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1. Introduction 

Glucocorticoid (GC)-induced skeletal muscle atrophy is a significant 
side effect that commonly occurs with long-term administration of high 
doses of GC, leading to a notable impairment of activities of daily living 
(ADL) [1]. This type of muscle atrophy is characterized by proximal 
muscle atrophy and a dominance of type II fibers, resulting in a sub-
stantial decline in muscle strength and limitations of key ADL actions, 
such as walking and standing [1–3]. 

In clinical practice, pharmacotherapy and physical therapy are used 
to counteract GC-induced muscle atrophy [3–5]. Recent advances in 
pathological chemistry have provided insights into GC-induced muscle 
atrophy, which is believed to be associated with decreased insulin-like 
growth factor 1 (IGF-1) and increased myostatin [4,5]. Unfortunately, 
studies investigating the potential of exercise therapy to prevent and 
suppress GC-induced muscle atrophy in rats are limited, as are those 
investigating the relationship between exercise therapy and the dy-
namics of IGF-1 or myostatin [6–16]. However, recent findings suggest 
that downhill running may increase the expression of irisin [17–19], a 
myokine associated with IGF-1 and myostatin. Downhill running is 
characterized by lower metabolic costs and greatekr loading on anti-
gravity muscles [20,21]. Assessing changes in the intramuscular levels 
of these myokines and the skeletal muscle mass for each exercise mode is 
crucial for the development of exercise therapy protocols for GC-induced 
muscle atrophy. 

Although previous studies have investigated treadmill running 
therapy initiated before or during GC treatment [7,9,10,12–14], there is 
a lack of research examining the effects of running during the recovery 
period after GC treatment. Muscle weakness resulting from GC-induced 
muscle atrophy often becomes evident after treatment, prompting the 
prescription of rehabilitation interventions once symptoms appear. By 
investigating the effects of the intervention on muscles that have already 

undergone atrophy, the optimal timing of the rehabilitation intervention 
can be determined. 

This study aimed to determine the most effective running mode for 
recovery from GC-induced muscle atrophy. 

2. Experimental 

2.1. Animals 

A total of 32 adult male 10-week-old Wistar rats (CLEA Japan Inc., 
Osaka, Japan) were used. All animals were maintained at a 12:12 h 
light/dark cycle and standard laboratory temperature of 23 ◦C. The rats 
had free access to water and food. The experimental protocol was 
approved by the University Animal Care and Use Committee (A-19-03). 

2.2. Experimental protocol (Fig. 1) 

The rats were randomly divided into four groups: a) vehicle group 
(VEH, n = 8); b) dexamethasone (DEX)-injected and sedentary group (n 
= 8); c) DEX-injected and 15◦ uphill (UH) running group (n = 8); and d) 
DEX-injected and − 15◦ downhill (DH) running group (n = 8). All ani-
mals underwent treadmill habituation-run consecutively for two days at 
10 m/min for 10 min before DEX or saline injection. 

The VEH group was allowed six weeks of free movement after five 
consecutive days of intraperitoneal administration of 1 ml/kg− 1 saline, 
starting from the beginning of the experiment. Conversely, 600 μg/kg− 1 

of DEX (Sigma-Aldrich, Missouri, USA) diluted in an equal volume (1 
ml/kg− 1) of saline was administered in the remaining groups via i.p. 
injection for five consecutive days in order to induce muscle atrophy, as 
seen in previous studies [22–24]. Following treatment, the DEX group 
was allowed six weeks of free movement within their cages. Fig. 1. 

The UH and DH groups ran on an inclined treadmill (MK-680; 
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Muromachi Inc., Tokyo, Japan) for 30 min (15 min running/5 min rest/ 
15 min running) × 3 sessions/week × 6 weeks (a total of 18 sessions). 
UH rats ran at a + 15◦-incline at 12 m/min for the first week, 14 m/min 
for the second week, and 16 m/min for the third and subsequent weeks. 
To incur the same metabolic cost as UH as per the regression expression 
of Schlagowski et al. [25], DH rats ran at a − 15◦-incline at 20 m/min for 
the first week, 26 m/min for the second week, and 30 m/min for the 
third and subsequent weeks. 

2.3. Tissue collection and storage 

Forty-eight hours after the end of the intervention period, animals 
were sacrificed by an overdose i.p. injection of pentobarbital sodium. 
Soleus (SOL), medial gastrocnemius (GAS), and extensor digitorum 
longus (EDL) muscles were harvested from the left hind limb and 
promptly weighed to determine wet weight. The gastrocnemius muscle 
uniquely satisfied the following conditions: it was susceptible to GC- 
induced atrophy [26] and it exhibited eccentric contraction induced 
by downhill running [27,28]. The soleus muscle, which primarily con-
sists of Type I fibers, is minimally affected by DEX [29,30]. The EDL is a 
Type II fiber-dominant muscle [31]; however, since it acts in ankle 
dorsiflexion, its eccentric contraction is not accentuated by downhill 
running. We provided data on the wet weights of these muscles to 
demonstrate that the effect of DEX is consistent with the findings of 
previous studies. 

GC administration leads to a decrease in both whole-body and 
skeletal muscle mass [14,29]. Thus, normalization using significantly 
reduced whole-body mass at autopsy as the denominator may under-
estimate the decline in skeletal muscle mass since both the numerator 
and denominator decreased simultaneously. Using the baseline whole- 
body mass as the denominator, which aligned with the normal growth 
curve for all groups, enabled us to compare pure skeletal muscle atro-
phy. Baseline whole-body mass was used as a reference for standardizing 
the muscle wet weight in the results. 

The left GAS was fixed in 10 % phosphate-buffer for 24 h. It was 
further subjected to sucrose replacement treatment before being 
embedded in an OCT compound and stored at − 80 ◦C for future use. The 
GAS obtained from the right hindlimb was placed in a screw tube and 
stored at − 80 ◦C until it was needed. 

2.4. Image analysis 

Frozen blocks of the GAS obtained from the left hind limb were 
sectioned to a thickness of 10 μm (transverse section) using a cryostat. 
Subsequently, the sections were stained using the nicotinamide adenine 
dinucleotide tetrazolium reductase (NADH-TR) staining method 
following the standard procedure. The resulting cross-sectional images 

were digitized and imported to a computer. The thinning, staining, 
digitization, and import processes were performed by the Center for 
Anatomical, Pathological, and Forensic Medical Research at Kyoto 
University Graduate School of Medicine in Kyoto, Japan. 

For each muscle section, five random cross-sectional images were 
captured at × magnification of 200x. Using ImageJ software developed 
by the United States National Institutes of Health, 100 fibers were 
randomly selected and quantified for each fiber type (Type I, Type IIA, 
and Type IIB) from each muscle section. Additionally, the cross-sectional 
areas of the fibers were measured to further analyze the muscle samples. 
Similar to the muscle wet weight, the baseline whole-body mass was 
employed as the denominator for the normalization of skeletal muscle 
CSA. 

2.5. Biochemical analysis 

The GAS obtained from the right hind limb was thawed and ho-
mogenized. The total protein content of the extracted samples was 
analyzed using the Bradford method. Enzyme-linked immunosorbent 
assays (ELISA) were conducted on the extracts using commercially 
available kits for measuring irisin (Phoenix Pharmaceuticals Inc., Bur-
lingame, CA, Cat. No. EK-067–29), myostatin (R&D Systems Inc., 
McKinley, USA, Cat. No. DGDF80), and IGF-1 (R&D Systems Inc., 
McKinley, USA, Cat. No.MG100). The assays were performed in dupli-
cates, adhering to the instructions provided in the respective kit pro-
tocols. The mean value of duplicate wells was used for analysis. 
Microplate Leaders SH-1200 (Corona Electric Co., Ltd., Ibaraki, Japan) 
and SF-6 (Corona Electric Co., Ltd., Ibaraki, Japan) software were used 
for the calculations. The concentration of myokines in the GAS was 
determined by dividing it by the total protein concentration in the GAS. 

2.6. Statistical analysis 

Statistical analyses were performed using JMP PRO 17.0.0 software 
(SAS Institute Inc., Cary, NC, USA). All data are presented as means ±
SE. The level of statistical significance was set at α = 0.05. A one-way 
ANOVA test was used to examine the main effects among the groups 
for each outcome. Tukey’s test was performed as a post-hoc test. 

3. Results 

3.1. Whole-body mass (Fig. 2) 

The whole-body masses of all groups at baseline and at dissection are 
listed in Table 1. The body masses of the UH and VEH groups were 
significantly restored compared with those of the DEX group (p <.05). 
No significant differences were observed between the DH and DEX 
groups. Fig. 2. 

3.2. Skeletal muscle wet weight 

The wet weight of each skeletal muscle is listed in Table 1. The 
percentage change of the SOL wet weight was significantly higher in the 
UH and DH groups than that in the DEX group (p <.05). The DH group 
percentage change was also significantly higher than that of the VEH 
group (p <.05) (Fig. 3A). 

The GAS wet weight in the UH and DH groups was significantly 
higher than that in the DEX group, similar to the weight differences seen 
with the SOL (p <.05). The GAS wet weight in the DH group was also 
significantly higher than that in the VEH group (p <.05) (Fig. 3B). 

In the EDL, there were no significant differences among all groups. 

3.3. Cross sectional areas of the medial gastrocnemius muscle (Fig. 4) 

The CSA of the GAS are listed in Table 1. For type I fibers, the UH 
group showed a significantly greater ratio of the CSA/Baseline body 

Fig. 1. Experimental protocol. DEX, dexamethasone injection and sedentary 
group; UH, dexamethasone injection and uphill running group; DH, dexa-
methasone injection and downhill running group. 
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mass than the DEX and DH groups (p <.05) (Fig. 4, Fig. 5). No significant 
differences were observed between the other groups. . 

In type IIA fibers, the UH group showed significantly greater ratio of 
the CSA/Baseline body mass than the DEX and DH groups (p <.05), 
similar to that of type I fibers. No significant differences were observed 
among the other groups. Fig. 5 

In type IIB fibers, the UH group showed a significantly greater ratio 
of the CSA/Baseline body mass than that of the DEX group (p <.05). No 
significant differences were observed between the other groups. Fig. 5 

3.4. Myokine levels in the medial gastrocnemius muscle 

Only one sample each of the VEH, DEX, and UH groups with a co-
efficient of variation of > 20 % for total protein in the GAS was avail-
able, which serves as the denominator for myokine levels; as such, these 
samples were excluded from the analysis. The UH group showed 
significantly higher intramuscular irisin levels than that of the DEX 
group (p <.05) (Fig. 6A). The DH group also showed a trend toward 
higher intramuscular irisin levels than that of the DEX group; however, 

the difference was not significant (p =.052). No significant differences 
were observed between the other groups. 

Muscle myostatin levels in the DH group were significantly lower 
than in the DEX group (Fig. 6B); however, there were no significant 
differences among the other groups. 

One-way ANOVA revealed no significant differences in muscle IGF-1 
levels between the groups. 

4. Discussion 

This study has three main findings. First, inclined running 
commenced after DEX injection and effectively restored significant 
losses in muscle wet weight caused by DEX to levels comparable to those 
in healthy development, irrespective of whether it was uphill or down-
hill running. Second, uphill running specifically induces hypertrophy of 
GAS Type IIB fibers, which are typically affected by GC-induced muscle 
atrophy. Finally, similar to myostatin and IGF-1, irisin may serve as an 
important mediator of muscle hypertrophy in GC-induced muscle atro-
phy in vivo. 

Table 1  

Variables Vehicle DEX DEX + Uphill runnning DEX + Downhill running 

Mean SE Mean SE Mean SE Mean SE 

Body mass         
Baseline (g)  300.6  5.7  338.7  3.9  284.9  2.2  301.3  5.6 
Dissection (g)  419.6  10.7  425.0  10.8  380.8  5.2  399.8  8.4 
Percent changes in body mass         
at Dissection/at Baseline (%)  139.5  1.6  125.4  2.3  133.7  1.9  123.8  1.7 
Skeletal muscle wet weight/Baseline body mass        
Soleus (%)  0.054  0.001  0.048  0.002  0.062  0.002  0.065  0.003 
GAS (%)  0.327  0.009  0.287  0.007  0.334  0.004  0.318  0.007 
Extensor digitorum longus (%)  0.056  0.002  0.050  0.002  0.056  0.001  0.056  0.002 
Myokine levels in the GAS         
Irisin (ng/g)  5.59  0.44  5.17  0.46  7.37  0.67  7.28  0.55 
IGF-1 (pg/g)  99.14  24.43  185.9  18.1  129.95  13.81  130.60  16.02 
Myostatin (pg/g)  42.75  2.33  40.33  2.49  38.92  3.08  31.20  1.42 
CSA of the GAS         
Type I (cm2)  1317.4  76.3  1314.0  73.5  1377.9  66.9  1160.4  62.4 
Type IIa (cm2)  2371.1  170.5  2431.1  132.0  2601.9  106.3  2182.2  85.5 
Type IIb (cm2)  3439.9  206.7  3274.7  137.2  3427.3  172.7  3113.2  166.8 
Ratio of CSA of the GAS/Baseline body mass        
Type I  4.38  0.28  3.88  0.22  4.84  0.23  3.85  0.19 
Type IIa  7.89  0.57  7.18  0.41  9.13  0.39  7.24  0.31 
Type IIb  11.44  0.70  9.67  0.43  12.03  0.56  10.33  0.60 

GAS, medial gastrocnemius; CSA, cross sectional area 

Fig. 2. Percentage changes of body mass. DEX, dexamethasone injection and 
sedentary group; UH, dexamethasone injection and uphill running group; DH, 
dexamethasone injection and downhill running group. *: Significant difference 
vs. vehicle group (p <.05); †: Significant difference vs. dexamethasone injection 
and sedentary group (p <.05). 

Fig. 3. Skeletal muscle wet weight relative to baseline body mass. A) Soleus; B) 
Medial gastrocnemius. GAS, medial gastrocnemius; VEH, vehicle group; DEX, 
dexamethasone injection and sedentary group; UH, dexamethasone injection 
and uphill running group; DH, dexamethasone injection and downhill running 
group. *: Significant difference vs. vehicle group (p <.05); †: Significant dif-
ference vs. dexamethasone injection and sedentary group (p <.05). 
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4.1. Timing of initiation of exercise therapy for GC-induced muscle 
atrophy 

Previous studies explored the potential of treadmill running as an 
intervention to mitigate muscle atrophy [7,9–14]. Notably, different 
exercise protocols and GC treatment regimens have been employed in 
these studies [7,9–14], leading to varying outcomes. Hickson et al. [7] 
conducted a 12-week preventive exercise intervention with adminis-
tration of GC limited to the last 10 days of the intervention period. 
Conversely, other studies opted for the concurrent administration of GC 
and exercise interventions [12–14]. Additionally, variations in the type 
of GC administered, route of administration, and dosage further 
contributed to the diversity of findings among the studies [7,9–14]. 

In the present study, DEX was injected before the exercise protocol to 
mimic muscle atrophy, which is commonly observed after high-dose GC 
therapy. Consequently, despite the occurrence of muscle atrophy 
induced by GC, exercise therapy promotes the histological recovery of 
skeletal muscle. These findings provide valuable insights into the po-
tential of exercise therapy as a recovery strategy following high-dose GC 
therapy-induced muscle atrophy. By focusing on atrophied muscles, our 

study addresses a critical aspect of clinical relevance, as patients un-
dergoing high-dose GC therapy often experience muscle wasting as a 
side effect. Identifying exercise conditions that facilitate recovery in this 
specific context can significantly affect clinical decision making and 
patient outcomes. 

4.2. Differences between uphill and downhill running for recovery from 
GC-induced muscle atrophy 

Although few studies have explored the relationship between dif-
ferences in incline running and myokine expression, which regulates 
skeletal muscle mass, recent evidence suggests that transient downhill 
running may increase the expression of irisin and its precursor FNDC5 in 
both blood and muscle tissues [17–19]. With this in mind, we hypoth-
esized that downhill running would facilitate recovery from GC-induced 
muscle atrophy. However, contrary to our expectations, the results of 
our study demonstrated that uphill running promoted recovery from GC- 
induced muscle atrophy. Previous studies have also indicated that 
moderate-load exercises more effectively suppress GC-induced muscle 
atrophy compared to high-load exercises [14], underscoring the signif-
icance of load adjustment and skeletal muscle tissue damage. This study 
focused on equalizing the metabolic load between the UH and DH 
groups; therefore, the rats were not matched for mechanical power 
(inclination and running distance). Downhill running, which was per-
formed with higher mechanical power than that in the UH group, may 
have imposed significant stress on the vulnerable GAS owing to its 
weakened state after DEX administration [32,33]. Furthermore, down-
hill running has been associated with the initiation and advancement of 
knee osteoarthritis [34,35]. These findings may have important impli-
cations for patients prescribed rehabilitation after experiencing various 
illnesses and reduced physical strength. 

4.3. Contribution of myokine in exercises promoting recovery from GC- 
induced muscle atrophy 

It has been extensively documented that high doses of GC elevate 
myostatin levels in vivo and decrease IGF-1 levels, leading to increased 
protein catabolism and reduced skeletal muscle atrophy [4,5,22]. 
However, there are only a few reports on the relationship between GC 
treatment and irisin, which has emerged as a significant regulator of 
skeletal muscle mass. Chang et al. [36] reported that irisin treatment 
counteracted GC-induced atrophy in C2C12 muscle stem cells using in 
vitro methods. The findings of the current study, which showed 

Fig. 4. Typical nicotinamide adenine dinucleotide tetrazolium reductase 
(NADH-TR)-staining images of medial gastrocnemius. A, vehicle group; B, 
dexamethasone injection and sedentary group; C, dexamethasone injection and 
uphill running group; D, dexamethasone injection and downhill running group. 

Fig. 5. Cross sectional area of the medial gastrocnemius for each fiber type 
relative to baseline body mass. CSA, cross sectional area; GAS, medial 
gastrocnemius; DEX, dexamethasone injection and sedentary group; UH, 
dexamethasone injection and uphill running group; DH, dexamethasone injec-
tion and downhill running group. †: Significant difference vs. dexamethasone 
injection and sedentary group (p <.05); ‡: Significant difference vs. dexa-
methasone injection and uphill running group (p <.05). 

Fig. 6. Myokine concentration in each skeletal muscle. A, Irisin; B, Myostatin. 
VEH, vehicle group; DEX, dexamethasone injection and sedentary group; UH, 
dexamethasone injection and uphill running group; DH, dexamethasone injec-
tion and downhill running group. *: Significant difference vs. vehicle group (p 
<.05); †: Significant difference vs. dexamethasone injection and sedentary 
group (p <.05). 
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accelerated recovery from GC-induced muscle atrophy and increased 
irisin levels in the UH and DH groups, support this report. 

Notably, prior research on irisin treatment in skeletal muscle atrophy 
models, such as non-weight-bearing [37], denervation-induced muscle 
atrophy [38], and dystrophic muscle [39], has shown partial ameliora-
tion of all types of muscle atrophy. In addition, irisin contributes to the 
regulation of muscle mass by regulating the expression of IGF-1 and 
myostatin [36,40]. Most studies demonstrating the suppression of 
muscle atrophy by GC were conducted prior to the discovery of irisin 
[7,9–14]. Our findings underscore the need for more comprehensive 
investigations to elucidate the extent of irisin involvement in this 
context. 

While the Irisin levels in the GAS of both the UH and DH groups did 
not exhibit significant differences, there was a notable restoration in the 
CSA of Type I and Type IIA fibers in the UH group compared to that in 
the DH group. This discrepancy could be attributed to the distinctive 
nature of GC-induced muscle atrophy, wherein type IIB fibers are 
particularly susceptible to atrophy [5], and the variation in neuro-
effectors that primarily engage Type II fibers during downhill running 
[41], rather than the influence of irisin. Therefore, additional research is 
required to ascertain the extent to which irisin contributes to muscle 
hypertrophy following GC treatment. 

IGF-1 and myostatin secretion are thought to be regulated by resis-
tance training rather than endurance exercises, such as treadmill 
running [42,43]. Myostatin was suppressed in the DH group at higher 
mechanical powers, although this was not reflected in the CSA results. In 
future experimental setups, it may be worthwhile to consider compari-
sons of exercises matched for mechanical power rather than metabolic 
costs. 

4.4. Limitations 

This study had several limitations. Regrettably, myokine levels were 
only assessed at a single time point, specifically at six weeks post-DEX 
administration. As a result, irisin levels in the DEX and VEH groups 
did not exhibit significant differences, possibly due to the spontaneous 
recovery of irisin and myostatin levels, which would ideally have 
decreased once these levels were restored. Indeed, previous studies have 
reported that in vivo irisin levels decrease [44] and myostatin levels 
increase [4] after the administration of GC. A study design that in-
corporates tissue assessments at multiple time points is necessary to 
elucidate the temporal variability of myokines. Some researchers have 
expressed concerns regarding commercial ELISA kits for irisin [45,46]. 
Hence, based on previous studies, we opted for a kit deemed to possess 
high validity [47]. There was a difference in weight between the groups 
at baseline even when they were randomly assigned. 

5. Conclusion 

Uphill running may be a suitable intervention for promoting muscle 
volume recovery in cases of GC-induced muscle atrophy. Inclined 
running exercises are suitable for people who do not have joint prob-
lems, such as in their knees, or those with some other type of limitation. 

We confirm that we have read the Journal’s position on issues 
involved in ethical publication and affirm that this report is consistent 
with those guidelines. 
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