heating protocol not only prevented the decrease, but in fact increased PGC-1a
expression, potentially driving beneficial mitochondrial adaptations in the face of the disuse
stimulus.

In addition to maintaining mitochondrial function, muscle atrophy was reduced by 37%
with daily heat therapy. It is likely that this muscle-sparing effect of heat therapy can be
attributed not only to the beneficial metabolic adaptations observed (increased PGC-1a and
preserved mitochondrial function), but also to increased expression of the heat shock proteins
(HSPs). In this study, both HSP70 and HSP90 were significantly increased following Imm + H.
When overexpressed in rodent skeletal muscle, HSP70 has been shown to completely abolish
skeletal muscle atrophy caused by immobilization (70). To further explore how heat stress might
attenuate skeletal muscle atrophy in our study, we measured the expression of the E3 ubiquitin
ligases (MAFbx and Murf1) that were also modified with HSP70 (70) and PGC-1a (68)
overexpression in animals.

Contrary to our hypothesis that heating would attenuate immobilization-induced

increases in these ligases, we were unable to detect any differences in MAFbx or Murfl
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expression resulting from immobilization itself and/or heating. These results add to the growing
body of evidence suggesting that the large increases in ubiquitin ligases observed in animal
studies may not be apparent during human muscle disuse. While large increases in both mRNA
and protein expression of MAFbx have been reported in patients suffering from amyotrophic
lateral sclerosis (41), the time course for these proteins during disuse interventions in humans is
much less understood and potentially more complicated. For example, short-term immobilization
of 48 hours (1, 24, 82), 11 days (11), and 14 days (35) have resulted in transient increases in
mRNA expression of MAFbx/Murf1, but these increases often do not necessarily manifest
themselves in alterations in protein expression at these same time points. Furthermore, while
Glover et al. (24) observed a transient (48 hours) increase in ubiquinated proteins, there was no
increase in intracellular ubiquitination at 14 days of immobilization. This led the authors to
suggest that perhaps single-leg immobilization in humans does not represent a catabolic model
sufficient to observe measurable changes in static proteolytic enzyme levels or actin
fragmentation (24). It is also important to note that we were unable find literature confirming the
specificity of our antibodies to MAFbx/Murf1. Thus, the most likely explanations for our lack of
any observable changes in MAFbx/Murfl expression with our immobilization protocol is that the
disuse stimulus was not extreme enough to drive measurable changes in the expression of these
particular ubiquitin ligases and/or our antibodies were not specific to the proteins of interest.
While we were unable to observe changes in the ubiquitin ligases associated with muscle
breakdown, the heat-induced protection against muscle atrophy observed in our study may have
resulted from changes in muscle protein synthesis rates. While protein synthesis rates are
reduced markedly with short-term immobilization in humans (21, 23), our heating protocol may

have attenuated the reduction in protein synthesis. This is supported by previous research
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showing that HSP70 assists in protein translation as it assists in nascent polypeptide folding (39,
56,79).

While our focus was on specific changes measurable from within the muscle itself, we
cannot determine the extent to which other tissues/systems in the area may have been influenced
by our heating protocol. For example, a majority of the extracellular matrix surrounding skeletal
muscle is produced by fibroblasts that reside in the interstitial space between muscle fibers (10).
When subjected to heat shock, fibroblasts produce a variety of factors including HSPs (42, 59)
and fibroblast growth factor-1 (34). Also, among the most robust physiological responses to
diathermy is an increase in blood flow brought about by local hyperthermia (69, 85). Such
circulatory responses to hyperthermia may increase delivery of systemic nutrients (22), alter
fluid distribution among tissue compartments (45), and impact the release of shear-induced
endothelial derived factors (19). Although we applied a localized heat stress, our tissue of
interest (skeletal muscle) was not entirely isolated from other cell types and/or tissues, as it was
performed in vivo. Therefore, while heat stress may directly affect skeletal muscle cells (44), the
effects of hyperthermia on other cells/tissues/systems should not be overlooked when exploring
potential mechanisms.

In conclusion, we show that heat therapy, applied for 2 hours daily during 10 days of
immobilization, prevents loss of mitochondrial function and attenuates atrophy in human skeletal
muscle. The results of the study have clear and potentially far-reaching clinical implications.
While exercise interventions remain the most effective strategy to maintain or even increase
respiratory capacity and/or muscle size, many patients for whom exercise would be most
beneficial are either unable to exercise (i.e., postsurgery immobilization, on bed rest) or have

very low tolerance for exercise (i.e., aged, obese, diseased populations). In these populations,
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heat therapy may serve as an alternative or adjunct therapy to maintain skeletal muscle metabolic

function and size.
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Table 2.1. Subject Characteristics

Group Sex Age, yrs Ex, hours Height, cm Weight, kg BMI, kg/m?
Male 21.8 (0.67) 4.5(0.67) 177(2.23) 72.0 (2.58) 23 (1.03)
n==6

CON Female 20.8 (1.07) 5.1(1.02) 163 (4.00)* 59.6 (3.85)* 223 (1.11)
n=>5

Group 21.4 (0.58) 4.8(0.57) 171(2.97) 66.4 (2.89) 22.7 (0.73)
n=11
Male 22.8(1.19) 4.6(0.42) 182(2.47) 76.7 (4.89) 23.1(1.29)
n==6
Female 21.2(0.83) 5.2(0.60) 164 (2.72)* 60.2 (3.02)* 22.5(1.35)
HEAT n=6
Group 22(0.74) 4.9(0.36) 172.8(3.24) 68.4(3.70) 22.8(0.90)
n=12

There were no group differences observed in the descriptive variables associated with this study.
*p < 0.05, significantly lower height and weight observed in female volunteers compared to males.
Ex = self-reported weekly exercise time (hours). Data are Mean (SEM).
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RECOVERY

2-hr daily diathermy heating, or sham, treatment

Figure 2.1. Study design. On days 1 and 17, volunteers reported to the laboratory for an MRI scan and
muscle biopsy. Following a brief (5 day) recovery window after the baseline sample collection,
immobilization and treatments (diathermy or sham) began on day 7 and ended following the collection of

tissue on day 17.
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Figure 2.2. HSP and temperature response. A single, 2 hour diathermy treatment (Imm + H) resulted in
elevated (A) intramuscular temperature, and (B) sensations of warmth compared to control (Imm).
Following the 10-day immobilization period, (C) HSP70 and (D) HSP90 were significantly increased
with Imm + H. Representative blots and Ponceau Red stains for (E) HSP70 and (F) HSP90. *p < 0.05,
significant increase from baseline (pre). Tp < 0.05, significantly different sensation of warmth between

groups. Data are mean = SEM, n = 18 to 23.
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Figure 2.3. Mitochondrial respiratory capacity. Respiratory capacity decreased after 10 days of
immobilization (Imm), but was rescued with daily heating (Imm + H). (A) Representative respiratory run
following the standard SUIT protocol with stepwise additions of Glutamate (G), Malate (M), ADP,
Succinate (S), FCCP (F) uncoupler, and Antimycin A (A). Individual graphs for (B) Leak; GM, (C)
Complex I-mediated; GMp (D) Maximal-coupled; GMSp, (E) Maximal-uncoupled; GMSe, and (F)
Complex II-uncoupled; S[Rot]e respiratory capacity. (G) OXPHOS control ratio (GMSp/GMSe) was not
changed following immobilization. *p < 0.05, significant change from baseline (pre). Data are mean +
SEM, n = 19-21.
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Figure 2.4. Mitochondrial respiratory protein expression. Mitochondrial respiratory protein and PGC-1a
expression decreased with immobilization only (Imm), but not after immobilization with daily heat
therapy (Imm + H). (A) Expression of proteins for each of the 5 respiratory complexes decreased with
Imm, but not Imm + H. (B) PGC-1a expression decreased with Imm, but increased with Imm + H.
Representative blots and Ponceau Red stains for (C) total OXPHOS and (D) PGC-1a. *p < 0.05,
significant difference between groups. 7p < 0.05, significant decrease with Imm. fp < 0.05, significant
increase for Imm + H. Data are mean + SEM, n = 18-23.
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Figure 2.5. Changes in muscle cross-sectional area (CSA). CSA was decreased to a lesser extent after 10
days of immobilization with heating (Imm + H), compared to control (Imm). Decreases in both (A & B)
whole-muscle CSA of the vastus lateralis, and (C-H) myofiber CSA were attenuated with heating. (I)
Representative MRI image with all 4 quadriceps muscles labeled (VM- vastus medialis, RF- rectus
femoris, VI-vastus intermedius, VL-vastus lateralis). Note the silicone mold on the top of the quadriceps
to mark the plane of heating. (J) Representative image of myofiber staining (blue- DAPI, green-
dystrophin, red- MHC I). *p < 0.05, significant decrease with Imm. p < 0.05, significant decrease with
Imm + H. {p <0.05, significant difference between groups. Data are mean + SEM, n = 17-20.
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Figure 2.6. E3 Ubiquitin Ligases. Ligases were unchanged with immobilization (Imm) and heating (Imm
+ H). (A) MAFbx and (B) Murfl. Representative blots and Ponceau Red stains for (C) MAFbx and (D)
Murfl. Data are mean + SEM, n = 22-23.
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