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A B S T R A C T

Skeletal muscle plays a critical role in regulating systemic metabolic homeostasis. It has been 
demonstrated that time-restricted feeding (TRF) during the rest phase can desynchronize the 
suprachiasmatic nucleus (SCN) and peripheral clocks, thereby increasing the risk of metabolic 
diseases. However, the impact of dietary timing on the muscle clock and health remains poorly 
understood. Here, through the analysis of cycling genes and differentially expressed genes in the 
skeletal muscle transcriptome, we identified disruptions in muscle diurnal rhythms by 2 weeks of 
light-phase TRF. Furthermore, compared with ad libitum (AL) feeding mice, 2 weeks of light- 
phase TRF was found to induce insulin resistance, muscle fiber type remodeling, and changes 
in the expression of muscle growth-related genes, while both light-phase and dark-phase TRF 
having a limited impact on bone quality relative to AL mice. In summary, our research reveals 
that the disruption of the skeletal muscle clock may contribute to the abnormal metabolic 
phenotype resulting from feeding restricted to the inactive period. Additionally, our study pro
vides a comprehensive omics atlas of the diurnal rhythms in skeletal muscle regulated by dietary 
timing.
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1. Introduction

For the circadian pacemaker, the suprachiasmatic nucleus (SCN), can be entrained by light-dark cycles and orchestrates the pe
ripheral clocks, which operate with a cycle of approximately 24 h. This coordination regulates various physiological activities, 
including sleep-wake cycles, feeding, body temperature, and hormone secretion [1]. At the molecular level, the circadian clock is 
governed by a transcriptional translation feedback loop (TTFL) [2]. Within this system, the heterodimer composed of BMAL1 and 
CLOCK binds to the E-box element, thereby regulating the expression of clock-controlled genes such as Per and Cry. Subsequently, the 
PER and CRY proteins undergo phosphorylation in the cytoplasm and translocate to the nucleus to inhibit the transcriptional activation 
activity of the BMAL1 and CLOCK heterodimer. Additionally, REV-ERBs and RORs play roles in inhibiting and activating the tran
scription of Bmal1, creating a secondary feedback loop for circadian clock regulation.

Time-restricted feeding (TRF) involves limiting food intake to a specific time window, typically lasting 4–12 h, without caloric 
restriction. This dietary approach has demonstrated significant metabolic benefits when applied during the active phase [3]. TRF 
during the active phase has been shown to mitigate obesity induced by high-fat diets, improve myocardial contractile function in mice 
[4–6], and counteract age-related heart failure and muscle function disruption caused by high-fat diets in fruit flies [7,8]. It is reported 
that early TRF can improve insulin sensitivity, blood pressure, and oxidative stress in men with prediabetes [9]. Additionally, a 10-h 
TRF can improve cardiometabolic health and quality of life in shift-workers [10]. These findings suggest that TRF can serve as a 
non-pharmacological intervention for treating metabolism-related diseases in both animal models and humans. However, when food 
intake occurs during the rest phase, as often happens with shift workers and those who eat late at night, it can reset peripheral clocks 
and lead to circadian desynchronization between the SCN and peripheral tissues [11,12]. This desynchronization has been linked to 
metabolic diseases [13,14]. Skeletal muscle, which constitutes about 40 % of an individual’s body mass, plays a crucial role in sports 
performance, metabolic homeostasis [15], and bone health [16]. Disrupting the skeletal muscle clock, as seen in Bmal1 knockout 
models, results in impaired insulin-stimulated glucose uptake [17], muscle fiber remodeling, and premature aging characteristics, 
including increased bone calcification and reduced joint collagen [18]. Thus, investigating the effects of TRF on the skeletal muscle 
clock may unveil a novel mechanism contributing to metabolic diseases resulting from unhealthy eating habits.

A recent study found that a 2-h calorie restricted feeding can increase the lifespan of C57 mice, and the improvement of lifespan by 
a restricted feeding at ZT12-14 is stronger than that by a restricted feeding at ZT0-2 (ZT: circadian time under 12 h:12 h light–dark 
cycles, ZT0 refers to lights on), indicating that the body’s physiological homeostasis is time-dependent in response to the time signal of 
eating [19]. In our previous research, we set 12 different 4-h TRF phases in a 24-h day and used the wheel running rhythm as the output 
indicator of the circadian clock to map the phase response curve of C57 mice to dietary signals. Our study showed that ZT0-4 TRF can 
reprogram the SCN transcriptome and calcium rhythms. Furthermore, it leads to enduring changes in the wheel-running behavior of 
mice through IGF2-KCC2 pathway in the SCN [20]. However, our study only focused on the effect of TRF on the SCN, and the impact of 
TRF on the skeletal muscle system that regulates motor function remains unclear. Therefore, this study aims to explore the regulation 
of the skeletal muscle clock and physiological homeostasis induced by ZT0-4 TRF.

2. Materials and methods

2.1. Animals

6–8 weeks old C57BL/6J mice (Gempharmatech Co., Ltd) were housed in specific-pathogen-free facilities with free access to normal 
chow diet (ShooBree SPF Mice Diet, 28 % protein, 13 % fat, 57 % carbohydrates) and water under the 12 h:12 h light–dark (LD) cycles. 
Male mice were adapted to LD for 2 weeks, followed by 4 h of TRF at ZT0-4 or Ad libitum (control) for two weeks. For the experiment 
exploring the effect of TRF on bone quality, we included an experimental group of ZT12-16 TRF. During TRF, all cage changes were 
performed during both the food introduction and food withdrawal periods [20]. All animal procedures were approved by the Animal 
Care and Use Committee of the CAM-SU Genomic Resource Center, Soochow University (YX-2018-4). The wheel-running activity was 
recorded and analyzed using ClockLab (Actimetrics, Evanston, IL).

2.2. RNA-seq

After two weeks of ZT0-4 TRF, mice were released to constant darkness with free access to food, and then mice were sacrificed after 
24 h at CT1, CT7, CT13 and CT19, gastrocnemius muscle samples were collected (N = 3 per time point). The gastrocnemius muscle is 
quick-frozen with liquid nitrogen and stored in a − 80 ◦C refrigerator. After adding 1 mL of Trizol to the sample, the tissue is lysed using 
a high-throughput tissue grinder, followed by RNA extraction.

RNA-seq was performed on an Illumina NovaSeq 6000 platform at the Genewiz, Suzhou, China. Cuffdiff v1.3.0 was used to 
calculate FPKMs for genes. DESeq2 was used to identify differentially expressed genes with P < 0.05 and fold changes ≥2.

2.3. Identification of cycling genes

The RAIN [21] and Metacycle [22] were used to identify cycling genes based on the FPKM data with 4 time points. The overlapped 
genes of RAIN and Metacycle were used for further analysis. P < 0.05 was considered significant. The phase, amplitude for each 
transcript of cycling genes were also calculated with Metacycle.
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2.4. Q-PCR

The RNA concentration of the gastrocnemius was determined by a NanoDrop (Thermo), and the cDNA was synthesized using a 
NovoScript Plus All-in-one 1st Strand cDNA Synthesis SuperMix (Novoprotein). Quantitative real-time PCR was performed using 
NovoStart SYBR qPCR SuperMix plus (Novoprotein) with StepOne Plus (Applied Biosystems). The relative levels of Bmal1, Clock, Per1, 
Per2, Cry1, Cry2 and Nr1d1 were normalized to Gapdh. Primer information for Q-PCR is included in Table S1.

2.5. Western blot

Immediately after the mice were sacrificed, the gastrocnemius muscles were quickly frozen in liquid nitrogen and stored in a 
− 80 ◦C refrigerator. To extract gastrocnemius muscle protein, gastrocnemius muscle was powdered within liquid nitrogen and 
collected in EP tubes. 500 μL RIPA lysis buffer containing protease and phosphatase inhibitors was added, and kept on ice for 30 min. 
After centrifugation at 4 ◦C and 13000 rpm for 10 min, supernatant was collected. The BCA method was used to determine the protein 
concentration. After SDS-PAGE electrophoresis, the protein was transferred to a PVDF membrane, then blocked with 5 % milk or BSA. 
Membranes were incubated with primary antibodies (MYH1: proteintech 25182-1-AP 1:1000, MYH2: proteintech 66212-1-Ig 1:5000, 
MYH4: proteintech 20140-1-AP 1:1000, MYH7: proteintech 22280-1-AP 1:1000, Tubulin: proteintech 11224-1-AP 1:3000, GAPDH: 
proteintech 60004-1-Ig 1:3000, p-AKT: proteintech 66444-1-Ig 1:2000, AKT: CST 9272S 1:1000) overnight at 4 ◦C. After being washed 
three times with TBST, membranes were incubated with secondary antibodies (proteintech SA00001-1 1:10000, proteintech SA00001- 
2 1:10000) at room temperature for 1 h. Membranes were then visualized with a chemiluminescence imager (Tannon). Use ImageJ 
software for protein quantification.

2.6. ITT/GTT

AL and ZT0-4 TRF mice were subjected to an insulin tolerance test (ITT) experiment after 6 h of fasting (ZT10) on 14th day of TRF 
under LD condition. The mice were weighed, and injected intraperitoneally with insulin at a dose of 1 U/kg, blood glucose was 
measured at 0, 15, 30, 60, 90, and 120 min after the injection [23].

After TRF mice were released to AL feeding, both AL and TRF mice were fasted overnight before glucose tolerance test (GTT) 
experiments. The mice were weighed, and injected intraperitoneally with glucose at a dose of 2 g/kg under LD condition at ZT0. Blood 
glucose was measured and recorded at 0, 15, 30, 60, 90, and 120 min after injection [24].

2.7. Immunofluorescence

Fresh mouse muscles were put into isopentane and quickly frozen using liquid nitrogen. The samples were embedded using OCT 
and the muscle tissue was cut into 6 μm sections. The frozen sections were fixed with 4 % paraformaldehyde for 15 min and then 
washed twice with PBS. Then, 0.3 % Triton was added to the sections for permeabilization at room temperature for 15 min. After 
blocking the sections with 10 % normal goat serum in PBS at room temperature for 1 h, MYH4 (proteintech 20140-1-AP) and MYH7 
(proteintech 22280-1-AP) antibodies were added at a ratio of 1:400 and incubated overnight at 4 ◦C. The next day, the primary 
antibody was washed and Alexa Fluor™ 594 (invitrogen R37117) was added and incubated at room temperature for 1 h, and scanned 
using a Pannoramic Slide Scanner. The percentage of muscle fiber area was analyzed using imageJ.

2.8. micro-CT

The unilateral femurs of mice were fixed using 4 % PFA, and then transferred to 70 % alcohol for storage. Samples were scanned 
using a micro-CT scanner (Bruker SkyScan 1176) at 50 KV, 500 μA, 1000 ms with a 9 μm voxel size. For trabecular measurements, a 
region of interest of 1.75 mm length starting from 540 μm proximal to the distal growth plate was analyzed. Microstructural pa
rameters of the bone were calculated, including bone mineral density (BMD, g/cm3), bone volume fraction (BV/TV, %), trabecular 
bone thickness (Tb. Th, mm), trabecular number (Tb. N, 1/mm), and trabecular separation (Tb. Sp, mm). Materialise Magics 24.0 
software was used to generate visualizations for the reconstructed cortical bone and trabecular bone.

2.9. Statistical analysis

The statistical analyses were performed using Student’s t-tests in GraphPad Prism 8. For micro-CT results, we utilized one-way 
ANOVA to analyze the differences among the AL, ZT0-4 TRF and ZT12-16 TRF groups. Two-way ANOVA was used to analyze the 
time series data, including clock genes expression and food intake. P < 0.05 was considered statistically significant (*P < 0.05, **P <
0.01, and ***P < 0.001).

3. Results

3.1. Disruption of the muscle clock by ZT0-4 TRF

Our study found that compared with AL mice, ZT0-4 TRF increased the subjective daytime activity time of mice in constant 
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darkness (Figs. S1A and S1B). To investigate the influence of ZT0-4 TRF on the circadian clock of skeletal muscle, we conducted RAIN 
and Metacycle analysis using transcriptome data of gastrocnemius muscle collected at CT1, CT7, CT13, and CT19 (CT: circadian time 
under constant darkness) 24 h after ZT0-4 TRF. The analysis revealed that in ad libitum (AL) mice, there were 1948 cycling genes 
(Table S2), while the number of cycling genes in the ZT0-4 TRF group reduced to 740 (Table S3), with only 154 genes maintaining their 
rhythmicity in both AL and TRF groups (Fig. 1A and B). When assessing the amplitude of cycling genes, we observed that the medium 
amplitude of AL cycling genes exceeded that of TRF cycling genes (0.1559 vs. 0.1509) (Fig. 1C). Furthermore, ZT0-4 TRF induced a 
shift in the phase of cycling genes, with the rhythm genes in the AL group primarily concentrated in CT0-6, while those in the TRF 
group were primarily concentrated in CT12-18 (Fig. 1D).

To determine if the reduction in the number and amplitude of TRF-induced cycling genes correlated with changes in the expression 
of core clock genes, we analyzed the expression of these genes in muscle. We found that comparing with AL mice, the amplitudes of 
Bmal1, Clock, Per1, Per2, Cry1, Cry2, Nr1d1, and Dbp in TRF mice were significantly reduced, and the rhythmic expression of Bmal1, 
Clock, Cry1, and Cry2 nearly disappeared (Fig. 1E). Furthermore, we detected the expression of the above core clock genes through Q- 

Fig. 1. ZT0-4 TRF disrupts skeletal muscle circadian transcriptome. A. Venn diagram of AL and ZT0-4 TRF cycling genes. B. Heat map of AL unique 
cycling genes and TRF de-novo cycling genes. C. rAMP distribution diagram of AL and TRF cycling genes. D. Rose diagram with phase distribution of 
AL and TRF cycling genes. E. FPKM of AL and TRF core clock genes Bmal1, Clock, Per1, Per2, Cry1, Cry2, Nr1d1 and Dbp (clock control gene), N = 3. 
Values represent the average ± SD. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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PCR, and the results were consistent with RNA-seq (Fig. S2). This result aligns with the decrease in the number of cycling genes 
following ZT0-4 TRF, suggesting that ZT0-4 TRF disrupts the circadian clock in muscle by inhibiting the rhythmic expression of core 
clock genes.

3.2. Enrichment analysis of differentially cycling genes

We conducted KEGG pathway enrichment analysis to elucidate the biological functions of cycling genes. Our results indicated that 
cycling genes unique to AL mice were primarily enriched in focal adhesion, regulation of actin cytoskeleton, Rap 1 signaling pathway, 
phospholipase D signaling pathway, protein processing in the endoplasmic reticulum, circadian rhythm, thyroid hormone signaling 
pathway, longevity regulating pathway, PTH synthesis, secretion, and action, vascular smooth muscle contraction, (Fig. 2A). This 
suggests that under normal dietary conditions, skeletal muscle exhibits robust rhythms in movement, energy metabolism, and hor
mone secretion. In contrast, the newly rhythmic genes induced by ZT0-4 TRF were primarily associated with phagosome, cell adhesion 
molecules, RNA degradation, glycolysis/gluconeogenesis, antigen processing and presentation, axon guidance, and intestinal immune 
network for IgA production (Fig. 2B). These findings suggest that TRF may affect the rhythmicity in glucose metabolism, nerve system 
and immune response.

Collectively, these results imply that ZT0-4 TRF leads to circadian reprogramming in skeletal muscle, thereby facilitating adap
tations in muscle function to cope with an altered dietary environment.

3.3. Enrichment analysis of TRF-induced differentially expressed genes

To further probe the effects of ZT0-4 on muscle, we examined differentially expressed genes (DEGs) at four time points: CT1, CT7, 
CT13, and CT19. Our analysis identified 82, 153, 224, and 109 DEGs at these time points, totaling 389 genes (Fig. 3A). Among these, 
only 18 genes were consistently differentially expressed at all four time points (Fig. 3B). Of these 18 DEGs, except for rhythmically 
expressed genes Nr1d1 and Agap1, which exhibited significant phase shifts after TRF, the expression of other genes significantly 
increased or decreased across the four time points (Fig. 3C). Notably, TRF led to a substantial upregulation in the expression of Actc1, 
Mybph, and Myl9 compared with AL mice, which are positive regulatory genes associated with muscle growth and contraction, while 
the expression of negative regulatory genes Fbxo32 and Mrln, linked to muscle atrophy, decreased significantly in TRF mice (Fig. 3C).

Furthermore, we conducted a differential expression analysis on samples from all AL mice (n = 12) and TRF mice (n = 12) at 
various time points. Compared with AL mice, ZT0-4 TRF induced 151 upregulated genes and 50 downregulated genes (Fig. 3D). 
Pathway analysis revealed that DEGs were enriched in processes related to cellular senescence, AMPK signaling pathway, biosynthesis 
of unsaturated fatty acids, and insulin signaling (Fig. 3E). The upregulation of DEGs associated with cell proliferation, AMPK signaling, 
and unsaturated fatty acid synthesis (Fig. 3F), along with the changes in genes related to muscle growth and insulin signaling (Fig. 3C), 
suggests that ZT0-4 TRF may impact muscle plasticity and insulin sensitivity.

3.4. TRF induces muscle fiber remodeling in mice

Skeletal muscle is a remarkably adaptable tissue capable of responding to external nutritional signals and undergoing structural 
remodeling [25,26]. First, we detected no significant difference in the weight of the gastrocnemius muscle of ZT0-4 TRF mice 
compared with the AL group (Fig. 4A). To further confirm the impact of ZT0-4 TRF on muscle plasticity, we conducted an analysis of 
muscle fiber type proportions. Two weeks after TRF, we observed an elevated expression of the type II muscle fiber biomarker Myh2 

Fig. 2. KEGG enrichment of AL unique cycling genes and TRF de-novo cycling genes. Enrichment analysis of the KEGG pathway of A. AL unique 
cycling genes and B. ZT0-4 TRF de-novo cycling genes. (CP: Cellular Processes, EIP: Environmental Information Processing, GIP: Genetic Infor
mation Processing, M: Metabolism, OS: Organismal Systems).
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(IIa) compared with AL mice, while the expression of Myh1 (IIx), Myh4 (IIb) and type I muscle fiber biomarker Myh7 showed no 
significant difference (Fig. 4B). We further verified this result by detecting the expression of MYH1, MYH2, MYH4 and MYH7 at protein 
levels in muscle samples collected at ZT6 after TRF procedure (Fig. 4C and D).

The above results suggest that TRF may increase the proportion of type II myofibers in the gastrocnemius muscle. We then used 
MYH7 immunofluorescence to detect type I myofibers in the gastrocnemius muscle, and the results showed that type I myofibers were 
significantly reduced in TRF mice compared with AL mice (Fig. 4E and F). The proportion of type IIb myofibers, which accounts for the 
highest proportion in the gastrocnemius muscle, did not change significantly between the two groups (Figs. S3A and S3B), suggesting 
that the proportion of IIa myofibers and IIx myofibers increased in the gastrocnemius muscle of TRF mice. In addition, we also 
examined the proportion of type I myofibers in the soleus muscle, and the results showed that compared with AL mice, the proportion 
of type I myofibers in the soleus of TRF mice also decreased significantly (Fig. 4G and H).

In summary, these results imply that TRF has the potential to induce muscle fiber remodeling, thereby affecting muscle motor 
function.

Fig. 3. Analysis of differentially expressed genes in AL and TRF muscles. A. Statistics of CT1, CT7, CT13, and CT19 DEGs (N = 3). B. Venn diagram 
of CT1, CT7, CT13, and CT19 DEGs. C. Gene expression heat map of 18 common DEGs. D. Volcano plot of DEGs (N = 12). E. KEGG pathway 
enrichment analysis of all DEGs. F. Heat map of gene expression related to signaling pathways predominantly enriched in AL and TRF DEGs.
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3.5. TRF induces insulin resistance in mice

Skeletal muscle plays a pivotal role in insulin-mediated glucose uptake. To investigate the impact of TRF on glucose metabolism, we 
conducted insulin tolerance tests (ITT) and glucose tolerance tests (GTT) after two weeks of ZT0-4 TRF in mice. The food intake of TRF 
mice was significantly lower than that of AL mice in the first eight days. However, by the ninth day, the food intake became consistent 
with that of the AL group (Fig. 5A). The body weight of mice did not differ significantly between AL and TRF mice (Fig. 5B). The ITT 
results demonstrated a significant reduction in the insulin sensitivity of mice following TRF, with a mild but statistically insignificant 
glucose intolerance observed in the TRF group (Fig. 5C–F). To further explore whether the insulin sensitivity of the muscle changes 
after TRF, we detected the activation of the AKT signaling pathway in the gastrocnemius muscle of AL and TRF mice before and after 
insulin injection. The results showed that insulin injection can significantly promote the phosphorylation of AKT in the gastrocnemius 
muscle of AL mice (Fig. 5G and H). We also found the phosphorylation of AKT in TRF mice increased significantly, but the degree of 
increase was significantly lower than that in AL mice (Fig. 5G and H)，suggesting an impaired insulin response sensitivity in muscle of 
TRF mice.

These findings indicate that while ZT0-4 TRF has the potential to promote muscle remodeling, it also carries the adverse effect of 
inducing insulin resistance.

3.6. No significant effect of TRF on bone quality in mice

Specific deletion of Bmal1 in muscle has been shown to result in the thickening of the distal tibia, increased calcaneal tendon 
calcification, and reduced ankle cartilage [18], suggesting the involvement of the muscle molecular circadian clock in the regulation of 
bone metabolism. In our study, we found that ZT0-4 TRF disrupts the skeletal muscle clock and damps the circadian expression of core 
clock genes Bmal1 and Clock. To assess its impact on bone, we conducted micro-CT analysis on the femoral tissue of mice subjected to 
AL, ZT0-4 TRF, and ZT12-16 TRF. Our results indicated that neither two weeks of ZT0-4 TRF nor ZT12-16 TRF (with ZT12-16 matching 

Fig. 4. Effects of TRF on skeletal muscle fiber types. A. Gastrocnemius muscle weight of AL and TRF mice. B. FPKM of AL and TRF type II muscle 
fiber biomarkers Myh1, Myh2, Myh4 and type I muscle fiber Myh7 (N = 12). C. Western blot of MYH1, MYH2, MYH4 and MYH7 in gastrocnemius of 
AL and TRF mice collected in ZT6 (N = 3). Refer to the Supplementary File 1 for full scans of blots. D. Statistics of MYH1, MYH2, MYH4 and MYH7 
protein expression. E. Immunofluorescence of MYH7 in AL and TRF gastrocnemius muscle (N = 3, Scale bar: 500 μm). F. Statistics of the fiber area in 
gastrocnemius muscle. G. Immunofluorescence of MYH7 in AL and TRF soleus muscle (N = 3, Scale bar: 500 μm). H. Statistics of the fiber area in 
soleus muscle. Values represent the average ± SD. *: P < 0.05, **: P < 0.01, ns: not significant.
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the phase of the normal feeding time in mice) had a significant impact on cortical bone density and thickness, cancellous bone mineral 
density (BMD), BV/TV, trabecular thickness, number, or space (Fig. 6A–C). These findings suggest that short-term TRF may not have 
notable adverse effects on bone quality in mice.

4. Discussion

Our earlier investigation revealed that, compared to TRF implemented during other time windows, ZT0-4 TRF had a more pro
nounced effect on altering mouse wheel-running rhythms - a classic indicator of circadian clock output. This effect was demonstrated 
by an extension of the time span from the onset of activity to activity, which remained observable for four weeks under both LD and DD 
conditions after returning to AL. Conversely, the after-effects of TRF during other phases dissipated upon the return to AL [20], 
highlighting the significant impact of ZT0-4 TRF on the circadian clock. This is in line with findings by Kelly et al., who investigated the 
effects of daytime feeding (8:00–19:00) and delayed feeding (12:00–21:00) on body weight and metabolism in individuals with a 
normal BMI. They discovered that delayed feeding increased body weight and induce insulin resistance [27], consistent with our 
observation of ZT0-4 TRF promoting insulin resistance in mice. In older, metabolically compromised men, the insulin sensitivity was 
reduced compared with young, healthy men [28]. The aging of skeletal muscle is often accompanied by a weakening of the biological 
clock, including a decrease in the number and amplitude of rhythmic genes [29], which also suggests that the disruption of the skeletal 
muscle biological clock may be related to the development of insulin resistance.

By comparing the expression phase of core clock genes in skeletal muscle of humans and mice, we found that the phase of 
expression of core clock genes in skeletal muscle is consistent with the phase of activity, so the biological clock of skeletal muscle may 

Fig. 5. TRF induces insulin resistance. A. Food intake of AL and TRF mice. B. Body weight of AL and TRF mice before fasting. C. ITT curve of AL and 
TRF mice. D. GTT curve of AL and TRF mice. E-F. Statistics of the area under curve (AUC) of ITT and GTT in AL and TRF mice. G. Western blot of 
AKT, p-AKT and GAPDH in gastrocnemius of AL and TRF mice before and 30 min after insulin injection (N = 3). Refer to the Supplementary File 1
for full scans of blots. H. Statistics of p-AKT/AKT protein expression. Values represent the average ± SD. *: P < 0.05, **: P < 0.01, ns: not significant.
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be more regulated by activity [30]. Although the rhythmic phase of SCN neuronal activity in humans and mice is completely opposite, 
signals from the SCN do not cause significant changes in the skeletal muscle core clock. Therefore, in skeletal muscle research, ZT0-4 
TRF is akin to late-night eating in humans. Consequently, exploring the impact of ZT0-4 TRF on the skeletal muscle system may provide 
valuable insights into the regulation of skeletal muscle homeostasis influenced by late-night eating behavior.

ZT0-4 TRF disrupts the muscle clock, leading to a near disappearance of the rhythmic expression of core clock genes, including 
Bmal1, Clock, Cry1, and Cry2. This outcome aligns with data from previous studies on ZT1-11 TRF over 5 weeks and ZT0-12 TRF over 8 
weeks or 3 weeks [31–33]. They also found that, unlike muscle tissue, daytime TRF can induce 6–12 h shift in the peak diurnal 
expression of genes in liver. One recent study found that TRF during the inactive phase can abolish the daily rhythm in mitochondrial 
respiration in rat skeletal muscle [34]. This finding also supports our conclusion that light phase TRF disrupts the biological rhythm of 
skeletal muscle. Besides, Manella et al. found that clocks in different tissues largely differed in their response to daytime TRF, from 
phase inversion to no response or even loss of rhythmicity through a daytime TRF [35]. These results suggest that different organs 
respond differently to nutrition signals. Since muscle contraction influences clock gene expression in skeletal muscle through a 
calcium-dependent pathway [36], we speculated that the effect of ZT0-4 TRF on the activity rhythm of mice (the activity time span 
increased by 2.5 h (Fig. S1)) might damp the skeletal muscle circadian clock through muscle contraction. One research also found that 
high-fat feeding does not disrupt daily rhythms in female mice because of protection by estrogen [37], indicating a sex difference in 
response to nutrition signal. Thus, whether ZT0-4 TRF can affect the skeletal muscle circadian clock in female mice needs further 
exploration.

Although ZT0-4 TRF disrupts the rhythmic expression of core clock genes, it also induces the rhythmic expression of numerous 
genes, with immune system-related pathways being the most enriched. Previous research has shown that 12-h TRF can alter the innate 
immune response to bacterial endotoxins in mice [38]. They found that daytime TRF can enhance the immune response level of mice 
during the inactive period and reduce the immune response level of mice during the active period, while night-time TRF can enhance 
the immune response level of mice during the active period. Another human study has demonstrated that 12 weeks of 12-h antiphase 
TRF (12 h of fasting during the daytime) can reduce the total count of white blood cells, lymphocytes, neutrophils, and natural killer 
cells [39], suggesting that the immune system is responsive to dietary nutritional signals. In this study, cycling genes analysis of 
RNA-seq data sampled at a 6-h time interval may cause certain false positives. The accuracy of the results can be increased through 
higher-density sampling. Here, we overlapped the results of both RAIN and Metacycle to identify cycling genes, and the disappearance 
of rhythmic expression in core clock genes of AL mice following TRF can be observed, demonstrating the relative reliability of 
employing this analytical method to study rhythmic genes.

Through the analysis of DEGs, we observed that the number of DEGs also followed arhythmic pattern. In this study, only 18 
common DEGs were identified at all four sampling time points. Therefore, DEG analysis of samples from different time points may lead 
to different conclusions. KEGG enrichment analysis revealed that pathways related to cell cycle, cellular senescence, the AMPK 
pathway, and unsaturated fatty acid synthesis were enriched. During the low-energy state following exercise, the AMPK signaling 
pathway is activated, promoting processes such as fatty acid oxidation, mitochondrial biogenesis, mitophagy, and gene transcription 
through glucose and fatty acid uptake [40]. This in turn facilitates skeletal muscle adaptation to exercise. Notably, the activity of mice 
increased significantly during the initial 1–2 h of TRF, a phenomenon referred to as food anticipatory activity (FAA) [41]. This FAA was 
also observed in ZT0-4 TRF [20]. Consequently, the low-energy state following FAA may be associated with AMPK activation. Several 
studies have demonstrated that unsaturated fatty acid synthesis can prevent muscle loss, inhibit protein degradation, and improve 

Fig. 6. Effect of ZT0-4 TRF on bone mass in mice. A. Three-dimensional reconstruction of cortical bone and cancellous bone in AL, ZT0-4, ZT12-16 
TRF mice. B. Statistical results of cortical bone density and thickness in AL, ZT0-4, and ZT12-16 TRF mice (N = 5). C. Statistical results of BMD, bone 
volume fraction (BV/TV), trabecular bone thickness (Tb. Th), trabecular bone number (Tb. N), trabecular bone gap (Tb. sp) in AL, ZT0-4, and ZT12- 
16 TRF mice (N = 5). Values represent the average ± SD. ns: not significant.
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muscle morphology and function [42].
Skeletal muscle-specific deletion of Bmal1 in mice has been shown to increase activity and muscle mass, but decrease muscle 

strength and the proportion of type II muscle fibers [17]. In vitro studies have demonstrated that Bmal1 can promote myogenic dif
ferentiation of C2C12 cells [43]. Our investigation indicates that ZT0-4 TRF can enhance the expression of muscle growth-related 
genes Actc1, Mybph, and Myl9, inhibit the expression of negative regulators of muscle atrophy, such as Fbxo32, and increase the 
proportion of type II muscle fibers. The effects on muscle growth-related genes and myofiber remodeling induced by TRF may be 
attributed to the suppressed expression of Bmal1. A recent study by Xin et al. reported that TRF lasting for 3 weeks and restricting 
eating to 12 h of the day/sleep time increased the proportion of SDH-positive IIA muscle fibers, decreased the proportion of 
GPDH-positive IIx muscle fibers, and enhanced the running endurance of mice without exercise [44]. In our study, we also observed 
that 2 weeks of TRF extending for 4 h could promote muscle fiber remodeling. However, the expression of genes Myh2 and Myh1, 
encoding MyHC-IIa and MyHC-IIx, was up-regulated after TRF, which differs from Xin et al.’s findings. This variation may be related to 
differences in the phase, duration of the feeding window, and days of TRF intervention. In aged monkeys, caloric restriction increased 
the proportion of type II and mixed myofibers compared with controls, while type I fibers remained unaffected [45]. We also found that 
during the ZT0-4 TRF adaptation process, the food intake of mice was significantly lower than the normal food intake in the first 8 days. 
Thus, the caloric restriction during the TRF adaptation phase may lead to the remodeling of myofibers. It is reported that type I 
myofibers are rich in myoglobin (MB), triglycerides, mitochondria and capillary. They have a greater insulin sensitivity than type IIb 
fibers [9]. Therefore, the decreased insulin sensitivity of mice caused by ZT0-4 TRF may also be related to the increase of type IIb fibers. 
Since ZT0-4 TRF also changes the circadian clocks of other peripheral tissues that regulate insulin sensitivity, such as the liver and 
adipose tissue [46], the weakening of insulin sensitivity caused by TRF may not only be related to the damping of the skeletal muscle 
circadian clock.

There is evidence that people with circadian clock disruption due to shift work and sleep disorders have a higher risk of osteo
porosis [47–49]. And constant light exposure reduced skeletal muscle function, caused trabecular bone deterioration, and induced a 
transient pro-inflammatory state in mice [50]. Therefore, environmentally induced disturbance of the body’s biological clock is a risk 
factor leading to the destruction of bone health. In healthy, non-obese adults, 8-h time-restricted diet has no significant effect on BMD 
[51]. Two randomized controlled trials investigated the effects of 8-h TRF for 12 weeks in overweight and obese adults. Lowe et al. 
found that the TRF group tended to have an increase in total body BMC [52]. Lobene et al. reported a greater P1NP reduction in the 
bone formation marker P1NP in the control group than TRF group, indicating a protective response of TRF in bone mass [53]. 
However, it is not clear whether TRF before bedtime causes rhythm disorders and bone metabolism damage. Therefore, we examined 
the effect of TRF on bone quality but found no significant differences. This may be attributed to the relatively short duration of our TRF 
experiments (2 weeks). Given that Bmal1 deletion in skeletal muscle can induce premature aging and abnormal calcification [18], we 
believe that longer ZT0-4 TRF will reduce bone mass and affect the microstructure of trabecular bone in mice, which requires further 
confirmation in our future work.

In summary, our study found in mice that TRF before sleep can disrupt skeletal muscle circadian rhythms and reprogram the 
skeletal muscle rhythm signaling pathways. And ZT0-4 TRF can also promote skeletal muscle fiber remodeling with the side effects 
such as insulin resistance and other metabolic consequences.
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