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ABSTRACT. The present study aimed to quantitatively evaluate muscle mass and gene 
expression in dogs with glucocorticoid-induced muscle atrophy. Five healthy beagles received 
oral prednisolone for 4 weeks (1 mg/kg/day), and muscle mass was then evaluated via computed 
tomography. Histological and gene expression analyses were performed using biopsy samples 
from the biceps femoris before and after prednisolone administration. The cross-sectional 
area of the third lumbar paraspinal and mid-femoral muscles significantly decreased after 
glucocorticoid administration (from 27.5 ± 1.9 to 22.6 ± 2.0 cm2 and from 55.1 ± 4.7 to 50.7 ± 4.1 
cm2, respectively; P<0.01). The fast- and slow-twitch muscle fibers were both atrophied (from 
2,779 ± 369 to 1,581 ± 207 μm2 and from 2,871 ± 211 to 1,971 ± 169 μm2, respectively; P<0.05). 
The expression of the growth factor receptor-bound protein 10 (GRB10) significantly increased 
after prednisolone administration (P<0.05). Because GRB10 suppresses insulin signaling and 
the subsequent mammalian target of rapamycin complex 1 activity, increased expression of 
GRB10 may have resulted in a decrease in protein anabolism. Taken together, 1 mg/kg/day oral 
prednisolone for 4 weeks induced significant muscle atrophy in dogs, and GRB10 might participate 
in the pathology of glucocorticoid-induced muscle atrophy in canines.
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In veterinary medicine, glucocorticoids (GCs) are frequently used for their anti-inflammatory and immunosuppressive effects. 
Most inflammatory or immune-mediated diseases are refractory; therefore, GCs are often administered for a long term or at high 
doses. However, long-term or high-dose GC use can cause serious adverse reactions [28]. In dogs, polyuria/polydipsia, glucose 
intolerance, hepatic or gastrointestinal disorders, and skeletal muscle atrophy are known as the adverse reactions of GC treatment 
[2]. In particular, skeletal muscle atrophy leads to limb weakness and worsening quality of life [19, 33, 42–44]. Skeletal muscle 
atrophy is also a problem in dogs with hyperadrenocorticism, which is caused by the excess secretion of endogenous GCs [40]. 
GC-induced muscle atrophy in canines causes exercise intolerance as well as joint disorders [19, 33, 42–44]; however, GC-induced 
muscle atrophy is not the direct target of medical intervention. Therefore, no treatment other than reducing GC dose exists both for 
humans and dogs [36, 37]. Branched chain amino acids, growth hormone, creatine, taurine, and clenbuterol are listed as candidates 
for treating GC-induced muscle atrophy in humans [21, 28, 37]; however, the efficacy of these candidate treatments has not been 
established yet.

The mechanism of GC-induced muscle atrophy has not been fully understood. However, GC-induced muscle atrophy has been 
shown to be triggered by various biological responses, including the inhibition of protein anabolism and promotion of protein 
catabolism [24, 27, 46]. In rodents, several GC-responsive genes have been implicated in these metabolic abnormalities [3, 39, 46]. 
These genes can be a promising target in the treatment of GC-induced muscle atrophy. Although GC-induced muscle atrophy is 
empirically recognized in dogs, there are no reports that have quantitatively proved that GC administration induces muscle atrophy. 
Furthermore, at present, no study has investigated the molecular biological pathology of GC-induced skeletal muscle atrophy in 
canines. The pathophysiology of GC-induced muscle atrophy needs clarification for developing appropriate treatment methods. 
Thus, the present study aimed to elucidate the pathophysiology of GC-induced muscle atrophy in dogs. We induced muscle atrophy 
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via GC administration and quantitatively evaluated muscle mass in dogs. Moreover, the expression of 12 genes involved in protein 
anabolism or catabolism in humans and rodents [3, 10, 12, 17, 20, 31, 32, 35, 45, 47, 48] was analyzed in dogs with GC-induced 
muscle atrophy.

MATERIALS AND METHODS

Animals and study procedure
Five healthy beagle dogs (two castrated males and three spayed females), with a median weight of 13.7 kg (range 12.5–19.1 kg) 

and a median age of 5 years (range 4–10 years), were used in this study. The dogs were housed in individual cages under the 12-hr 
light cycle at approximately 24°C. They were fed commercial maintenance dry food twice a day and allowed free access to tap 
water. Prednisolone (Predonine tablets 5 mg; Shionogi & Co., Ltd., Osaka, Japan) was administered orally at a dosage of 1 mg/kg 
body weight once daily for 4 weeks with food. Computed tomography (CT) and muscle biopsy were performed before and after 4 
weeks of prednisolone administration. All study procedures were performed in accordance with the Gifu University Guidelines for 
Animal Experimentation (approval number: 16092).

Evaluation of skeletal muscle mass using CT
We evaluated the skeletal muscle cross-sectional area using CT before and after GC administration for 4 weeks. After 12-hr 

fasting, the dogs were anesthetized with 7 mg/kg intravenous propofol (PropoFlo; Zoetis Japan, Tokyo, Japan) and maintained with 
isoflurane (IsoFlo; Zoetis Japan) in oxygen. All CT scans were performed using a multidetector-row CT scanner (Asteion Super 4; 
Toshiba Medical Systems, Tochigi, Japan) at 120 kV, 100 mA, and 2-mm slice thickness. In humans, the cross-sectional area of the 
paraspinal muscle at the third lumbar (L3) vertebra correlates with the entire body muscle mass [13, 15]. In addition, the muscles 
of the proximal lower limbs, including the thigh muscles, are strongly affected in GC-induced muscle atrophy [25]. Therefore, we 
focused on the paraspinal muscle at L3 and the mid-femoral muscle. The skeletal muscle cross-sectional areas were analyzed using 
the region of interest tool of OsiriX image software (Newton Graphics, Sapporo, Japan).

Skeletal muscle sampling
After the first CT scan (before GC administration), a skeletal muscle sample was acquired from the left biceps femoris using 

a routine 8-mm punch biopsy device. All dogs were injected with butorphanol (0.2 mg/kg Vetorphale; Meiji Seika Pharm Co., 
Ltd., Tokyo, Japan) into the muscle for analgesia before waking from anesthesia. After the second CT scan (after 4 weeks of GC 
administration), the dogs were euthanized with an intravenous injection of sodium pentobarbital (100 mg/kg Nembutal; Abbott 
Japan, Tokyo, Japan), and a skeletal muscle sample was collected from the right biceps femoris with the 8-mm punch biopsy 
device.

Immunohistochemistry
To classify the fast-twitch and slow-twitch muscle fibers of the skeletal muscle, immunohistochemistry was performed using 

antibodies against the myosin heavy chain that is specifically expressed in fast-twitch and slow-twitch muscle fibers. All samples 
were embedded in paraffin and sliced into 3-µm slices. The prepared slide sections were treated with 8,000-fold diluted primary 
antibody (M8421 and M4276; Sigma, St. Louis, MO, USA) at 4°C for 12-hr. Next, EnVision + System HRP Labeled Polymer 
Anti-Mouse IgG antibody (REF K4001; Dako, Santa Clara, CA, USA) was added to the sections as a secondary antibody, which 
was reacted at room temperature for 30 min. Color was developed using Liquid Dab + Substrate Chromogen System (Dako), 
and Mayer’s hematoxylin was used as the counterstain. The cross-sectional area of   the muscle fibers was measured using ImageJ 
software (National Institute of Health, Bethesda, MD, USA).

Real-time reverse transcription (RT)-polymerase chain reaction (PCR)
Total RNA was extracted from the skeletal muscle samples using SV Total System (Promega, Madison, WI, USA) and 

reverse-transcribed using ReverTra Dash (Toyobo Biochemicals, Osaka, Japan) according to the manufacturer’s instructions. 
Primer sequences for 10 genes involved in the protein metabolism of humans and rodents, including Krüppel-like factor 15 
(KLF15), forkhead box O1 (FOXO1), forkhead box O3 (FOXO3), muscle RING finger protein 1 (MuRF1), muscle atrophy 
F-box (Atrogin-1), growth factor receptor-bound protein 10 (GRB10), phosphotyrosine interaction domain-containing 1 (PID1), 
SH3 domain-containing 1 (SORBS1), p85α subunit of phosphoinositide 3 kinase (p85α), and Sestrin 1 (SESN1), are shown in 
Table 1. The sequence of the target gene was obtained from the Genbank database (https://www.ncbi.nlm.nih.gov/genbank/), and 
the optimum primer sequence was generated from the obtained sequence using Primer BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/). Based on the analyses of 10 samples amplified using primer sets for 8 genes (glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), β2-microglobulin, hypoxanthine–guanine phosphoribosyltransferase, ribosomal protein L8, ribosomal 
protein L13, ribosomal protein S5, ribosomal protein S19, and succinate dehydrogenase) using BestKeeper software (https://www.
gene-quantification.de/bestkeeper.html), we chose GAPDH as the housekeeping gene.

Quantitative PCR (qPCR) was performed using SYBR Premix Ex TaqII (Tli RNaseH Plus; TaKaRa Bio Inc., Kusatsu, Japan) on 
StepOnePlusTM Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), and relative quantification was performed 
using the calibration curve method. PCR comprised an initial denaturation step at 95°C for 30 sec, followed by 40 cycles of 
amplification involving denaturation at 95°C for 15 sec and annealing and extension at 60°C for 30 sec. The specific amplification 
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of each gene was confirmed via agarose gel electrophoresis and melting curve analysis. qPCR was performed for all genes in a 
single plate. The intra-assay coefficient of variation value in qPCR quantification (n=8) was <20% (Table.1).

Statistical analyses
Excel 2004 (Microsoft, Redmond, WA, USA) with the add-in software Statcel 3 (OMS Publishing, Saitama, Japan) was used for 

statistical analyses. As some data were not normally distributed (Kolmogorov–Smirnov test), we employed the Wilcoxon signed-
rank test for analyzing changes noted in the muscle cross-sectional area of the paraspinal muscle at L3 and the mid-femoral muscle 
using CT, muscle fiber cross-sectional area using immunohistochemistry, and mRNA expression levels using real-time RT-PCR 
before and after GC administration. P values ˂0.05 were considered significant.

RESULTS

Clinical signs and skeletal muscle cross-sectional area
All dogs showed polyuria/polydipsia after prednisolone administration for 4 weeks; however, none of the animals showed any 

other clinical signs, including the signs suggestive of muscle atrophy (such as lethargy or exercise intolerance). No gross muscle 
atrophy was observed in the physical examination. The results of the analyses of the skeletal muscle cross-sectional area of the 
paraspinal muscle at L3 and the mid-femoral muscle using CT are presented in Fig. 1. There was a significant reduction in the 
muscle cross-sectional area of the paraspinal muscle at L3 (from 27.5 ± 1.9 to 22.6 ± 2.0 cm2, 17.6% decrease; P<0.05) and the 
mid-femoral muscle (from 55.1 ± 4.7 to 50.7 ± 4.1 cm2, 9.3% decrease; P<0.05) after GC administration.

Muscle fiber cross-sectional area via immunohistochemistry
We investigated the cross-sectional area of fast-twitch and slow-twitch muscle fibers via immunohistochemistry. There were 

significant reductions in the cross-sectional areas of fast-twitch (from 2,779 ± 369 to 1,581 ± 207 μm2, 31.4% decrease; P<0.05) 
and slow-twitch (from 2,871 ± 211 to 1,971 ± 169 μm2, 43.2% decrease; P<0.05) muscle fibers (Fig. 2).

Relative RNA expression level before and after GC administration
Real-time RT-PCR was performed to compare changes in the expression level of 12 genes before and after GC administration. 

Relative GRB10 expression was significantly increased after prednisolone administration (from 0.46 ± 0.089 to 1.0 ± 0.13; P<0.05). 
Although some dogs showed an increase in the expression of other genes after GC administration, no statistical significance was 
found (Fig. 3). GRB10 showed less variation in its expression among the animals. By contrast, other genes exhibited large inter-
individual variability, and the expression of these genes in some individuals was completely opposite to the expression of the same 
genes in others.
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Table 1. Primers for quantitative real-time RT-PCR

Gene Sequence (5′-3′) GenBank accession 
number

Intra-assay coefficient 
of variation (%)

GAPDH Forward CACCAACTGCTTGGCTCCTC AB038240.1 7.5
Reverse CGTCACGCCACATCTTCCCA

KLF15 Forward CAAGAGCAGCCACCTCAAG XM_846268.4 15.3
Reverse GTCAAGCCCTACCACCTCAAG

FoxO1 Forward ACTTATGGCAGCCAGGCATC XM_025462396.1 16.8
Reverse GCAAGGCACGCCCATTAAC

FoxO3 Forward CCTTTAACAGCACGGTGTTCG XM_003639400.4 11.7
Reverse GGTCCTGGAGTGTCTGGTTG

MuRF1 Forward CTGCAGAGCGTCTTCCAGG XM_022413016.1 9.8
Reverse CTCCTTGGTCACTCGACAGG

Atrogin1 Forward TCATGCAGAGGCTGAGTGAC XM_532324.6 9.7
Reverse GGATCTGCCGCTCAGAGAAG

Grb10 Forward CCACGGCTTCTGCATAAAGC XM_014120815.2 7.9
Reverse CGTCATCCAGCACGTTCTCC

Pid1 Forward CACCACAGGCATGCAGTTTC XM_022409580.1 9.3
Reverse AGGTGATGGAGCCACACTTG

Sorbs1 Forward CATCCCGACAAGGCATCTTC XM_014108803.2 9.1
Reverse CTTGCTGTGACTGGCAAACTG

p85α Forward ACCACTACCGGAATGAGTCTC XM_014108822.2 7.6
Reverse CCTCTTTGACAACCTGATCCTG

Sesn1 Forward AACTGTTGTTTGCACTCCCG XM_849248.5 7.8
Reverse GCTCTCAGAGCGTAGAGGAG
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Fig. 1. Computed tomography images of the paraspinal muscle at L3 (A, B) and the mid-femoral muscle (C, D) and the cross-sectional area of 
the paraspinal muscle at L3 (E) and the mid-femoral muscle (F) before and after 4 weeks of prednisolone administration. Dot plot shows the 
cross-sectional area of the muscle before (Pre) and after (Post) prednisolone administration. *Significantly different (P˂0.05).

Fig. 2. Cross-section of fast- and slow-twitch muscle fibers before and after prednisolone administration. H&E stain before (A) and after (B) 
prednisolone administration, fast-twitch muscle fibers before (C) and after (D) prednisolone administration, and slow-twitch muscle fibers before 
(E) and after (F) prednisolone administration. The graphs are the dot plots of the fast-twitch (G) and slow-twitch (H) muscle fiber sectional area. 
Dot plot shows the cross-sectional area of the muscle fibers before (Pre) and after (Post) prednisolone administration. *Significantly different 
(P˂0.05).
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DISCUSSION

In the present study, we induced muscle atrophy using GC in dogs and investigated changes in gene expressions associated with 
muscle atrophy. First, we evaluated GC-induced muscle atrophy using CT. CT is considered the gold standard to measure muscle 
mass noninvasively [7] and has been applied for evaluating muscle atrophy caused by various diseases in humans [1, 36]. Several 
studies that evaluated human muscle atrophy via CT showed a significant loss of thigh, abdominal, and paraspinal muscle mass 
associated with exogenous or endogenous GCs [9, 14, 26]. In the present study, the cross-sectional area of the paraspinal muscle 
at L3 and the mid-femoral muscle was significantly reduced after GC administration in dogs. Although Braund et al. histologically 
evaluated GC-induced muscle atrophy in dogs [4], to the best of our knowledge, this is the first study that quantitatively 
investigated GC-induced muscle atrophy using CT in dogs. The results of the present study suggested that these two sites are useful 
for evaluating GC-induced muscle atrophy using CT in dogs. The present study showed that prednisolone administration at 1 mg/
kg for 4 weeks in dogs led to marked muscle atrophy.

We then histologically evaluated muscle fibers before and after GC administration. Muscles are composed of two types of 
muscle fibers: fast- and slow-twitch muscle fibers. In our study, both fast- and slow-twitch muscle fibers were atrophied, and fast-
twitch muscle fibers tended to show a severe decrease in the cross-sectional area. This is consistent with the findings of previous 
studies on humans and rodents that showed that fast-twitch muscle fibers were significantly atrophied after GC administration, 
whereas slow-twitch muscle fibers were less affected [8, 11, 29, 35]. Likewise, in a previous study on dogs, prednisolone 
administration at 4 mg/kg/day for 4 weeks resulted in predominant atrophy in the fast-twitch muscle fibers of the biceps femoris 
[4]. By contrast, dogs with naturally-occurring hyperadrenocorticism showed atrophy in both the fast- and slow-twitch muscle 
fibers of the biceps femoris, with pronounced atrophy in the fast-twitch muscle fibers [5]. The GC sensitivity of the muscle fiber 
type may depend on the type, dose, and duration of GC exposure [5, 6, 18, 22, 41]; these factors may have resulted in differences 
in the extent of muscle fiber atrophy among these studies. The present study suggested that prednisolone administration at 1 mg/kg/
day for 4 weeks induces muscle fiber atrophy similar to that in dogs with hyperadrenocorticism.

We also investigated changes in gene expression in the biceps femoris muscles before and after GC administration. Of the 10 
genes that were investigated, GRB10 expression was significantly increased after GC administration for 4 weeks. This result was 
consistent with the findings of a previous study, in which dexamethasone was added to mouse C2C12 myotubes [15]. GRB10 
inhibits insulin signaling by inhibiting the insulin receptor substrate (IRS)/phosphoinositide 3 kinase (PI3K)/serine–threonine 
kinase (AKT) pathway located upstream of the mammalian target of rapamycin complex 1 (mTORC1) [34, 45, 47]. Moreover, 
GRB10 phosphorylated by mTORC1 directly suppresses the mTORC1 activity [47]. The mTORC1 pathway plays a central 
role in protein anabolism in the skeletal muscle [16, 23, 38]. In the present study, increase in GRB10 expression was observed 
concurrently with GC-induced muscle atrophy, and GRB10 might be involved in the pathophysiology of muscle atrophy through 
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Fig. 3. Relative expression level of the skeletal muscle genes involved in protein metabolism before and after prednisolone administration. (A) 
KLF15, (B) FOXO1, (C) FOXO3, (D) MuRF1, (E) Atrogin1, (F) GRB10, (G) PID1, (H) SORBS1, (I) p85α, and (J) SESN1. GAPDH expres-
sion was used as the internal control. Dot plot shows the relative gene expressions before (Pre) and after (Post) prednisolone administration. 
*Significantly different (P˂0.05).
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the suppression of insulin signaling and the subsequent mTORC1 activity. Hence, GRB10 may possess an important role in GC-
induced muscle atrophy in dogs.

In this study, along with GRB10, we investigated several genes involved in protein metabolism. SORBS1, PID1, and p85α affect 
the IRS/PI3K/AKT pathway and inhibit insulin signaling in addition to GRB10 [20, 45, 48]. SESN1 is known to inhibit mTORC1 
and its activator [17]. Therefore, SORBS1, PID1, p85α, and SESN1 are the factors involved in protein anabolic mechanisms. By 
contrast, FOXO1, FOXO3, KLF15, Atrogin-1, and MuRF1 are involved in protein catabolic mechanisms, including autophagy and 
the ubiquitin–proteasome system [3, 10, 31, 32, 35]. In the present study, the expression levels of these catabolic and anti-anabolic 
genes increased after GC administration in some dogs; however, large individual variations were observed. These variations 
appeared to be independent of age or sex (Supplementary Tables 1 and 2). In a past study conducted on mice, dexamethasone 
increased the expression of Atrogin-1 and MuRF1 after 3 days; however, the expression decreased afterward despite continuous 
dexamethasone administration [12]. In addition, another study reported that the expression of genes involved in protein catabolism 
was not increased in the skeletal muscle of human patients with Cushing’s syndrome [30]. These study findings suggest that the 
expressions of the catabolic and anti-anabolic genes increase only in the early stage of GC muscle atrophy in some individuals. 
Further research to evaluate serial changes in gene expressions is warranted to investigate the early pathology of GC-induced 
muscle atrophy in dogs.

There are some limitations to our study. First, a limited number of dogs were used in our study that reduced the power to detect 
statistically significant differences. Second, owing to limited image resolution, we could not distinguish individual muscles on CT. 
A high-resolution CT might have clearly showed changes in the mass of each muscle as well as differences in GC sensitivity. This 
could have contributed to a greater understanding of the pathophysiology of GC-induced muscle atrophy.

In conclusion, GC-induced muscle atrophy was quantitatively evaluated in dogs. Both the fast-twitch and slow-twitch muscle 
fibers were atrophied after prednisolone administration at 1 mg/kg/day for 4 weeks. GRB10 expression was increased after GC 
administration, and GRB10 might be involved in the pathology of GC-induced muscle atrophy in dogs. The GRB10/AKT/
mTORC1 pathway possibly plays a central role in GC-induced muscle atrophy in canines.
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