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HIGHLIGHTS

® Day-time feeding attenuated overloading-induced muscle hypertrophy.
® It also attenuated overloading-induced protein synthesis.
® Feeding time did not affect the muscle weight under normal and atrophic conditions.

ARTICLE INFO ABSTRACT

Muscle mass is controlled by the balance between muscle synthesis and degradation. Although nutrition is
important for the maintenance of muscle mass and growth, the effects of feeding time have remained unclear. In
the present study, we aimed to evaluate the effects of day- or night-time-restricted feeding on the muscle volume
using muscle atrophy and hypertrophy mouse models. The day- and night-time-restricted feeding was conducted
from zeitgeber time 2 (ZT2) to ZT10 and ZT14 to ZT22, respectively. In the unilateral immobilization-induced
atrophy model, the decrease in immobilized muscle weight did not significantly change with the feeding time.
However, the contralateral non-immobilized muscle weight was lower in the mice fed at day time (inactive
phase) than in those fed at night time (active phase). In the overloading-induced hypertrophy model, muscle
hypertrophy and protein synthesis were attenuated by day-time feeding. These results suggest that day-time
feeding attenuated muscle growth via the inhibition of muscle synthesis. Feeding at an irregular time such as a
late-night meal could be detrimental for muscle growth.
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1. Introduction problems such as obesity and diabetes [4,5]. In contrast, time-restricted

eating without calorie restriction reduces the risk of metabolic dys-

The skeletal muscle mass is controlled by the balance between
muscle synthesis and degradation. It is considered that the activation of
muscle synthesis or degradation is induced by muscle hypertrophy and
atrophy, respectively [1]. Dietary amino acids activate the synthesis of
muscle protein via the mammalian target of rapamycin (mTOR)
pathway [2]. In addition, co-ingestion of carbohydrates and proteins
also activates the synthesis of muscle protein [3]. Further, the optimal
nutritional intake has a key role in the maintenance and increase of
muscle mass.

The late meal time and/or breakfast skipping lead to some health

functions, indicating that nutritional intake at the optimal time is im-
portant to maintain healthy metabolic function [6-8]. Studies using
mouse models have showed that time-restricted feeding in the resting
phase attenuates the repair of DNA in the skin and the function of
immune system [9,10]. However, there are only a few studies focused
on the effects of feeding time on the skeletal muscle functions.
Several muscle functions such as muscle force and myogenesis ex-
hibit day-night oscillation [11-13]. In our recent study, we demon-
strated that Atroginl, which is one of the key muscle catabolic factors,
shows day—-night oscillation under atrophic condition [14]. In addition,
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another study has reported that the muscle protein synthesis, assessed
by the activation of mTOR signaling, exhibits day-night oscillation
[15]. Considering that nutrition affects the muscle growth and/or de-
gradation system(s) as described above, the occurrence of time-de-
pendent response to nutrition is expected, based on the results of stu-
dies on day-night oscillation of muscle-volume-related factors. In this
study, we aimed to evaluate the effects of the night- or day-time feeding
on the skeletal muscle mass and muscle protein synthesis.

2. Materials and methods
2.1. Animals

Six- and seven-week-old male Kwl:ICR mice were purchased from
Tokyo Laboratory Animals Sciences (Tokyo, Japan). The mice were
placed in a room maintained at 22 * 2°C and 60 * 5% humidity,
with a 12-h light (08:00-20:00 h)-dark cycle. Zeitgeber time 0 (ZT0)
was designated as the “lights on” time and ZT12 as the “lights off” time.
The mice were provided a standard diet (EF; Oriental Yeast, Tokyo,
Japan) and water ad libitum during the acclimation period. After ran-
domized grouping, the experiments were conducted in a nonblinded
manner. Body weight (BW) were measured every week. This study was
approved by the Committee for Animal Experimentation at the Waseda
University (2017-A065), and the mice were treated in accordance with
the committee's guidelines.

2.2. Time-restricted feeding

The mice were maintained under day-time- (DRF: ZT2 to ZT10) or
night-time (NRF: ZT14 to ZT22)-restricted feeding schedule. Time-re-
stricted feeding was performed using an automated time-restricted
feeding device (Natsume Seisakusho, Tokyo, Japan) as reported pre-
viously [14].

2.3. Hindlimb immobilization

Unilateral hindlimb immobilization was performed as described
previously [16]. Briefly, the mice were anesthetized with isoflurane,
and then the leg on one side was immobilized. The contralateral side leg
was not treated and used as the control. The immobilized leg was fixed
with the knee in an extended position and the ankle in a plantar-flexed
position. The hindlimb immobilization was conducted at approximately
ZT6 on day 7 after time-restricted feeding.

2.4. Synergist ablation

The mice were anesthetized with isoflurane. Thereafter, functional
overload of the plantaris muscle was induced by unilateral surgical
ablation of the distal tendons of the gastrocnemius and soleus muscles
as described previously [17,18]. The incision in the contralateral leg
was closed without surgical ablation of the distal tendons, and its
plantaris muscle served as the sham muscle. This surgery was con-
ducted at approximately ZT6 on day 7 after time-restricted feeding.

2.5. Recording of locomotor activity

Locomotor activity of mice was monitored with an area sensor (F5B,
Omron, Tokyo, Japan) and analyzed with ClockLab software
(Actimetrics, Wilmette, IL, USA), as previously described [14]. Loco-
motor activity was continuously monitored during the experimental
period.

2.6. Measurement of protein synthesis and western blotting

For the assessment of protein synthesis using the surface sensing of
translation (SUnSET) method, puromycin (40 pumol/kg BW) was
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intraperitoneally injected exactly 30 min before sampling of the hin-
dlimb muscle. Immediately after sampling, the muscle samples were
frozen in liquid nitrogen and stored at —80 °C until analysis [19,20].
The frozen muscle samples were powdered using a frozen cell crusher
(Cryo-Press; MICROTEC, Tokyo, Japan) and homogenized using Tis-
sueLyser II (Qiagen, Frederick, MD, USA) with homogenizing buffer
(40 mM Tris, pH 7.5; 1 mM EDTA; 5mM EGTA; 0.5% Triton X-100) in
the presence of Protease Inhibitor Cocktail (Roche Diagnostics, In-
dianapolis, IN, USA) and Phosphatase Inhibitor Cocktail (Nacalai
Tesque, Kyoto, Japan). After homogenization, the samples were rotated
for 1hat 4°C, and then centrifuged at 14,000 g for 30 min at 4 °C. The
concentration of proteins was measured using the BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA). Western blotting analysis
was conducted as described previously [21]. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis was performed with 10 or 50 pg of
protein sample, and the proteins in the gel were then transferred onto
polyvinylidene difluoride membranes (GE Healthcare, Buckingham-
shire, UK). The membranes were then incubated overnight at 4 °C with
anti-Puromycin (1:25000 dilution; clone 12D10; Merck Millipore,
Burlington, MA), anti-p-S6 (1:1000 dilution; P-S6 Ribosomal Protein
(S240/244) Rabbit Ab #2215; Cell Signaling Technology, Danvers, MA)
or anti-S6 (1:1000 dilution; S6 Ribosomal Protein (5G10) Rabbit mAb
#2217; Cell Signaling Technology, Danvers, MA). After wash and in-
cubation with HRP-conjugated anti-rabbit or mouse IgG (Cell Signaling
Technology, Danvers, MA), the bands of immunoreactive proteins were
detected using an enhanced chemiluminescence kit (GE Healthcare,
Buckinghamshire, UK) and quantified using the LAS-3000 system (GE
healthcare, Buckinghamshire, UK) and ImageJ. After the detection of
bands, membranes were stained by Coomassie Brilliant Blue (CBB).

2.7. Statistical analyses

The data are presented as mean * standard error (SE). GraphPad
Prism version 7 (GraphPad Software, San Diego, CA) was used for the
statistical analyses. Differences with P < 0.05 were considered statis-
tically significant. To test whether the data showed equal or biased
variation, we used an F-test or Brown-Forsythe's test. Statistical sig-
nificance was determined by the two-way analysis of variance with
Sidak test (if an interaction and/or the main effect were significant) for
post-hoc analysis.

3. Results

Under normal condition, which is no induction of muscle atrophy or
hypertrophy in both legs, the BW, gastrocnemius muscle weight, and its
relative weight to BW did not differ between the NRF and DRF groups
(Supplementary Fig. 1).

The BW of mice was not altered in the NRF and DRF groups
(Fig. 1A). On day 7 after unilateral immobilization, there was a de-
crease in the gastrocnemius muscle weight in the NRF and DRF groups
(Fig. 1B and C). Although the immobilized muscle did not significantly
differ between the NRF and DRF groups, the contralateral non-im-
mobilized muscle weight was higher in the NRF group than in the DRF
group. The daily locomotor activity level during experimental period
was not changed in the NRF and DRF groups, although the circadian
pattern of locomotor activity was different in these groups (Supple-
mentary Fig. 2). Further, we evaluated the muscle protein synthesis at
three time points on day 3 and 4 after unilateral immobilization. In the
sham muscle (the contralateral non-immobilized muscle), the muscle
protein synthesis in the NRF group tended to be higher than that in the
DRF group at ZT6 but not at ZT18. In the immobilized muscles, muscle
protein synthesis did not differ between the NRF and DRF groups
(Fig. 1D and E). The phosphorylated S6 protein level of the sham and
immobilized muscles in NRF group tended to be higher or significantly
higher than that in the DRF group at ZT18 (Fig. 1G). The total S6
protein level was not changed in the sham muscle. In contrast, it tended
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Fig. 1. Effects of day-time feeding on the skeletal muscle mass and protein synthesis in unilateral hindlimb immobilized mice. (A) Body weight (BW), (B) gastro-
cnemius muscle (GAS) weight, and (C) relative GAS weight to BW in mice maintained under the night- or day-time restricted feeding (NRF or DRF) on day 7 after
unilateral hindlimb immobilization (Immo) (A-C: n = 8; D: n = 5). (D) representative blot of puromycin-labeled peptides, phosphorylated (p-)S6, total (t-)S6 and
Coomassie Brilliant Blue (CBB) stain and (E, G, I) the day-night variation in protein synthesis, p-S6 and t-S6 in the GAS muscle of NRF or DRF mice on day 3 after
unilateral hindlimb immobilization (n = 4-5/time point). (F, H, J) The average value of protein synthesis, p-S6 and t-S6 at three time points (n = 14-15).
Mean + SE.*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Sidak. . (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

to be lower in the immobilized muscle of DRF group at ZT18 compared
with that of NRF group at the same time point (Fig. 1I). The average
level of muscle protein synthesis was significantly higher in the sham
muscle of the NRF group than that of the DRF group although the effect
of feeding time on the muscle protein synthesis was not observed in the
immobilized muscles (Fig. 1F). The average level of phosphorylated and
total S6 protein was not altered between the NRF and DRF groups, al-
though it was decreased by immobilization (Fig. 1H, J).

We evaluated the effects of feeding time on skeletal muscle hyper-
trophy using the unilateral hindlimb overloaded model. The BW did not
differ between the NRF and DRF groups. Unilateral hindlimb over-
loading increased the plantaris muscle weight and its relative weight in
both the groups (Fig. 2B and C). The increase in muscle weight was
significantly attenuated by DRF (Fig. 2C). The result of daily locomotor
activity level was not changed in the NRF and DRF groups (Supple-
mentary Fig. 3). This result was similar to the second experiment using
immobilized model.

Muscle protein synthesis was assessed at ZT6 because muscle pro-
tein synthesis in the NRF mice in the preliminary experiment was

relatively higher at ZT6. The muscle protein synthesis was significantly
increased on day 3 after overloading in the NRF group but not in the
DRF group (Fig. 2D and E). However, on day 7 after overloading, the
muscle protein synthesis was increased in the overloaded muscles of
both groups, and there was no significant difference between the
groups. Similar response was observed in the level of phosphorylated S6
protein, but not total S6 protein (Fig. 2F and G). The phosphorylation of
S6 was increased by overloading, with the increase being less in the
DRF group than in the NRF group.

4. Discussion

In this study, we examined the effects of feeding time on the muscle
mass using the muscle atrophy and hypertrophy models. The intact
muscle mass did not change with feeding time (Supplementary Fig. 1),
suggesting that feeding time does not affect the muscle mass under
normal conditions. In addition, the immobilized muscle weight did not
change unexpectedly with the feeding time. On the contrary, the non-
immobilized muscle weight was decreased by DRF. Considering that the
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daily locomotor activity level was not changed in the NRF and DRF
groups, the involvement of daily locomotor activity could be small in
the lower muscle mass of the DRF-fed mice. From these results we
speculate one possibility. Exercise-like-stimulated muscles such as
overloaded muscles are sensitive to the effects of feeding time. In ad-
dition to the effect of feeding time on non-immobilized muscle, the
protein synthesis and muscle mass were higher in the overloaded
muscles of the NRF-fed mice than that of DRF-fed mice. It is considered
that the intake of nutrition, such as protein and amino acids, activates
exercise-induced protein synthesis, while the effect of nutrition declines
under sedentary condition [3]. It suggests that mealtime affects the
skeletal muscle weight under exercise-like-stimulated condition. In the
second experiment of the present study, in which the effects of feeding
time on immobilized muscles were investigated, although we did not
treat the non-immobilized muscles, the muscle weight and protein
synthesis of non-immobilized muscle in NRF-fed mice were higher than
that in DRF-fed mice. Because mice must use only non-immobilized leg
without immobilized leg for locomotor activity, the non-immobilized
muscles may receive an overloading-like stimulation. Therefore, it is
suggested that the effects of feeding time on the muscle mass and
protein synthesis are sensitive to a muscle condition such as over-
loading.

On day 3 after overloading, the overloading-induced protein
synthesis and phosphorylation of S6 ribosomal protein were attenuated
by DRF, while these attenuations were not observed on day 7 after
overloading. It has been reported that the activation of mTOR in the
early phase after overloading affects overloading-induced skeletal
muscle hypertrophy [22]. It is suggested that DRF inhibits the protein
synthesis by less activation of mTOR pathway in the early phase after
overloading, and its inhibition relates to the attenuation of overloading-

induced muscle hypertrophy.

It is well-known that the activation of the mTOR and insulin path-
ways via amino acids and carbohydrates is involved in the nutrition-
induced muscle synthesis [23,24]. The activation of the mTOR and
insulin pathways showed day-night variation in several tissues, and
their activation was relatively higher in the active phase [15,25-29].
Considering that these pathways are activated by feeding, it is possible
that the feeding cycle drives their day-night variations. In fact, it has
been reported that fasting reduces the day-night activation of these
pathways [15]. On the contrary, the day-night activation of protein
translation was not observed in muscle-specific Bmall knock-out mice,
which showed normal feeding cycle and locomotor activity [29].
Therefore, it is thought that the day—night activation of the mTOR and
insulin pathways is driven by multi-factors including the feeding cycle
and muscle clock genes. In the present study, western blotting analysis
at three time points with 12-h intervals revealed that NRF induces daily
changes in the protein synthesis, while such variations were not ob-
served in DRF mice. Wang et al. reported that day-time feeding atte-
nuated UV-induced DNA replication in the murine skin and showed the
possibility that the mismatch of timing between feeding-cycle-induced
oxidative capacity and circadian-clock-induced DNA replication was
the reason for the attenuation of DNA replication according to day-time
feeding [10]. In our study, the decrease in muscle protein synthesis
according to DRF could be due to the mismatch of timing between
circadian-clock-driven protein synthesis related factors and feeding
time. Their day-night variations could not be assessed with sufficient
accuracy because we studied only three time points with 12-h intervals.
It would be necessary to assess their day-night variations at more time
points with short intervals.
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5. Conclusion

Our study showed that skeletal muscle growth was attenuated by
DRF under overloading condition. Although metabolic dysfunctions
have been observed in subjects who skipped breakfast and those who
had night-eating syndrome [4,5], the muscle functions in these subjects
remain unclear. In the future, studies should focus on the molecular
mechanism of feeding-time-dependent effects on the skeletal muscle
functions.
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