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Abstract  

A molecular clock network is crucial for daily physiology and maintaining organismal health. We 

examined the interactions and significance of intra-tissue clock networks in muscle tissue 

maintenance. In arrhythmic mice showing premature aging, we created a basic clock module 

involving a central and a peripheral (muscle) clock. Reconstituting the brain–muscle clock 

network is sufficient to preserve fundamental daily homeostatic functions and prevent premature 

muscle aging. However, achieving whole muscle physiology requires contributions from other 

peripheral clocks. Mechanistically, the muscle peripheral clock acts as a gatekeeper, selectively 

suppressing detrimental signals from the central clock while integrating important muscle 

homeostatic functions. Our research reveals the interplay between the central and peripheral 

clocks in daily muscle function and underscores the impact of eating patterns on these 

interactions. 
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MAIN TEXT 

Organismal health relies on the precise performance of daily tissue functions, which are governed 

by a molecular oscillatory system present in all cells (1–3). This intricate oscillatory system is 

thought to be hierarchically organized and coordinated, to ensure the overall coherence of the 

organism. At the core of this system is the central clock located in the suprachiasmatic nucleus 

(SCN) of the brain, which receives daily light cues and communicates with peripheral tissues, 

enabling the synchronization of peripheral tissue clocks for optimal function (4, 5). In addition to 

light signals, the SCN also integrates external cues, such as activity–rest cycles, feeding–fasting 

rhythms, and circadian fluctuations in body temperature, and transmits this information to other 

tissues (6–8). Nevertheless, peripheral clocks can also autonomously receive and respond to 

specific external cues (9–12). The mechanisms underlying this circadian organization are not fully 

known but likely require active communication between all tissue clocks to execute their daily 

functions correctly and maintain organism physiology(6, 7, 13, 14). Lifestyle changes, disease, 

and aging are known factors that can perturb circadian clock functions, with detrimental 

consequences. For instance, in older individuals, the SCN network is disrupted, marked by the 

loss of GABAergic axon terminals and receptors in neurons. This disruption results in a reduction 

in the amplitude of the SCN electrical activity rhythms and phase desynchronization. These 

changes correlate with a decline in overall activity levels, sleep/wake cycle disruptions, and a 

decline in physiological functions (15–18). Peripheral tissues such as the liver and stem cells in 

muscle and skin reprogram their daily functions, likely to deal with age-associated stressors (19, 

20). 

Skeletal muscle, the most abundant tissue, is vital not only for the mobility and autonomy of 

individuals but also for performing essential homeostatic metabolic functions of the body. Aging 

is associated with a decline in the mass, strength, and function of skeletal muscle, which can lead 

to sarcopenia, a wasting process accompanied by low-grade inflammation, impaired proteostasis, 

dysfunctional mitochondria, and oxidative and metabolic stress (21, 22). Circadian clock 

disruption is also linked to old age–associated ailments and metabolic disorders (23, 24). 

Consistent with this, mice with a global deficiency in circadian clock genes (such as Bmal1) are 

arrhythmic and show premature aging, with altered metabolism and muscle wasting, although a 

developmental function of Bmal1 has been proposed to contribute to this phenotype (25–28). All 

in all, the contributions of clock networks to maintaining daily muscle rhythmic physiology are 

largely unknown. 

We investigated the interactions between the brain and muscle clocks and their roles in 

maintaining proper daily muscle physiology. We sought to determine whether the disruption of 

these interactions contributes to muscle aging phenotypes. To achieve this, we examined the 
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autonomy and interdependency of the central and peripheral muscle tissue clocks. The 

simultaneous activities of the central and peripheral clocks prevented premature muscle aging in 

clockless mice by sustaining essential physiological functions of rhythmic muscle. Signaling from 

the SCN clock was necessary to drive the rhythmic muscle clock. However, the muscle clock 

received signals from the SCN clock and effectively filtered them out, acting as a gatekeeper. 

This gatekeeping function of the peripheral clock over the central clock was required to prevent 

sarcopenia. Intriguingly, the imposition of a feeding regime associated with correct circadian 

rhythm (e.g., time-restricted feeding) restored muscle physiology and the daily circadian rhythm 

in physiologically aged mice as well as in prematurely aged, clock-deficient mice with only the 

muscle clock. These findings highlight the critical importance of interactions within the circadian 

clock circuitry in maintaining organism physiology.  

 

RESULTS 

Brain–muscle clock communication maintains adult muscle homeostasis and prevents 

premature muscle sarcopenia during aging  

We aimed to address several unresolved questions related to regulation of circadian rhythms and 

their impact on bodily functions. Specifically, we sought to investigate: i) the degree of autonomy 

exhibited by tissue circadian outputs; ii) the importance of communication networks between 

central–peripheral or peripheral–peripheral clocks in organism physiology; iii) the role of 

circadian rhythm disruptions in aging phenotypes; and iv) whether restoring circadian disruptions 

could potentially decelerate or reverse muscle aging. Studies on mice with global or tissue-

specific genetic deficiencies in core clock components have provided minimal information about 

these questions (9, 25–29).  

We used our global Bmal1 knockout (KO) mouse model that prevents Bmal1 expression (Bmal1-

stopFL mice) but allows endogenous Bmal1 to be reconstituted in any tissue of choice through 

Cre-mediated recombination (9–11). We generated three new mouse lines by crossing Bmal1 KO 

mice with mice expressing Cre recombinase under the regulation of i) the Acta1 (Hsa) promoter, 

which reconstitutes endogenous Bmal1 in skeletal muscle ("muscle-RE"); ii) the synaptotagmin10 

(Syt10) promoter, which reconstitutes Bmal1 predominantly in the SCN of the brain ("brain-RE") 

(30); and iii) both the Acta1 and Syt10 promoters, which reconstitutes Bmal1 in both the SCN and 

muscle ("RE/RE") (Fig. 1A and fig. S1A). Muscle or brain-specific expression of BMAL1 was 

confirmed in muscle-RE (fig. S1B) and brain-RE mouse models (30). All mice were housed under 

standard 12:12 hour light/dark (L/D) cycles. Bmal1 mutants exhibit early aging signs, such as 

muscle mass and strength loss (sarcopenia), at around 10 weeks and start dying at around 30 
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weeks (9, 25). Thus, we studied the early and late stages of muscle decline of these mice at 10 and 

26 weeks, respectively, and analyzed their muscle phenotype, locomotion, and metabolic patterns.  

As compared to wild-type (WT) mice, 26-week-old KO mice showed reduced body weight (Fig. 

1B) and stronger signs of muscle deterioration than 10-week-old KO mice, including a general 

reduction of myofiber size that affected predominantly fast-type IIB fibers (characteristic of 

muscle wasting and sarcopenia) and increased collagen accumulation (fibrosis) (Fig. 1, C and D, 

and fig. S1G). Additional signs of muscle aging included the presence of small embryonic myosin 

heavy chain (eMHC)-expressing fibers, central-nucleated fibers (indicators of muscle damage), 

infiltrating inflammatory cells, and loss of muscle force (Fig. 1, C and D, and fig. S1, C to F). 

Restoring Bmal1 expression in either muscle or brain mildly attenuated some traits of muscle 

aging (Fig. 1, C and D, and fig. S1G). However, the dual reconstitution of muscle and brain clocks 

(in RE/RE mice) prevented the sarcopenia-like phenotype, as shown by the preservation of muscle 

mass, force, and size of the IIB myofibers, reduced amounts of fibrosis, fewer central-nucleated 

fibers, and diminished macrophage infiltration. We conclude that the abnormal muscle 

phenotypes arose from the absence of brain–muscle communication, and that maintaining key 

processes in adult muscle physiology strongly depended on central–peripheral (brain–muscle) 

clock networks. 

Compared to WT mice, both KO and muscle-RE mice displayed arrhythmic daily patterns of 

activity/inactivity, oxygen consumption, energy expenditure, and glucose and lipid oxidation 

(Fig. 1E and fig. S1, H and I). In contrast, both brain-RE and RE/RE mice recovered these 

rhythmic parameters to a large degree, with rhythmic solid locomotor activity and oxygen 

consumption during the active time (ZT12 to ZT0) (Fig. 1F and fig. S1, H and I). This 

demonstrates that the central clock is autonomous in driving daily locomotor and metabolic 

behavior, and that the profound muscle alterations in brain-RE mice were not caused by defects 

in locomotor activity rhythms but rather by the absence of the intrinsic muscle clock. Critically, 

this suggests that communication between the SCN and the muscle clocks is required to maintain 

the tissue’s homeostasis and to prevent premature muscle sarcopenia/aging. 

 

The brain–muscle communication node sustains essential homeostatic functions but 

requires other peripheral clocks for full daily muscle physiology 

To correlate muscle physiology and aging alterations with circadian outputs in the distinct mouse 

genotypes, we obtained the transcriptomes of muscle from WT, KO, muscle-RE, brain-RE, and 

RE/RE mice, at 10 or 26 weeks of age. Samples were collected every 4 hours for 24 hours and 

then analyzed by RNA-sequencing (RNA-seq) (fig. S2A). Principal component analysis (PCA) 

of all samples showed that muscle-RE and RE/RE transcriptomes clustered closer to those from 
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WT animals than to those from KO, but that the brain-RE transcriptome was more similar to that 

from KO animals (Fig. 2A and fig. S2B). To identify circadian muscle transcripts in each single 

genotype, we applied two independent, non-parametric rhythmic methods, JTK-Cycle algorithm 

(P < 0.05) (31) and RAIN (P < 0.01) (32), which ensures robust and reliable detection of the 

circadian transcriptome in each genetic mouse model (fig. S2, C to E, and tables S1 and S2). To 

define rhythmic transcript differences between genetic models, we applied the statistical 

framework dryR (differential rhythmicity analysis in R) to assess a parametric model-based 

differential rhythmicity of a time series with two or more conditions (table S3) (33). 

Muscle from both 10- and 26-week-old muscle-RE mice showed expression of core-clock genes 

but not their rhythmic oscillations (i.e., Bmal1, Per1-3, Cry1-2, Rorc, and Nr1d1) (Fig. 2B and 

fig. S3A), indicating that the muscle peripheral clock was not fully autonomous. In brain-RE 

mice, only Per1-2 and Cry1-2 at 10 weeks, and Per1-2 and Cry1 at 26 weeks, showed rhythmic 

expression in muscle (Fig. 2B and fig. S3A). In the muscle of RE/RE mice, the clock core 

components oscillated with amplitudes, phases, and periods almost identical to those from WT 

mice at both ages (Fig. 2B and fig. S3A). These results also indicate that the muscle peripheral 

clock does not function autonomously. Instead, it relies on the brain–muscle clock network to 

drive the oscillation of the muscle circadian machinery. Thus, the brain–muscle communication 

appears to be necessary and sufficient to drive oscillation of the muscle circadian machinery. 

Of the 1716 rhythmic transcripts in WT muscle, only 183 or 150 were also present in the muscle 

of muscle-RE mice (and not of KO mice) at 10- or 26-weeks of age, respectively, indicating that 

the expression of this small fraction of genes depended on the muscle clock (Fig. 2C and table 

S3). However, these transcripts had reduced amplitudes and altered phases as compared to those 

in WT mice (Fig. 2D). In contrast, a high fraction of WT rhythmic genes remained rhythmic in 

muscle of brain-RE mice (n = 695 and n = 418 at 10 and 26 weeks of age, respectively) (Fig. 2E); 

however, these genes also showed altered phases and slightly increased amplitudes (Fig. 2F). 

Muscle-autonomous rhythmic genes (e.g., genes that did not require the central brain clock) 

(n = 183) were enriched in stress and inflammatory pathways (such as sumoylation of DNA repair 

proteins, mitogen-activated protein kinase [MAPK] and interleukin signaling), basic cell 

transcription, and circadian regulation (Fig. 2I). Finally, brain-autonomous rhythmic genes (n = 

695) were enriched in a broader array of signal transduction pathways associated with stress 

responses and circadian processes (Fig. 2J). 

Muscle of RE/RE mice retained 310 and 175 of the WT circadian genes at 10 and 26 weeks of 

age, respectively, and these transcripts exhibited normal phase and amplitude distribution (Fig. 2, 

G and H, and table S3). Genes that only required the brain–muscle communication for daily 

rhythmicity (n = 310) included those with enriched functions in the regulation of muscle growth 

and proteostasis, such as the forkhead box O (FoxO)-mediated transcription regulation (Akt2, 
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FoxO4, and Foxk1) and tumor necrosis factor-alpha (TNFα) and nuclear factor kappa B (NF-κB) 

signaling (negative regulation of myofiber growth), AMP-activated protein kinase (AMPK), 

phosphoinositide 3-kinase-AKT-mammalian target of rapamycin (PI3K-AKT-mTOR) signaling 

(Prkca and Pld1) (positive regulation of myofiber growth), autophagy (regulation of myofiber 

proteostasis) (34), myogenesis (e.g., Myog, Myod1 [the master regulator of myogenic 

differentiation], and Tcap) (35), and metabolic functions, such as insulin/glucose and 

phospholipid metabolism (Pik3ca, Fbxo30, and Pnpla7 ) (Fig. 2K and fig. S3B) (34). 

Transcription factor analyses demonstrated an enrichment in motifs conferring regulation by E2F, 

EGR, IRF, or MECP2, as well as the presence of the BMAL1 motif, suggesting the involvement 

of these factors in circadian transcription regulation (fig. S3C and table S4). This partial circadian 

recovery in muscle of RE/RE mice may account for the maintenance of muscle homeostasis and 

the prevention of premature aging (Fig. 1, C and D), reinforcing the notion that Bmal1 in muscle 

must be expressed rhythmically (driven by the SCN input) to rescue the muscle aging defect of 

the KO mice. 

However, >50% of genes were rhythmic only in muscle of WT mice at 10- or 26-weeks of age. 

In other words, the presence of the isolated brain–muscle communication module (with no other 

peripheral clocks) did not suffice to restore the circadian expression of these genes (fig. S3, D and 

E), which were enriched in functions such as cell–cell contact, protein phosphorylation, signal 

transduction cascades (i.e., focal adhesion or EGF and second-messengers signaling), and 

pathways involved in muscle homeostasis (e.g., thyroid hormone, responses to oxygen levels 

[hypoxia], and immune system regulation) (36–38) (fig. S3F). These findings indicate that i) the 

brain–muscle clock network generates adequate signals to drive a rhythmic muscle clock and to 

bolster its rhythmic gene amplitude and output, and ii) this clock communication regulates 

essential muscle physiology functions with the correct daily timing and prevents premature 

sarcopenia. Nonetheless, our results underscore that muscle communication with other peripheral 

clocks is needed for the complete circadian gene program that supports key physiological 

functions in muscle. 

 

The muscle peripheral clock acts as a gatekeeper for signals from the central clock that 

regulate mitochondrial metabolism and homeostasis 

The unexpectedly high number of distinct muscle rhythmic transcripts (n = 1373) detected only 

when the brain clock was present (brain-RE mice) (Fig. 3, A and B) indicated that there are brain-

driven, Bmal1-independent oscillations in muscle (39, 40). However, these brain-driven 

transcripts had altered amplitudes and misaligned oscillation phases: most of them peaked at 

zeitgeber time (ZT) 16 to ZT18 or during the rest phase (ZT2 to ZT6), in contrast to their uniform 

distribution in WT mice (Fig. 3, C and D). We performed phase set enrichment analysis (PSEA) 
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on rhythmic genes from all genotypes to investigate the periodic phases of specific muscle 

processes (41). In WT muscle, we observed a peak expression phase during the rest time (ZT0 to 

ZT12) for transcripts involved in essential molecular processes, including biomolecule transport, 

mitochondrial functions, DNA repair, protein degradation, translation, nucleotide and lipid 

metabolism, mRNA splicing, and stress-related signal transduction pathways (Fig. 3E). Muscle 

tissue from brain-RE mice exhibited phase misalignment for the majority of these processes, with 

peak phases occurring during active periods. However, the additional presence of the muscle 

clock in RE/RE mice restored the proper alignment of muscle transcripts to that observed in WT 

mice (Fig. 3, E to G). Similarly, we observed a misalignment of functional processes in muscle 

from muscle-specific Bmal1 KO (Mu-KO) mice, in which both central and all peripheral clocks, 

except muscle, are present (i.e., Bmal1 is deleted only in muscle in an otherwise WT background); 

this highlights the role of the muscle clock in gating circadian processes, i.e., filtering and aligning 

the timing of muscle-specific functional processes (fig. S4A). Motif analysis of the de novo brain-

RE transcripts (n = 1373) showed enrichment of specific ETS family transcription factors 

compared to that in RE/RE animals (fig. S4B). Rhythmic muscle BMAL1 can suppress ETS 

transcriptional activity by forming a CLOCK:BMAL1:CRY1 complex, allowing the muscle clock 

to regulate de novo transcripts (39, 42). 

To evaluate muscle lipid metabolism misalignment, we measured lipid droplet density in muscle 

during rest and active times (day and night, respectively). Lipid droplets are a major contributor 

to muscle fatty acid metabolism and provide an important source of muscle energy metabolism 

during when animals are active (43–46). We observed a day/night rhythmic distribution of lipid 

droplets in WT muscle (with the highest at rest, and lowest during the active time) that depended 

on the muscle clock rhythmicity (Fig. 3H). Muscle of brain-RE mice showed phase misalignment 

for lipid metabolism, with a higher accumulation of lipid droplets during the active time, whereas 

muscle of RE/RE mice showed a distribution similar to that from WT muscle. 

Muscle strongly relies on mitochondrial activity for its correct physiological functions (47, 48). 

Consistent with the observed muscle clock gatekeeping function on brain-regulated mitochondrial 

genes, a MitoCarta (49) analysis further identified mitochondria-related genes that were 

rhythmically expressed only in brain-RE mice (n = 179), WT mice (n = 68), or RE/RE mice (n = 

12). Enrichment analysis showed that brain-RE–only (n = 1373) genes were related to fatty acid 

oxidation, mitochondrial TCA cycle, biogenesis, and respiration, among others (Fig. 3I), 

suggesting that the muscle clock can normalize and maintain timely mitochondrial functions. 

Efficient regulation of mitochondrial dynamics involves increasing the rate of mitochondrial 

fission by recruiting the fission regulator dynamin-related protein 1 (DRP1) through AMPK 

signaling (50–52). This process is essential for segregating damaged or dysfunctional 

mitochondria through mitophagy. In agreement with this, muscle from RE/RE animals exhibited 
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activated DRP1 (i.e., with S616 phosphorylation), activated AMPK (with T172 phosphorylation), 

and mitophagy removal of dysfunctional mitochondria, similar to muscle from WT animals. 

Conversely, a misalignment in the timing of mitochondrial processes was observed in brain-RE 

muscle, with a peak level occurring during the active time ZT16 (fig. S5, A to C).  

To assess mitochondrial health in vivo in muscle of the distinct mouse lines, we transfected mouse 

muscle with a MitoTimer reporter (53), which emits green fluorescence for newly synthesized 

mitochondria and shifts to red as mitochondria accumulate oxidative stress. Compared to WT 

mice, KO mice and brain-RE mice exhibited an accumulation of red fluorescence, indicating 

mitochondrial damage (fig. S5D). Muscle-RE mice displayed more green fluorescence than KO 

mice, indicating that the muscle clock played a role in preserving mitochondrial integrity. The 

green fluorescence intensities of RE/RE and WT myofibers were similar, highlighting that brain–

muscle communication was sufficient to maintain muscle mitochondrial physiology. Further, the 

good health status of mitochondria in aged (26-week-old) RE/RE mice correlated with the fact 

that these mice maintained muscle metabolism and homeostatic functions. Conversely, 

dysfunctional mitochondria may have contributed to the premature muscle aging observed in 26-

week-old muscle-RE and brain-RE mice. This aligns with the emerging concept that 

dysfunctional mitochondria trigger sarcopenia during aging (54, 55). In sum, the muscle's 

gatekeeper function is vital for maintaining proper daily metabolic and homeostatic functions and 

for preventing sarcopenia. These findings highlight two key points: first, the central clock drives 

the oscillation of the muscle peripheral clock, and second, the muscle peripheral clock gates 

signals—that is, it filters all signals and aligns the timing of muscle-specific circadian processes, 

which allows it to control the expression of various circadian genes that are influenced by the 

brain. This gatekeeping mechanism ensures that genes are expressed appropriately during the day 

to support the specific metabolic requirements and physiology of muscle tissue. 

 

Feeding–fasting cycles can substitute for the central clock to drive daily homeostatic muscle 

functions  

The central clock can synchronize peripheral clocks through feeding signals, thereby regulating 

the metabolic rhythms and circadian outputs of various tissues (56–60). We showed that the 

peripheral muscle core clock does not oscillate autonomously but can be restored by reintroducing 

the central clock, which helps to maintain muscle physiology in clock mutants (Fig. 1, B to D). 

Because behavioral rhythms (such as feeding schedules) controlled by the brain clock can 

influence the synchronization of peripheral clocks, we investigated whether imposing a feeding–

fasting regime would activate the muscle clock in the absence of the SCN and subsequently affect 

muscle physiology. The lack of rhythmicity in the muscle clock in muscle-RE mice allowed us to 

directly examine the impact of environmental signals on the muscle clock without all peripheral 
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clock signals. To analyze the effect of forced feeding–fasting cycles with or without clock-related 

input, we fed WT, KO, and muscle-RE mice under two different conditions: i) ad libitum feeding 

(ALF), with free access to food; or ii) time-restricted feeding (TRF), during which food was 

provided only during the active phase, for a duration of 9 to 10 hours (e.g., ZT13/14 to ZT22/23; 

see Methods), starting with 10-week-old mice, for about 16 weeks (fig. S6A). 

Strikingly, while muscle-RE/ALF mice had arrhythmic transcriptomes, muscle-RE/TRF mice 

showed rhythmic oscillations for most core clock genes (i.e., Bmal1, Per3, and Nr1d1) and Dbp 

(fig. S6B), with similar amplitudes to those in WT/ALF mice but slightly altered phases (fig. S6, 

C to E). Consistent with this, PCA showed that muscle-RE/TRF transcripts clustered with 

WT/TRF transcripts (fig. S6F), indicating that the imposed feeding–fasting cycles can activate 

the muscle clock and produce adequate timing. At the muscle tissue level, certain traits were 

improved by TRF in muscle-RE mice but not in KO mice, such as reduced fibrosis (fig. S7A) and 

improved mitochondrial function. The MitoTimer reporter revealed that TRF enhanced 

mitochondrial wellness in muscle-RE/TRF myofibers to levels similar to those in WT mice (fig. 

S7, B and C). These findings emphasize the significance of the muscle clock for mitochondrial 

health and demonstrate that behavioral rhythms, such as an imposed feeding–fasting rhythm, can 

drive muscle functions similar to those regulated by the central clock. However, the phenotypic 

recovery in muscle-RE/TRF mice was only partial, as muscle fiber size and force were not fully 

restored (fig. S7, H and I). Thus, other peripheral tissues and the central clock may also be 

necessary to achieving complete muscle homeostasis. These results highlight the importance of 

the muscle–brain clock interaction network. Analysis of the genes in muscle-RE mice that lost 

their circadian expression (fig. S6G) showed that muscle-RE/TRF mice had regained the circadian 

expression of three groups of genes: i) 236 genes with similar amplitude as expressed in WT or 

RE/RE mice, indicating a dependence on both the brain and muscle clocks; ii) 261 genes with 

similar amplitude as expressed in WT or brain-RE mice, indicating a dependence on the brain 

clock; and iii) 107 genes with similar amplitude as expressed in WT mice, showing a dependency 

on other peripheral tissues clocks (fig. S6, H to J). Furthermore, genes in muscle-RE mice that 

required the brain–muscle clock communication and were driven by TRF were enriched in various 

pathways related to insulin signaling (e.g., Igf2bp2 and Insig1), lipid metabolism (Sphk2 and 

Acer2), circadian regulation (Ccrn4l and Nrip1), glucose metabolism (Fbp1 and Pfkfb4), cell 

signaling (Prkcq, Pik3ca, and Prkca), and muscle growth/atrophy regulation (TNFα/NF-κB, 

PI3K/AKT and mTOR, and the p38 MAPK pathways). Additionally, key regulators of 

myogenesis (Myod1) (61) and downstream-regulated genes (Tcap) were also affected (fig. S6, K 

and L, and table S3). Finally, the genes identified as driven by the muscle clock and TRF 

(n = 107), independent of the brain clock, were associated with signal transduction pathways such 

as Hippo, EGFR signaling, and glucocorticoid receptor pathways (fig. S6M). Overall, these 
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findings demonstrate that TRF can partially substitute for signals derived from the central clock, 

driving the autonomous muscle clock and yielding shared benefits for muscle physiology. 

We observed rhythmic changes in the secretion of corticosterone (the primary murine 

glucocorticoid) in mice with a functional SCN clock (i.e, WT, brain-RE, and RE/RE) and partially 

through forced feeding–fasting cycles (i.e., KO/TRF and muscle-RE/TRF) (fig. S8, A and B). 

This shows that the actions of the SCN clock and the adrenal gland clock were coordinated 

through the hypothalamic-pituitary-adrenal (HPA) axis (62, 63). To investigate the 

communication between the central and muscle peripheral clocks, we removed the adrenals 

glands (bilateral adrenalectomy, ADX) from RE/RE and WT mice. ADX eliminated rhythmic 

corticosterone production without affecting food intake (fig. S8, C and D). ADX affected the 

oscillation of the muscle clock genes, reducing Bmal1 and Per1 oscillations (64, 65) (fig. S8, E 

and F). The adrenal gland secretes catecholamines, glucocorticoids, and mineralocorticoids (62). 

To restore the disrupted gene expression in ADX mice (66), synthetic glucocorticoid 

(dexamethasone, Dex) or adrenaline (Adr) was administered intraperitoneally to WT-ADX mice 

daily at the beginning of the dark phase. These treatments rescued the disrupted oscillation of 

Bmal1 and Per1 (fig. S9A) (67) and restored the day/night oscillation of genes involved in lipid 

metabolism (Acat2, Pnpla3, and Pdpk1) and cell signaling (fig. S9B), although we cannot discard 

that a constant, non-rhythmic reinstatement of corticosterone might exert similar effects. ADX 

dysregulated rhythmic genes that are related to cell signaling, lipid metabolism, insulin signaling, 

and cytoskeleton organization in muscle (fig. S9C), and it induced fibrosis, infiltration of 

inflammatory cells, and muscle damage (fig. S9D), similar to the effects of disrupting the muscle 

clock communication. These findings highlight the role of the HPA axis in regulating the brain–

muscle clock network for maintaining muscle homeostasis. 

 

Feeding–fasting rhythms preserve daily functions and prevent sarcopenia in physiologically 

aged mice 

The brain regulates feeding–fasting cycles by synchronizing peripheral clocks (4, 6). However, 

with aging, the brain clock deteriorates (16–18, 68, 69), leading to circadian misalignment and a 

loss of hormone receptors in the muscle (fig. S10A). We thus subjected old adult mice (66- to 74-

week-old) to time-restricted feeding (TRF) (or maintained them on ad libitum feeding [ALF]) for 

approximately 26 weeks (fig. S10B), to determine whether this TRF regime would prevent muscle 

deterioration. The control group consisted of young-adult mice under ALF (hereafter, 

young/ALF). The core clock machinery in muscle remained rhythmic regardless of age or feeding 

conditions (fig. S10, C and D). Remarkably, old mice under TRF (hereafter, old/TRF) regained 

rhythmic gene expression (n = 452) in muscle (fig. S11, A and B), with no loss of amplitude of 

rhythmic genes (fig. S11, C and D), and associated functions related with muscle signaling (e.g., 
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Wnt and MAPK), cytoskeleton organization, immune response, proteostasis, and metabolism (fig. 

S11E), resembling a youthful-like gene program. PSEA analyses revealed that rhythmic functions 

in old/ALF muscle exhibited a biphasic pattern with peak distribution (ZT0–ZT4 and ZT12–

ZT16). In contrast, rhythmic functions in old/TRF muscle had a uniform, broader distribution that 

was closer to uniformly distributed processes observed in young ALF mice (fig. S11F). Thus, 

imposed feeding–fasting cycles prevented the age-related circadian gene misalignment normally 

seen in old mice and induced a youthful circadian gene program. As expected, muscle from 

old/ALF mice exhibited a de novo rhythmic transcriptome (n = 209), indicating that these mice 

had age-induced circadian reprogramming (fig. S12A). Indeed, their transcriptome was enriched 

for genes related to stress-related processes, such as inflammation, oxidative stress, DNA repair, 

protein catabolism, altered metabolism, and extracellular matrix organization (fig. S12B). These 

rhythmic functions showed a misaligned peak phase distribution with a major peak at ZT22 to 

ZT2 (fig. S12C). In stark contrast, muscle of old/TRF mice did not show atrophy (Fig. 4, A and 

B), increased fat accumulation (Fig. 4C), or increased fibrosis (Fig. 4D), as compared to muscle 

from old/ALF mice (Fig. 4, A to H). Furthermore, TRF prevented the loss of mitochondrial 

bioenergetics and metabolism in old muscle in vivo, as shown by the effect on succinate 

dehydrogenase (SDH) activity and MitoTimer output (Fig. 4E, and F). Loss of muscle strength 

with aging was prevented in old/TRF mice (Fig. 4I). The total rhythmic locomotor movement and 

diurnal rhythmic pattern of RER and VO2 (oxygen consumption) were also maintained in old/TRF 

mice (fig. S12D). Overall, we conclude that deterioration of muscle functions during aging is 

likely caused by deterioration of the brain (SCN) central clock and can be rescued by imposed 

feeding–fasting (behavioral) regimes. 

We investigated whether the essential minimal circadian function for muscle homeostasis 

depends on the brain–muscle clock network or feeding–fasting cycles. To address this, we 

compared the circadian transcriptomes of muscle tissue from RE/RE/ALF, muscle-RE/TRF, and 

old/TRF mice, all of which exhibited healthy muscle phenotypes. We identified a shared signature 

of 765 circadian genes among these genotypes (fig. S13A). These circadian genes exhibited 

similar peak phases of expression and amplitudes, indicating functional alignment (fig. S13, B 

and C), and were enriched for critical circadian functions whose disruption is associated with 

muscle aging, such as loss of muscle mass and strength. The youthful circadian functional 

signature included well-known regulators of energy and metabolism in muscle, including sterol 

regulatory element-binding protein (SREBP), insulin-like growth factor (IGF1), AKT, FoxO, 

AMPK, mTOR, and glycogen synthase kinase 3β (GSK3β) signaling (24, 70, 71). Furthermore, 

the muscle clock directly controlled functions essential for muscle mass, including genes involved 

in myogenic cell proliferation and differentiation, proteostasis pathways (autophagy), unfolded 

protein response, and immune response (fig. S13D) (34, 72).  
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These findings highlight the importance of coordinated tissue clocks, involving both peripheral–

peripheral and peripheral–central networks, in mediating the beneficial effects of feeding–fasting 

rhythms. We observed a complete recovery for old/TRF mice (which have all clocks), but only a 

partial recovery for muscle-RE/TRF mice (which only have the muscle clock). These results 

emphasize the critical role of the muscle clock in sarcopenia/aging and highlight the significance 

of synchronized tissue clocks in achieving overall tissue homeostasis. 

In sum, we conclude that the muscle clock: i) plays a crucial role by setting the correct rhythms 

for regulating tissue-specific functions necessary to maintain muscle homeostasis and 

metabolism; ii) acts as a gatekeeper of the central clock signals, by limiting the expression and 

activity of non-essential circadian genes that could potentially harm muscle tissue; and iii) ensures 

that its tissue-specific functions are synchronized with the appropriate phase in a day/night-

dependent manner (Fig. 4J). 

 

DISCUSSION 

The communication and coordination between tissue clocks are crucial for maintaining overall 

organism health (73, 74). However, the mechanisms underlying this communication, and the 

importance of intra-tissue clock networks in muscle tissue maintenance, are still poorly 

understood. Our findings reveal that the central clock drives the oscillations of the peripheral 

muscle clock. The peripheral muscle clock, in turn, integrates these signals by sensing, 

interpreting, and responding to cues primarily from the central clock, and potentially from other 

peripheral clocks, to ensure tissue coherence. This unexpected gatekeeping function of the 

peripheral clock over the central clock supports the "federated model" of clock organization, 

which suggests that there is a decentralized network of clocks rather than a hierarchical, brain-

centric network with the central clock solely controlling peripheral tissue clocks (59, 75). The 

gatekeeper functions of the peripheral clocks are likely crucial for tissue health and overall 

organism function (76, 77). We observed that, in the absence of an operative muscle clock, the 

functions driven by the central clock became erratic, while the presence of operative muscle clock 

filtered and corrected these erratic signals, aligning them with the correct circadian time. 

Additionally, the muscle clock suppressed the oscillation of over 1000 transcripts driven by the 

brain clock in muscle tissue and corrected the phase of critical homeostatic processes, such as 

mitochondrial function and lipid metabolism, as compared to those induced by the brain clock 

alone.  

By focusing on the clock network in the brain and muscle of mice with no other clocks elsewhere, 

we found that this minimal clock module regulated not only daily muscle homeostatic functions 

but also prevented premature muscle sarcopenia and aging. Previous studies using Bmal1-
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deficient mice have provided limited understanding, but our findings clarify the role of 

“rhythmic” Bmal1 in preventing muscle aging. This is evident from the rescue of muscle aging 

phenotypes in mice with rhythmic Bmal1 expression (RE/RE mice) as compared to mice with 

non-rhythmic Bmal1 expression (muscle-RE mice). Specifically, rhythmic Bmal1 driven by the 

brain–muscle clock network orchestrates various functions related to muscle growth, proteostasis, 

myogenesis, muscle architecture, and responses to metabolic cues (such as insulin, glucose, and 

lipids). It is interesting to note that TRF, which involves eating during the active dark phase (night 

feeding), could partially replace the central clock and enhanced the autonomy of the muscle clock. 

This finding is consistent with the observation that glucose homeostasis is restored by TRF when 

the muscle and liver clocks are re-established (11). 

Although we cannot prove that failure in the clock network organization drives tissue decline 

during aging, it is well-established that the activity and output of the brain clock deteriorate with 

age (16–18, 68, 69, 78–80). Aging is characterized by a shift in peak expression and decreased 

amplitudes of circadian genes, which contributes to the aberrant and unscheduled daily functions 

observed in aged tissues. These transcriptional changes have been observed in skeletal muscle 

and other aged tissues and cells. Our findings demonstrate that the compromised brain clock in 

old mice, leading to circadian misalignment, can be partially compensated by signals derived from 

TRF. Restoring circadian rhythm through TRF mitigated muscle loss, impaired metabolic and 

motor functions, and decreased muscle force in old mice. 

These results highlight the potential for genetic and physiological reprogramming of the intrinsic 

aging clock machinery toward a more youthful state (81–84) and have implications for strategies 

to prevent circadian rhythm disruptions caused by modern lifestyles and for developing treatments 

for age-related diseases and aging itself. 

 

 

Figure Legends 

Fig. 1. Brain and muscle clocks are necessary and sufficient for circadian behavior and 

functional skeletal muscle. (A) Tissue-specific reconstitution of Bmal1 in the different mouse 

models. (B) Body weight of the different mouse lines at 26 weeks of age. (C) Representative 

images of hematoxylin and eosin (H&E), type IIB fibers immunostaining, interstitial collagen by 

Sirius red, and infiltrating inflammatory CD11b+ cells immunostaining in cryosections of tibialis 

anterior (TA) muscle of the different mouse models at 26 weeks of age. (D) Quantification of 

cross-sectional areas (CSA) of fast type IIb fibers, collagen content by Sirius red staining, number 

of fibers expressing embryonic myosin, and centrally nucleated fibers in tibialis anterior (TA) 

muscle of the different mouse models at 26 weeks of age. Maximal specific isometric tetanic force 

and force-frequency curves of extensor digitorum longus (EDL) muscle of the different mouse 
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models are shown. (E, F) Activity patterns, oxygen consumption (VO2), and metabolic 

parameters of the indicated mouse lines at 26 weeks of age. Scale bars: 50 μm. Results are 

displayed as mean ± s.e.m.; P values are from t-test (two-tailed except those for metabolic 

parameters, which were one-tailed). Force-frequency curves, two-way ANOVA; *P < 0.05, **P 

< 0.01, ***P < 0.001. 

Fig. 2. Brain–muscle clock interactions drive core clock machinery, rhythmic functions, and 

correct phase. (A) Principal component analysis (PCA) of the full transcriptome of tibialis 

anterior (TA) muscle from WT, RE/RE, muscle-RE, brain-RE, or KO young (10- to 12-week-

old) mice. (B) Abundance profiles of core clock genes in WT, RE/RE, muscle-RE, brain-RE, and 

KO young mice under LD entrainment; n = 3 or 4 mice at each time point. Data are presented as 

mean ± SD. (C) Phase-sorted expression heatmap showing 183 autonomous genes using dryR 

(BICW ≥ 0.4, amp ≥ 0.25) that oscillated only in WT and muscle-RE, but not in KO, young mice. 

(D) (top) Circular histogram plots of the peak phase (JTK_CYCLE) and (bottom) density plot 

showing amplitude comparison (JTK_CYCLE) of genes in D; Welch's t-test, *WT versus muscle-

RE, t = 4.63, P = 0.0000054. (E) Phase-sorted expression heatmap of dryR defined (BICW ≥ 0.4, 

amp ≥ 0.25) 695 autonomous genes that oscillated only in WT and brain-RE (BRE), but not in 

KO, young mice. (F) (top) Circular histogram plots of the peak phase (JTK_CYCLE), and 

(bottom) density plot showing amplitude comparison of genes (JTK_CYCLE) in F; *WT versus 

brain-RE, t = –3.02, P = 0.0026. (G) Phase-sorted expression heatmap of dryR defined (BICW 

≥	0.4, amp ≥	0.25) 310 RE/RE-driven genes that oscillated only in WT and RE/RE, but not in 

muscle-RE or brain-RE, young mice. (H) (top) Circular histogram plots of the peak phase, 

(JTK_CYCLE) and (bottom) density plot showing amplitude comparison (JTK_CYCLE) of 

genes in H; Welch's t-test, WT versus RE/RE not-significant. (I) Functional enrichment bubble 

plot showing selected gene sets; MSigDB canonical pathways enrichment (P < 0.05) analysis of 

183 genes. (J) Functional enrichment bubble plot showing selected gene sets; MSigDB canonical 

pathways enrichment (P < 0.05) analysis of 695 genes. (K) Functional enrichment bubble plot 

showing selected gene sets; MSigDB canonical pathways enrichment (P < 0.05) analysis of 310 

genes. 

Fig. 3. Gating of muscle tissue rhythmic functions and phase by the peripheral muscle clock. 

(A) Number of genes classified in differential rhythmicity analysis (dryR) from WT, brain-RE, 

or RE/RE muscle. Blue indicates rhythmic detection; white indicates no rhythms detected 

between samples. 1373 unique rhythmic genes defined by dryR were detected in BRE but not in 

WT or RE/RE, and 597 genes were commonly rhythmic genes in all conditions (dryR; 

BICW ≥ 0.4, amp ≥ 0.25). (B) Phase-sorted expression heatmap of 1373 genes oscillating in 

brain-RE but not in WT or RE/RE young mice (dryR; BICW	≥	0.4, amp ≥	0.25). (C) Circular 

histogram plots of the peak phase (JTK_CYCLE) of the 1373 genes oscillating in brain-RE only. 
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(D) Density plot showing the 1373 rhythmic transcripts amplitude comparison (JTK_CYCLE); 

Welch's t-test, WT versus brain-RE, t = -30.82, P = 5.7E-176; WT versus RE/RE, not significant. 

(E–G) Phase set enrichment analysis (PSEA), Kuiper Q-value (vs. uniform) < 0.05 showing 

circular 24-hour phase distribution of aggregated muscle tissue-oriented functional categories in 

WT, brain-RE, and RE/RE total rhythmic genes. (H) Representative confocal image of individual 

muscle fiber shown for lipid droplets staining with BODIPY dye, laminin, and DAPI. 

Quantification of lipid droplet density in myofibers of  tibialis anterior (TA) muscle shows 

rhythmic distribution in WT and RE/RE mice, and arrhythmic distribution in brain-RE, muscle-

RE and KO. The box plot shows lipid droplet density distribution at ZT8 and ZT20. Boxes include 

50% of data points, the line represents the median, and the whiskers extend to the maximum and 

minimum values; ****P < 0.0001; ns, not significant. (I) Enrichment bubble plot showing 

selected GSEA; MSigDB canonical pathways enrichment (P < 0.05) analysis of 179 

mitochondrial genes (MitoCarta 3.0) that oscillate uniquely in brain-RE young mice, but not in 

WT or RE/RE young mice. 

Fig. 4. Feeding–fasting rhythms prevent physiological age-associated rhythmic 

reprogramming and restore muscle dysfunctions. (A) Representative images for muscle 

functional analysis. (B–D) Functional analysis of tibialis anterior (TA) muscle of the indicated 

experimental groups. Quantification of cross-sectional area (CSA) of fast IIB fibers, (C) lipid 

content by oil Red O staining, and (D) collagen deposition of the indicated experimental groups. 

Scale bars: 50 μm except for Mitotimer, 10 μm. Results are displayed as mean ± s.e.m.; *P < 0.05, 

**P < 0.01, ***P < 0.001 (two-tailed t-test; force-frequency curves, two-way ANOVA). (E, F) 

Quantification of mitochondrial fitness by the MitoTimer reporter (with the red:green ratio 

showing damaged:healthy mitochondria) and myofibers with high mitochondrial enzymatic 

activity by succinate dehydrogenase (SDH) staining. Results are displayed as mean ± s.e.m.; *P 

< 0.05, **P < 0.01, ***P < 0.001 (two-tailed t-test). (G) Relative frequency of the different fast 

fiber subtypes (of the slow MHC IIA/X isoform and the fast MHC IIB isoform (H) and the 

distribution of fiber size (μm2). (I) Force-frequency measurement curves of EDL muscle of the 

different mouse models. (J) Schematic representation of the muscle clock–gated rhythmic output 

that prevents sarcopenia and muscle dysfunctions. Muscle receives a plethora of signals from 

SCN clock or peripheral tissues but filters the unnecessary signal information to prevent non-

specific rhythmic functions. The muscle clock aligns tissue-specific rhythmic functional output, 

which is necessary for muscle tissue homeostasis. 

 

Figure S1. SCN and muscle clocks are necessary and sufficient to restore circadian behavior 

and a functional skeletal muscle. (A) Tissue-specific reconstitution of Bmal1 in the different 

mouse models (B) Reconstitution of BMAL1 expression in skeletal muscle of muscle-RE mice. 
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(C) Increased sarcopenia features in tibialis anterior (TA) muscle of old Bmal1 KO mice, showing 

the presence of centrally nucleated fibers. (D) Increased collagen deposition (fibrosis) in 26-week-

old Bmal1 KO mice by Sirius red staining. (E) Increased embryonic myosin positive (eMHC+) 

fibers. (F) Increased inflammatory phenotypes as the presence of high infiltrating myeloid 

CD11b+ cells. (G) Muscle morphological parameters (fast IIB fiber size, collagen deposition of 

the different mouse lines from young (10-week-old) mice. Scale bars: 50 μm. H, I) Activity 

patterns and metabolic parameters of 10-week-old mice over the day/night cycle. Results are 

mean ± s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed t-test; metabolic parameters, one-

tailed t-test; survival curve, Mantel-Cox test, as compared to KO). 

Figure S2. Defining rhythmic gene distribution, phase, and amplitude in clock-

reconstitution models.  (A) Experimental setup for rhythmic collection of mice samples to obtain 

circadian transcriptome; tibialis anterior (TA) muscle was collected every 4 hours over 24 hours 

and then analyzed by RNA-sequencing (RNA-seq). n = 4 mice (2 male, 2 females) for each 

genotype (WT, KO, muscle-RE, brain-RE, and RE/RE), from 10- to 12-week-old or 26-week-old 

mice. (B) Principal component analysis (PCA) of the full transcriptome of tibialis anterior (TA) 

muscle of WT, RE/RE, muscle-RE, brain-RE, or KO mice at 26 weeks of age. (C) Upset plot 

showing total rhythmic genes detected in each genetic models and their comparison by two 

independent rhythmic analysis methods (JTK_CYCLE, RAIN). (D) Number of rhythmic genes 

in WT, RE/RE, muscle-RE, brain-RE, and KO young mice; JTK_CYCLE, P < 0.05, RAIN , P < 

0.01. (E) Comparison of rhythmic transcriptome (WT, 10-week-old) by two independent 

algorithms (JTK_CYCLE, RAIN); 90% (1513) JTK rhythmic transcript similarly detected by 

independent RAIN analysis method. 

Figure S3. Defining rhythmic gene distribution in clock-reconstitution models. (A) 

Abundance profiles of core clock genes in WT, RE/RE, muscle-RE, and brain-RE mice at 26 

weeks of age. (B) Abundance profiles of indicated rhythmic genes in WT, RE/RE, muscle-RE, 

and brain-RE mice. (C) Enrichment of transcription factor motif using g:Profiler, (Benjamini-

Hochberg FDR < 0.05, P <0.05), in dryR defined (BICW ≥	0.4, amp ≥	0.25) 310 RE/RE-driven 

genes oscillating only in young WT or RE/RE, but not muscle-RE or brain-RE, mice. (D) Number 

of differential rhythmic genes classified by dryR methods in 10- to 12-week-old mice. Blue 

indicates rhythmic detection; white indicates no rhythms detected between samples. For WT-

specific total rhythmic genes (1716), dryR comparisons of only WT and KO mice were used 

(dryR; BICW ≥ 0.4, amp ≥ 0.25). (E) Pie chart showing the proportion of total rhythmic genes 

identified by dryR differential rhythmic analysis of WT, RE/RE, brain-RE, muscle-RE and KO 

mice at 10- to 12-weeks of age. (F) Functional enrichment bubble plot showing selected gene 

sets; MSigDB canonical pathways enrichment (P < 0.05) analysis of WT-only rhythmic genes. 
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Figure S4. Gating muscle tissue rhythmic functions by the peripheral muscle clock. (A) 

Phase set enrichment analysis (PSEA), Kuiper Q-value (vs. uniform) < 0.05 showing circular 24-

h phase distribution of aggregated muscle tissue-oriented functional categories in total rhythmic 

genes in muscle-specific clock-KO (Mu-KO). (B) Enrichment of transcription factor motif using 

g:Profiler (Benjamini-Hochberg FDR < 0.05, P-value <0.05), in dryR defined (BICW ≥	0.4, amp 

≥	0.25), with 1373 genes oscillating in brain-RE but not in WT or RE/RE young mice.  

Figure S5. Gating muscle tissue rhythmic functions by the peripheral muscle clock. (A) 

Quantification of active DRP1 protein (p-DRP1, phosphorylated DRP1 at Ser 616; normalized 

count:mean fluorescence intensity) immunostaining in cryosections of tibialis anterior (TA) 

muscle of the different mouse models at 10- to 12-weeks of age. (B) Mitophagy levels. 

Quantification of percentage of colocalization of mitochondria labelled with in vivo expression 

of the mitochondrial rxRFP and LAMP1 (lysosomal-associated membrane protein 1) in 

cryosections of TA muscle of the different mouse models. (C) Quantification of active AMPK 

protein (p-AMPK, AMPKα protein phosphorylation at threonine-172 [pT172], normalized 

count:mean fluorescence intensity) immunostaining in cryosections of TA muscle of the different 

mouse models at 10- to 12-weeks of age. (D) In vivo expression of the mitochondrial stress 

reporter MitoTimer in myofibers of TA muscle from young mice of the indicated genotypes. 

Representative confocal images are shown. Enhanced red fluorescence was detected in KO, brain-

RE, and muscle-RE mice, as compared to WT and RE/RE mice. Quantification of oxidized 

(red) / unoxidized (green) ratio. Scale bars, 10 μm. Results are shown as mean ± SEM; *P < 0.05; 

Box plot include 50% of data points; the line represents the median, and the whiskers extend to 

the maximum and minimum values. ****P < 0.0001, **P < 0.001, *P < 0.05, ns, non-significant. 

Figure S6. Identification of feeding rhythm-dependent genes (A) Schematic outline of the 

time-restricted feeding (TRF) protocol used for WT, muscle-RE, or KO mice, as indicated. Young 

(9- to 10-week-old) mice were fed only during the active time (dark phase) for about 9 to 10 hours 

for TRF conditions. Muscle was collected after 16 weeks of either TRF or ad libitum feeding 

(ALF). No food was available for TRF during the rest time (light phase) during the entire 

experiment. (B) Abundance profiles of core clock genes in WT/ALF, muscle-RE/ALF, or muscle-

RE/TRF mice. (C) Phase-sorted expression heatmap of 488 genes that oscillated only in WT/ALF 

or muscle-RE/TRF mice, but not in muscle-RE/ALF mice (dryR; WT/ALF, muscle-RE/ALF, 

muscle-RE/TRF, BICW ≥ 0.4, amp ≥ 0.25). (D) Density plot comparing 488 rhythmic genes 

amplitudes; Welch's t-test, WT/ALF versus muscle-RE/TRF, t = -2.28, P = 0.023. (E) Circular 

plots showing peak phase distribution of rhythmic core-clock genes oscillating in WT/ALF, 

muscle-RE/ALF, muscle-RE/TRF, KO/ALF, or KO/TRF mice at 26 weeks of age (JTK_CYCLE, 

adjusted P < 0.05). (F). Principal component analysis (PCA) of the full transcriptome of TA 

muscle from WT/TRF, muscle-RE/TRF, or KO/TRF mice (in 26-week-old mice). (G) Number 
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of TRF-driven genes classified in dryR models in WT/ALF, muscle-RE/ALF, muscle-RE/TRF, 

or RE/RE/ALF mice. Blue indicates rhythmic detection; white indicates no rhythms detected 

between samples. (H) Phase-sorted expression heatmap of 236 brain–muscle communication–

dependent, TRF-driven genes that oscillated only in WT/ALF, RE:RE/ALF, and muscle-RE/TRF 

mice, but not in muscle-RE/ALF mice (dryR, BICW≥0.4, amp≥0.25). (I) Density plot comparing 

236 rhythmic transcript amplitudes; Welch's t-test, WT/ALF versus muscle-RE/ALF, t = 8.45, p 

= 4.8E-16; WT/ALF versus muscle-RE/TRF, t = -1.75, p = 0.08 (not significant).  WT versus 

RE:RE/ALF, t = -1.48, p = 0.14, (not significant). (J) Circular histogram plots of the peak phase 

(JTK_CYCLE) of 236 genes oscillating in WT/ALF, muscle-RE/TRF, and RE:RE/ALF mice. 

(K) Abundance profiles of the indicated genes in WT/ALF, muscle-RE/TRF, muscle-RE/ALF, 

and RE/RE/ALF. (L, M) Functional enrichment bubble plot showing selected gene sets; MSigDB 

canonical pathways, GOBP enrichment (P < 0.05) analysis of genes that were TRF/brain–muscle 

clock–driven (236 genes) or TRF/clock-driven (107 genes). 

Figure S7. Effect of time-restricted feeding (TRF) on muscle physiology. (A) Quantification 

of collagen deposition by Sirius red staining, with the number of eMHC+ fibers, and centrally 

nucleated fibers (CNFs) in tibialis anterior (TA) muscle from WT, KO, or muscle-RE mice under 

ALF or TRF conditions. (B, C) Representative images and quantification of in vivo MitoTimer 

reporter expression in myofibers of TA muscle of the indicated mice genotypes and treatments to 

assess mitochondria stress. Oxidized (red)/unoxidized (green) ratio was quantified. *P < 0.05, 

***P < 0.001; ns, not significant. (D) Normalized food intake of each mouse genotype after 5 

weeks of experiment and body weight at the end of the experiment. E) Metabolic parameters and 

activity patterns in young and aged mice after TRF, showing: left, locomotor activity pattern, and 

right, oxygen consumption and energy expenditure; and (F) lipid and glucose oxidation graph. 

(G) Survival curves of muscle-RE/ALF, muscle-RE/TRF, KO/ALF, and KO/TRF mice. (H) 

Representative H&E images and quantification of mean fiber size in TA muscle of WT, KO, and 

muscle-RE mice under an ALF or a TRF regime. (I) Force-frequency curves of EDL muscle of 

the different experimental groups at about 26-weeks of age. Scale bars, 50 μm. Data are 

represented as ± s.e.m. Force-frequency curves, two-way ANOVA; survival curve, Mantel-Cox 

test, compared to the same genotype under ALF. *P < 0.05, **P < 0.01, ***P < 0.001. 

Figure S8. Muscle and brain clocks communication. (A, B) Measurements of corticosterone 

(glucocorticoids) at day/night (ZT0, ZT12) in indicated genotypes. Results as mean ± SEM; *P < 

0.05; ns, **P < 0.01, non-significant. (C) Disruption of pathways through adrenalectomy (ADX), 

measurements of corticosterone (glucocorticoids) at day/night (ZT0, ZT12) in sham and ADX 

mice. Results as mean ± SEM; **P < 0.01. (D) Normalized food intake in sham or ADX mice.  

(E, F) Clock gene expression profile in WT and RE/RE, sham or bilateral ADX mice at ZT0 and 

ZT12. 
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Figure S9. Muscle and brain clock communication. (A, B). Expression profile of clock and the 

indicated genes in WT (wild-type) and RE/RE mice with sham surgery or bilateral adrenalectomy 

(ADX) at two time points, ZT0 (beginning of light phase) and ZT12 (beginning of dark phase). 

Mice were administered exogenous dexamethasone (Dex, a synthetic glucocorticoid) or 

adrenaline (Adr). (C). Functional enrichment bubble plot showing selected gene sets; MSigDB 

canonical pathways enrichment (P < 0.05) analysis of WT-ADX genes comparison to WT-sham. 

(D). Quantification of collagen content by Sirius red staining, fibers number of fibers expressing 

embryonic myosin, inflammatory phenotypes as presence of high infiltrating myeloid CD11b+ 

cells in tibialis anterior (TA) muscle. Results are mean ± s.e.m. *P < 0.05, **P < 0.01; (t-test; 

two-tailed).  

Figure S10. Effect of time-restricted feeding (TRF) on physiologically aged mice. (A) 

Quantification of β2-adrenergic receptor (extracellular) and glucocorticoid receptor protein 

immunostaining in cryosections of tibialis anterior (TA) muscle from young (10- to 12-week-old 

[WO]) or old (>96-WO) mice. (B) Schematic overview of TRF used in this study for 

physiologically aged old mice. Old WT mice (66- to 74-WO) had TRF (i.e., food only for 9 to 10 

hours during the active [night] phase) or ad libitum feeding (ALF) for ~26 weeks prior to muscle 

collection (endpoint, 92- to 116-WO mice). n = 24 mice for each group, with 4 mice (2 male, 2 

females) at each timepoint. The comparison groups were young WT mice (10- to 12-WO) only 

with ALF, or with ALF followed by 16 weeks of TRF (young/TRF) (endpoint, 26- to 28-WO 

mice; as in Fig. 5A). (C) Abundance profiles of core clock genes in WT/ALF, old/ALF, or 

old/TRF under 12/12 hour light/dark (L/D) entrainment; n = 3 or 4 mice at each time point. Data 

are presented as mean ± SD. (D) Circular plots showing peak phase distribution of rhythmic core-

clock genes oscillating in young WT/ALF, old/ALF, and old/TRF. 

 

Figure S11. Feeding–fasting rhythms prevent physiological age-associated rhythmic 

reprogramming. (A) Differential rhythmicity analysis (dryR) of young (10- to 12-weeks old) 

WT/ALF, old/ALF, and old/TRF. Number of genes classified in dryR rhythmic models (BICW ≥ 

0.4, amp ≥ 0.25). Blue indicates rhythmic detection; white indicates no rhythms detected between 

samples. (B) Phase-sorted expression heatmap of 452 genes that oscillated in WT/ALF, lost 

rhythm in old/ALF, and recovered in old/TRF mice (dryR; BICW ≥ 0.4, amp ≥ 0.25).  (C) 

Circular histogram plots of the peak phase (JTK_CYCLE) of 452 rhythmic genes oscillating in 

WT/ALF and old/TRF mice. (D) Density plot showing rhythmic transcripts amplitude 

comparison for 452 genes; Welch's t-test, young WT/ALF versus old/TRF, t = 0.35, P = 0.73 (not 

significant). (E) Functional enrichment bubble plot showing selected gene sets; MSigDB 

canonical pathways, GOBP enrichment (P < 0.05) analysis of 452 genes. (F) Circular 24-hour 

phase distribution of aggregated muscle tissue-oriented functional categories in young/ALF, 
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old/ALF, and old/TRF WT mice (PSEA, Kuiper Q-value [vs. uniform] < 0.05). Young/ALF mice 

(see Fig. 3E) were re-used here for comparison. 

 

Figure S12. Rhythmic alterations in physiologically aged mice. (A) Phase-sorted expression 

heatmap of 209 genes that oscillated only in old/ ALF, but not in young WT/ALF or old/TRF 

mice (dryR; WT/ALF, old/ALF, old/TRF, BICW≥0.4, amp≥0.25). (B) Functional enrichment 

bubble plot showing selected gene sets; MSigDB canonical pathways and hallmark enrichment 

(P < 0.05) analysis of 209 rhythmic genes gained in old/ALF. (C) Circular histogram plots of the 

peak phase (JTK_CYCLE) of 209 rhythmic genes that oscillating only in old/ALF mice. (D) 

Quantification of the activity patterns, energy expenditure, and lipid and glucose oxidation in 

mice of the different experimental groups Data are represented as mean ± s.e.m. Two-tailed t-test. 

*P < 0.05, **P< 0.01, ***P < 0.001.  
 

Figure S13. Prevention of muscle aging through muscle–brain clock communication 

network.  (A) Phase-sorted expression heatmap of 765 genes that commonly oscillated in RE/RE, 

muscle-RE/TRF and old/TRF using dryR rhythmic analysis (dryR; BICW ≥ 0.4, amp ≥ 0.25). (B) 

Circular histogram plots of the peak phase (JTK_CYCLE) distribution of 765 rhythmic genes in 

RE/RE, muscle-RE/TRF and old/TRF. (C) Density plot comparing 765 rhythmic genes 

amplitudes; Welch's t-test, RE/RE versus old/TRF t = -2.41, P = 0.016 (not significant). (D) 

Functional enrichment bubble plot showing selected gene sets; MSigDB canonical pathways, 

GOBP and hallmark enrichment (P < 0.05) analysis of 765 genes.  

 

Supplementary table legends 

Supplementary tables are available on Dryad https://doi.org/10.5061/dryad.8931zcrxp 

Table S1. Rhythmic transcriptome output by JTK_CYCLE in defined mice genotypes, with 12:12 

hour light/dark (LD) cycles. 

Table S2. Rhythmic transcriptome output by RAIN in defined mice genotypes, with 12:12 hour 

LD cycles. 

Table S3. Differential rhythmicity analysis dryR in defined mice genotypes, with 12:12 hour LD 

cycles. 

Table S4. Transcription factor motif enrichment analysis using g:Profiler, with 12:12 hour LD 

cycles. 
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Supplementary Materials 

Materials and Methods 

Animals 

Mice were bred and maintained at the animal facilities of the Barcelona Science Park in strict 

accordance with the Spanish and European Union regulations. All experimental protocols were 

approved by the Catalan Government, following applicable legislation and the guidelines of the 

Institutional Animal Care and Use Committee (IACUC) of the Barcelona Science Park. 

Bmal1-stopFL mice were generated as described previously (9, 10). Experimental mice were: 

knock-out (KO) Bmal1stopFL/stopFL, Cre–/–; muscle-RE (Muscle-RE) Bmal1stopFL/stopFL, Hsa-Cre–/tg; 

suprachiasmatic nucleus-RE (brain-RE) Bmal1stopFL/stopFL, Syt10-Cre–/tg, and suprachiasmatic 

nucleus + muscle-RE (RE/RE) Bmal1stopFL/stopFL, Syt10-cre–/tg; Hsa-Cre–/tg and wild-type (WT) 

littermates. Both male and female mice were used; they were maintained in standard 12:12 hour 

light/dark (LD) photoperiods and fed ad libitum unless otherwise specified. All mice were used 

at an average age of 10 weeks (range 9 to 12) and 26 weeks (range 25 to 28), except 

physiologically aged mice, which were used at 85 to 116 weeks of age, as indicated. 

Male and female littermates were used for lifespan, metabolic cages analysis, and RNA-seq 

experiments (with 2 each per time point, unless otherwise specified). Female mice were used for 

histological analysis, and male mice for all other experiments (i.e., body weight, food 

consumption and ex vivo EDL force measurements). 

Time-restricted feeding 

Mice under a time-restricted feeding (TRF) regime had free access to food for 9 to 10 hours during 

the active dark phase, from zeitgeber time (ZT)13/14 to ZT22/23 (with lights on at ZT0) from 

Monday to Friday, and for 7 to 8 hours, from ZT12 to ZT19/20, on the weekends. Mice were put 

on TRF starting at 10 weeks of age until 24 to 27 weeks of age, except for physiologically aged 

mice, which were subjected to approximately 26 weeks of TRF (starting at the age of 63 to 76 

weeks, until the age of 85 to 107 weeks). 

Indirect calorimetry and locomotor activity 

To assess indirect calorimetry measurements, n = 3 to 7 mice per condition were used. 

Measurements of oxygen consumption (VO2), CO2 production (VCO2), energy expenditure (EE), 

respiration exchange ratio (RER), glucose and lipid oxidation, and ambulation were performed 

using an indirect calorimetry system (Oxymax, Columbus Instruments). Mice were acclimatized 

for 1 to 2 days, after which data were recorded for 3 consecutive days.  
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Western blot 

Total homogenates from gastrocnemius muscle were obtained in RIPA lysis buffer (50 mM Tris-

HCl pH 8, 150 mM NaCl, 5 mM EDTA, 15 mM MgCl2, and 1% NP-40), supplemented with 

protease and phosphatase inhibitors (Sigma Aldrich, Complete Mini; Sigma Aldrich, Phosphatase 

Inhibitor Cocktail 1 and Phosphatase Inhibitor Cocktail 2). Samples were lysed for 30 min on ice 

and centrifuged at 13,000 rpm for 15 min at 4ºC, and the supernatant was collected. Protein 

concentration was measured using the Bradford method (Protein Assay, Bio-Rad). About 30 to 

60 µg protein from each sample were resolved on 4%-12% gels (BioRad) and transferred to 

nitrocellulose membranes, which were blocked with 5% instant non-fat milk in TBS-T (0.1% 

Tween-20, TBS) for 2 hours at room temperature. The following primary antibodies were used 

(diluted in 5% milk TBS-T) and incubated overnight at 4 ºC: anti-phosphorylated BMAL1 

(Ser42) (Cell Signalling #13936), anti-BMAL1 (Abcam #93806), and monoclonal anti-α-tubulin 

antibody (Sigma-Aldrich, #T-6199). Following HRP-conjugated secondary antibody incubation 

(Jackson ImmunoResearch Donkey anti-rabbit IgG #711-001-003; Agilent Dako rabbit anti-

mouse immunoglobulins/HRP, #P0260) for 1 hour at room temperature, blots were visualized 

with ChemiDoc MP (Biorad, ChemiDoc™ MP Imaging System #12003154). 

Muscle force measurements 

Ex vivo force measurements of EDL muscle were assessed as previously described (57). Briefly, 

muscle was dissected and immediately placed in Krebs–Ringer bicarbonate buffer solution, with 

10 mM glucose, and continuously oxygenated. The tendinous ends of muscle were attached to a 

fixed clamp and the lever-arm of an Aurora Scientific Instruments 300B actuator/transducer 

system by a nylon thread. A stimulation frequency ranging from 1 to 200 Hz was used to 

determine the maximum isometric-tetanic force, taking this value from the plateau of the curve. 

Force was then normalized per muscle area to calculate the specific force (mN/mm2). 

Muscle electroporation 

For MitoTimer gene transfection in TA muscle, MitoTimer plasmid (Addgene #52659) was 

purified using an Endrofree plasmid kit (Qiagen #12362) and dissolved in PBS (final 

concentration of 2.5 µg/ml). This solution (30 µl) was injected directly into the TA muscle of 

anesthetized animals. After injection, an electroporator (BTX™ ECM™ 830 Electroporation 

Generator, Fisher Scientific #450052) was used to apply 10 pulses of 20 ms per muscle (175 

V/cm, 1 Hz). 

Immunohistochemistry and immunofluorescence 

Muscle samples were embedded in OCT solution (TissueTek #4583), frozen in isopentane cooled 

with liquid nitrogen, and stored at −80 °C until analysis. Muscle cryosections (10-μm thick) were 

collected and stained for hematoxylin & eosin (H&E) (Sigma-Aldrich, #HHS80 and #45235), 
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Sirius red (Sigma-Aldrich #365548), and Oil Red O (Sigma-Aldrich #O0625) staining. Muscle 

cryosections (10-μm thick) were cut longitudinally for MitoTimer positive fiber visualization. 

For immunohistochemistry assays, unfixed muscle cryosections were examined by standard 

immunohistochemical procedures for the expression of myosin heavy chain (MHC) isoforms. The 

primary monoclonal antibodies used were: anti-myosin IIB (BF-F3) and anti-eMHC (F1.625) 

(Developmental Studies Hybridoma Bank), rabbit polyclonal anti-phospho-DRP1 (Ser616) (Cell 

Signaling #3455), rabbit monoclonal anti-phospho-AMPKalfa (Thr172) (40H9) (Cell Signaling 

#2535), rat monoclonal anti-LAMP-1 (1D4B) (Santa Cruz Biotechnology #sc-19992), mouse 

monoclonal anti-dystrophin (Sigma #D8168), rabbit polyclonal anti-laminin (Sigma #L9393), 

rabbit polyclonal anti-β2-adrenergic receptor (extracellular) antibody (Alomone Labs #AAR-

016), and mouse monoclonal anti-glucocorticoid Receptor (Invitrogen #MA1-510). For CD11b 

immunofluorescence assays, sections were fixed with 4% PFA and incubated with anti-CD11b 

(eBioscience, #14-0112-85), and anti-laminin antibody (Sigma, #L9393). Secondary antibodies 

used were Alexa Fluor 488 goat anti-rat IgG (Invitrogen, A-11006), or goat anti-rabbit IgG 

(Invitrogen, A11036). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). 

Adrenalectomy (Adx) experiments  

Mice were anesthetized with 2% inhaled isoflurane, and a midline incision were done in the 

abdominal cavity. The fat attached to the adrenal glands was pulled out of the cavity; after 

dissection of the adrenal gland, the fat was returned to the cavity, and the skin was sewn. The 

contralateral adrenal gland was similarly removed after two days. To compensate for the 

aldosterone loss, 0.9% of saline supplemented with 1% glucose was provided. A sham-operated 

group was used as a control. Muscle samples were then taken from the animals after they had 

recovered for at least two weeks from the effects of the adrenalectomy and anesthesia. In order to 

treat Adx mice with exogenous hormones, an intraperitoneally (IP) injection of 5 mg/kg 

dexamethasone (Sigma # D1159) or 0.5 mg/kg adrenaline (Sigma #E4642) was given for 10 days 

at ZT12. Corticosterone detection was performed according to the manufacturer's instruction 

(Abcam# ab108821). 

Microscopy and image analysis 

Digital images were acquired using the Leica DMR600B microscope equipped with a DFC300FX 

camera for histochemical color pictures and a TCS SP8 MP microscope (Leica Microsystems) for 

fluorescence pictures; fiber type distribution, CSA, and percentage of muscle area positive for 

Sirius red and Oil red staining were quantified using Image J software. Images from MitoTimer-

positive fibers were analyzed by quantifying the red:green ratio with Image J software. 

 

RNA isolation and sequencing 
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Total RNA was extracted from the snap-frozen tibialis anterior (TA) muscle. Briefly, after 

homogenization with Qiazol reagent (Qiagen #1023537), RNA was isolated using miRNeasy 

Mini Kit (Qiagen #1038703); samples were then digested with DNase (Qiagen #1010395) 

according to the manufacturer's instructions.  

RNA quality was checked using Nanodrop and RNA 6000 Nano Assay on a Bioanalyzer 2100 

(Agilent). RNA-seq libraries were sequenced in paired-end mode with a read length of 150 base 

pairs with an average of 2 ´ 25 million reads for each sample. Four biological replicates (2 males 

and 2 females) at each ZT point were used to collect RNA samples. A total of 384 mouse RNA 

samples (24 mouse samples ´ 16 conditions) were sequenced to generate the total circadian RNA 

transcriptome. Additional 48 samples for adrenalectomy (Adx) experiments were sequenced for 

two time points (ZT0 and ZT12). 

RNA-seq data processing  

Sequencing reads were pre-processed using the nf-core/RNAseq pipeline (85), and read quality 

was assessed by FastQC (Table 1). TrimGalore (Table 1) was used to trim sequencing reads, 

eliminate Illumina adaptor remains, and discard short reads. The resulting reads were mapped 

onto the mouse genome (GRCm38, release 81; Table 1) using HiSAT2 (86) and quantified using 

featureCounts (87). Overall, 8 samples were removed due to quality issues: 

WT_10w_ALF_3.ZT0, WT_26w_ALF_12.ZT8, WT_26w_ALF_21.ZT20, brain-

RE_10w_ALF_11.ZT8, brain-RE_26w_ALF_6.ZT4, brain-RE_26w_ALF_21.ZT20, 

KO_26w_TRF_7.ZT4 and KO_26w_TRF_20.ZT16. Variance-stabilizing transformation of raw 

count data was applied using Bioconductor package DEseq2 (88)  to visualize the sample-to-

sample distances in principal component analysis (PCA). Trimmed mean of M-values (TMM)-

normalized fragments per kilobase per million mapped reads (FPKM) values were calculated 

using Bioconductor package edgeR (89) and log2-transformed with a pseudo count of 0.01. In 

each analysis performed, the expression datasets were adjusted for biological (sex) and technical 

(batch) effects. Overall, 14,413 genes with average non-transformed FPKM expression > 0.5 in 

at least one-time point of at least one experimental condition were considered for further analysis. 

The same filtering approach left 13,500 genes in additional adrenalectomy experiments, 

respectively. 

Identification of rhythmic transcripts 

Rhythmic transcripts were detected based on data from expression at six time points using the 

non-parametric Jonckheere-Terpstra-Kendall (JTK_CYCLE) algorithm (31), which detects 

cosine waveform and provides amplitude and phase output of rhythmic genes over a period of 20 

to 24 hours. Genes with permutation-based P-value Bonferroni-adjusted for multiple testing (P < 
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0.05) were considered rhythmic over the circadian cycle (table S1). GraphPad Prism software 

(Table 1) was used to plot the abundance of most representative rhythmic genes. RAIN 

(rhythmicity analysis incorporating nonparametric methods) (32) was used as an additional 

rhythmic transcript detection method; it detects both symmetric and asymmetric waveforms of 

rhythmic genes over a period of 24 hours. Genes with Benjamini–Hochberg adjustment (P < 0.01) 

were considered rhythmic over the circadian cycle (table S2). The R package UpSetR (90) was 

used for a visual representation of rhythmic gene intersections between conditions for each 

method. GraphPad Prism software (Table 1) was used to plot the abundance of the most 

representative rhythmic transcripts, with ZT0 expression data duplicated to ZT24 for diurnal 

rhythmic visual representation. Heatmaps of the expression of the rhythmic transcript were 

plotted by R package pheatmap (Table 1). Amplitude density plots and phase histograms were 

generated using R package ggplot2 (Table 1). Circular plots showing peak phase distribution of 

core clock genes were made with R package circlize (91).  

Differential rhythmicity analysis (dryR)  

Differentially rhythmic categories corresponding to gain, loss or the same rhythm were defined 

using the “dryseq()” function of the R package dryR. The following filtering criteria were used to 

select genes with the expression rhythmic in a respective model: Bayesian information criterion 

weight (BICW) ≥ 0.4 and amplitude ≥ 0.25 (tables S3). Genes with maximal Cook’s distance ≥ 1 

across the replicates were considered as outliers and removed. Expression heatmaps for 

corresponding rhythmic genes were plotted by R package pheatmap (Table 1). Amplitude density 

plots and phase histograms were generated using R package ggplot2 (Table 1) for selected 

differentially rhythmic categories based on the output statistics from JTK_CYCLE.  

Functional profiling of rhythmic transcriptome 

Enrichment of MsigDB gene sets (GOBP, canonical pathways and hallmarks) was performed 

using a hypergeometric test employing “phyper()” function of stats R package with significance 

defined by Benjamini–Hochberg adjustment (P < 0.05). Functional enrichment results were 

visualized using the SRplot enrichment bubble plot tool (Table 1). 

For functional characterization of the global rhythmic transcriptome in each condition, phase set 

enrichment analysis (PSEA) was performed with the following parameters: domain from 0 to 24 

hours, minimum of 10 genes per gene set, and maximum 10,000 simulations. Output JTK CYCLE 

files containing the list of cycling genes and their peak phases of expression were used as input. 

Tests were run separately for Molecular Signatures Database (MSigDB) gene ontology biological 

processes (GOBP) and canonical pathways (KEGG and Reactome) gene sets (83). Enrichment 

was tested against a uniform background distribution to summarize any overall synchronization 

of peak phases within gene sets. A Kuiper Q value < 0.05 was used as a significance threshold. R 
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package circlize (84) was used to plot rhythmic functions on a temporal scale. A semi-automated 

approach was applied to aggregate individual gene sets into broad muscle tissue-oriented 

functional categories based on semantic similarity, positions in hierarchical trees of corresponding 

databases, and the analysis of gene set descriptions. This allowed the peak phases distributions 

(vector-average values) to be obtained within the main rhythmic functions, and their span and 

temporal synchronization to be visualized across the diurnal cycle. 

Identification of transcripts that oscillate between ZT0 and ZT12 

Oscillation of transcripts between the ZT0 and ZT12 time points in the Adx dataset was studied 

using differential expression analysis with the Bioconductor package limma (92). The 

“voomWithQualityWeights()” function was used to transform read counts, default parameters for 

fitting linear model, and empirical Bayes moderation for standard errors. Genes with adjusted 

P < 0.05 were considered as differentially expressed. R package ggplot2 was used to plot the 

abundance of most representative oscillating transcripts, with ZT0 expression data being 

duplicated to ZT24 for diurnal rhythm visual representation.  

Functional profiling of transcripts oscillating between ZT0 and ZT12 

The GSEA software (Broad Institute) was used to functionally characterize gene expression 

oscillations observed in the two–time point data sets. Enrichment of MsigDB gene sets (GOBP, 

canonical pathways, and hallmarks) was performed using the following specific parameters: 

“gene_set” permutation type, “RatioOfClasses” metric for ranking genes with median for class 

metrics instead of mean. A FDR q-value threshold 0.25 was used to delineate significant gene set 

enrichment. 

Statistics 

For mouse experiments, no specific blinding method was used, but mice in each sample group 

were selected randomly. The sample size (n) of each experimental group is described in each 

corresponding figure legend. GraphPad Prism software was used for all statistical analyses. 

Quantitative data displayed as histograms are expressed as means ± standard error of the mean 

(represented as error bars), and results from each group were averaged and used to calculate 

descriptive statistics. For each experiment, statistical tests and significance thresholds are 

provided in each figure legend. 

Table 1: Software and algorithm details  

circlize v0.4.9 Z. Gu, L. Gu, R. Eils, M. Schlesner, B. Brors. 

circlize implements and enhances circular 

https://cran.r-

project.org/package=ci

rclize 

https://cran.r-project.org/package=circlize
https://cran.r-project.org/package=circlize
https://cran.r-project.org/package=circlize
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visualization in R. Bioinformatics. 30 (2014), 

pp.2811-2812 

DESeq2 v1.28.1 M.I. Love, W. Huber, S. Anders. Moderated 

estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol., 15 

(2014), p. 550 

http://bioconductor.org

/packages/release/bioc/

html/DESeq2.html 

edgeR v3.30.0 M.D. Robinson, D.J. McCarthy, G.K. Smyth. 

edgeR: a Bioconductor package for differential 

expression analysis of digital gene expression 

data. Bioinformatics, 26 (2009), pp. 139–140 

http://bioconductor.org

/packages/release/bioc/

html/edgeR.html 

Ensembl 

GRCm38, release 

81 

F. Cunningham et al. Ensembl 2015. Nucleic 

Acids Res., 43 (2015), pp. D662–D669 

ftp://ftp.ensembl.org/p

ub/release-81/ 

Gene ontology M. Ashburner et al. Gene ontology: tool for the 

unification of biology. The Gene Ontology 

Consortium. Nat. Genet, 25 (2000), pp. 25-29  

The Gene Ontology Consortium. The Gene 

Ontology Resource: 20 years and still GOing 

strong. Nucleic Acids Res., 47 (2019), pp. 

D330-D338 

http://geneontology.or

g/ 

FastQC v0.11.8 S. Andrews. FastQC: a quality control tool for 

high throughput sequence data. (2010), 

Cambridge, UK 

https://www.bioinform

atics.babraham.ac.uk/p

rojects/fastqc/ 

featureCounts 

v1.6.2 

Y. Liao, G.K. Smyth, W. Shi. featureCounts: an 

efficient general purpose program for assigning 

sequence reads to genomic features. 

Bioinformatics, 30 (2014), pp. 923-930 

http://bioinf.wehi.edu.

au/featureCounts/ 

ggplot2 v3.3.0 H. Wickham. ggplot2: Elegant graphics for data 

analysis. (2016) 

https://cran.r-

project.org/package=g

gplot2 

gprofiler2 v0.1.9 U. Raudvere, L. Kolberg, I. Kuzmin, T. Arak, 

P. Adler, H. Peterson, J. Vilo. g:Profiler: a web 

server for functional enrichment analysis and 

https://cran.r-

project.org/package=g

profiler2 

http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/edgeR.html
http://bioconductor.org/packages/release/bioc/html/edgeR.html
http://bioconductor.org/packages/release/bioc/html/edgeR.html
ftp://ftp.ensembl.org/pub/release-81/
ftp://ftp.ensembl.org/pub/release-81/
http://geneontology.org/
http://geneontology.org/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://bioinf.wehi.edu.au/featureCounts/
http://bioinf.wehi.edu.au/featureCounts/
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=gprofiler2
https://cran.r-project.org/package=gprofiler2
https://cran.r-project.org/package=gprofiler2
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conversions of gene lists (2019 update). Nucleic 

Acids Res., 47 (2019), pp. W191–W198 

GraphPad Prism 

v6.0C 

GraphPad Software, San Diego, California 

USA 

www.graphpad.com 

HiSAT2 v2.1.0 D. Kim, J.M. Paggi, C. Park, C. Bennett, S.L. 

Salzberg. Graph-based genome alignment and 

genotyping with HISAT2 and HISAT-

genotype. Nat. Biotechnol, 37 (2019), pp. 907–

915 

https://daehwankimlab

.github.io/hisat2/ 

JTK_CYCLE 

v3.1p 

M.E. Hughes, J.B. Hogenesch, K. Kornacker. 

JTK_CYCLE: an efficient nonparametric 

algorithm for detecting rhythmic components in 

genome-scale data sets. J Biol Rhythms, 25 

(2010), pp. 372-380 

https://github.com/gan

gwug/MetaCycle/blob/

master/R/JTKv3.1p.R 

KEGG M. Kanehisa, S. Goto. KEGG: Kyoto 

Encyclopedia of Genes and Genomes. Nucleic 

Acids Res., 28 (2000), pp. 27-30 

https://www.genome.j

p/kegg/pathway.html 

limma v3.44.1 M.E. Ritchie, B. Phipson, D. Wu, Y. Hu, C.W. 

Law, W. Shi, G.K Smyth. limma powers 

differential expression analyses for RNA-

sequencing and microarray studies. Nucleic 

Acids Res., 43 (2015), e47. 

https://bioconductor.or

g/packages/release/bio

c/html/limma.html 

MSigDB v7.2 A. Liberzon et al. Molecular signatures 

database (MSigDB) 3.0. Bioinformatics, 27 

(2011), pp. 1739–1740 

https://www.gsea-

msigdb.org/gsea/msig

db 

nf-core/rnaseq 

v1.2 

P.Ewels, A. Peltzer, S. Fillinger, H. Patel, J. 

Alneberg, A. Wilm, M. Ulysse Garcia, P. Di 

Tommaso, S. Nahnsen. The nf-core framework 

for community-curated bioinformatics 

pipelines. Nat. Biotechnol, 38 (2020), pp. 276–

278 

https://github.com/nf-

core/rnaseq 

file:///C:/Users/stockmarket/Library/Containers/com.microsoft.Word/Data/Downloads/www.graphpad.com
https://daehwankimlab.github.io/hisat2/
https://daehwankimlab.github.io/hisat2/
https://github.com/gangwug/MetaCycle/blob/master/R/JTKv3.1p.R
https://github.com/gangwug/MetaCycle/blob/master/R/JTKv3.1p.R
https://github.com/gangwug/MetaCycle/blob/master/R/JTKv3.1p.R
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/msigdb
https://github.com/nf-core/rnaseq
https://github.com/nf-core/rnaseq
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pheatmap v1.0.12 R. Kolde. pheatmap: Pretty heatmaps Software. 

(2015) 

https://cran.r-

project.org/package=p

heatmap 

PSEA v1.1 R. Zhang, A.A. Podtelezhnikov, J.B. 

Hogenesch, R.C. Anafi. Discovering biology in 

periodic data through Phase Set Enrichment 

Analysis (PSEA). J Biol Rhythms. 31 (2016), 

pp. 244-257 

https://github.com/ran

afi/PSEA 

R v4.0.0 R Core Team. R: A language and environment 

for statistical computing. R Foundation for 

Statistical Computing. (2014), Vienna, Austria 

https://www.r-

project.org/ 

rain v1.22.0 P.F. Thaben, P.O. Westermark. Detecting 

Rhythms in Time Series with RAIN. J Biol 

Rhythms, 29 (2014), pp. 391–400 

https://bioconductor.or

g/packages/release/bio

c/html/rain.html 

Reactome B. Jassal et al. The reactome pathway 

knowledgebase. Nucleic Acids Res., 48 (2020), 

pp. D498-D503 

https://reactome.org/ 

Trim Galore! 

v0.5.0 

F. Krueger. Trim Galore! (2012), Cambridge, 

UK 

https://www.bioinform

atics.babraham.ac.uk/p

rojects/trim_galore/ 
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