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ABSTRACT — Titin is a giant protein that is specifically expressed in striated muscle and essential
for the maintenance of sarcomere structure and function. Recently, the N-terminal fragment of the Tit-
in (N-titin) has been reported to show high levels in human urine in patients with muscular diseases and
is expected to serve as a diagnostic biomarker for these diseases. In this study, we examined the utili-
ty of N-titin as a biomarker to detect muscle atrophy in mice. Male BALB/c mice (6 weeks of age, n=5
per group) were given 10 mg/L dexamethasone (DEX) dissolved in drinking water for 4 weeks. The gas-
trocnemius muscle (GAS) weight was significantly decreased and mRNA levels of muscle atrophy-relat-
ed genes (Atrogin-1 and MuRF-1) were increased in the GAS after 4 weeks of DEX treatment. Although
there were no degenerative/necrotic changes in the histopathological examination, the muscle fiber cross-
sectional area significantly decreased in the GAS. On the other hand, there were no DEX treatment-relat-
ed changes in the muscle weights and the muscle fiber cross-sectional area in the soleus muscle. These
results suggest that 4-week of DEX treatment preferentially caused atrophy of fast-dominant muscle.
Under the condition of this study, urinary N-titin/CRN ratio markedly increased from Week 2 of the DEX
treatment. From the above results, the urinary N-titin/CRN ratio could be a biomarker for monitoring
skeletal muscle atrophy in mice.
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INTRODUCTION

Sarcopenia, defined by progressive loss of skeletal
muscle mass, strength and function which occurs with
aging, represents a significant health challenge in elder-
ly populations (Rosenberg, 1989; Doherty, 2003). As the
global demographics shifts to an older population, under-
standing the mechanisms, diagnostic criteria, and poten-
tial interventions for sarcopenia has become an important

area of research. Identifying reliable and simple biomark-
ers for sarcopenia is crucial for the diagnosis, prognosis
and monitoring treatment efficacy (Cruz-Jentoft et al.,
2019). Although there are several biomarkers associat-
ed with sarcopenia, such as muscle protein turnover bio-
markers, inflammation-mediated and redox biomarkers,
growth factor biomarkers, neuromuscular junction bio-
marker and behavior-mediated biomarkers, due to the
complexity of sarcopenia’s pathophysiology, it is diffi-
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cult to monitor sarcopenia by a single biomarker (Supriya
et al., 2021). Most standard assessments for muscle mass
were considered to be magnetic resonance imaging and
computed tomography (Beaudart ef al., 2016). However,
the high cost of the equipment and the lack well defined
cut-off values, limits their use in primary care (Beaudart
et al., 2016). Therefore, development of simple and ver-
satile biomarkers for the diagnosis and prognosis of sar-
copenic patients is still required.

Skeletal muscle fibers are mainly classified into two
fiber types, slow-twitch oxidative (type 1) and fast-twitch
glycolytic (type 2) fibers (Bottinelli and Reggiani, 2000;
Schiaffino and Reggiani, 2011) and it is well known that
atrophic changes preferentially occur in type 2 fibers in
aging and sarcopenia (Lexell et al., 1988; Nilwik et al.,
2013). Type 1 fibers are primarily involved in endur-
ance exercise because of their high oxidative capaci-
ty and resistance to fatigue and as they contain an abun-
dance of mitochondria and myoglobin. Conversely, type 2
fibers, especially type 2X fibers which are similar to type
2B fibers in rodents, are primarily dependent on glyco-
lytic metabolism and are appropriate for activities to gen-
erate rapid force. Type 2A fibers have characteristics of
both type 1 and type 2B fibers (Schiaffino, 2010).

Titin, also known as connectin, is a giant protein that
is specifically expressed in striated muscle and is essen-
tial for the maintenance of sarcomere structure and func-
tion (Labeit and Kolmerer, 1995). Structurally, titin spans
the Z-disk to the M-band of the sarcomere and confers
elasticity and mechanical stability (Granzier and Labeit,
2006). Functionally, it acts as a molecular spring, con-
tributing to muscle stretching and assembly, while also
organizing the signaling complexes involved in mus-
cle growth and adaptation (Granzier and Labeit, 2006;
Ibata and Terentjev, 2021). Due to its essential roles in
muscle structure and function, titin mutations and dys-
regulation have been implicated in a wide range of mus-
cular disorders, including muscular dystrophies, cardi-
omyopathy and neuromuscular disorders (Hackman et
al., 2002; Herman et al., 2012; Savarese et al., 2016).
Titin is known to be bind with several proteolysis-asso-
ciated enzymes, such as E3 ubiquitin ligase MuRF, cal-
pain and matrix metalloproteinase (Centner et al., 2001,
Kontrogianni-Konstantopoulos et al., 2009; Ali et al.,
2010). Furthermore, it is known that these enzymes are
partially responsible for the degradation of titin (Miiller et
al., 2021; Beckmann and Spencer, 2008; Ali et al., 2010).

Recently, proteomics profiling of urine derived from
Duchenne muscular dystrophy patients revealed N-ter-
minal fragments of titin increased in the patients’ urine
(Rouillon ef al., 2014). In addition, using a highly sen-
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sitive sandwich ELISA system, N-titin has been report-
ed to show high levels in urine from patients with mus-
cular disorders, such as amyotrophic lateral sclerosis and
muscular dystrophies, and is expected to serve as a diag-
nostic biomarker for these diseases (Maruyama et al.,
2016; Awano et al., 2018; Yamada et al., 2021). Further-
more, an increase in urinary N-titin levels was noted not
only in patients with skeletal muscle diseases, but also
healthy human after high-intensity exercise (Maruyama
et al., 2016; Tanabe et al., 2021). Therefore, N-titin has
the potential to monitor a wide range of muscle disorders,
from relatively mild to severe muscle disorders.

Glucocorticoids are known to promote protein catabo-
lism and stimulate production of free amino acids in the
skeletal muscle. Muscle atrophy due to excessive activa-
tion of glucocorticoid signals is known as steroid myo-
pathy, which is characterized by muscle weakness and
atrophic changes in type 2B muscle fibers (Pereira and
Freire de Carvalho, 2011). Glucocorticoids are consid-
ered to lead to muscle atrophy by inhibiting protein syn-
thesis and inducing proteolysis and the ubiquitin-protea-
some system is considered to play a key role in muscle
degradation (Schakman ef al., 2013). Based on the patho-
logical similarity, dexamethasone (DEX)-induced muscle
atrophy models have been used as animal models for sar-
copenia (Xie et al., 2021; Wang et al., 2022).

In this study, we demonstrated the utility of N-titin as
a biomarker to detect muscle atrophy using DEX-induced
muscle atrophy mice.

MATERIALS AND METHODS

Animal Experiments
Animals

All animal experiments were conducted in accordance
with the guidelines of the Tokyo University of Agriculture
and approved by the Institutional Animal Care and Use
Committee of the university. Ten male BALB/c mice at
6 weeks of age were obtained from Japan SLC Inc (Shi-
zuoka, Japan). The animals were housed in an environ-
ment-controlled room with a temperature of 23 + 3°C, a
relative humidity of 55 + 15%, and a 12-hr light/dark cycle
and were allowed free access to a commercial diet (CE-
2, CLEA Japan Inc., Tokyo, Japan). The animals were
quarantined and acclimated for 1 week and allocated to 2
groups (five animals per group), based on the body weights
measured on the day of allocation so that the initial mean
body weights of each group were equivalent.

Animal experiment procedures
10 mg of Dexamethasone (DEX., FUJIFILM Wako
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Pure Chemical Corporation, Osaka, Japan), complete-
ly dissolved in 400 uL of dimethyl sulfoxide (DMSO.,
Nacalai Tesque, Inc., Kyoto, Japan), was mixed with
Milli-Q water and brought to 1 L. The 10 mg/L DEX
water was provided ad libitum to a DEX group for
4 weeks. 0.04% DMSO containing Milli-Q water was
given to the control group in the same manner. 10 mg/L
of DEX was selected because marked decreases in body
weights were noted in mice treated with 30 mg/L of DEX
for 4 weeks (data not shown).

During the dosing period, body weights, food con-
sumption and water intake were measured. On the day
after the last dosing (Day 29), animals were euthanized
by exsanguination from the abdominal aorta under isoflu-
rane anesthesia.

Urine and tissue sampling

Urine was collected for approximately 6 hr in a metab-
olism cage for each animal before the initiation of dosing
with DEX and on Days 7, 14, 21, and 28 during the dos-
ing period. Since a sufficient volume of urine could not
be collected from some animals on Day 28, urine in the
urinary bladder was collected at the time of euthanasia on
Day 29 and combined with the urine from Day 28.

On the day of necropsy (Day 29), the gastrocnemius
muscle (GAS) and soleus muscle (SOL) were collected
as samples of fast muscle and slow muscle, respective-
ly, from both hindlimbs and the bilateral muscles were
weighed together. The relative weight of each muscle
to the body weight on day of necropsy was calculated.
One side of the soleus muscle was fixed in 10% neutral
buffered formalin solution, and another side was soaked
in a RNAlater™ Stabilization solution (Thermo Fisher
Scientific Inc., MA, USA). One side gastrocnemius mus-
cles were fixed in 10% neutral buffered formalin, and the
other side was frozen with liquid nitrogen.

Determination of mRNA levels of the genes
associated to muscle atrophy

mRNA levels of MuRF-1 and Atrogin-1 were deter-
mined by quantitative RT-PCR (qRT-PCR). Total RNA
was isolated from the gastrocnemius and soleus mus-
cles by Sepasol®-RNA I Super G (Nacalai Tesque, Inc.)

Table 1. Sequences of primers used for qRT-PCR.

and chloroform in accordance with the manufacturer’s
instructions. cDNA was synthesized by ReverTra Ace®
gPCR RT Master Mix (Toyobo Co., Ltd., Osaka, Japan)
according to the manufacturer’s instruction. qRT-PCR
was conducted by Thermal Cycler Dice Real Time Sys-
tem Multiplate RQ (Takara Bio Inc., Shiga, Japan) using
THUNDERBIRD Next SYBR qPCR Mix (Toyobo Co.,
Ltd.). Comparative quantification was performed by the
delta-delta CT method using Cyclophilin as a normalizer.
Primers were custom synthesized by Eurofins Genomics
K.K. (Tokyo, Japan) and used for the qRT-PCR (Table 1).

Measurements of Urinary N-titin and Creatinine
Concentrations

Urinary N-titin concentrations were measured using a
Mouse Titin N-Fragment (Urine) ELISA Kit (Immuno-
Biological Laboratories Co., Ltd., Gunma, Japan) accord-
ing to the manufacturer’s instructions. For the measure-
ments and analysis, the Infinite NANO (Tecan Group
Ltd., Zirich, Switzerland) and Magellan Pro (Tecan
Group Ltd.) were used, respectively. Urinary Creatinine
Concentrations were measured by an enzymatic method
using Determiner L CRE (Minaris Medical Co., LTD.,
Tokyo, Japan) with a TBA-120FR automated analyz-
er (TOSHIBA CORPORATION, Tokyo, Japan). Urinary
N-titin concentrations were corrected by the urinary cre-
atinine concentration.

Pathological examination

Fixed muscles (GAS and SOL) were prepared for
histopathological examination by embedding in paraf-
fin wax, sectioning and staining with hematoxylin and
eosin (HE), and were examined microscopically. His-
topathological sections of the muscles were prepared in
cross-section. In addition, the muscle fiber cross-section-
al area (FCSA) was measured for both GAS and SOL
using HE stained sections. Mean FCSA of 200 fibers/ani-
mal and 100 fibers/animal were calculated for GAS and
SOL, respectively, using the virtual slide scanner Nano-
Zoomer S360 and image viewer NDP.view2 (Hamamatsu
Photonics K.K., Shizuoka, Japan) under a magnification
of x 400.

Gene Forward primer Reverse primer

MuRF-1 5’-GAGTGAGACACGCTCTGGAC-3’ 5’-GGAGCCCTATGCTAGTCCCT-3’
Atrogin-1 5’-GCCCTCCACACTAGTTGACC-3’ 5’-GACGGATTGACAGCCAGGAA-3’
Cyclophilin 5’-TGGCTCACAGTTCTTCATAACCA-3’ 5’-ATGACATCCTTCAGTGGCTTGTC-3’
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Statistical analysis

The mean values and standard deviations (S.D.) in
each group were calculated for each parameter. Student’s
t-test was performed using Microsoft Excel (Microsoft
Corporation, Washington, USA). The levels of signif-
icance were set at 5% and 1% (two-tailed). Log values
were used for the evaluation of the S.D. and statistical
analysis for comparative quantification of mRNA levels.

RESULTS

Effects on the skeletal muscle weights and body
weights

After 4 weeks of DEX treatment in mice, skeletal
muscle weights (sum of the right and left muscles) were
weighed for both GAS and SOL to investigate the effects
on the skeletal muscles. In the DEX group, GAS weights
relative to the body weights on Day 29 were decreased
(Fig. 1A), and absolute GAS weights were also decreased
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in the DEX group (Fig. 1C). However, there were no
changes in the relative SOL weights (Fig. 1B). Although
the absolute SOL weights were decreased in DEX group
(Fig. 1D), they might be secondary changes due to the
continuous decrease in body weights noted from Day 6
onward (Fig. 2). These results indicates that the effects
of DEX on the muscle weights were more prominent in
GAS than in SOL under the conditions of this study.

mRNA levels of the muscle atrophy related
genes

mRNA levels of MuRF-1 and Atrogin-1, which are
known as key regulators of ubiquitin mediated protein
degradation in the skeletal muscles, were measured as an
indicator of proteolysis in the skeletal muscles. mRNA
levels of MuRF-1 increased in DEX groups in both
GAS and SOL when compared with the control group.
(Fig. 3A). Although there was no statistical significance
(p = 0.052), mRNA levels of Atrogin-1 tended to be
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Absolute and relative skeletal muscle weights after 4 weeks of DEX treatment. (A) GAS weights relative to the body weights

on Day 29 (B) SOL weights relative to the body weights on Day 29 (C) Absolute GAS weights (D) Absolute SOL weights
Data are shown as mean = S.D. *: p<0.05, **: p<0.01; compared with the control group (t-test).
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increased in the DEX groups (Fig. 3B). However, there
were no changes in the Atrogin-1 mRNA levels in the
SOL. The magnitude of the changes in the mRNA lev-
els of MuRF-1 and Atrogin-1 in DEX groups were both
greater in GAS than in SOL.

-0-Control - DEX

Effects of DEX treatment on the urinary N-titin
levels

In the DEX groups, urinary N-titin/CRN levels were
markedly increased from Day 14 when compared with
the control group (Fig. 4A). The values in the control
group remained between 4.8 to 41.9 pmol/mg CRN dur-
ing the treatment period, while those in the DEX groups
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Fig. 2. Body weights during the treatment period. Data are shown as mean = S.D. **: p<0.01; compared with the control group
(t-test).
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Fig. 3. mRNA levels of the muscle atrophy related genes after 4 weeks of DEX treatment. (A) MuRF-1 mRNA levels in the GAS

and SOL (B) Atrogin-1 mRNA levels in the GAS and SOL. Data are shown as mean + S.D.**: p<0.01; compared with the

control group (t-test using log values).
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reached 280.7 to 712.1 pmol/mg CRN after Day 14.
The change was most prominent on Days 14 to Day 21
and was 115 to 125-fold higher than that of the control
group and tended to decrease by Day 28/29. Although
the blood/urine CRN levels generally reflect total skeletal
muscle mass and are known to decrease with muscle atro-
phy (Baxmann ef al., 2008), there were no changes in the
urinary CRN concentrations in the DEX groups through-
out the treatment period (Fig. 4B). Therefore, the increase
in urinary N-titin/CRN levels was not due to decreased
urinary CRN concentrations associated with decreases in
total skeletal muscle mass.
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Day 14

Day 14

Histopathological examination of the skeletal
muscles

Histopathological examination was performed using
the HE stained specimens of the skeletal muscles col-
lected after 4 weeks of DEX treatment. In the histopatho-
logical examination, no degenerative/necrotic chang-
es were observed in the GAS or SOL (Fig. 5A-D). On
the other hands, the mean FCSA of the GAS in DEX
group decreased by 42% compared with that in the con-
trol group (Fig. 6A). In contrast, there were no DEX-
treatment related changes in the mean FCSA of the SOL

(Fig. 6B).
-

Day 21 Day 28/29

Day 21 Day 28/29

Urinary N-titin excretion and creatinine concentrations. (A) Urinary N-titin concentration corrected by urinary creatinine

concentration (B) Urinary creatinine concentration, As only 2 urine samples were collected from the control group on Day
14, S.D. value could not be calculated and statistical analysis was not performed on Day 14. Data are shown as mean + S.D.
*: p<0.05, **: p<0.01; compared with the control group (t-test).
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Histology of the HE-stained skeletal muscles (Cross-section). (A) GAS in the control group (B) GAS in the DEX group

Fig. 5.
(C) SOL in the control group (D) SOL in the DEX group Bar = 50 um.
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Fig. 6. Morphometric analysis of FCSA in the GAS and SOL. (A) Mean FCSA of the GAS (B) Mean FCSA of the SOL. Data are

shown as mean + S.D. **: p<0.01; compared with the control group (t-test).
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DISCUSSION

Sarcopenia, characterized by age-related progressive
loss of skeletal muscle mass, strength and function, rep-
resents a significant health challenge in elderly popula-
tions (Doherty, 2003). With global demographics shifting
towards an older population, understanding the mecha-
nisms, diagnostic criteria, and potential interventions for
sarcopenia has become a critical area of research. There
are several biomarkers associated with sarcopenia, such
as muscle protein turnover biomarkers, inflammation-
mediated and redox biomarkers, growth factors bio-
markers, neuromuscular junction biomarker and behav-
ior-mediated biomarkers (Supriya ef al., 2021). However,
due to the complex pathophysiology of sarcopenia, it is
difficult to diagnose and monitor sarcopenia using a sin-
gle biomarker (Cruz-Jentoft et al., 2019). Recently, the
N-terminal fragment of the Titin (N-titin) has been report-
ed to show high levels in human urine in patients with
muscular disorders such as amyotrophic lateral sclerosis
and muscular dystrophies (Awano et al., 2018; Yamada
et al., 2021). In addition, urinary N-titin has been report-
ed to increase in patients with GI tract and hepatobiliary
pancreatic malignancies and with sarcopenia (Miyoshi
et al., 2020). Therefore, N-titin is expected to serve as a
diagnostic biomarker for these diseases. In this study, we
demonstrated the usefulness of N-titin as a biomarker to
detect muscle disorders not only in humans but also in
animal models using DEX-induced muscle atrophy mod-
el mice.

After 4 weeks of DEX treatment to mice, changes indi-
cating muscle atrophy were observed in the GAS. On
histopathological examination, no obvious abnormali-
ties were observed in either GAS or SOL in DEX group.
However, GAS weights and mean FCSA of the GAS sig-
nificantly decreased after DEX treatment. Generally, sar-
copenia is characterized as the loss of muscle mass, often
caused by decreases in the number and size of the mus-
cle fibers, and their function, however, as the disease pro-
gresses, degenerative changes are also seen in the skele-
tal muscles (Chen et al., 2022). Since those changes were
not observed under the conditions of this study, it was
considered that weak, or an early pathological stage of,
skeletal muscle atrophy was seen in this study.

In this study, we found that the urinary N-titin/CRN
concentration ratio significantly increased in the DEX-
induced muscle atrophy mice. The N-titin/CRN concen-
tration ratio increased after 2 weeks of DEX treatment
onward. It is known that blood or urine CRN levels are a
reflection of total skeletal muscle mass and decrease with
muscle atrophy (Baxmann et al., 2008). However, there

Vol. 11 No. 4

were no changes in the urinary CRN concentrations in
DEX group in this study. Therefore, the increases in uri-
nary N-titin/CRN concentration ratio were considered to
reflect increased urinary N-titin excretion.

DEX-treatment also induced the muscle atrophy-relat-
ed genes (MuRF-1 and Atrogin-1) in the GAS. Among
several known pathways of proteolysis in muscle, the
ubiquitin-proteasome system is known as the repre-
sentative pathway that promotes the induction of mus-
cle atrophy (Pang et al., 2023; Schakman et al., 2013).
MuRF-1 and Atrogin-1 are known as E3 ubiquitin ligas-
es expressed in the skeletal muscles. It has been report-
ed that the expression levels of MuRF-1 and Atorgin-1
are markedly increased by muscle atrophy and plays an
important role in muscle protein degradation (Clavel
et al., 2006, Gumucio and Mendias, 2013). As for tit-
in, it is known to bind with several proteolysis-associat-
ed enzymes, such as matrix metalloproteinase or calpain
(Ali et al., 2010; Kontrogianni-Konstantopoulos et al.,
2009). In particular, MuRF-1 is also known to bind to tit-
in (Centner et al., 2001). The mechanism for the genera-
tion of N-titin as a degradation product of titin is not fully
understood, but several mechanisms are involved, includ-
ing the ubiquitin-proteasome system and MuRF-1 and
Atrogin-1 could play a role in N-titin production.

In the DEX groups, the magnitude of the chang-
es in the muscle weights, mean FCSA and mRNA lev-
els of muscle atrophy related genes was greater in
GAS than in SOL. Skeletal muscle fibers are classified
into fiber types, mainly slow-twitch (type 1) and fast-
twitch (type 2) fibers and it is known that certain mus-
cle diseases predominantly affect particular muscle fibers
(Talbot and Maves, 2016). GAS is known as fast mus-
cle and is predominantly composed by type 2 (type 2B)
fibers, while SOL is known as slow muscle composed by
both type 1 and type 2 (type 2A) fibers in mice (Augusto
et al., 2004). As a pathological feature of sarcopenia, it is
known that atrophic changes preferentially occur in type
2 fibers (Lexell et al., 1988; Nilwik et al., 2013). On the
other hand, atrophic changes are predominantly observed
in type 1 fibers in disuse muscle atrophy (Ciciliot et al.,
2013; Gallagher et al., 2005). In addition, sensitivity to
chemically-induced muscle atrophy often varies depend-
ing on the type and proportion of muscle fibers constitut-
ing the muscle. Generally, glucocorticoids predominant-
ly cause atrophic changes to the fast muscles, especially
type 2B fibers (Pereira and Freire de Carvalho, 2011).
In this study, fast muscles of GAS showed more severe
atrophic changes than the slow muscle of SOL with DEX
treatment, which is consistent with previous reports. In
addition, these results were also consistent to the path-
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ological feature of sarcopenia. Although the reason for
these differences is not fully understood, some reports
suggest that they are due to differences in the expres-
sion of peroxisome proliferator-activated receptor gam-
ma coactivator-1 alpha (PGC-1a) between fast and slow
muscles (Ciciliot et al., 2013). PGC-1a, known to prevent
FoxO3 to promote MuRF-1 and Atrogin-1 expression, is
more abundant in type 1 fibers than in type 2 fibers and
prevents type 1 muscle in certain diseases becoming atro-
phy (Sandri et al., 2006). Other reports also suggest that
the differences in mitochondrial pathways may be part-
ly responsible for the muscle type-specific selectivity to
muscle atrophy (Calvani ef al., 2013).

The urinary N-titin levels reached a peak in Weeks 2
and 3 of DEX treatment and tended to decrease to Week
4. The cause of this is unclear. Since N-titin is a degraded
product of titin, urinary excretion levels of N-titin were
considered to be more prominent during the progression
of muscle atrophy than during the slow progression of the
pathological condition. Under the conditions of this study,
the progression of muscle atrophy due to DEX may have
slowed in Week 4.

In conclusion, we demonstrated that the urinary excre-
tion of N-titin is potentially a novel non-invasive bio-
marker which can detect skeletal muscle atrophy early
in the DEX-induced muscle atrophy model mice. These
results indicates that urinary N-titin could serve as an
indicator of disease progression and effectiveness in
research on sarcopenia. In addition, urinary N-titin has
shown to be elevated in patients with other muscle dis-
eases such as muscle dystrophies, therefore, N-titin may
become a useful biomarker in animal models of other
muscle diseases as well.
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