Heat treatment inhibits skeletal muscle atrophy of glucocorticoid-induced myopathy in

rats
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Summary

Introduction: The purpose of this study was to investigate the influence of heat treatment on

glucocorticoid (GC)-induced myopathy.

Methods: Eight-week-old Wistar rats were randomly assigned to the control, Dex, and Dex +

Heat groups. Dexamethasone (2 mg/kg) was injected subcutaneously 6 days per week for 2

weeks in the Dex and Dex + Heat group. In the Dex + Heat group, heat treatment was

performed by immersing hindlimbs in water at 42°C for 60 min, once every 3 days for 2 weeks.

The extensor digitorum longus muscle was extracted following 2 weeks of experimentation.

Results: In the Dex + Heat group, muscle fiber diameter, capillary/muscle fiber ratio, and level

of heat shock protein 72 were significantly higher and atrogene expression levels were

significantly lower than in the Dex group.

Discussion: Our results suggest that heat treatment inhibits the development of GC-induced

myopathy by decreasing atrogene expression and increasing angiogenesis.
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INTRODUCTION

Many patients with various diseases (e.g. rheumatoid arthritis, bronchial asthma, and

myasthenia gravis) are administered glucocorticoids (GCs). GCs effectively inhibit

inflammation in several medical conditions. However, it is also well known that high doses and

sustained administration of GCs results in various progressive side effects. Among these side

effects, GC-induced myopathy is a serious complication for patients, and 60% of patients with

GC-induced myopathy develop muscle weakness of proximal skeletal muscles that are severe

enough to interfere with the activities of daily living (Batchelor et al. 1997). In addition,

fast-twitch skeletal muscle fiber atrophy (Schakman et al. 2008; Schakman et al. 2013), which is

a characteristic of GC-induced myopathy, induces easy fatigability during exercise tasks, such

as stair climbing, bicycling, and walking at a brisk pace (Lucia et al. 2008; Nogales-Gadea et al.

2012). This phenomenon disturbs the progress of rehabilitation in these patients. Although a

previous study using an animal model reported that fast-twitch skeletal muscle fiber atrophy

caused by GC could be improved by exercise (Okita et al. 2001), many patients with the severe

disorder cannot exercise as expected due to aggravation of their overall disease status. Thus, it is

important to develop therapies for GC-induced myopathy that do not involve exercise.

The mechanism of induction of GC-induced myopathy has been identified to some

extent in recent studies (Castillero et al. 2013; Gwag et al. 2013; Rauch and Gestwicki 2014;



Senf et al. 2010). Administration of GC mainly activated the major cellular proteolytic systems,

particularly the ubiquitin proteasome system (UPS), through increases in MuRF1 and atrogin-1

in muscle proteolysis (Hasselgren 1999). In addition, it is possible that GC-induced myopathy is

related not only to muscle protein breakdown but also to angiogenesis. Endothelial cell

proliferation has been shown to be reduced by GC, coinciding with reduced vascular endothelial

growth factor (VEGF) production (Shikatani et al. 2012). These alterations resulted in a

decrease in capillary number and may be related to skeletal muscle atrophy (Shikatani et al.

2012; Wagatsuma 2008).

We have previously investigated heat treatment of skeletal muscle; warming skeletal

muscle to approximately 42°C can prevent disuse muscle atrophy by increasing the expression

of heat shock protein (Hsp)72, which increases more in fast-twitch muscle than in slow-switch

muscle (Yoshida et al. 2013). Hsp72 overexpression prevents protein breakdown and skeletal

muscle disuse atrophy through inhibition of MuRF1 and atrogin-1 (Senf et al. 2008). Heat

treatment also improves vascular flow, and endothelial function involves increased expression

of endothelial nitric oxide synthase (eNOS), increasing capillary number (Miyata and Tei 2010).

The effect of heat treatment of skeletal muscle on Hsp72 overexpression and angiogenesis led

us to hypothesize that heat treatment could prevent GC-induced myopathy by down-regulating

UPS or by increasing capillary number. However, it remains unclear whether heat treatment can



prevent GC-induced myopathy. Therefore, we investigated the effect of heat treatment on

GC-induced muscle atrophy using a rat model.

METHODS

Animals

Eight-week-old male Wistar rats (Kudo Laboratories, Saga, Japan) were used in this

study. All rats were housed 2 or 3 per cage at 22-24°C under a 12-h light/dark cycle and

allowed access to food and water ad libitum. Animal care and experimental procedures were

performed in accordance with the Guidelines for Animal Experimentation of Nagasaki

University and with approval from the Institutional Animal Care and Use Committee (approval

number: 1109050949).

Experimental Design

The 32 rats used in the experiments were randomly divided into 3 groups: 1) control, 2)

Dex, and 3) Dex + Heat. Rats in the Dex and Dex + Heat group (n = 10; n = 12) were

subcutaneously injected with 2 mg/kg dexamethasone (dex) (MSD, Tokyo, Japan) in the lower

back 6 days per week for 2 weeks. The dose and period of injection of the dex was decided with

reference to a previous study, which showed that administration of dex strongly induced muscle



fiber atrophy in rat gastrocnemius muscle (Konno 2005). In addition to the dex injection, rats in

the Dex + Heat group were immersed in water at 42°C for 60 min as a heat treatment, once

every 3 days for 2 weeks. Prior to heat treatment, rats were anaesthetized with pentobarbital

sodium (40 mg/kg). We previously established that this method of heat treatment significantly

increased Hsp72 in the gastrocnemius muscle (Yoshida et al. 2013), and confirmed the same

result in the EDL muscle. In addition, increased eNOS and capillary numbers were expected

to be induced by heat treatment, because a previous study reported that they were induced by

heat treatment at 41°C for 15 min in skeletal muscle (Akasaki et al. 2006). Rats in the control

group (n = 10) were injected with saline instead of dex for the same time period as the Dex

group. When rats in the Dex + Heat group were anesthetized, the same anesthetization was also

provided to rats in the control and Dex groups. The experimental period had a duration of 2

weeks, and body weight was measured during this period every day.

Sample Preparation

The bilateral extensor digitorum longus (EDL) muscle, which is a typical fast-twitch

muscle, was extracted at the end of the experimental period. Left EDL muscles were frozen in

isopentane that had been cooled to the freezing point with liquid nitrogen. Serial cross-sections

(7 um) were collected from each frozen muscle for histological analysis using a cryostat



(CM1950; Leica, Wetzlar, Germany). Half of the right EDL muscles were homogenized in 0.01
M phosphate buffered saline (PBS; pH 7.4) using a glass homogenizer. The supernatants were
collected after centrifugal separation at 4°C at 12,000 x g for 15 min, and the protein
concentration was measured using a BCA protein Assay Kit (Pierce Biotechnology Inc.,
Rockford, Illinois). The final protein concentration was adjusted to 1.5 pg/uL for western
blotting. The remaining halves of the right EDL muscles were immediately processed with RNA
Later® (Ambion, Carlsbad, CA) for real-time reverse transcription polymerase chain reaction

(rRT-PCR). All samples were stored in a deep freezer (—80°C) until further analysis.

Histochemical Analysis

The pathological characteristics of the muscle tissue were identified using sections
stained with hematoxylin and eosin.

Size of Muscle Fibers. To determine the muscle fiber diameter for each fiber type,
myosin AT Pase staining was performed; the acid pre-incubation solution was adjusted to pH 4.5
to classify muscle fibers into types I, lla, and I1b (Zacharova et al. 2005, Soukup et al. 2009).
The muscle fiber diameters of each fiber type were measured using Image J software (NIH,
Frederick, MD). The diameter was defined as the maximum diameter across the lesser aspect of

the muscle fiber (lesser diameter). Measurements were taken for more than 200 fibers of each



type per muscle.

Capillary. The ALP reaction, employing an indoxyl-tetrazolium method, allowed

visualization of the capillaries in the muscles (Ziada et al. 1984). Capillary number supply was

evaluated by assessing the capillary/muscle fiber ratio. The capillaries and muscle fibers were

counted in 10 unbiased photographs (x100 magnification) covering the entire area of the deep

layer of the muscle. For each photograph, the capillary/muscle fiber ratio was expressed as the

number of capillaries per muscle fiber.

Western Blotting for Hsp72

The levels of Hsp72 in EDL muscle were measured by western blotting. Samples (15

ul) from each muscle were loaded onto 12.5% sodium dodecyl sulfate-polyaclylamidegel

electrophoresis (SDS-PAGE) gels, and electrophoresis was performed at 20 mA (constant

current/gel) for 90 min. The gel was transferred to a polyvinylidene difluoride (PVDF)

membrane at a constant voltage of 40 V for 70 min. Blots were blocked with 5% skim milk in

0.15 M Tris-HCI buffer (1.5M NaCl, 0.05% Tween-20, pH 8.8 ) for 1 h at room temperature.

After washing 5 times in buffer, the membranes were incubated overnight with primary

anti-Hsp72 antibody (Stressgen Bioreagents Corp., Victoria, BC) diluted 1:1000 in buffer at 4°C,

and then washed and incubated with horseradish peroxidase-conjugated mouse anti-rat IgG
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(Medical and Biological Laboratories Corp Ltd., Nagoya, JAPAN). After further washing, the
reaction was made visible using a Metal Enhanced DAB Substrate Kit (Pierce Biotechnology
Inc., Rockford, IL). Quantification of the bands from each immunoblot was performed using

Image J software, and the data were expressed as a percentage of the mean of the control level.

Real-time Reverse Transcription Polymerase Chain Reaction (rRT-PCR)

rRT-PCR analysis was performed for detection of MuRF1, Atrogin-1, VEGF, and eNOS
MRNA in EDL muscle. The primers sequences used for amplification are listed in Table 1. RNA
was extracted from muscle samples using a RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Total RNA template was used to make
cDNA using a QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany). Thereafter,
0.2 ul of each diluted cDNA sample was used as a template for PCR amplification, using
Brilliant 111 Ultra-fast SYBR® Green QPCR Master Mix (Agilent, Foster, CA) as a fluorogenic
intercalating dye and a Mx3005P Real-Time QPCR system (Agilent, Foster, CA). PCR
parameters were as follows: an initial denaturation step of 10 min at 95°C followed by 40 cycles
of 15 s at 95°C and 60 s at 60°C. The relative expression levels were calculated using the
comparative 2-**“ method and the RNA of the housekeeping gene p-actin as a control. The

control levels were arbitrarily set to 1.
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Statistical analysis

All data are presented as the mean + standard deviation (SD). One-way analysis of

variance followed by a Bonferroni/Dunn post-hoc test was used to compare all variables among

the 3 groups. Differences were considered significant at p < 0.05.

RESULTS

The body weights of the rats are presented in Figure 1. The administration of dex

gradually decreased the body weight of rats in the Dex and Dex + Heat groups. General

histological observation of the EDL muscle confirmed muscle fiber atrophy in the Dex and Dex

+ Heat groups. Except for muscle fiber atrophy, no pathological features were observed in the

muscles of any of the rats (data not shown).

Muscle fiber diameter

Representative images of cross-sections of samples with myosin-ATPase staining are

shown in Figure 2A—C. Quantitative analysis showed that the diameter of all muscle fiber types

was significantly lower in the Dex group (type I, 21.6 + 4.0 um; type lla, 22.4 £ 3.8 um; type

I1b, 28.5 £ 6.5 um) than in the control group (type I, 23.2 £ 4.3 um; type lla, 25.0 + 4.7 pm;
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type llb, 38.8 £ 9.3 um) (Fig. 2D). In particular, the type Ilb fibers showed the greatest atrophic

alteration. In the Dex + Heat group, the diameters of type I and lla fibers were significantly

higher than in the Dex group, and were preserved at the same level as the controls. Only the

diameter of type llb fibers was significantly lower in the Dex + Heat group than in the control

group; however, it was still higher than in the Dex group (Dex; 28.5 £ 6.5 um vs. Dex + Heat;

33.2 £ 6.8 um). Type llb fibers showed the greatest difference between the Dex and Dex + Heat

groups.

Atrogene mRNA levels

The level of MURF1 mRNA was significantly higher in the Dex group than in the

control group (Dex: 1.43 +£0.49 vs. control: 1.00 = 0.16). However, the level of MURF1 mRNA

did not differ between the Dex + Heat (0.97 £ 0.23) and control groups, and was significantly

lower in the Dex + Heat group than in the Dex group (Fig. 3A). The level of atrogin-1 mRNA

showed the same pattern as MuRF1 mRNA (Dex, 1.61 £ 0.48; Dex + Heat, 0.75 £ 0.21; control,

1.00 + 0.30) (Fig. 3B).

Expression of Hsp72

No significant difference in the concentration of Hsp72 was observed between the Dex
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and control groups (Dex: 91.7 + 61.7 % vs. control: 100 + 60.0 %). The concentration of Hsp72

in the Dex + Heat group (673.9 + 79.3 %) was significantly higher than in the other 2 groups

(Fig. 3C). Hsp72 levels were 6-fold higher in the Dex + Heat group than in the control group.

Capillary

Representative images from cross-sections with ALP staining for visualizing capillaries

are presented in Figure 4A-C. The number of capillaries increased in the following order:

control (108.3 = 26.1), Dex (123.1 + 29.7), and Dex + Heat groups (142.3 + 28.7). Thus, the

capillary/muscle fiber ratios were significantly lower in the Dex and Dex + Heat groups than in

the control group, and that in the Dex + Heat group was significantly higher than that in the Dex

group.

VEGF and eNOS mRNA levels

Levels of VEGF mRNA in the Dex group were significantly lower than in the control

group (Dex: 0.57 £ 0.24 vs. Control: 1.00 £ 0.34). Levels of VEGF mRNA were also

significantly lower in the Dex + Heat group (0.49 £ 0.16) than in the control group, and no

significant difference was observed between the Dex and the Dex + Heat groups (Fig. 4E). In

contrast, the level of eNOS mRNA was significantly higher in the Dex + Heat group than in the

control or Dex groups (Dex + Heat: 1.63 £+ 0.57 vs. control: 1.00 + 0.27, Dex: 1.09 + 0.13). No
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significant differences in the levels of eNOS mRNA were observed between the Dex and control

groups (Fig. 4F).

DISCUSSION

The main finding of this study is that heat treatment at 42°C for 60 min inhibited the

development of muscle fiber atrophy in GC-induced myopathy. The effects of heat treatment on

muscle fiber atrophy in GC-induced myopathy may be associated with changes in atrogene

expression, Hsp72 levels, and angiogenesis.

Administration of dex for 2 weeks has been reported to induce skeletal muscle fiber

atrophy in rats (Konno 2005). In this study, decreases in the diameters of all muscle fiber types

were confirmed in EDL muscle using the dexamethasone method described in the previous

study. Of the 3 types of muscle fibers, type I1b fibers showed the most severe atrophy. Many

reports have shown that fast-twitch muscle fibers, type Il fibers, are more strongly affected than

slow-twitch muscle fibers, type I fibers, in myopathy (Bentzinger et al. 2008; Konno 2005;

Menezes et al. 2007; Risson et al. 2009; Schakman et al. 2013). Thus, rats injected with dex are

considered to be a suitable model for GC-induced myopathy. The reason for the observed

differences in the degree of atrophy between muscle fiber types is associated with distribution of

the GC receptor; GC receptor expression is greater in fast-twitch muscle fibers than in
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slow-twitch muscle fibers (Shimizu et al. 2011). Therefore, we determined that EDL muscle,

which mainly consists of type Ilb fibers, was suitable for investigation of GC-induced myopathy.

However, one limitation of this study was its classification of muscle fiber types, because

myosin ATPase staining was used. Although in this study muscle fibers were classified into

three types, it is well known that muscle fibers can be divided into four types: type I, lla, 11X,

and Ilb. Type lIx fiber is a fast-twitch muscle fiber, and in myosin ATPase staining with acid

pre-incubation (pH 4.5) it is stained gray, as is type Ilb fiber (Soukup et al. 2009). Thus, the type

I1b fiber identified in our histochemical analysis also included type lix fibers. In recent reports,

it has been suggested that type l1x fibers might be most sensitive to external effects, such as

thyroid hormone status (Kopecka et al. 2014, Soukup et al. 2015). Thus, glucocorticoids may

have different effects on type IIx and Ilb muscle fibers. In regard to this point, further study

using immunohistochemical analysis with antibodies to myosin isoforms is required. On the

other hand, the mechanisms underlying the development of GC-induced myopathy are not

entirely clear, but the development of muscle atrophy is thought to be induced by UPS

up-regulation in GC-induced myopathy (Florini et al. 1996; Li et al. 2005). Recent reports have

suggested that GC induces up-regulation of UPS via changes in MuRF1, atrogin-1, and

muscle-specific (E3) ubiquitin ligases (Gwag et al. 2013; Schakman et al. 2008). In this study,

levels of both MuRF1 and atrogin-1 mRNA were increased by administration of GC for 2 weeks
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in the Dex group, indicating that UPS was up-regulated in EDL muscles. The up-regulation of

UPS would accelerate protein breakdown and induce muscle fiber atrophy. Interestingly, the

increases in the levels of atrogin-1 and MuRF1 mRNA caused by administration of dex were

inhibited by heat treatment in the Dex + Heat group. Inhibition of atrogin-1 and MuRF1 by heat

treatment might reduce protein breakdown in up-regulation of UPS; atrophy of all muscle fiber

types was prevented in the Dex + Heat group.

Many members of the Hsp family are known to function as molecular chaperones,

meaning that they stabilize and assist in the correct folding of nascent polypeptides. In addition

to their role in de novo protein folding, Hsps are involved in various aspects of proteome

maintenance, including macromolecular complex assembly, protein transport and degradation,

as well as aggregate dissociation and refolding of stress-denatured proteins. Under normal

cellular conditions, Hsp levels match the overall level of protein synthesis (Kakkar et al. 2014).

Hsps have received much attention for their roles as molecular chaperones for protein quality

control and anti-atrophic functions (Whitham and Fortes 2008). Among the Hsps, the Hsp70

family has been extensively studied in skeletal muscle, and various roles and functions have

been reported. Heat stress before hindlimb unweighting can reduce the rate of disuse muscle

atrophy because Hsp72 plays a role in the control of muscle atrophy induced by reduced

contractile activity (Naito et al. 2000). In this study, the expression of Hsp72 was significantly
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increased by heat treatment in the Dex + Heat group, as expected. It is possible that the increase

in expression of Hsp72 accelerated protein synthesis, which led to the inhibition of muscle fiber

atrophy in GC-induced myopathy. In addition, it has been reported that Hsp72 overexpression in

C2C12 myotubes caused an anti-atrophic effect via augmentation of p-FoxO3a and inhibition of

dephosphorylation of FoxO proteins, resulting in the previously described reduction in atrogin-1

and MuRF1 (Gwag et al. 2013). As stated above, the increases in MuRF1 and atrogin-1 related

to the administration of dex were inhibited by heat treatment in this study. Thus, inhibition of

atrogene expression by increased expression of Hsp72 may be one of the reasons that EDL

muscle fiber atrophy was prevented by heat treatment.

Administration of dex decreased the capillary/muscle fiber ratio and VEGF levels in the

Dex group. Although the details of how changes in capillary number influence skeletal muscle

atrophy are not clear, it is believed that capillary number and supply of blood flow are related to

regulation of muscle fiber size. For example, it has been reported that angiogenesis induced by

chronic hypoxia results in muscle hypertrophy (Deveci et al. 2002). Conversely, we assumed

that a reduction in capillary number induces muscle atrophy in GC-induced myopathy. A

previous study has shown that GC inhibits angiogenesis and destabilizes nascent capillaries

(Shikatani et al. 2012). The results of this study indicate the possibility that GC induces a

decrease in capillary number via reduction in VEGF. eNOS is also an important factor in
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circulation, with a role in vasodilation and vascularization. Although the administration of dex

for 2 weeks did not clearly decrease levels of eNOS mMRNA in this study, it is possible that GC

restricts vascular NO production in the heart and down-regulates the expression and/or activity

of eNOS (Wallerath et al. 2004). Regarding the effect of heat treatment in the Dex + Heat group,

capillary/muscle fiber ratio and levels of eNOS mRNA were increased, but VEGF was not. In a

previous study, thermal therapy activated the Akt/eNOS/NO pathway and increased the

capillary/muscle fiber ratio in mice with hindlimb ischemia (Miyauchi et al. 2012). VEGF

protein expression decreased in the skeletal muscles of rats with GC-induced myopathy, but was

unaltered by heat stress exposure (Akasaki et al. 2006; Barel et al. 2010). VEGF is one of the

factors that regulates expression and activity of eNOS, but eNOS can also be up-regulated

without changes in VEGF (Akasaki et al. 2006). These reports are concordant with our data, and

it appears that heat treatment may have increased the capillary/muscle fiber ratio via the

increase in eNOS, but not via VEGF. Further studies are required to clarify the relationship

between capillary number and the inhibition of muscle fiber atrophy in GC-induced myopathy.

In conclusion, our findings showed that heat treatment maintained the levels of atrogene

expression, increased Hsp72 and eNOS, and inhibited reduction in the number of capillaries,

and these alterations prevented muscle fiber atrophy in GC-induced myopathy. Based on the

results described above, we suggest that heat treatment is useful for patients with GC-induced
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myopathy. However, atrophy of type I1b muscle fibers in GC-induced myopathy, which showed

the most severe atrophy, could not be prevented completely, although the levels of atrogin-1 and

MuRF1 mRNA were maintained at the same levels as in the control group, and although Hsp72

was increased by more than 6-fold over the control level. Future studies will be required to

clarify the mechanism underlying the inhibitive effect of heat treatment on GC-induced

myopathy.
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Gene Product GenBank
Forward reverse

product length No

MuRF1 5-GGAGAAGCTGGACTTCATCG-3 5-CTTGGCACTCAAGAGGAAGG-3 133bp AY059627.1

Atrogin-1 5-CTACGATGTTGCAGCCAAGA-3 5-TTCCCCCAAAGTGCAGTATC-3 139bp AY059628.1

VEGF 5-ATGCCAAGTGGTCCCAG-3 5-CAATAGCTGCGCTGGTAG-3 94bp AY702972.1
eNOS 5-TGACCCTCACCGATACAACA-3 5-CTGTACAGCACAGCCACGTT-3 123bp AB176831.1
B-actin 5-CTAAGGCCAACCGTGAAAAG-3 5-TCTCCGGAGTCCATCACAAT-3 136bp AF122902.1

Table 1. Oligonucleotides of primers for real-time reverse transcription PCR.
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Figure 1. Changes in body weight during administration of dex and heat treatment for 14 days. *,

significantly different from controls (p < 0.05). Data are expressed as mean = SD.
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Figure 2. Histological changes in the muscle fibers of the extensor digitorum longus muscle.

Cross-sections of muscle stained with myosin ATPase (pH 4.5) in the control (A), Dex (B), and

Dex + Heat (C) groups. White, type | fibers; Black, type Ila fibers; Gray, type llb fibers. (D)

Changes in muscle fiber diameter following administration of dex and heat treatment. Data are

expressed as mean * SD. * Significantly different (p < 0.05).
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Figure 3. Gene expression of MuRF1 (A) and atrogin-1 (B) in the extensor digitorum longus

muscle. (C) Protein level of heat shock protein 72 in the extensor digitorum longus muscle.

Data are expressed as mean = SD. * Significantly different (p < 0.05).
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Figure 4. Histological changes in the capillaries of the extensor digitorum longus muscle.
Cross-sections of muscles stained with alkaline phosphatase reaction in the control (A), Dex (B),
and Dex + Heat (C) groups. Deep dyeing indicates a capillary. (D) Changes in the
capillary/muscle fiber ratios in the extensor digitorum longus muscle. Gene expression of
vascular endothelial growth factor (E) and endothelial nitric oxide synthase (F) in the extensor
digitorum longus muscle. Data are expressed as mean = SD. * Significantly different (p <

0.05).



