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Background: Atrogin1, which is one of the key genes for the promotion of muscle atrophy, exhibits day-night
variation. However, its mechanism and the role of its day-night variation are largely unknown in a muscle atro-
phic context.
Methods: The mice were induced a muscle atrophy by hindlimb-unloading (HU). To examine a role of circadian
clock, Wild-type (WT) and Clock mutant mice were used. To test the effects of a neuronal effects, an unilateral
ablation of sciatic nerve was performed in HU mice. To test a timing-dependent effects of weight-bearing,
mice were released from HU for 4 h in a day at early or late active phase (W-EAP and W-LAP groups, respec-
tively).
Findings:We found that the day-night oscillation of Atrogin1 expression was not observed in Clockmutant mice
or in the sciatic denervatedmuscle. In addition, the therapeutic effects of weight-bearing were dependent on its
timing with a better effect in the early active phase.
Interpretation: These findings suggest that the circadian clock controls the day-night oscillation of Atrogin1
expression and the therapeutic effects of weight-bearing are dependent on its timing.
Fund: Council for Science, Technology, and Innovation, SIP, “Technologies for creating next-generation agricul-
ture, forestry, and fisheries”.
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1. Introduction

Various physiological events, including the sleep wake cycle, body
temperature, and locomotor activity, exhibit circadian rhythms. These
day-nightfluctuations are driven by an internal circadian clock. Amam-
malian circadian clock is divided into two parts: the central clock in the
suprachiasmatic nucleus (SCN) of the hypothalamus and peripheral
clocks in peripheral tissues [1]. The central clock in the SCN has a role
as a time keeper, and orchestrates and integrates the peripheral circa-
dian clocks via neuronal and hormonal signals such as the sympathetic
nervous system and glucocorticoid signaling [2,3]. Light is the major
entraining factor for the SCN. Peripheral clocks are entrained not only
by neuronal and hormonal signals via light-dependent regulation of
the central clock in the SCNbut also additionally by feeding and locomo-
tor activity stimuli independent from the central clock in the SCN [4–6].
The molecular system of a mammalian circadian clock consists of a
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transcriptional and translational negative feedback loop of core clock
genes, which include Brain andmuscle ARNT-like 1 (Bmal1), Circadian lo-
comotor output cycles kaput (Clock), Period1 (Per1), Period2 (Per2),
Cryptochrome1 (Cry1), and Cryptochrome2 (Cry2) [7]. In brief, a hetero-
dimer of BMAL1 and CLOCK acts as a transcriptional factor for Pers
and Crys via binding to their E-box binding element. After their tran-
scription and translation, PER1,2 and CRY1,2 inhibit the CLOCK and
BMAL1-induced transcription of Pers and Crys and are degraded by
ubiquitination systems.

Circadian transcriptomic studies have revealed that global rhythmic
genes expression occurs in a tissue-specific manner, suggesting that the
peripheral clocks generate the circadian fluctuation of tissue-specific
physiological functions [8,9]. The circadian transcriptomes of mouse
and human adult skeletal muscle have been reported [8,10–13], and
the rhythmic gene expression is muscle-fiber type-specific [10]. In skel-
etalmuscle, it is thought that the rhythmofmuscular gene expression is
regulated not only by an intrinsic muscle clock but additionally by feed-
ing time and locomotor activity [10,14,15]. These rhythmic genes
include several muscle-specific genes, such as Myogenic differentiation
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Atrogin1 is a key regulator of catabolism in muscles and circadian
transcriptome studies have revealed its rhythmic expression in
adult healthy muscles. However, its rhythmic expression in the
atrophic muscle and its contribution to muscle atrophy are yet un-
known. We searched PubMed for transgenic mouse studies in-
volving the clock genes and focused on muscle function, using
“circadian rhythm” or “clock gene” and “skeletal muscle” as search
terms. Some papers reviewed muscle dysfunction in clock gene
transgenic mice. For example, whole-body Bmal1 knockout mice
exhibit muscle loss; however, muscle-specific knockout mice do
not. In addition to data on transgenic mice, we searched for stud-
ies on the day-night variation of muscle catabolic processes. Such
variation was assessed, to our knowledge, only in two atrophic
models of fasting and denervation.

Added value of this study

A key insight obtained in this study is the importance of timing in
preventive or therapeutic interventions against muscle loss
based on exercise and rehabilitation.

Implications of all the available evidence

The day-night oscillations of Atrogin1 expression shown in this
study may provide a target for muscle chrono-therapy. Our find-
ings underline the importance of circadian timing in designing ex-
ercise and rehabilitation interventions.
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1 (Myod1),Uncoupling protein 3 (Ucp3), F-box protein 32 (Atrogin1), and
Myosin heavy chain 1 (Myh1), suggesting that the circadian clock regu-
latesmuscle functions. Indeed,micewith a clock gene deletion ormuta-
tion exhibit muscle dysfunctions such as an early age-related muscle
loss, weak muscle strength, low oxidative capacity and glucose intoler-
ance [11,16–22]. In contrast, muscle-specific Bmal1 knockout mice did
not exhibitmuscle loss [11]. The regulation ofmuscle volume by the cir-
cadian clock has not been fully elucidated.

Muscle loss is observed in various physiological conditions and
chronic diseases such as aging, malnutrition, bed rest, immobilization,
neurodegeneration, muscle dystrophy, cancer cachexia, diabetes and
sepsis. In general, muscle mass is controlled by a balance betweenmus-
cle protein anabolic and catabolic processes. An excessive increase in
protein degradation induces muscle atrophy, which has been observed
in manymuscle atrophic conditions [23]. Importantly, a remarkable in-
crease in ubiquitin proteasome activity, one of the major protein cata-
bolic processes, has been observed in atrophic muscles [24]. In 2001,
two E3 ubiquitin ligases, Atrogin1 and Murf1,were identified as trigger
molecules for muscle atrophy progression [25,26]. These genes are in-
creased in many muscle atrophy models, including disuse and a micro-
gravity models [23], and the Atrogin1 and Murf1 knockout mice show
attenuated denervation-induced muscle atrophy [25]. Importantly,
these knockout mice exhibit normal growth and muscle phenotypes
throughout development [23], suggesting the action of Atrogin1 and
Murf1 is limited to amuscle atrophic condition. As described previously,
Atrogin1 andMurf1 expressions exhibit a circadian rhythm in adult skel-
etal muscle, and Atrogin1 expression is up-regulated in Clock mutant
mice [12]. However, their rhythmic expressions and the role of the cir-
cadian clock have not been thoroughly investigated in atrophic condi-
tions, with only a study of a denervation-induced muscle atrophy
model being reported [27].
Physical inactivity and immobility induced muscle loss, and weight-
bearing exercise is effective therapy for prevention of disused-muscle
atrophy. An intermittent weight-bearing routine attenuates an increase
of Atrogin1 andMurf1 expressions in the muscles of hindlimb unloaded
(HU) mice [28,29]. However, a timing-dependent effect of weight-
bearing has not yet been studied, although it has been suggested that
muscle catabolic processes and muscle mass are controlled by a circa-
dian clock [12,18].

In the present study, we examined the expression rhythm of
Atrogin1 andMurf1 under the HU condition and the role of the circadian
clock on their expression rhythm and muscle loss. Additionally, we in-
vestigate a timing-dependent preventive effect of intermittent weight-
bearing on a HU-induced muscle atrophy.

2. Materials and methods

2.1. Animals

Six-week-old male Kwl:ICR mice (body weight: 25.7–34.8 g) were
obtained from Tokyo Laboratory Animals Science. C57BL:6 J-Clockm1Jt:J
(Clock mutant) mice were obtained from Jackson Laboratory (RRID:
IMSR_JAX:002923) and backcrossed to ICR mice in our previous report
[30]. Six- to ten-week-old male wild-type (WT; body weight:
27.6–42.7 g) and Clock mutant (ClockΔ19; body weight: 27.7–42.0 g)
mice backcrossed to ICRmice were used. The animal facility is operated
as a conventional room. Mice were kept in a room maintained at 22 ±
2°C, 60 ± 5% humidity on a 12-h light (08:00–20:00) -dark cycle. Zeit-
geber time 0 (ZT0) was designated as lights-on time and ZT12 as lights-
off time. The mice were provided with a standard diet (EF; Oriental
Yeast) and water ad libitum. All mice were in group housing (4 mice
per cage) during the acclimation period, and subsequently singly
housed during experimental periods. After randomized grouping, ex-
periments were conducted in a nonblinded condition. This study was
approved by the Committee for Animal Experimentation at Waseda
University (2017-A070) and animals were treated in accordance with
the committee's guidelines.

2.2. Hindlimb-unloading and weight-bearing

Hindlimb-unloading was performed as described previously [31]. A
plastic band was fixed to the root and middle region of the mouse tail
with surgical tape under isoflurane anesthesia. Three days after attach-
ment of the plastic band, a rod was connected to the plastic band via a
fishing swivel and the other end of the rod was attached to the top of
the cage. Mice were able to move freely with their front legs and were
allowed access to food and water without contact of each hindfoot to
the floor. Intermittent weight-bearing was performed using a timing-
regulated weight-bearing apparatus. Its design is shown in Supplemen-
tary Fig. 1. The intermittent weight-bearing was automatically regu-
lated by a magnetic switch connected to a timer.

2.3. Ablation of the sciatic nerve

The unilateral sciatic nervewas excised as described previously [32].
Briefly, excision of the sciatic nerve was performed for the right leg, and
sham surgery was performed for the left leg of each mouse during the
same operation under isoflurane anesthesia (Wako Chemicals).

2.4. Measurement of locomotor activity

Locomotor activity of micewasmonitoredwith an area sensor (F5B;
Omron) and analyzed with ClockLab software (Actimetrics) as previ-
ously described [33]. Locomotor activity was continuously monitored
during experimental periods.
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2.5. Histological analysis

The gastrocnemiusmuscles were isolated for hematoxylin and eosin
(H&E) staining. The muscles were frozen in a liquid nitrogen-cooled
isopentane (Wako Chemicals). Subsequently, ten or sixteen-
micrometer thick cross sections were cut from the middle portion of
the muscle using a cryostat (Leica Microsystems). Sections were fixed
in 10% formalin neutral buffer (Wako Chemicals) and then stained
with hematoxylin solution (Wako Chemicals) followed by the eosin so-
lution (Wako Chemicals). Cross-sectional area (CSA) of muscle fibers
was determined using BZ-X analyzer software (Keyence). N500 fibers
per mouse were analyzed from three areas in each muscle.

2.6. Measurement of serum corticosterone

Serum corticosterone levels were measured using a commercial kit
(ASSAYPRO). Assays were performed according to the manufacturer's
instructions.

2.7. Total RNA extraction and Real-time RT-PCR

Total RNA in skeletal muscle was extracted with TRIzol reagents
(Thermo Fisher Scientific). Real-time reverse transcription PCRwas per-
formed using the One-Step SYBR RT-PCR Kit (Takara Bio Inc) with spe-
cific primer pairs (Supplementary Table 1) on a Piko Real PCR system
(Thermo Fisher Scientific). The relative expression levels of target
genes were normalized to those of TATA box binding protein (Tbp).
Data were analyzed using the ΔΔCt method as described in our previ-
ously reports [33].

2.8. Protein extraction and western blotting

Frozen gastrocnemius muscles were ground into a powder using a
frozen cell crusher (Cryo-Press, MICROTEC, Tokyo, Japan) and homoge-
nized using Tissuelyser II (Qiagen, Frederick, MD, USA) with RIPA buffer
(50mM Tris-HCl pH 7.6, 150mMNaCl, 1 mMEDTA, 1% TritonX-100, 1%
sodium deoxycholate, 0.1% SDS) in the presence of protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN, USA), and phosphatase in-
hibitor cocktail(Nacalai Tesque, Kyoto, Japan). After homogenizing,
samples were rotated for 1.5 h at 4 °C, then centrifuged at 14,000 ×g
for 30 min at 4 °C. Protein concentrations were measured with a BCA
protein assay kit (Thermo Fisher Scientific). Western blotting analysis
was conducted as described previously [32]. SDS-PAGE was performed
with 20 or 50 μg of protein and the proteins in the gel were transferred
onto polyvinylidene difluoride (PVDF) membranes (GE Healthcare,
Buckinghamshire, UK). The membranes were then incubated overnight
at 4 °C with anti-p70S6K antibody (1:1000 dilution), anti-phospho-
p70S6K antibody (1:1000 dilution), anti-phospho-S6 antibody
(1:1000 dilution), anti-S6 antibody (1:1000 dilution), anti-phospho-
Akt antibody (1:1000 dilution), anti-Akt antibody (1:1000 dilution) or
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(1:250 dilution). Phospho-p70S6 kinase (Thr389) antibody
(Cat#9205, RRID:AB_330944), p70S6 kinase antibody (Cat#9202,
RRID:AB_331676), Phospho-S6 (Ser240, Ser244) antibody (Cat#2215,
RRID:AB_331683), S6 antibody (Cat#2217, RRID:AB_331355),
phospho-Akt (Ser473) antibody (Cat#9271, RRID:AB_329825), Akt-
antibody (Cat#9272, RRID:AB_329827) and horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG antibody (Cat# 7074, RRID:AB_
2099233) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-GAPDH antibody (Cat# sc-20,357, RRID:AB_641107)
and HRP-conjugated anti-goat IgG antibody (Cat# sc-2020, RRID:AB_
631728) were purchased from Santacruz biotechnology (Santa Cruz,
CA, USA). The bands of immunoreactive proteins were detected with
an enhanced chemiluminescence kit (GE Healthcare, Buckinghamshire,
UK) and quantified using a LAS-3000 system (GE healthcare, Bucking-
hamshire, UK).
2.9. Statistical analysis

Data are represented asmean± SE values. The GraphPad Prism ver-
sion 7 (GraphPad Software) was used for the statistical analysis. P b .05
was considered as a statistically significant difference. To test whether
data (sample size: n N 4) showed normal or non-normal distribution
and equal or biased variation, we used Kolmogorov-Smirnov test and
an F-test or Brown-Forsythe's test, respectively. If the data showed nor-
mal distribution and equal variation, statistical significance was deter-
mined by unpaired t-test or a one-way ANOVA with a Tukey test or
two-way ANOVA with a Tukey test (if the interaction was significant)
or Sidak test (if the interaction was not significant but the main effect
was significant) for post-hoc analysis. If the data showed non-normal
distribution or biased variation, statistical significance was determined
by Mann-Whitney U test or Kruskal-Wallis test with a two-stage linear
step-up procedure of the Benjamini, Krieger, and Yekutieli test for mul-
tiple comparisons. For the data of small sample size (n b 5), the statisti-
cal significance was determined using the Mann-Whitney U test or
Kruskal-Wallis test with a two-stage linear step-up procedure of the
Benjamini, Krieger, and Yekutieli test for multiple comparisons. Value
of n in the figure legends represents the number of animals (The details
were shown in Supplementary Table 2). The statistical details of exper-
iments were shown in the figure legends and Supplementary Table 3.
The JTK_cycle algorithm was used to detect 24-h rhythms and to ana-
lyze day-night variation and amplitude [34,35]. The results of the JTK
cycle algorithm were listed in Supplementary Table 4.

3. Results

3.1. Day-night fluctuations of catabolic processes in HU-induced atrophic
muscles

Mice were placed into the HUmodel for 3 to 4 days to test whether
the Atrogin1 andMurf1 showed day-night variation in a muscle atrophy
progressing condition (Fig. 1a). HU increased Atrogin1 expression signif-
icantly in the gastrocnemius muscle, and the gene exhibited day-night
variation, which was lower at ZT9 and higher at ZT21 (Fig. 1b and Sup-
plementary Table 4). Murf1 expression likewise exhibited day-night
variation in a similar pattern as Atrogin1, though the level of Murf1
was not increased by HU (Fig. 1c and Supplementary Table 4). The
clock gene expressions including Per1, Per2, Bmal1, Rev-erbα, and Rorα
showed circadian oscillation in the gastrocnemius muscle from CON
and HU mice, and Per1 and Rorα expressions were increased by HU
(Fig. 1d−h and Supplementary Table 3). The serum corticosterone
level of HU group tended to be increased, and its circadian rhythm
was maintained (Fig. 1f and Supplementary Table 4). Glucocorticoids
receptor gene expression was not changed among all group and time
points (Supplementary Fig. 2b). Phosphorylation of p70S6K, S6 and
Akt, the key molecules for muscle anabolic processes, did not show
day-night variation in both groups, and S6 and Akt phosphorylation
were partially decreased byHU(Fig. 1k−mand Supplementary Tables 3
and 4). In the soleus muscle, Atrogin1 andMurf1were increased by HU,
however they were not changed over a day (Supplementary Fig. 3a and
b). Per2 and Bmal1 showed circadian oscillation in the soleus muscle
(Supplementary Fig. 3c and d and Supplementary Table 4). Further-
more, the peak time and periods of PER2::LUC luminescence in SCN
slice were not changed among all groups (Supplementary Fig. 4).

3.2. Circadian clock drives HU-induced day-night expression of Atrogin1
and Murf1

To confirm the role of a circadian clock on the day-night expressions
of Atrogin1 and Murf1, these expressions were assessed in the muscles
of ClockΔ19 mice. In WT mice, Atrogin1 expression was increased by
HU for 3 to 4 days and it showed the day-night fluctuation, while its
fluctuation was not observed in ClockΔ19 mice (Fig. 2a and
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Fig. 1. Day-night variations of muscle catabolic gene, clock genes expressions, serum corticosterone level, and phosphorylation of muscle anabolic protein in Control (CON), Hindlimb
unloading (HU) and weight-bearing during early (W-EAP) and late (W-LAP) active phase mice. (a) Experimental scheme for evaluating the day-night variations in the CON, HU, W-
EAP and W-LAP mice. The mice in the HU group were kept in the HU condition for 3 or 4 days. The mice in the W-EAP and W-LAP group were kept under the HU condition except for
the period of weight-bearing. Intermittent weight-bearing at the early and late active phases was conducted from ZT12 to ZT16 and from ZT20 to ZT24, respectively, as shown in blue
and red square. The muscles were collected every 6 h from ZT21 on day 3 to ZT21 on day 4, as indicated by the red arrows. White and black bars indicate light (inactive) and dark
(active) phase. The gene expression levels of (b) Atrgoin1, (c) Murf1, (d) Per1, (e) Per2, (f) Bmal1, (g) Rev-erbα and (h) Rorα in gastrocnemius muscle of CON (white triangles), HU
(black circles), W-EAP (blue circles) and W-LAP (red triangles) mice. (i) Serum corticosterone level was determined by ELISA. (j) Western blot analysis for the phosphorylation of
p70S6K, S6 and Akt in gastrocnemius muscle. (k − m) Quantitative signal intensity ratio of phosphorylated p70S6K, S6 and Akt to total respective proteins. Data are expressed as the
mean ± standard error (n = 4–5 at each time point). *P b .05; CON vs HU, +P b .05; CON vs W-EAP, $P b .05; HU vs W-EAP, &P b .05; HU vs W-LAP, #P b .05; W-EAP vs W-LAP by
Kruskal-Wallis test with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli test.
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Supplementary Table 4). Murf1 expression in ClockΔ19 mice was par-
tially increased by HU and its time-dependent expression was not ob-
served (Fig. 2b and Supplementary Table 4). We next evaluated the
muscle weight in the hindlimb-unloaded WT and ClockΔ19 mice. HU
for 2 weeks significantly decreased gastrocnemius muscle weight in
theWT and ClockΔ19mutantmice (Fig. 2c and d). The ratio of HUmuscle
weight to CON muscle in ClockΔ19 mice was significantly decreased
compared with WT mice (Fig. 2e).
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Considering that the expressions of Atrgoin1 and Murf1 were regu-
lated by nutritional statement via an insulin and IGFs signaling pathway
[36] and the feeding behavior of mice showed a circadian manner, we
next examined an effect of time-restricted feeding on the day-night
expression of Atrogin1 and Murf1 to reveal a feeding cycle-dependent
regulation of their rhythmic expressions. Mice were kept under the
day-time (ZT2 to ZT10, DRF) or night-time (ZT14 to ZT22, NRF)
restricted feeding schedule for 7 days before and 4 days after HU
(Supplementary Fig. 5a). The day-night expressions of Atrogin1 and
Murf1 were not changed between the DRF and NRF mice (Supplemen-
tary Fig. 5b and c), suggesting that the fluctuations of Atrogin1 and
Murf1 expression could be independent of feeding time. In addition,
the expression of clock genes except Rorα, which did not show circadian
rhythmicity under theHUcondition (Supplementary Table 4), exhibited
an antiphase oscillation in the gastrocnemius muscle of day- and night-
time-restricted feeding groups (Supplementary Fig. 5d−h). Moreover,
the amplitude of Bmal1 was decreased by DRF mice (Supplementary
Table 4). This suggested that the day-night fluctuations of Atrogin1
and Murf1 were independent of the intrinsic muscle clock, and these
fluctuations could be controlled by a time-dependent external signal
such as neuronal and hormonal signals from the SCN.

Circadian oscillated genes in the skeletal muscle were regulated by
the intrinsic muscle clock, locomotor activity, neuronal and hormonal
stimulus, and feeding cycle [10,11,14]. We next determined the role of
locomotor activity and neuronal signals on the day-night variation of
Atrogin1 in the HU condition using the combination of HU model and
sciatic denervation model. Mice were subjected to the unilateral abla-
tion of the sciatic nerve before the induction of HU (Fig. 3a). The day-
night expression of Atrogin1was not observed in the denervatedmuscle
of HU mice, while it was observed in the sham-surgery contralateral
muscle of HU mice (Fig. 3b). HU and denervation increased Atrogin1
level, and their combination further increased it. Murf1 expression
showed day-night fluctuation in the denervated muscle of CON mice
(Fig. 3c). The denervation increased Per2, Bmal1, and Rorα expression
and abolished the rhythmicity of Rorα (Fig. 3). The rhythmicity and
Fig. 2. Day-night variations of Atrogin1 and Murf1 expressions in gastrocnemius muscle and m
mutant (ClockΔ19) mice. The expression levels of (a) Atrgoin1 and (b) Murf1 were examined b
time point) and normalized by the CON group of each genotype. *P b .05 by Kruskal-Wallis
Clock genes expression were shown in Supplemental Fig. 9. (c) Gastrocnemius muscle weight
WT and ClockΔ19 mice. (e) Ratio of relative muscle weight in the HU group to that in the CON
.05, **P b .01, ****P b .0001 by unpaired t-test or two-way analysis of variance (ANOVA) with a
phase of clock genes expression except for Rorα remained in the dener-
vated muscles (Fig. 3),

3.3. Timing-dependent effect of weight-bearing on HU-induced muscle
atrophy

To assess the effective timing of a weight-bearing on Atrogin1 and
Murf1 expressions, mice were intermittently relieved from HU at a spe-
cific timewithin a day (Supplementary Fig. 1) and skeletalmuscleswere
collected at 5 points within 3 to 4 days (Fig. 1a). Weight-bearing at the
early active phase (W-EAP) significantly suppressed Atrogin1 and
Murf1 expressions at 1st ZT21, when Atrogin1was at a high point of its
oscillation within a day in the HU mice, compared with weight-
bearing at the late active phase (W-LAP) and HU mice (Fig. 1b). The
Atrogin1 expression level were significantly increased by HU (Supple-
mentary Table 3). The HU-induced up-regulation of Atrogin1was atten-
uated by the intermittent weight-bearing, and this level inW-EAPmice
was significantly lower than that in W-LAP mice (Supplementary
Table 3).Murf1 at 1st ZT21 expression level was significantly decreased
byW-EAPcomparedwithCONandHU(Fig. 1c). Clock genes expressions
serum corticosterone level, and the phosphorylation level of p70S6K, S6
and Akt were not changed betweenW-EAP andW-LAPmice, except for
a significantly decreasing of Rorα at 1st ZT21 inW-EAPmice (Fig. 1d−m
and Supplementary Table 3). Chronic HU for 14 days significantly de-
creased the gastrocnemius muscle weight, and the W-EAP attenuated
the HU-induced muscle atrophy and body weight loss (Fig. 4a−c). The
gastrocnemius muscle weight of W-EAP mice was higher than that of
W-LAP mice (Fig. 4a). Food intake was not different among all groups
(Fig. 4d). Thehourly locomotor activity level duringactivephasewasde-
creased inHU,W-EAP andW-LAPmice (Fig. 4f), andW-EAP increase the
locomotor activity during late active phase (no significant difference).
The total activity levelswere not changed significantly however seemed
to decrease in HU, W-EAP andW-LAP mice (Fig. 4g). The activity level
during the respective weight-bearing times were not different between
theW-EAP andW-LAP mice (Fig. 4h).
uscle weight of control (CON) and hindlimb-unloaded (HU) wild-type (WT) and Clock
y real-time RT-PCR. Data are expressed as the mean ± standard error (n = 4–5 at each
test with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli test.
and (d) relative gastrocnemius muscle weight of CON (white) and 14 days HU (black) in
group of each genotype. Data are expressed as the mean ± standard error (n = 6). *P b

Sidak post hoc test.



Fig. 3. Effect of sciatic nerve dissection on Atrogin1 andMurf1 and clock genes expression in hindlimb unloadedmice. (a) The experimental scheme of denervation and hindlimb unloading
(HU). Mice were subjected to unilateral denervation of the sciatic nerve on day 1. After unilateral denervation, HUwas started for 4 days. Themuscles were collected every 6 h from ZT21
on day 3 to ZT21 on day 4, as indicated by the red arrows. (b) Atrgoin1, (c)Murf1, (d) Per1, (e) Per2, (f) Bmal1, (g) Rev-erbα, (h) Rorα expression in the gastrocnemiusmuscle of the sham-
treated leg (left-side) and denervated leg (right-side) of NoHU (white) andHU (black). Data are expressed as themean± standard error (n=4–5 at each time point). *P b .05 byKruskal-
Wallis test with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli test.
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InWTmice, HU-induced Atrogin1 up-regulation at ZT21was not ob-
served in the W-EAP mice while its increasing was remained in W-LAP
mice (Fig. 5a left). On the other hand, weight-bearing at early and late
active phase did not prevent HU-induced Atrogin1 expression in Clock-
Δ19 mice (Fig. 5a right). Murf1 expression were remarkably increased
by HU and the preventive timing-dependent effect of weight-bearing
was not observed in ClockΔ19 mice (Fig. 5b). In addition, the preventive
effects ofW-EAP inWTmice on themuscle atrophic phenotype, includ-
ing the gastrocnemius muscle weight and muscle fiber CSA, were not
observed in ClockΔ19mice (Fig. 5c−f). The pattern of locomotor activity
in ClockΔ19 mutant mice was changed by the timing of weight-bearing,
and the locomotor activity of ClockΔ19 mutant mice was increased dur-
ing weight-bearing in each group. However, the total amount of loco-
motor activity was not changed (Supplementary Fig. 6).
4. Discussion

In this study, we showed that (i) Atrogin1 expression showed day-
night variation in gastrocnemius muscles under the HU-induced atro-
phic condition, (ii) their day-night variations were regulated by a circa-
dian clock, and (iii) the preventive effects of intermittent weight-
bearing on the HU-induced muscle atrophy depended on its timing.

The rhythmic expression of Atrogin1was observed in a normal skel-
etal muscle from microarray data reported previously [10,12]. The
Atrogin1 expressions showed day-night variation under the HU condi-
tion, and their day-night variation was not observed in ClockΔ19 mice.
To elucidate the mechanism of rhythmic Atrogin1 expression, we first
expected three factors to regulate their expression levels: feeding-
cycle, an intrinsic muscle clock and a glucocorticoid effect. Atrogin1



Fig. 4. Timing-dependent effects of weight-bearing on hindlimb-unloading (HU)-induced muscle atrophy. (a) Gastrocnemius muscle weight, (b) relative gastrocnemius muscle weight,
(c) body weight, and (d) food intake of Control (CON), HU, and weight-bearing during early active phase (W-EAP) and late active phase (W-LAP). (e) Representative double-plotted
actograms of locomotor activity determined by an infrared sensor in CON, HU, W-EAP and W-LAP mice. The blue or red shadow indicates the weight-bearing period. (f) Wave forms of
locomotor activity analyzed during experimental periods. (g) Daily total locomotor activity and (h) activity during early (ZT12–16) and late (ZT20–24) active phase of CON, HU, W-
EAP and W-LAP mice. Data are expressed as the mean ± standard error (a, b, c; n = 6–9, d; n = 4–6, f, g, h; n = 4–6). *P b .05, **P b .01, ***P b .001, ****P b .0001 by analysis of
variance (ANOVA) with a Tukey post hoc test. #P b .05 by Kruskal-Wallis test with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli test.
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expression is regulated by nutritional signaling via the Akt-FOXO path-
way [36] or glucocorticoid receptor signaling [37]. Additionally, several
E-box binding sites exist in the promotor region of Atrogin1 gene. These
reports suggest that feeding time, glucocorticoid rhythm, or the intrinsic
muscle clock drive the day-night expression of Atrogin1.

No changes were observed in the Atrogin1 expression level and its
phase between NRF and DRF mice, suggesting that feeding timing did
not involve in its day-night expression. However, the phase of Atrogin1
and Murf1 in NRF and DRF mice was shifted compared with that in the
mice under the free feeding condition (Fig. 1 and Supplementary
Fig. 5). Although timing of feeding is suggested not to be involved in
its day-night expression, time-restricted feeding may partially affect
the phase of Atrogin1 andMurf1, compared with the free feeding condi-
tion. It is likely to relate on the fasting periods because fasting regulates
Atrogin1 and Murf1 expression [15]. In addition, compared with NRF,
DRF changed the phase of muscle clock genes to an antiphase oscilla-
tion. Furthermore, the day-night fluctuation of Atrogin1 in shammuscle
fromHUmicewas not observed in denervatedmuscle fromHUmice, al-
though most of the clock genes were oscillated in the denervated mus-
cle fromHUmice. This suggests that the effects of intrinsic muscle clock
on the regulation of Atrogin1 fluctuation could be small. To be clear on
the role of intrinsic muscle clock on the day-night variation of Atrogin1,
further studies using tissue -specific clock gene deletion mice are
necessary.
In this study, serum corticosterone level in HU mice tended to be
higher and exhibited a circadian rhythm (Fig. 1i), and its phase tended
to be advanced by DRF compared with NRF (Supplementary Fig. 5i). It
is well-known that the phase of corticosterone is affected by time-
restricted feeding [38,39]. Considering that the DRF did not change the
expression of Atrogin1 andMurf1 regardless of the phase shift of cortico-
sterone by time-restricted feeding, this suggests that serum corticoste-
rone rhythm does not affect their day-night expression under the HU
condition.

It is thought that oscillation of global circadian genes expression in
skeletal muscle is driven not only by a muscle clock but additionally
by a neuronal external cue such as physical activity rhythm [10]. In
the present study, denervated muscle did not show the normal day-
night expression cycle of Atrogin1 under the HU condition, while their
day-night variations were observed in the sham-surgery contralateral
muscles from the same animals. Denervation influences clock gene ex-
pression [10,27]. In the present study, denervation increased Per2,
Bmal1, and Rorα expression and abolished the rhythmicity of Rorα.
The rhythmicity and phase of clock genes expression except for Rorα
remained in the denervated muscles, suggesting that the involvement
of these clock genes in day-night Atrogin1 expression could be small.
In addition, considering that the ablation of Rorα rhythmic expression
was observed in the sham muscle of HU mice, although the expression
of Atrogin1 oscillated in this muscle, Rorα was less likely to regulate



Fig. 5. Role of circadian rhythmon timing-dependent preventive effects of weight-bearing on Atrogin1 andMurf1 expression andmuscle atrophy. (a) Atrogin1 and (b)Murf1 expression at
ZT9 and ZT21 in gastrocnemius muscle of wild-type (WT) and Clock mutant (ClockΔ19) mice. Once per day, weight-bearing was conducted at the early (W-EAP) or late (W-LAP) active
phase. (c) Gastrocnemius muscle weight from control (CON), hindlimb-unloading (HU), W-EAP and W-LAP groups in WT and ClockΔ19 mice. (d) Representative H&E stain from the all
groups in WT and ClockΔ19 mice. Scale bar, 50 μm. (e) Average size of the cross-sectional areas (CSAs) of muscle fibers from WT and ClockΔ19 mice. (f) The distributions of the CSAs of
muscle fibers in WT and ClockΔ19 mice plotted as frequency histograms. Data are expressed as the mean ± standard error, (a, b; n = 4–8 at each time point, c; n = 5–9, e, f; n = 4–6).
*P b .05, **P b .01 by Kruskal-Wallis test with a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli test.
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the day-night expression of Atrogin1. This result suggests that a circa-
dian neuronal cue or locomotor activity controls the HU-induced
Atrogin1 rhythmic expression independent of muscle clocks. Nakao
et al. reported that Atrogin1 did not show a rhythmic expression in de-
nervated muscles [27], in agreement with our results. The dissection
of the sciatic nerve remarkably inhibits muscle activity, and Dyer et al.
reported that physical activity regulated the rhythm of circadian gene
expression via a muscle contraction-related Ca2+-dependent pathway
in muscles [10], suggesting that circadian locomotor activity rhythms
drove circadian genes expression. Circadian regulation of motor neuron
activity could be important for the day-night variation of Atrogin1 ex-
pression. Additionally, the sciatic nerve includes not only a motor
nerve but an autonomic nerve as well [40]. Further studies are war-
ranted to determine the role of a clock via a motor or autonomic neuro-
nal signal on the oscillation of Atrogin1 genes expression.

The day-night expression of Atrogin1 andMurf1was not observed in
the soleus muscle (Supplementary Fig. 3. The preventive effect of W-
EAP was likewise not observed in the soleus muscle (Supplementary
Figs. 3 and 7). These results suggest that the effect of circadian rhythm
on skeletal muscle function depends on the muscle fiber type. It is gen-
erally thought that skeletal muscle fibers are classified into two main
types: slow-twitch (type1) muscle fibers and fast-twitch (type2A,
type2X, and type2B) muscle fibers. Gastrocnemius muscles are
predominantlymade up of fast-type fibers, while soleusmusclesmainly
include slow-twitch fibers. It has been reported that the responses of
gene expression such as that of Atrogin1 andMurf1 and muscle atrophy
were different between fast-type muscles and slow-type muscles
[41,42]. Several rhythmic genes were differentially expressed between
fast- and slow-typemuscles [10]. Therefore, it is possible that the circa-
dian regulation of Atrogin1 and timing-dependent effects of weight-
bearing could depend on the muscle fiber types [42].

The circadian clock-controlled Atrogin1 and Murf1 expression could
be important for the maintenance of muscle mass in the HU condition.
In our study, the ClockΔ19 mice showed higher response of Atrogin1
and Murf1 to the HU condition and the HU-induced decreasing ratio of
muscle weight to the control muscle was higher in ClockΔ19mice. It sug-
gests that ClockΔ19mice are susceptible to the HU. Bmal1 knockoutmice
show extreme muscle loss with aging [18], though skeletal muscle-
specific Bmal1 knockout mice did not show this phenotype [11], sug-
gesting that a non-muscle clock could control muscle mass. Thus, in
our study, the susceptibility to the HU in ClockΔ19 mice could be caused
by a dysfunction of non-muscle clock. The effects of clock disturbance
on HU-induced muscle loss were examined using constant light expo-
sure model, considered the main model of central clock disruption.
(Supplementary Fig. 8). The constant light exposure did not affect mus-
cle loss, suggesting that central clock disruption is not involved in HU-
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induced muscle atrophy. On the other hand, this might be due to the
fluctuation of Atrogin1 expressionwasmaintained under longer periods
(N24 h) and did not disrupt its time variation because the constant light
schedule in this experiment increased the periods of locomotor activity
rhythm, however did not show the arrhythmic pattern. Thus, further
studies are required using other clock disturbancemodels such as a con-
stant high intensity light condition and a ultradian (T7) light cycle
schedule.

Preventive effects of an intermittent weight-bearing on muscle loss
have been known for a long time. An intermittent weight-bearing regi-
men for 1 to 4 h per day ameliorates HU-induced soleusmuscle atrophy
and increase of Atrogin1 andMurf1 expression [28,29,43,44]. Consistent
with these previous reports, our study showed that intermittent
weight-bearing prevented HU-induced gastrocnemius and soleus mus-
cle loss (Fig. 4 and Supplementary Fig. 7). In addition, the present study
shows that the timingofweight-bearing in a day is important to prevent
from HU-induced muscle atrophy and that a circadian clock may be in-
volved in its timing-dependent effect. The amount of physical activity is
one of most important factors to maintain muscle mass [45]. In our
study, W-EAP showed a greater preventive effect on gastrocnemius
muscle atrophy compared with W-LAP, while the locomotor activity
level during weight-bearing was not changed (Fig. 4). This suggests
that the preventive effect ofW-EAP is independent of the locomotor ac-
tivity level. Although the amount of activity was not changed by the
timing of weight-bearing, W-LAP has slightly increased locomotor ac-
tivity during early inactive phase (Fig. 4). It is suggested that W-LAP
may occur during sleep disturbance. Atrogin1 expression at ZT21 was
suppressed byW-EAP. Considering that Atrogin1 expression was higher
at ZT21 and lower at ZT9, this supposed thatW-EAP suppressed a rise of
Atrogin1 and Murf1 expression in the late active phase. While W-LAP
partially suppressed an increase in Atrogin1 expression compared with
HU in a day, it did not decrease completely at ZT21 compared with W-
EAP. Atrogin1 is key molecules for progression of disused muscle atro-
phy and it is thought that the down-regulation of Atrogin1 expression
attenuates muscle atrophy [23]. Therefore, the greater preventive effect
ofW-EAP onmuscle atrophy could be caused by the down-regulation of
Atrogin1 expression. Interestingly, the muscle of W-EAP mice showed
the loss of the Atrogin1 oscillation. The amplitude of Rev-Erbα and
Rorα, tended to be decreased in W-EAP mice (Supplementary
Table 4). Rev-erbα KO mice exhibit muscle loss and the up-regulation
of Atrogin1 and Murf1 [22]. Thus, the loss of Atrogin1 oscillation might
be due to the down-regulation of Rev-erbα rhythmicity by W-EAP.

An intermittent weight-bearing regimen additionally attenuates the
down-regulation ofmTOR signaling,which is oneof the key anabolic pro-
cesses [29]. In our study, while the phosphorylation of p70S6K was not
changed, phosphorylation of S6 and Akt was partially rescued by
weight-bearing, but no change was observed by timing of weight-
bearing. It indicates that the timing of weight-bearing does not affect
muscle anabolic processes. Myod was transiently increased in W-EAP
mice at the 1st ZT21, but not at the 2nd ZT21 (Supplementary Fig. 2a),
suggesting thatW-EAP could transiently promotemuscle differentiation.

The preventive effect ofW-EAP on themuscle loss was not observed
in ClockΔ19 mice (Fig. 5). This suggests that W-EAP attenuates the
HU-inducedmuscle loss by direct regulation viaAtrogin1 or indirect reg-
ulation via clock genes. Considering that a circadian signal drives the
day-night expression of Atrogin1, the preventive effect of W-EAP may
be mediated by a neuronal signal. However, further studies are neces-
sary to examine the detailed role of circadian clock genes and the signal-
ing pathways responsible for the preventive effects of W-EAP.

In the present study, we showed that the muscle-specific catabolic
factors Atrogin1 exhibited day-night oscillations in the HU condition.
In addition, the preventive effects of weight-bearing are dependent on
its timing via a circadian clock andW-EAPwasmore effective for the at-
tenuation of muscle loss. This study provides the evidence to show the
importance of timing for a preventive or therapeutic intervention of ex-
ercise and rehabilitation against muscle loss.
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