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A B S T R A C T

Background: Primary sarcopenia is usually known as age-related skeletal muscle loss; however, other factors like
endocrine, lifestyle and inflammation can also cause muscle loss, known as secondary sarcopenia. Although many
studies have used different sarcopenia animal models for exploring the underlying mechanism and therapeutic
approaches for sarcopenia, limited study has provided evidence of the relevance of these animal models. This
study aims to investigate the similarity and difference in muscle qualities between primary and secondary sar-
copenia mice models, using naturally aged mice and dexamethasone-induced mice.
Methods: 21-month-old mice were used as naturally aged primary sarcopenia mice and 3-month-old mice received
daily intraperitoneal injection of dexamethasone (20 mg/ kg body weight) for 10 days were used as secondary
sarcopenia model. This study provided measurements for muscle mass and functions, including Dual-energy X-ray
absorptiometry (DXA) scanning, handgrip strength test and treadmill running to exhaustion test. Besides, muscle
contraction, muscle fibre type measurements and gene expression were also performed to provide additional
information on muscle qualities.
Results: The results suggest two sarcopenia animal models shared a comparable decrease in forelimb lean mass,
muscle fibre size, grip strength and muscle contraction ability. Besides, the upregulation of protein degradation
genes was also observed in two sarcopenia animal models. However, only primary sarcopenia mice were iden-
tified with an early stage of mtDNA deletion.
Conclusion: Collectively, this study evaluated that the dexamethasone-induced mouse model could be served as an
alternative model for primary sarcopenia, according to the comparable muscle mass and functional changes.
However, whether dexamethasone-induced mice can be used as an animal model when studying the molecular
mechanisms of sarcopenia needs to be carefully evaluated.
The translational potential of this article: The purpose of sarcopenia research is to investigate appropriate treatments
for reversing the loss of skeletal muscle mass and functions. Using animal models for the preclinical study could
predict the safety and efficacy of the treatments. This study compared the typical age-related sarcopenia mice
model and dexamethasone-induced secondary sarcopenia mice to provide evidence of the pathological and
functional changes in the mice models.
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1. Background

“Sarcopenia” was first used to describe the loss of skeletal muscle
mass by Irwin Rosenberg in 1989 [1]. According to the five main orga-
nisations of sarcopenia research, the European Working Group of Sar-
copenia in Older People (EWGSOP), the Sarcopenia Definition and
Outcomes Consortium (SDOC), the Asian Working Group for Sarcopenia
(AWGS), the International Working Group on Sarcopenia (IWGS), and
the Foundation for the National Institutes of Health (FNIH) Sarcopenia
Project, clinical sarcopenia diagnosis included low muscle strength, low
muscle mass and decreased in physical performance [2–4]. With the
global growing elderly population, the prevalence of sarcopenia
increased. The statistics for the majority of sarcopenia in different
countries suggest a high percentage of older people diagnosed with sar-
copenia nowadays [5].

It is generally believed that the imbalance of protein degradation and
protein synthesis level results in the loss of skeletal muscle mass. One of
the most widely studied signalling pathways to control protein degra-
dation and synthesis is the PI3K-Akt signalling pathway, which could be
activated by various factors with the aim to maintain muscle mass. The
inhibition of the PI3K-Akt signalling pathway activates the forkhead box
transcription factors (FOXO), which are the key factors for the activation
of two muscle-specific E3 ubiquitin ligases, namely muscle specific ring
finger protein 1 (MuRF-1) and muscle atrophy F-box (Atrogin-1),
resulting in protein degradation and loss of muscle mass [6,7]. Previous
studies have indicated that these atrogenes were highly expressed and
playing important roles in ageing related sarcopenia and various types of
muscle atrophy associated with corticoid administration and diabetes
[8–11]. Meanwhile, inhibiting the PI3K-Akt signalling pathway down-
regulates rapamycin (mTOR) expression and leads to the inhibition of the
protein synthesis process [6,12]. Besides the imbalance of protein
degradation and synthesis, other factors such as satellite cell dysfunction,
cellular senescence, chronic inflammation and mitochondrial dysfunc-
tion have been reported to impair the maintenance of muscle mass [13].
It is evidenced that Wnt-3a, TGF-b and FGF could affect cellular senes-
cence process and induce senescent cells for expressing
senescence-associated secretory phenotypes (SASPs), which affect the
nearby healthy satellite cells and skeletal muscle cells. The senescent
cells with upregulated mitochondrial oxidation were found to exhibit
increased oxidative stress and mitochondrial dysfunction [14].
Chronic-inflammation is well known as an age-associated phenotypic
change [15], and there are more evidence suggested the corelation be-
tween chronic-inflammation and sarcopenia. Tumour necrosis factor α
(TNF-α) and interleukin-6 (IL-6) are the most studied inflammatory cy-
tokines which were increased in age-related sarcopenia and further affect
muscle development [16]. Recently, there are more cytokines were
identified as sarcopenia biomarkers, including GDF-15 and FGF-21.
GDF-15 was recently listed as a sensitive biomarker for age-related sar-
copenia and found to be independently and negatively associated with
muscle functions [17,18].

To understand the underlying pathomechanism and development of
effective treatments, various animal models of sarcopenia have been
established [19]. Sarcopenia research investigates the changes in skeletal
muscle qualities, including muscle mass and functions. Clinical relevant
assessments have been employed in animal research, including body
composition can be measured by Dual-energy X-ray absorptiometry
(DXA) scanning machine [20], grip strength test for forelimb muscles
strength in rodents [21], treadmill running test for measuring the phys-
ical performance such as the endurance of rodents [22]. In addition,
animal models allow for more in-depth study of the changes in muscle
mass. Specific skeletal muscles can be isolated for calculating muscle wet
weight, which directly provides the changes in skeletal muscles tissues
weight. Muscle tissue histology results can evaluate skeletal muscle fibre
size distribution. Improving muscle functions is the main purpose of
current treatment for sarcopenia. Skeletal muscle contraction is used to
maintain body movements, an ex-vivo muscle functional test system can
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be used for analyzing the contraction of skeletal muscle after electronic
stimulation in animal models [23,24].

In general, currently used animal models can be divided into age-
related primary sarcopenia and secondary sarcopenia induced by other
factors [25]. Glucocorticoid is one of the common factors that can cause
muscle wasting and have been observed in human patients that long-term
or high dosage of glucocorticoid treatment will result in the loss of
skeletal muscle qualities [26]. Besides, glucocorticoid-inducedmice were
used as an in vivo animal model in numerous studies related to the loss of
skeletal muscles [27–29]. The main purpose of current research for
treating sarcopenia is to improve muscle functions and physical perfor-
mance. Although different research teams have investigated the different
molecular changes in naturally aged and glucocorticoid-induced mice
[30,31], exploring the similarities in muscle function between two ani-
mal models is still valued. The purpose of this study is to compare natural
ageing and dexamethasone inducedmuscle wasting models at functional,
histological and molecular levels, and to evaluate if the
dexamethasone-induced model could be served as alternative model for
primary sarcopenia.

2. Methods

2.1. Animals

C57BL/6 female mice were used for this study. 3-Month-old mice
were used as the young healthy control group (CON), 21-month-old mice
were used as age-related sarcopenia mice (AGED) and 3-month-old mice
received daily intraperitoneal injection of dexamethasone (20 mg/kg
body weight, Sigma #D4902) for 10 days were used as secondary sar-
copenia model (DEX) [32]. Animals were housed in 12 h light/12 h dark
cycles at 22–28�C with standard chow diet and water. All experiment
animals used in this study were under the license approved by the Animal
Experimentation Ethics Committee (18/256/MIS-5-B).

2.2. Body composition

Whole-body, hindlimb and forelimb lean mass, fat mass and bone
mineral density (BMD) were measured by small animal DXA (Ultra-
FocusDXA, Faxitron Bioptics, Tucson, Arizona, USA). Dedicated Bioptics
Vision software was used for further data analysis.

2.3. qPCR

Freshly isolated gastrocnemius muscles were frozen in liquid nitrogen
immediately and stored in liquid nitrogen before RNA extraction. TRIzol
(Invitrogen #15596018) was used for total RNA purification and High-
Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM
#4368813) was used to obtain cDNA. Gene expression quantification
was performed by using the QuantStudioTM 7 Flex Real-Time PCR Sys-
tem (Applied BiosystemsTM). Myostatin (Mstn), atrogin-1and muscle
RING-finger protein-1 (MuRF-1) were used for protein degradation
measurement. The eukaryotic translation initiation factor 4 gamma 1 (e-
IF4G-1) and the p70 ribosomal S6 kinase (p70s6k) were used for protein
synthesis measurement. All gene expression results were normalised
using the housekeeping gene Gapdh.

2.4. Muscle function tests

For forelimb grip strengthmeasurement, mice were placed on the grip
strength meter with its tail gently pulled back. Each mouse was allowed
to perform the test five times and 5 min of rest was given between each
test. To avoid inaccuracy, the highest and lowest results were excluded.
The remainder values were recorded and normalised to the whole-body
weight. A rodent treadmill (Ugo basile #47303) was used for the running
fatigue test. The training protocol and running to fatigue test were per-
formed as previously described [33]. In brief, a 3-day-training protocol
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was given to the mice before starting the fatigue test. These mice were
then placed on the running channel at a speed of 12 m/min to analyse the
running to fatigue distance. By automatically recording the running
distance and time after the mice remained in the fatigue zone for 5 s. The
running channel was stopped after the mice remained in the fatigue zone
for five times. For the ex vivo muscle functional test, mice were anes-
thetised and the hindlimb gastrocnemius (GA) muscles were isolated
carefully and placed in the Krebs buffer with 95% O2 and 5% CO2.
Achilles's tendon, as the terminal of GA muscle, was tied to mount on the
Dynamic Muscle Control system (DMC v5.4; Aurora Scientific, Inc.). A
single 150 Hz stimulus was given to GA muscle three times and recorded
the responses for twitch force calculation. A continuous 150 Hz stimulus
was given three times and recorded the responses for tetanic force
calculation. Both twitch and tetanic force were normalised to GA muscle
cross-sectional area (CSA). Max rate of contraction and relaxation, half
relaxation time and time to max force were recorded during the whole
process. After 5 min of resting, GA muscles were followed with repeated
stimulus every 5 s for a total of 300 s and the contraction response was
recorded for fatigability measurement. 5 min and 10 min after the
repeated stimulus, a 150 Hz stimulus was given to GA muscle and the
tetanic forces were recorded for recovery rate calculation. The results
were analysed using DynamicMuscle Analysis system (DMA v3.2; Aurora
Scientific, Inc.).

2.5. Immunostaining

Freshly isolated gastrocnemius muscles were placed in pre-cool-
isopentane then stored in �80 �C for further processing. Frozen mus-
cles were embedded in OCT embedding medium and sectioned at 10 μm
for further staining. For muscle fibre type staining (Table 1), samples
were fixed in pre-cool methanol, blocked with 2% horse serum for 1 h at
room temperature, followed by primary antibodies cocktail incubation
overnight at 4 �C. Secondary antibodies were incubated at room tem-
perature for 1 h. Hematoxylin and eosin (H&E) staining was used to
obtain the cross-sectional morphology of muscle fibre. All images were
acquired by IX83 Inverted Fluorescence Microscope (Olympus corpora-
tion, Tokyo, Japan). ImageJ software was used for image data analysis.

2.6. Genomic DNA extraction

Gastrocnemius muscles were placed in NTES buffer with proteinase K
(20 mg/mL) at 55 �C overnight for tissue lysis. Phenol was added to the
liaised tissues and centrifuge at 12,000 rpm for 10min to extract genomic
DNA extraction. Supernatants were moved to new tubes with chloroform
and centrifuge at 12,000 rpm for 10 min. Supernatants were transferred
to new tubes with 100% ethanol, gently mixed the samples and stored at
room temperature for 3 min. DNA became visible as white cloudy pre-
cipitate, then centrifuge the samples at 7500 rpm for 3 min. Remove the
supernatants and resuspend the tissue pallet with 75% ethanol. Centri-
fuge the samples at 7500 rpm for 3 min. Remove the ethanol and
resuspend the tissue pallet in water. The isolated genomic DNA was then
used to detect mtDNA long PCR (13.6 kb) and D-17 deletion [34].
Table 1
Antibody list.

Antibody Brand Cat.# Dilution

Myosin Heavy Chain Type IIA DSHB #SC-71 1:100
Myosin Heavy Chain Type I DSHB # BA-F8 1:50
Myosin Heavy Chain Type IIB DSHB #BF–F3 1:100
Goat anti-Mouse IgG1 Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Invitrogen #A21121 1:500

Goat anti-Mouse IgG2b Cross-Adsorbed
Secondary Antibody, Alexa Fluor 350

Invitrogen #A21140 1:300

Goat anti-Mouse IgM (Heavy chain) Cross-
Adsorbed Secondary Antibody, Alexa Fluor
555

Invitrogen # A-
21426

1:500
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2.7. Statistical analysis

The sample size for each experiment was estimated by G-power
software (Version 3.1.9.4.). All statistical analyses were performed using
SPSS V22.0 software, and statistical significance was determined using
one-way ANOVA followed by Tukey's Post Hoc test (*P < 0.05, **P <

0.01, ***P< 0.005, #P< 0.001). At least three independent experiments
were performed.

3. Results

3.1. Changes of body composition

The loss of skeletal muscle mass is commonly observed with ageing
and is a parameter for sarcopenia diagnosis. In this study, body compo-
sition was measured by animal DXA (Fig. 1A-C). DXA results show a
dramatic decrease in whole-body lean mass, hindlimb lean mass and
forelimb lean mass by 27%, 37% and 24% respectively in aged mice
comparing with healthy young mice (Fig. 1A). In dexamethasone-treated
mice, a significant decrease in lean mass (15.7% for whole body, 16% for
hindlimb and 24% for forelimb lean mass) was observed compared with
healthy young mice. The decrease of forelimb lean mass was comparable
in these two types of sarcopenia models. The presence of skeletal muscle
loss and increased fat tissue or loss of bone mass is relevant to clinical
phenomena of age-related sarcopenic obesity and osteosarcopenia. As
expected, the percentage of fat tissue raised significantly in both aged
mice and DEX-induced mice (Fig. 1B). Of note, a higher increase level of
whole-body fat tissue and hindlimb fat tissue was shown in aged mice,
while a higher level of forelimb fat tissue was found in dexamethasone-
treatedmice. Bonemineral density (BMD) significantly decreased in aged
mice, including whole-body, hindlimb and forelimb (Fig. 1C). In clinical,
femur BMD is more relevant to the diagnosis of bone loss. The results
show that the levels of hindlimb BMD in two animal models are similar.

3.2. The decline in skeletal muscle mass

During the ageing process, a severe decline in lower extremity muscle
was observed in human patients [35,36]. We isolated the hindlimb
muscles for measuring the wet muscle weight. The results ascertain that
in age-related and DEX-induced sarcopenia animal models, there are
25.6% and 19.9% decreased in tibialis anterior (TA), 16.2% and 23.2%
decreased in gastrocnemius (GA), 25.9% and 25.4% decreased in quad-
riceps (QA), 32.8% and 26.2% decreased in extensor digitorum longus
(EDL) muscle (Fig. 2A). A similarly reduced level of TA, QA and EDL
muscle wet weight in both models was observed. No significant changes
were found in soleus muscle, probably due to the subtle effect on
slow-twitch muscle fibre with ageing [37]. Next, we used H&E staining
with GA muscle to show the changes in muscle fibre size. About 40%
reduction in GA muscle fibre size was found in both models compared
with healthy young mice (Fig. 2B). Evidence of change toward smaller
fibre size can be observed in both mouse models, which is relevant to
clinical observation.

3.3. Expression of protein degradation and protein synthesis-related genes

The balance of protein degradation and protein synthesis is the key
for maintaining skeletal muscle mass [38]. The qPCR results suggest that
protein degradation-related genes were upregulated in both aged mice
and DEX-induced mice (Fig. 2C). Myostatin and atrogin-1 were increased
at the same level in two sarcopenia models (~1.9 and ~2.3 times higher
than the healthy control group). Surprisingly, we found the up-regulation
of protein synthesis-related genes in aged mice (increased ~1.3 for
p70s6k and ~1.7 for e-IF4G-1, compared with the healthy control
group). In contrast, no changes were found in dexamethasone-induced
mice compared to healthy young mice (Fig. 2D). The results indicated
the dramatic decrease of skeletal muscle mass in two sarcopenia animal



Fig 1. The assessment of body composition in sarcopenia animal models.
(A-C) Whole body, hindlimb and forelimb composition including lean mass, fat mass and bone mineral density (BMD) measured by DXA machine (A) Lean mass in
whole body, hindlimb and forelimb (B) Fat mass in whole body, hindlimb and forelimb (C) BMD in whole body, hindlimb and forelimb. n ¼ 6 per group. Quantitative
data are presented as mean � SD. Statistical analysis are performed using one-way ANOVA test, with significance set at P < 0.05 (*:P < 0.05, **:P < 0.01, ***:P <

0.005, #:P < 0.001).
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models is comparable, which also comes with the upregulation of protein
degradation genes.

3.4. Decreased of muscle functions and physical performance

Muscle function is the most important indicator for the diagnosis of
sarcopenia. In this study, we first test the forelimb grip strength, which is
significantly lower in two sarcopenia models (Fig. 3A). The treadmill
running fatigue test shows a dramatic decrease in running distance for
the aged mice; meanwhile, a reduction in the dexamethasone-induced
mice was observed (Fig. 3B). To test the skeletal muscle contractile
properties, freshly isolated gastrocnemius muscles were used for the ex-
vivo functional test (Fig. 3C-H). Direct stimulation of gastrocnemius
muscles elicited ~60% lower specific tetanic contractions and twitched
contractions in two sarcopenia models, suggesting that the gastrocne-
mius muscles from two sarcopenia models were weaker compared to
those from healthy mice (Fig. 3C). In aged mice, the time to reach
maximum twitch force was 62% faster compared with healthy young
mice and 45% faster than dexamethasone-induced mice; meanwhile, no
significant difference was found between dexamethasone-induced mice
and healthy young mice (Fig. 3D). Two sarcopenia models took the
equivalent time to relax, which was 50% longer than healthy young mice
(Fig. 3E). In aged mice, there is a 36% decrease in maximal rate of
contraction and a 70% decrease in maximal rate of relaxation (Fig. 3F). A
33% decrease and 65% decrease in maximal rate of contraction and
relaxation were found in dexamethasone-induced mice, which is com-
parable with the aged mice (Fig. 3F). No difference was found after
15
receiving continued stimulation in three groups (Fig. 3G). The time taken
to decrease 50% force and the area under curve analysis also show no
difference in the three groups. The recovery ability of aged mice and
dexamethasone-induced mice after 5- and 10- minutes of rest were lower
than the healthy young control mice (Fig. 3H). Taken together, two
sarcopenia models have compatible muscle function levels, which are
both significantly worse than the healthy mice.

3.5. Changes in skeletal muscle fibre types and mitochondrial DNA
damage

Muscle fibre type was believed to have the ability in controlling
muscle functions; thus, we measured the fibre type distribution in three
groups of animals—the results showed a completely different pattern
between the two sarcopenia models (Fig. 4A). Previous studies have re-
ported that type II muscle fibre will be affected during ageing, which is
similar to our finding. However, there was no difference in type I and IIB/
X muscle fibre percentages in DEX-induced mice compared with healthy
young control mice. A similar change in two sarcopenia models' fibre
type compared with the healthy mice is the decrease of type IIA muscle
fibre. Compared to the healthy youngmice, only the number of type I and
type IIA muscle fibres was significantly changed in aged or DEX-induced
mice. Type I and type IIA muscle fibres have higher oxidative capacitive;
therefore, we next check the mitochondrial quality, which is strongly
related to the oxidative property. PCR result shows that only samples
from aged mice showed the positive D-17 band at 851 bp, indicating that
the presence of mtDNA deletion in aged mice only but not in the young



Fig 2. The effects on muscle mass and gene expression in sarcopenia animal models.
(A) Quantification of tibialis anterior (TA), gastrocnemius (GA), quadriceps femoris muscle (QA) extensor digitorum longus (EDL) and soleus muscle wet weight. n ¼ 6
per group (B) Quantification of muscle cross-sectional area in H&E stained GA muscle (C-D) Analysis of protein degradation-related genes (Mstn, Atrogin-1 and Murf-
1) and protein synthesis-related genes (e-IF4g-1 and p70s6k) expression. n ¼ 5 per group. Quantitative data are presented as mean � SD. Statistical analysis are
performed using one-way ANOVA test, with significance set at P < 0.05 (*:P < 0.05, **:P < 0.01, ***:P < 0.005, #:P < 0.001).

B.Y.-H. Wang et al. Journal of Orthopaedic Translation 39 (2023) 12–20
mice nor Dex-induced young mice (Fig. 4B). Long-range PCR was used to
detect the damagedmtDNA [39]. Our results showed complete mtDNA at
13.6 kb for three samples, and no deleted band was observed (Fig. 4C).
Thus, only the aged mice were identified as early stage of mtDNA
deletion.

4. Discussion

The high prevalence of sarcopenia, particularly in ageing society
comes with an increasing burden on the healthcare system and socio-
economic. Consequently, there are growing numbers of sarcopenia
research using animal models to explore novel therapeutic approaches.
For in vivo study, naturally aged mice are the most widely used animal
model due to their relevance to primary sarcopenia, but not commonly
used in research because it is costly and time-consuming. Therefore, the
development of alternative models with phenotype and functional
changes similar to naturally aged mice is of research interest. Previous
studies have suggested various animal models for sarcopenia research,
including naturally aged, diet-induced, gene knockout/overexpression,
mtDNA mutations, drug-induced and hindlimb suspension mice [40];
however, each of them have their limitations. Gene-edited and mtDNA
mutation mice are costly, and their progressions were not observed in
human ageing progression. Although hindlimb suspension can mimic the
immobilisation of patients, long-time suspension caused trauma to the
tail. Therefore, more user-friendly and less invasive approaches are
sought after [41]. With its anti-inflammatory property, dexamethasone
(DEX), one common type of glucocorticoids, is widely used for treating
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various diseases [42–45], especially patients with congenital adrenal
hyperplasia and Addison's disease may require lifelong DEX treatment
[46–48]. However, long-term or high dosage of DEX treatment often
results in multiple side effects, including muscle atrophy [49]. With
these, DEX-induced mice have been suggested as a sarcopenia-like model
[50,51]. However, there is yet poorly understood how similar these two
models are in the context of muscle properties and if this drug-induced
muscle atrophy model could serve as alternative sarcopenia for in vivo
drug screening. Our findings clearly show that animal models of
age-related sarcopenia and DEX-induced muscle atrophy share compa-
rable phenotype changes, especially in terms of body composition and
physical performance, but mRNA levels of genes related to protein
degradation and synthesis are not identical.

Clinical diagnosis for sarcopenia relies on the measurement of skel-
etal muscle function and mass [52]. For skeletal muscle mass measure-
ment, the clinical assessment includes dual-energy X-ray absorptiometry
(DXA), computed tomography (CT), ultrasound and magnetic resonance
imaging (MRI) [53]. For the clinical muscle functional test, handgrip test,
gait speed, 6-m walking and 5-time chair stand are widely used diag-
nostic tests. In this study, DXA scanning, forelimb grip strength test and a
running to exhaustion test were performed to mimic the clinical assess-
ments in order to evaluate the muscle qualities in the two tested animal
models. The changes in muscle mass and strength in our naturally aged
mice are in agreement with previous animal studies. Compared with
other naturally aged animal studies on muscle functions, ~35% decrease
in grip strength and ~65% decrease in treadmill running distance were
found similar in our study and others [54–60]. These in vivo results are



Fig 3. The reduction of muscle functions in sarcopenia animal models.
(A) Hindlimb grip strength was measured and normalized by whole body weight (B) Treadmill fatigue test was measured and running distance was recorded (C–H) Ex-
vivo GA muscle contraction test (C) Peak tetanic fore and twitch fore normalised by GA muscle cross-sectional area (D) Time to reach maximum twitch force (E) Half-
relaxation time (F) Max rate of contraction and relaxation (G) GA muscle fatigability normalised by prefatigued developed tension (H) The recovery rate was measured
by the contraction force of GA muscle after 5 min and 10 min rest from fatigue test. n ¼ 5 per group Quantitative data are presented as mean � SD. Statistical analyses
are performed using one-way ANOVA test, with significance set at P < 0.05 (*:P < 0.05, **:P < 0.01, ***:P < 0.005, #:P < 0.001).
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also relevant to the clinical findings. According to the international sar-
copenia research groups, the criteria for low handgrip strength is lower
than 20 kg [61], which is around 40% lower than the healthy young
adult. For the muscle mass diagnosis, clinical studies suggest that 2
standard deviations (SD) below the mean of young healthy adults will be
recognized as low muscle mass [62]. Our naturally aged model results in
an over 6 SD lower muscle mass compared with the healthy young mice.
Clinical studies also indicate that sarcopenia is often associated with
decreased bone qualities, also known as osteosarcopenia [63,64]. The
advantage of animal models is the available of additional information in
the context of muscle quality assessment. Hindlimb skeletal muscles were
isolated for measuring muscle fibre size and muscle contractile force.
According to previous studies, around 20–30% reduction of skeletal
muscle CSA was found in aged mice, which was also found in our natu-
rally aged animal model [65,66]. Moreover, ex vivo muscle functional
test is allowable to analyse the response of skeletal muscle to electronic
stimulation directly. There is limited report on the muscle contraction
changes in sarcopenia animal models, therefore, our study provides
additional evidence on how aged skeletal muscle responds to the stimuli.
In human diagnosis, femur BMD is more relevant to the diagnosis of bone
loss [59]. We also found lower BMD in the hindlimb of our naturally aged
animal models, which is consistent with the typical clinical phenomenon
of sarcopenia and the in vivo studies on age-related sarcopenia animal
models.
17
Our study provides evidence showing similar changes in terms of
histological and functional aspects, however, according to recent study,
the molecular profiles between these two models have significant dis-
crepancies. RNA sequencing and proteomic analysis with quantitative
mass spectrometry suggest the likelihood of different underlying mo-
lecular mechanisms [30]. Only 34 overlapping genes out of 263 genes
were found between the skeletal muscle tissues of age-induced and
DEX-induced mice. Besides, the proteomic analysis also indicated a
largely divergent between the two animal models. There were only 18
proteins were found could be induced by both age-induced and
DEX-induced mice. The downregulation of myoblast
differentiation-related protein expression was specifically shown in
age-induced mice, which is correlated to the muscle cell ageing process
[61]. This result indicates that cell ageing is commonly observed in aged
skeletal muscle tissue, however, dexamethasone did not affect the skel-
etal muscle cell ageing process. Besides, the muscle atrophy-related gene,
Atrogin1 andMuRF-1, expression was only shown to increase in response
to dexamethasone and their protein levels were not significantly
changed, suggesting these ubiquitin ligases may not be good biological
markers for age-related muscle atrophy. On the contrary, up-regulation
of these muscle atrophy-related genes was observed in our naturally
aged and DEX-induced mice showed, which is consistent with other
studies [62,63]. The discrepancies might be due to the muscle chosen for
analysis. Gastrocnemius muscle was used in our study and other studies,



Fig 4. The effect on skeletal muscle fibre type switching and mitochondrial damages in sarcopenia animal models.
(A) Immunofluorescence staining and quantification for fibre types in GA muscle sections. Blue: type I; green: type IIA; red: type IIB; black: type IIX staining (B–C)
Mitochondrial DNA damage detection. n ¼ 5 per group Quantitative data are presented as mean � SD. Statistical analyses are performed using one-way ANOVA test,
with significance set at P < 0.05 (*:P < 0.05, **:P < 0.01, ***:P < 0.005, #:P < 0.001).
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which shows the up-regulation of muscle atrophy-related gene expres-
sion, which is different from tibialis anterior muscle used in Hunt's study
[30]. The composition dissimilarity between the two types of muscle
could result in different profiles in response to ageing.

Even though most molecular changes remain different, some simi-
larities were still found. The similar gene changes of two sarcopenia
animal models mostly related to inflammatory cells, including S100a9,
IL1b, and Serpina3n, which correlated to predict muscle atrophy, showed
upregulation in two sarcopenia animal models [30]. S100a9 was re-
ported to sustain chronic inflammation during ageing [65] and the gene
level could also be increased during glucocorticoid induction [66]. Be-
sides, the RNA sequencing results found a similar trend on
mitochondrial-associated genes in two animal models. The mitochon-
drial damage has been known as one of the ageing phenotypic changes in
human and can be measured by multiple assays. In this study, we also
provide mtDNA deletion data by detecting the D-17 and long-rang PCR.
The mtDNA has known as a close circle DNA, and there are numerous
pairs of exact or inexact repeats in the mtDNA genome. D-17 is one of the
DNA repeats used for detecting mtDNA deletion and is an inducer of
mtDNA deletions [34,67–69]. Long-range PCR, also known as long PCR,
is commonly used for amplifying longer DNA fragments. For the com-
plete mtDNA, there will only be a clear band located at 16.6 kb. Some
bands will be found at a smaller size if there is any deletion on themtDNA
[34,70]. Our results confirmed that the mtDNA deletion inducer, D-17,
expression was observed in aged mice. However, the long-range PCR did
not show deletion as observed in D-17 Meanwhile, we have noticed that
some previous study had found the individual difference in mouse
samples, which indicated that long-range PCR deletion would not serve
in all aged mice [71]. Also, a similar result, showing the deletion in D-17
but not long-range PCR, was found in ageing mice [72]. These articles
provided evidence that there are multiple stages of mtDNA deletion, and
two of our animal models are identified as different stages.
18
Age-related sarcopenia patients are commonly accompanied by
complicated age-related diseases, which is challenging to mimic in vivo
animal model. Alternative animal models induced by chemicals to pro-
duce consistent sarcopenia-like phenotypes provide beneficial options to
improve experimental reproducibility. Besides, the purpose of most
studying sarcopenia therapeutic approach is to improve muscle functions
and physical performance. Thus, this study provides evidence for using
DEX-induced mice, an easy-induced and highly reproducible animal
model for future studies to improve the loss of muscle functions and
muscle mass. To conclude, this study directly compared the skeletal
muscle pathological and functional changes

In two sarcopenia animal models. The results suggest that even two
animal models might share different molecular mechanisms, despite
comparable changes in skeletal muscle mass and functions. Cautions
should be taken when using DEX-induced animal model for sarcopenia
mechanistic study.
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